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ABSTRACT 

 Atomically precise metal clusters have drawn great attention over the last few decades, 

mainly due to their remarkably unique size-specific physicochemical properties. Unique catalytic 

activities are one of the most interesting properties of small metal clusters. The well-defined 

molecular structure of metal clusters represents an ideal system for fundamental studies of catalysis 

at the atomic level. Controlling the size of these small metal clusters while opening the metal active 

sites for the catalytic application has appeared as one of the challenging tasks in this field of study.  

 In this thesis, the supported metal cluster-based catalysts were fabricated from atomically 

precise ligand stabilised ruthenium, gold and bimetallic ruthenium-gold clusters. In the first part 

of this thesis, a range of ruthenium-containing clusters including Ru3, Ru4 and Ru3Au was 

synthesised and deposited onto TiO2 with an aim to study the effect of cluster atomicity on the 

catalytic performance of obtained materials in selected photocatalytic and thermal catalytic 

reactions. TiO2-supported Ru3Au clusters showed superior performance in the photooxidation of 

benzylamine to benzonitrile and in the thermal CO2 hydrogenation to methanol compared to the 

supported Ru3 and Ru4 clusters. The unique electronic structure of bimetallic Ru3Au and its 

stronger binding to the support due to the extra Au atom and/or the phosphine ligands were 

proposed to be responsible for the better catalytic activity. The effect of the TiO2 crystal phase, 

catalyst treatment and metal loading on the photocatalytic activity were also investigated. 

 The second part of this thesis focuses on the fabrication of atomically precise gold clusters 

including Au9 and Au11 within the zeolite framework and investigation of their catalytic 

performance in low temperature CO oxidation. An in situ incorporation strategy of pre-made 

atomically precise gold clusters within zeolites was established for the first time. With the 

assistance of mercaptosilane ligands, the gold clusters were successfully incorporated within the 

zeolite framework without premature precipitation and metal aggregation during zeolite synthesis. 

The confinement of the zeolite framework was shown to offer gold clusters high stability. The Au9 

clusters incorporated within LTA zeolite with high basicity proved to be the most promising CO 

oxidation catalyst in this study as evidenced by a 100 % CO conversion at the lowest temperature 

of 30 °C. The effects of catalyst activation, catalyst basicity and type of zeolite framework on the 

catalytic behaviour of obtained materials were also investigated.  
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CHAPTER 1 

Introduction 

1.1 Rationales and assumptions 

 Catalysis greatly contributes to world chemical industrial processes. Over 90 % of all 

chemical products including polymer materials, synthetic fibres, pharmaceuticals, petroleum and 

petrochemicals have been synthesised utilising catalytic processes. Catalysis also plays an 

essential role in energy production and storage as well as in providing solutions to environmental 

issues (e.g. automotive exhaust catalysis etc.).1 Generally, high catalytic activity, high selectivity 

toward desired products and good stability are the three main goals in developing effective 

catalysts.2 Heterogeneous catalysts are used in up to 90 % of all industrial catalytic processes. The 

major advantage of heterogeneous catalysts is that they can be easily separated from the reaction 

mixture or utilised in a continuous flow-through reaction mode, which is practical for the 

industrial-scale synthesis. However, in most cases, only small parts of the heterogeneous catalyst 

surface are active and contribute to the catalytic reaction.3 The key to improve the catalytic 

performance is, therefore, to enhance surface area to volume ratio of the catalysts which lead to 

the greater the number of active sites per fixed unit of total mass. This could be achieved by 

reducing the size of active metal to the nanosized regime (Figure 1.1).4 The supported metal 

nanoparticle catalysts with the higher number of the metal surface atoms (per volume) allow a 

larger portion of metal active sites to be accessible on the surface, which therefore benefits catalytic 

performance.5 Besides this, supported metal nanoparticle catalysts may comprise more than one 

type of active sites allowing them to catalyse complex catalytic processes.  

 

Figure 1.1 Idealised representation of hexagonal closed packed full-shell metal particles 

showing the increase % of surface atoms with the decrease of the number of atoms in particle. 

(Reprinted with permission from Aiken et al.4 Copyright 1999. Elsevier). 
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 However, it is still somewhat difficult to prepare a supported metal nanoparticle-based 

catalyst in which each active site is perfectly identical in both electronic and geometric structures. 

In other words, it is challenging to fully control the surface atomic structure and surface 

composition of the catalyst. The identification of active sites in conventional supported metal 

catalysts, thus, became the bottleneck of understanding heterogeneous catalysis.3, 6 In contrast, 

homogeneous catalysts, typically transition metal complexes, are used as pure molecular 

compounds and therefore their well-defined active site allows an extensive understanding of the 

catalytic reaction mechanisms.2 An elegant way to combine the advantages of homogeneous and 

heterogeneous catalysis is to immobilize atomically precise molecular-like metal clusters with 

well-defined structure and composition onto solid support.  

 In fact, the atomically precise metal clusters passivated by organic stabilising ligands, 

especially phosphine-protected and thiolate-protected gold clusters, have been extensively studied 

since the late 20th century. For example, phosphine-protected Au11
7

 and Au9
8, 9

 clusters, which are 

used in this project, were successfully synthesised in 1969 and 1982, respectively. Later, synthesis 

of many more phosphine-protected gold clusters has been then explored, ranging from Au2(PPh3)2 

to Au55(PPh3)12Cl6.10, 11 The molecular structures of many of these phosphine-protected gold 

clusters have been precisely determined using single crystal X-ray crystallography. Hence, not 

only the number of gold core atoms, but also the information on ligand composition and metal 

coordination numbers could be elucidated.12, 13 This contrasts with metal nanoparticles, where the 

exact size of metal particle and exact formula cannot be determined with atomic precision. Even 

though the crystal structure and synthesis of the atomically precise metal clusters has been 

established for a decades, the catalytic applications of such metal clusters have just been explored 

in the last few decades.14  

 Similar to the metal nanoparticles, the metal clusters have unique and novel physical and 

chemical properties that are significantly different from their bulk state. Importantly, those 

properties depend strongly on metal particle size. Furthermore, the properties of the metal clusters 

are extremely sensitive to the number of metal atoms in the core, with even a single atom difference 

drastically affecting many properties.12, 13 Taking Au as an example, the work function of Au 

particles is extremely varied with their atomicity, especially when atomicity decreases to below 70 

atoms (Figure 1.2 (a)).15 Another important difference to point out is that the metal clusters have 

discrete electronic levels, thus, the optical properties of metal clusters are appearing due to a single 
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electron HOMO-LUMO transitions12, 13 in contrast with those of metal nanoparticles which are 

dominated by the localized surface plasmon resonance due to the excitation of electrons in their 

continuous band.16, 17 Indeed, catalytic behaviour of metal clusters is greatly dependent on the 

cluster atomicity. Figure 1.2 (b) shows an example of a size-dependent catalytic behaviour of 

hydroxyapatite-supported atomically size-controlled Au clusters with atomicity of 10, 18, 25 and 

39.18 Therefore, controlling the size of metal clusters with atomic precision is essential in the study 

of metal cluster-based catalysis. 

 

Figure 1.2 (a) Work function of gold particles with different atomicity obtained using ultraviolet 

photoelectron spectroscopy and (b) catalytic activity reported as a turnover frequency in the 

oxidation of cyclohexane catalysed by Aun clusters supported on hydroxyapatite.  

(Reprinted with permission from Taylor et al.15 Copyright 1992. AIP Publishing and Lui et al.18 

Copyright 2011. American Chemical Society). 

 The particle size control of metal clusters can be achieved by the careful use of passivating 

organic protecting ligands during cluster synthesis. However, such ligands need to be (at least 

partially) removed to open the metal active surfaces for the catalytic reaction. Due to the high 

surface energy of the ultrasmall metal clusters, the removal of ligands in homogeneous solution of 

clusters typically leads to an inevitable agglomeration of the metal rendering the lower catalytic 

performance.19-21 Hence, immobilization of metal clusters onto solid supports prior to removing 

the ligands provides a chance to suppress aggregation while opening active sites for catalysis. The 

hints from previous studies have paved the way for developing novel metal cluster-based catalysts 

explored in the current study. 
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1.2 Scope and aims of this work 

 In this project, we synthesised atomically precise ligand-stabilised Ru, Au and mixed Ru-Au 

clusters to fabricate catalysts with highly monodisperse metal particles by immobilizing the ligand-

stabilised clusters onto solid supports via impregnation and in situ incorporation approaches. We 

aim to control the size of the active sites down to atomic precision and to minimize cluster 

aggregation during catalyst fabrication, catalyst activation and catalytic reaction. The fabricated 

catalysts were studied for their catalytic performance in selected photocatalytic and thermal 

catalytic reactions. The effects of metal core size and composition, metal loading, nature of the 

support and its treatment, catalyst fabrication and activation approach on the catalytic performance 

were explored.  

 In particular, the aims of this study are as follows: 

- To fabricate the atomically precise Ru3, Ru4 and Ru3Au clusters onto custom-made TiO2 

support. The ligand protected Ru-containing clusters with precise composition and well-

defined molecular structure were synthesised following the established procedures 

reported in the literature. 

- To study of how (1) metal core size and composition, (2) solid support type, (3) catalyst 

treatment and (4) metal loading could affect catalytic activity of supported Ru-containing 

catalysts in selected photocatalytic (dye degradation and benzylamine oxidation) and 

thermal catalytic CO2 hydrogenation reactions. 

- To develop approach for the encapsulation atomically precise Au9 and Au11 clusters within 

LTA and FAU zeolite frameworks by in situ incorporation and to study which parameters 

affect the encapsulation efficiency. 

- To investigate the catalytic behaviour of the zeolite-incorporated gold clusters in low 

temperature catalytic CO oxidation and to study how (1) catalyst activation, (2) catalyst 

basicity, (3) zeolite framework type and (4) Au metal size affect the catalytic performance. 

1.3 Dissertation organisation 

Chapter 1: A brief introduction of motivations and aims of this study, as well as the overview of 

the dissertation, are mentioned in this chapter. 



20 

 

Chapter 2: The background knowledge of metal nanoparticles and metal clusters, the wet-

chemistry synthesis and the catalyst fabrication approaches, as well as the selected catalytic 

applications such as photocatalysis by metal species supported on TiO2, catalytic CO2 

hydrogenation and catalytic CO oxidation are provided here. 

Chapter 3: The details experiments performed in this work including the metal cluster synthesis 

and characterisation, the fabrication methods of TiO2- and zeolite-supported metal cluster-based 

catalysts, the catalyst activation and the catalytic test protocols are reported in this chapter. The 

basic principles of the key characterisation techniques used in this work are also briefly described.  

Chapter 4: The characterisation results of ligand-stabilised Ru3, Ru4 and Ru3Au clusters and the 

TiO2 supported clusters are presented in the first sections of this chapter. The study of the 

photocatalytic performance of synthesised catalysts in photodegradation of methylene blue dye 

and photooxidation of benzylamine under visible and/or UV light irradiation as well as the effect 

of an added single metal core atom, TiO2 crystal phase, catalyst treatment and metal loading on 

the photocatalytic performance are discussed. 

Chapter 5: The catalytic performance of Ru-containing clusters supported on TiO2 in methanol 

production via thermal CO2 hydrogenation is discussed. Analogous to Chapter 4, the effects of an 

added single metal core atom, support type, catalyst treatment and metal loading on the catalytic 

activity are elucidated. 

Chapter 6: The encapsulation efficiency of gold clusters within the zeolite framework prepared via 

the in situ incorporation approach is discussed. Effects of gold cluster ligand protecting group, 

gold cluster core size, zeolite framework type and the incorporation step on the encapsulation 

efficiency are illustrated. The catalytic behaviour of zeolite-incorporated gold clusters in low 

temperature catalytic CO oxidation is discussed. The advantages of zeolite confinement on 

stability and catalytic activity of Au clusters are demonstrated. Besides, the effects of catalyst 

activation, catalyst basicity, zeolite framework type and gold particle size on the catalytic CO 

oxidation are described. 

Chapter 7: The keys findings of each results and discussion chapters are summarised in this 

chapter. The plausible directions for future work in each part of this project are suggested. 
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CHAPTER 2 

Literature Review 

2.1 Metal nanoparticles 
 The metal nanoparticles (MNPs) size regime lies between atomic and bulk states of metal 

with dimensions of 2 - 1000 nm or comprising more than ca. 100+ metal atoms. The MNPs have 

unique physical and chemical properties, which are different from the bulk and atomic state, arising 

from the confinement of electrons’ movement in the material. As the particle size is decreased, a 

great increase in the ratio of surface atoms to interior atoms can be observed. These surface atoms 

have a lower coordination number than interior atoms allowing the formation of additional surface 

bonds with other species (ligands, surfactants, or reagents) to lower the particle’s surface energy.22 

Therefore, the surface atoms play an important role in the chemical reactivity of the material. Since 

characteristic properties of the MNPs derived from their high surface-to-volume ratios, controlling 

the size of the particles and ensuring their stability against coalescence is necessary. Protecting 

groups (ligands, surfactants, charged species etc.) are usually used for stabilising the MNPs by 

coordinating at the particle surface to prevent the close approach of the NPs to one another. There 

are two types of the stabilisation, “electrostatic stabilisation” and “steric stabilisation”. The 

electrostatic stabilisation is due to the Coulombic repulsion between the particles caused by the 

ions adsorbed at the surface of the particles. For example, citrate stabilised gold nanoparticles have 

a layer of anions around them, which creates electrostatic repulsion and keeps the gold 

nanoparticles (Au NPs) relatively far apart. However, an aggregation could occur if the layer shell 

is too thin. In that case, the NPs can approach close enough allowing Van der Waal’s force to 

dominate over the Coulombic repulsion. The steric stabilisation is due to the coordination of bulky 

organic molecules or polymers usually with P-, N- and S-donor groups such as phosphines, amines 

and thiols. Alternative way to stabilise the NPs against aggregation is to deposit them onto solid 

support such as the metal oxide, graphite or silicon. The metal-support interaction could be 

analogous to the metal-ligand interaction. The deposition not only helps to the prevent metal 

agglomeration, but also allows to exploit the chemical reactivity of MNPs as a very finely disperse 

metal for heterogeneous catalysis.23 
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2.1.1 Gold and gold nanoparticles 

 Gold is a noble metal located below copper and silver in group 11 in the periodic table. 

Au metal has the electronic configuration of [Xe] 4f14 5f10 6s1, adopting a face-centred cubic 

(fcc) crystal structure in the bulk form. There are a variety of oxidation states of Au including  

(-I), (0), (I), (II), (IV) and (V). However, only Au (0), (I) and (III) are stable in aqueous solution. 

In its metallic form (0 oxidation state), Au is one of the least reactive metals. It cannot be 

oxidized or burned in air. It is stable under strong acid and base conditions. Only concentrated 

aqua regia (a mixture of hydrochloric acid and nitric acid with 1:3 molar ratio) can dissolve Au 

to form tetrachloroauric acid (HAuCl4): 

 

The AuCl4
- is a strong oxidizing agent that could be easily reduced to give Au NPs. This complex 

anion was used as the starting material for the first synthesis of Au NPs reported in 1857.24  

Au NPs are one of the most remarkable members of the MNPs. Au NPs have been unknowingly 

utilised for many centuries, initially due to their optical properties. The vivid colours of stained 

glass windows from the middle ages are one of the samples for the use of Au NPs. Au NPs (with 

Ag NPs and Cu NPs) were also used to give a metallic lustre to ceramic glazes or even used in 

cosmetics by the ancient Egyptians.25 However, the existence of the NPs, as well as their 

responsibility for the colours due to plasmonic resonances, was not known until the nineteenth 

century. In 1875, Michael Faraday synthesised Au NPs by reduction of tetrachloroaurate solution 

with phosphorus in carbon disulfide. The finely divided gold particles were identified by him for 

the first time as the source of colour in the gold colloid suspensions, shown in Figure 2.1.24 

Faraday’s discovery inspired many scientists to explore the metal nanoparticle science. Among 

the nanoparticles, Au NPs have certainly received special attention. Many synthesis methods of 

Au NPs were developed in the early 20th century, including the Turkevich method used in this 

work.26 Later on, the colours of metal colloid were found corresponding to an interaction of a 

surface plasmon of the MNPs with visible light, which is discussed further in Section 2.15. 

Subsequently, in 1909, the first prediction of “particle size effect” was suggested, initially for 

the size effect on melting temperature. It was found later that many other properties, such as 

ionization energy, electron affinity, absorption frequency, electric conductivity and chemical 

reactivity, typically vary with the particle size. More recently, discovery of the catalytic activity 
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of Au NPs revolutionized field of catalysis. However, significant deviations were found for the 

smaller MNPs (with a diameter smaller than 2 nm, referred to as clusters in this thesis) according 

to quantum size effects and surface effects. Since the size (and morphology) of the MNPs is 

strongly correlated to their properties, the substantial effort has been made to control these 

parameters. Two methods for the synthesis of Au NPs utilised in this work will be discussed in 

the following section.  

  

Figure 2.1 Michael Faraday and his gold colloid solution at the Royal Institution.27 

2.1.2 Synthesis of gold nanoparticles  

 In general, the preparation of Au NPs can be performed by both “top down” and “bottom 

up” approaches (Figure 2.2). The top down approach involves a break down of bulk gold 

substrates (generally film or pellet) into Au NPs by nanoscale patterning or sputtering/ablation. 

Electron-beam lithographic and laser-ablation are the most common top down techniques.28, 29 

The limitations of this approach are that particles can be produced at rather small scale and 

mostly only on the flat supports, while the methods require sophisticated and expensive 

instrument. Alternatively, a large scale synthesis of Au NPs with narrow particle size distribution 

can be achieved using bottom up strategy. The formation of Au NPs originates from the chemical 

reduction of the individual mono-gold species (such as complex AuCl4
- ion) in the presence of 

stabilising ligands. In general, this approach consists of two steps, nucleation and successive 

growth, which can either occur in the same process (in situ synthesis) or occur in two separate 

processes (seed-growth synthesis).30 In the following section, only the Turkevich method will be 

discussed. 
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Figure 2.2 Two approaches for the synthesis of MNPs: top down and bottom up strategies. 

2.1.3 Turkevich method 

 The Turkevich method (citrate reduction method) is one of the most popular in situ 

syntheses of Au NPs. Trisodium citrate solution is quickly added to boiling HAuCl4 solution 

under vigorous stirring. The gold colloid suspension of vivid colour depending on the size of Au 

NPs is obtained after a few minutes. The synthesis involves the reduction of tetrachloroauric acid 

(HAuCl4) with trisodium citrate (Na3Ct). Citrate plays a role as both reducing and stabilising 

agent where dicarboxy acetone, a product of citrate oxidation acting as the stabiliser, as shown 

in Figure 2.3.26, 31 

 

Figure 2.3 Synthesis of citrate-capped Au NPs via the Turkevich method.32  

A broad range of Au NPs from 10 nm to 150 nm was later obtained by controlling the trisodium 

citrate to Au ratio. However, a wide size distribution found in the NPs was larger than 20 nm.33 

By controlling synthesis parameters, for example, pH of the system, citrate concentration and 

reaction temperature, a nearly monodispersed Au NPs with sizes ranging from 20 to 40 nm can 

be obtained.34-36 
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 Turkevich et al. applied a “nucleation-growth” mechanism to explain the formation of 

Au NPs.26 The mechanism was firstly described by LaMer and Kenyon based on the formation 

of “nuclei”, which are the first thermodynamically stable species consisting of only a few Au 

atoms.37 The growth process involves (1) the “focusing period”, where particle size increases 

rapidly and the size distribution is narrower and (2) “defocusing period”, where the growth rates 

decrease significantly and the size distribution becomes wider. The latter process is known as 

“Ostwald ripening”, which is discussed in the following section. A number of growth 

mechanisms for the Turkevich synthesis have been proposed as a result of further studies of this 

method. However, most of the deduced mechanisms were derived from analytical methods 

which could not reflect the properties of the colloid solution (ex situ electron microscopy) or 

could not be applied with a sufficient time-resolution (in situ AFM). Recently, a comprehensive 

growth mechanism of the Turkevich synthesis was proposed by Polte et al. based on the in situ 

information deduced from time-resolved small-angle X-ray scattering and X-ray absorption near 

edge structure (SAXS/XANES). The SAXS/XANES measurements allow the investigation of 

the particle size distribution and the relative particle concentration along with tracking the 

chemical reduction with the millisecond time resolution. Figure 2.4 shows “seed-mediated 

growth” mechanism for the Turkevich synthesis proposed by Polte.38 The mechanism consists 

of four steps: (1) a partial reduction of gold precursor and the formation of small clusters from 

the Au monomer, (2) the formation of seed particles with a diameter larger than 3 nm comprising 

more than ∼ 840 atoms, (3) the slow reduction of ionic gold to form gold monomers which then 

fuse onto the surface of seed particles and (4) the fast reduction of ionic gold where the gold 

particles fully grow on the seed particles and completely consume the precursor. 

 

Figure 2.4 Seed-mediated growth mechanism for the Turkevich synthesis proposed by Polte.31 
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2.1.4 Ostwald ripening 

 The Ostwald ripening or coarsening is the phenomenon that occurs during the growth 

process where smaller unstable particles are broken down and their tiny fragments (mono- or bi-

metallic species) are fused into larger stable particles. This theory firstly developed by Wilhelm 

Ostwald in 1896.19, 20 The Ostwald ripening is a thermodynamically driven process. The overall 

driving force is the reduction in the total surface energy of the system. Since interior atoms are 

energetically more stable than the surface atoms, the larger particles then have lower average 

surface energy compared to the smaller ones. To minimize overall energy, the unstable surface 

atoms of small particles detach and redeposit onto the surface of large particles, leading to a 

decrease in the number of small particles and growth of the larger ones.21 

 The Oswald ripening was also applied to the growth of supported MNPs, firstly described 

by Wynblatt and Gjostein (WG).39 Even though the particles are stabilised by the support, 

dispersed particles expose a high ratio of low coordination sites which could destabilise the 

particles. Thus, the MNPs could agglomerate by Ostwald ripening, as one of the possible 

mechanisms, leading to a reduction gold surface area. The criteria for suppressing the ripening 

is strong metal-support interaction.40 

2.1.5 Surface plasmon resonance 

 The surface plasmon is a collective oscillation of conduction electrons in the NPs in 

response to the oscillating electric field of the incident light. When the frequency of incident 

light matches the natural resonance frequency of the surface electrons of the NPs, photon will be 

absorbed and a localized surface plasmon will be stimulated. The electron oscillation on the NPs 

surface causes a charge separation at the interface with positive and negative permittivities 

(Figure 2.5). Such electron oscillation is confined on a subwavelength structure (MNPs) and is 

called “localized surface plasmonic resonance” (LSPR). The surface plasmon can be detected by 

visual appearance (for example a ruby-red colour of Au NPs) and UV-visible spectroscopy. 

By monitoring the absorption peak attributed to LSPR, the formation/agglomeration of Au NPs 

could be verified, as discussed in Section 3.7.1. The spectral features of LSPR (such as peak 

position and intensity) strongly depend on the composition, shape, size and size distribution of 

the nanoparticles.16, 17  
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Figure 2.5 Schematic of a localized surface resonance on Au NPs. 

2.2 Metal clusters  

 Metal clusters (MCs) can be defined as ultra-small metal particles with a diameter of less 

than 2 nm or composed of less than 100 metal atoms (or several 100s metal atoms, depending on 

specific system41) bridging the gap between the metal atoms and MNPs as shown in Figure 2.6. 

The MCs have well-defined molecular structures, so they can be represented by exact formulae. 

Similar to the MNPs, the MCs have novel physical and chemical properties which are significantly 

different from their bulk state and those properties are also strongly size-dependent. The particle 

size control can be achieved in the same fashion as in the case of MNPs (by use of ligand protecting 

group or immobilization onto solid supports). However, the properties of MCs are extremely 

sensitive to the number of metal core atoms, even with a single atom difference, whereas 

differences of MNPs are recognizable within one layer of atomic shell difference. An extraordinary 

stability of the MCs with “magic” number of core atoms compared to the lower stability clusters 

with different in size by one atom is an example for the significant size-dependent behaviour of 

the MCs. This is due to the closure of electronic shell and/or geometric shell structures of such 

clusters. Thus, the degree of size-control over the synthesis for the MCs and the MNPs is different. 

The monodisperse MNPs could be synthesised within 0.5 nm accuracy in diameter by controlling 

the kinetics of particle growth, while the synthesis of the MCs must be controlled with atomic 

precision.12, 13 
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Figure 2.6 Schematic of metal states: atomic, clusters, nanoparticles and bulk state related to 

their properties.12 

 Since MNPs can also be broadly defined as nanoscale particles with a diameter smaller than 

1000 nm, there is a lack of differentiation between MCs and MNPs in the literature. However, in 

this thesis, metal particles with a diameter smaller than 2 nm will be referred to as “metal clusters”, 

while those larger counterparts with the diameter range of 2 - 1000 nm will be referred to as “metal 

nanoparticles”. The following section discusses the geometric and electronic structures of MCs 

with a focus on gold clusters (Au MCs). 

2.2.1 Geometric structures 

 The MCs possess unique atomic arrangements to reduce the surface energy which are 

significantly different from the bulk metal. The structure transformation from the face-centred 

cubic (fcc) motif of the bulk metal to the non-fcc structure of the clusters was found with a 

decrease in particle size. The most common structure adopted by MCs is an icosahedral-based 

structure. This structure can be geometrically obtained from cuboctahedron (commonly found in 

MNPs), which is simply a fragment of the fcc structure. Atomic packing of the MCs changes 

with a number of core atoms providing unique morphologies and distinctive reaction sites on the 

surface. A certain threshold size for the structural transition is not clear yet.12, 42 Recently, 

Negishi et al. successfully identified the MCs size regime in which the bulk-to-cluster structure 

transition occurs in dodecanethiol-protected gold clusters. A combination of optical absorption 

spectroscopy, X-ray diffractometry and density function theory calculation revealed that the 

transition emerges between Au187(SC12)68 and Au144(SC12)60.43
 Similar structure transitions 
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were found in PET-protected Au clusters, where Au333(PET)79 possess fcc core structure, while 

Au144(PET)60 has non-bulk-like Au core.44, 45 

2.2.2 Electronic structures 

 As opposed to the continuous band in the MNPs, the MCs have discrete electronic levels 

with notable energy gaps. The optical properties of the MNPs are dominated by the LSPR due 

to the excitation of electrons in the continuous conduction band as mentioned in Section 2.1.5, 

while those of the MCs are appearing due to a single electron HOMO-LUMO etc. transitions. 

Since the optical properties of metal particles are closely related to their electronic structures, 

the absorption spectroscopy can be used to probe the electronic structures. The absorption spectra 

of MCs show multiple sharp absorption peaks and shoulders associated with molecular-like 

single-electron transitions between the quantized energy levels, while the smooth broadband 

absorption profiles in the MNPs spectra are due to the LSPR, as discussed in Section 3.7.1. The 

electronic structure of the MCs was also studied by other spectroscopic methods, such as 

emission spectroscopy. The photoexcited electrons are quenched rapidly in the bulk metal and 

MNPs according to electron-electron and electron-phonon coupling processes, while quenching 

in the MCs happens much slower due to a longer relaxation time due to a large energy gap. This 

results in much greater quantum yield of photoluminescence in the latter case.12, 13, 42, 46 

 Both geometric and electronic structures of the MCs have a strong influence on their 

properties and stability. The closure of geometric and electronic shells is often referred to as the 

origin of the high stability in the clusters with “magic” number of core atoms. For example, 

thiolate-protected Au MCs, such as Au25(SR)18
, Au38(SR)24 and Au144(SR)60, show the higher 

intrinsic stability over other clusters with a slightly different metal core size. The highly 

symmetric geometry of the metal core with complete protection of the surface gold atoms is 

partly responsible for their stability. The other important determining factor is their electronic 

structures, which have been explained by the electron shell model. According to a jellium-like 

potential field created by a small assembly of the positively charged nuclei, valence electrons 

behave as nearly free electrons allowing formation of superatomic orbitals with discrete energies. 

The clusters with the total number of valence electrons of 2, 8, 18, 20, 34, 58, … gain high 

stability because of their closed electronic structure.47 
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Figure 2.7 Geometric and electronic structures of a single atom, clusters and nanoparticles. 

2.2.3 Synthesis of phosphine-protected gold clusters 

 Atomically precise Au MCs can be generally prepared by reducing the monoatomic gold 

precursor (complex ions, such as [AuCl4]-) in the presence of protective ligands. The gold 

precursor immediately transforms into a cluster nucleus and is rapidly protected by the ligands 

to suppress the growth. However, carefully optimized synthesis conditions are required to 

prepare monodispersed Au MCs with reproducibility of the core size.11, 12 

 Phosphine- and thiol-stabilised Au MCs are the two main classes of the chemically 

synthesised Au MCs. Both species obey a similar core-shell structural concept comprising the 

metal core surrounded by an organic ligand shell. However, the gold core of thiol-capped clusters 

is often covered by multiple gold-thiolate staples distinct from the rest of gold atoms in the metal 

core, making its molecular structure somewhat complicated. In contrast, phosphine-capped 

clusters have simpler core-shell structures due to the neutral character of the phosphine ligands. 

Most of the phosphine-protected Au MCs synthesised so far are small (Au core ≤ 39 atoms), 

except Au55 and Au73-75.48, 49 The syntheses of both phosphine and thiol-stabilised Au MCs have 

been extensively studied. In general, the phosphine-protected clusters often give relatively high 

yields compared to the case of thiolate-protected ones.10-12 

 The Au11 was the first phosphine-protected Au MCs successfully synthesised in the late 

1960s.7 Later, more phosphine-protected Au MCs have been made, ranging from Au2(PPh3)2 to 

Au55(PPh3)12Cl6.10, 11 These clusters utilise either monodentate phosphine ligands, such as 

Au9(PPh3)8(NO3)3 and Au11(PPh3)7-8Cl3, or bi- or tri-dentate phosphine ligands, such as 
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Au6(dppp)4(NO3)2 and Au13(dppe)5Cl5. The X-ray crystallographic studies of the small 

phosphine-protected Au MCs revealed that phosphine ligands are coordinated directly to the 

gold core within a unique polyhedral structure. For example, Au13(dppe)5Cl5 has an icosahedral 

motif with 8 valence electrons (i.e. closed shell) where phosphine does not remove any charge 

from the gold core and a halogen takes one electron. The synthesis of phosphine-protected 

Au MCs in the homogeneous solution can be performed either by direct synthesis from gold 

complex ion or by sequential synthesis, both of which will be discussed in the following section. 

2.2.3.1 Direct synthesis from gold complex ion 

 Reduction of monophosphine gold(I) complex, Au(PR3)X, in ethanol using NaBH4 

as a reducing agent is a conventional method for synthesising phosphine-protected Au9 and 

Au11 clusters. Since the steric hindrance and the additional coordination sites in the phosphine 

ligands affect the growth processes of the clusters, the number of atoms in the cluster core can 

be tuned by changing the coordinating anion. For example, with a strong coordinating anion 

such as Cl- and I-, neutral deca-coordinated undecagold clusters, Au11(PAr3)7X3, are 

preferentially formed, whereas a weak coordinating anion like NO3
-, leads to the formation of 

cationic octa-coordinated nonagold clusters, [Au9(PAr3)8]3+, as shown below. Instead of 

NaBH4, diborane is also exploited in the reduction of Au(PPh3)Cl in benzene to produce 

Au55(PPh3)12Cl6, however, the crystal structure of such cluster is still not available.49 To date, 

the largest phosphine-protected Au MCs with a fully characterized crystal structure are 

[Au39(PPh3)14Cl6]Cl2.50 
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 Diphosphines have also been used as capping ligands for Au MCs. The examples 

of diphosphine ligands used in Au cluster synthesis are shown in Figure 2.8. The presence of 

either 1,3-bis(diphenylphosphino)propane (dppp) or 1,3-bis(diethylphosphino)propane 

(depp) during the reduction of Au(PPh3)Cl resulted in the formation of Au11 clusters, 

[Au11(dppp)5]3+, and [Au11(depp)4Cl2]+, respectively. However, the steric and chelating 

effects of the diphosphines species have a strong influence on cluster product selectivity. 

In the presence of dppp, [Au11(dppp)5]3+ was found as the predominant product, while use of 

depp resulted in formation of a mixture of [Au11(depp)4Cl3]+, [Au12(depp)4Cl3]+ and 

[Au13(depp)4Cl3]+ clusters.51, 52 

 

Figure 2.8 Examples of diphosphine ligands utilised in Au MCs synthesis. 

 The use of particular phosphine species can also lead to the formation of different 

clusters. For example, the reduction of Au(PPh3)Cl under the same conditions as mentioned 

above using dpppe (Ph2P(CH2)5PPh2) and dpph (Ph2P(CH2)6PPh2) ligands gives diphosphine-

protected clusters with 8 and 10 gold core atoms as main products.  

 Konishi et al. reported the synthesis of the magic-number Au13 cluster ligated by 

dppp and dppe. The two-step synthesis involved the reduction of Au(I) phosphine complex 

by NaBH4 to form clusters and HCl-mediated nuclearity convergence or size focusing of 

polydisperse cluster mixture, shown in Figure 2.9. The final cluster obtained from both 

systems was Au13 cluster. However, in the presence of dppp, Au38 and Au39 clusters were 

reported as side products confirmed by mass spectroscopy while only smaller clusters with 9, 

11, 12 and 15 Au atoms were produced as minor products in the case of synthesis involving 

dppe ligand.53, 54 
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Figure 2.9 Two-step synthesis of Au13 cluster ligated by dppp and dppe ligands.  

2.2.3.2 Sequential synthesis 

 The phosphine-protected Au9 and Au11 clusters are usually found as major products 

in the direct synthesis due to their relatively high stability. Still, the flexibility of cluster 

skeleton and lability of Au-Au interactions allow the conversion of these clusters into different 

clusters via post synthesis methods. Below are examples of the sequential synthesis strategies. 

- Etching reactions: Etching reactions of monophosphine-protected Au9 and Au11 to give 

smaller Au clusters were reported. For example, [Au8(PPh3)8]2+ can be synthesised from 

the reaction of [Au9(PPh3)8]3+ with PPh3.55, 56 The etching reaction can also be performed 

during the ligand exchange, such as the ligand exchange reaction of [Au9(PPh3)8](NO3)3 

with dppp to form [Au8(dppp)4]2+ which can react further to produce [Au6(dppp)4]2+.57 

 

- Growth reactions: Growth reaction is performed by the addition reaction of mononuclear 

gold species to the Au clusters. For example, the reaction of Au(PPh3)(NO3) with 
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[Au8(PPh3)8]2+ results in formation of [Au9(PPh3)8](NO3)3 or the reaction of 

[Au6(dppp)4](NO3)2 with Au(PPh3)Cl, which produces [Au8(dppp)4Cl2]2+.58, 59 

 

 The synthesis of phosphine-protected Au MCs with a reasonably good yield can be 

achieved using an appropriate pathway. However, the specific cluster products are affected 

significantly by the choice of synthesis parameters. Control of the chemical nature and 

concentration of the gold precursor, reducing agent and passivating ligand are crucial. Another 

issue which must be solved for the success of cluster synthesis is separation of the target cluster 

from excess organic ligands and/or undesired by-products. Generally, purification can be 

performed by solvent washing, centrifugation and crystallisation. In this work, the target clusters 

are composed of less than 11 gold atoms, leading to the difficulty in purification, since the 

solubility of precursors and products could be nearly identical. Hence, the crystallisation of each 

cluster was performed under particular conditions. Examples of the X-ray crystal structures of 

the phosphine-protected Au MCs, including [Au6(dppp)4]2+, [Au9(PPh3)8]2+, [Au11(PPh3)7-8]3+ 

and [Au13(dppe)5]5+ are shown in Figure 2.10. The atomically precise [Au9(PPh3)8]2+ and 

[Au11(PPh3)7-8]3+ were synthesised in this work following the well-established methods with 

some modifications. Detailed descriptions of the synthesis procedures are given in Section 3.2. 

 

Figure 2.10 X-ray crystal structures of the phosphine-protected Au MCs.  

Top: ball and stick models; Bottom: metal cores of the clusters.  

Legend: Au – yellow; C – grey; H – white; P – orange; Cl – green. 
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2.2.4 Synthesis of ruthenium-based clusters 

 Three ruthenium-based clusters were synthesised in this work: Ru3(CO)10, H4Ru4(CO)10 

and Ru3Au(PPh3)Cl(CO)10 (Figure 2.11). The Ru3(CO)12 was prepared from RuCl3⋅nH2O under 

high pressure of CO. The Ru3 cluster was then used as a precursor for H4Ru4(CO)10 and 

Ru3Au(PPh3)Cl(CO)10 syntheses as described in Section 3.2.60-62 Generally, mixed-metal 

clusters containing different metal elements can be synthesised by procedures described below:63 

- Co-reduction of multiple types of metal ions: This is the most common method for mixing 

gold with other metals via a simultaneous reduction of the gold precursors with desired 

metal ions in the presence of ligands. A strong reducing agent is required in this case to 

reduce all of the metal ions presented. However, this method can only be applied for the 

synthesis of intermetallic clusters comprising metal ion precursors with narrow 

differences in redox potential (Au, Ag, Cu, Pt, Pd and Ni).63 

- Reorganization: Mixing of MCs with metal complexes or other MCs containing different 

elements allows the creation of new intermetallic clusters with a different number of metal 

atoms from those in the precursor clusters. For example, the synthesis of  

[AgxAu25-x(PPh3)10(SR)5Cl2]2+ from [Au11(PPh3)8Cl2]+ and AgS(C2H4Ph).64 The 

Ru3Au(PPh3)Cl(CO)10 was prepared via this method, using Ru3(CO)12 and Au(PPh3)Cl as 

starting materials.62 

- Deposition of metal atom onto metal cluster by Galvanic reaction: Based on Galvanic 

reaction principle, the addition of a low redox potential MCs to a solution of a high redox 

potential metal ions leads to the reduction of metal ions by the MCs depositing on the 

cluster surface. A feature of this synthesis is the precursor cluster maintains its chemical 

composition while the addition of the other metal atoms happens on the surface of the 

cluster as a substrate. For example, deposition of two silver atoms onto the surface of 

Au25(SC2H4Ph)18 cluster produced Au25Ag2(SC2H4Ph)18.65 
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Figure 2.11 X-ray crystal structures of the ruthenium-based clusters synthesised in this work. 

Top: ball and stick models; Bottom: metal cores of the clusters.  

Legend: Ru – green; Au – yellow; C – grey; O – red; P – orange; Cl – green. 

2.3 Preparation of supported metal catalysts 

 A catalyst is a substance that increases the rate of reactants' transformation into products 

without being consumed in the process. Generally, catalysis can be classified into two types; 

homogeneous catalysis where the reagents, the products and the catalyst are in the same phase and 

heterogeneous catalysis where the catalyst is in the different phase cf. the reagents and the 

products.3 The major advantage of using heterogeneous catalyst over homogeneous catalyst is 

relative ease of separating heterogeneous catalyst from the reaction mixture. The reaction in 

heterogeneous catalysis occurs at the active sites on the surface of the solid. Thus, materials with 

high surface area (10 - 1000 m2g-1) and a high ratio of active sites exposed to the reagents 

(cf. buried inside the catalyst) are desired. In order to achieve high surface area per unit volume, 

most heterogeneous catalysts consist of nanosized particles. Metals are the most commonly utilised 

industrial catalysts. Immobilizing metal particles onto solid supports (such as metal oxides, carbon 

support, porous materials) allows a large fraction of metal atoms to be exposed at surface and be 

accessible to reactants while suppressing agglomeration.5 There are a number of methods for 

fabricating catalysts containing metal particles attached to solid supports. The examples of the 

common techniques used are outlined below. 

2.3.1 Impregnation 

 The simplest method for preparing supported MNPs catalysts involves mixing pre-made 

supports with a solution of metal precursors. The dissolved metal precursor might or might not 

have a chemical interaction with the support surface. In the former case, an excess solvent is 
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removed by filtration while in the latter case, by evaporation. This method can be used with any 

solid supports. By decreasing the ratio of the solvent to the support, incipient wetness 

impregnation could be achieved.5 For example, the supported Au NPs could be prepared by 

stirring the solution of gold precursors, such as HAuCl4 and ethylenediamine complex 

[Au(en)2]Cl3, in the presence of chosen solid supports prior to solvent evaporation and reduction 

under hydrogen. In this work, pre-synthesised ligand-protected gold and ruthenium-containing 

clusters or pre-synthesised Au NPs deposited on solid supports including anatase and P25 TiO2, 

mesoporous SiO2 and zeolites were prepared by the impregnation method, as described in 

Section 3.5. This method allows independent control over particle size; thus, the narrow active 

species size distribution could be obtained.  

2.3.2 Deposition-precipitation 

 This technique was firstly used for the preparation of supported Au NPs by hydrolysing 

AuCl4
- in the presence of solid supports including TiO2, α-Fe2O3 and Co3O4. After adding NaOH 

or Na2CO3 or urea, the suspension of metal precursor and support was aged under basic 

conditions at 70 °C to form insoluble Au(O)x(OH)y species which then adsorbed (or precipitated) 

on the surface of support. The obtained catalyst was washed and dried at elevated temperatures. 

Reduction under a H2 atmosphere produced the Au NPs anchored onto supports.66 However, this 

method can only be applied to the particular supports which have a high isoelectric point (> 5), 

such as TiO2, Al2O3 and CeO2. A relatively good control over pH during deposition-precipitation 

is also required in order to achieve target metal loading with narrow size distribution.5 

2.3.3 Co-precipitation 

 The co-precipitation involves the formation of metal particles and the support at the same 

time. Initially, metal ion precursors (such as HAuCl4 in case of gold) and the support precursors 

(water-soluble metal salts such as Fe(NO3)3, Ni(NO3)2 and Co(NO3)2) are dissolved in water. 

The gold chloride ions and support precursors are then precipitated as oxide-hydroxide forms 

with the addition of NaOH or Na2CO3. The co-precipitate is then washed, dried and calcined. 

This method allows the formation of small metal particles (< 5 nm) incorporated with the 

support.67 However, during the co-precipitation process, the metal particles might be embedded 

in the bulk of the support instead of anchored selectively to the surface, limiting accessibility of 

the active sites.5 



38 

 

 Another approach for obtaining supported MNPs or MCs is to encapsulate MNPs or MCs 

within the porous solid supports via in situ incorporation. This strategy involves the introduction 

of ligand-protected clusters into the porous support precursor gel before the synthesis, leading to 

the intact encapsulation. In this work, Au MCs protected by particular ligands were added to the 

zeolite hydrothermal synthesis gel with an aim to obtain catalysts with the monodisperse clusters 

with great stability, which will be further discussed in the following section.   

2.4 Incorporation of metal nanoparticles and metal clusters within zeolites 

 As stated in Section 2.1 and 2.2, the properties of MNPs and MCs strongly depend on their 

size. This is especially true for MCs, where their size-dependent behaviour, including their 

catalytic reactivity, is extremely sensitive to the number of metal atoms. In fact, there are some 

reactions which can only be catalysed by MCs whereas MNPs or single metal atoms are inactive.10, 

68-70 Preserving the small sizes of MNPs and MCs during the catalyst activation and catalytic test, 

therefore, becomes essential, especially for the high-temperature catalytic reactions. MNPs can be 

stabilised by immobilization onto solid supports, as mentioned in Section 2.3. However, naked 

ultrasmall metal particles (< 2 nm) usually suffer from a strong tendency for aggregation, thereby 

loss of catalytically active surface, even with strong metal-support interactions. Depositing the 

metal particles onto the surface of the solid supports, in some cases, cannot provide satisfactory 

stability to the metals, as a consequence, catalyst deactivation by Ostwald ripening or metal 

migration and coalescence limits the catalytic performance. Many attempts have been made to 

strengthen metal-support interaction,71-73 alternatively, to coat the metal particles with a thin shell 

of mesoporous materials or to confine them into the voids of inorganic mesoporous oxides.74-79 

Even though the shells may effectively suppress the sintering of MNPs/MCs, control over 

thickness and pore structure of the shell remains a challenge.  

 In contrast to the mesoporous shells, microporosity of zeolites offers better stability to the 

MNPs/MCs, which are confined within their well-defined frameworks. Zeolites are microporous 

crystalline materials with well-ordered interconnected networks composed of cages and cavities 

interconnected to each other by subnanometre windows. Due to their great thermal stability, high 

crystallinity, large specific surface area and, more importantly, their unique shape and size 

selectivity, zeolites are considered as an ideal host for confining the MNPs/MCs. Once the metal 

particles are trapped in zeolites’ micropores/cavities, they are generally too large to escape through 
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the apertures. The MNPs/MCs, therefore, can be securely encapsulated within the zeolite 

framework isolating from one another. In such cases, the metal particles would be able to maintain 

their size against agglomeration.  

 Apart from stabilising MNPs/MCs, a rigid framework of zeolite could also facilitate the 

unique shape and size-selective catalysis and suppress the catalyst poisoning. Since the metal 

active sites are located inside the zeolite framework, only selected substances, based on their shape 

and size, would be able to enter the framework and access the metal active sites. The catalytic 

reactions would then take place under the confined environment, which then significantly affects 

the selectivity to the reaction transition state and hence selectivity to the product. 

 In such a way, encapsulation of MNPs/MCs within zeolites is a promising approach to 

enhance metal stability and catalytic selectivity.80-96 The key challenge, however, is to prevent the 

encapsulated metal particles from decomposition/sintering upon exposure to the harsh conditions 

during the catalyst preparation, catalyst activation as well as catalytic reaction. Two main synthesis 

strategies for incorporating MNPs/MCs within zeolites: post-incorporation and in situ 

incorporation methods are discussed in Section 2.4.2. In the following section, the general 

background information on zeolites is provided, with particular focus on LTA and FAU zeolites.  

2.4.1 Zeolites 

 Zeolites are crystalline microporous aluminosilicates of group I and group II metals 

(such as Na, K and Ca). They are constructed from tetrahedral TO4 primary building units 

(PBUs or “T-atoms” representing Si or Al in the centre of TO4) connected in three dimensions 

by shared oxygen atom (Figure 2.12). Each AlO4 unit bears a net negative charge which is 

balanced by an extra-framework cation.97 A general unit cell formula of a zeolite is Mx/n [(AlO2)x 

(SiO2)y]·zH2O, where M is the extra-framework cation with the valence of n. The PBUs are 

arranged into a larger structure by corner-sharing of four oxygen atoms with other units, 

so-called secondary building units (SBUs) or polygons or rings. The interconnection of the 

secondary units creates a range of polyhedrons arranged in the three-dimensional structure of the 

characteristic framework of each zeolite, as shown in Figure 2.12. Zeolite A (LTA) contains 

several polyhedral units within its structure, including double four-ring (d4r), beta cage (sodalite) 

and alpha cavity, while Faujasite  (FAU, also known as zeolite X and zeolite Y) comprises the 

same sodalite cage, but double six-ring (d6r) instead of d4r as for LTA (Figure 2.13).98 
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Figure 2.12 Primary building unit (PBU), examples of secondary building units (SBUs), 

examples of polyhedral composite building units and examples of zeolite structures.98 

 

Figure 2.13 Skeletal diagram of (a) LTA and (b) FAU framework structure and their 

polyhedral building units.99  
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 The number of tetrahedral atoms in the ring (also known as T-atom or member ring or 

MR) defines a face of the polyhedral building unit called “pores”. The polyhedral with faces 

comprised ≤ 6 T-atoms are defined as “cages”, whereas those comprised > 6 T-atoms are called 

“cavities”. While the pores that are infinitely extended in one dimension with > 6 T-atoms are 

called “channels”. For example, LTA zeolite is comprised two types of cage (the d4r and the 

sodalite cage), one type of cavity (alpha cavity) and one three-dimensional channel system with 

eight T-atom pores (8-MR). Faujasite (FAU) also has two types of cage (the d6r and the sodalite 

cage), one type of cavity (supercavity also known as supercage) and a three-dimensional channel 

system with twelve T-atom pores (12-MR), as shown in Figure 2.14.98   

 

Figure 2.14 Channel system and cage in (a) LTA and (b) FAU zeolites.99 

 Based on the number of T-atoms in the largest ring, zeolites can be classified into three 

groups: small, medium and large pore zeolite. For instance, LTA zeolite with eight T-atom 

windows falls into small pore zeolite category, while FAU zeolite with twelve T-atom windows 

is the large pore zeolite, as shown in Table 2.1. 
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Table 2.1 Apertures of zeolite pore with different ring sizes.98 

 

 The high crystallinity and rigid framework structures of zeolites result in their 

characteristic shape and size selectivity properties. The access to the cages, cavities or channels 

of a particular zeolite is controlled by the largest free path. For example, CO with a kinetic 

diameter of 0.38 nm is allowed to enter the alpha cavity of LTA (8-MR, maximum aperture 0.42 

nm), but cannot penetrate the d4r (maximum aperture 0.16 nm) and the sodalite cage (maximum 

aperture 0.28 nm). While toluene with a kinetic diameter of 0.59 nm cannot be introduced into 

any cavities or channels of LTA, but it can pass through the twelve T-atom windows of FAU 

(12-MR, maximum aperture 0.74 nm).98 According to the larger maximum aperture of FAU over 

LTA, larger molecules are allowed to enter the framework of the former. However, both FAU 

and LTA zeolites possess a similar maximum cavity diameter of 1.1 nm belonging to the alpha 

cavity and the supercavity of LTA and FAU, respectively, which means any molecules with 

kinetic diameter ≤ 1.1 nm can fit in the cavities of such zeolites. Due to the large cavity and 

relatively small pore opening, FAU and LTA were suggested to be potential candidates for the 

encapsulation of MNPs and MCs, among conventional zeolites, allowing the metal species to be 

restricted within the cavity which could suppress metal leaching and metal agglomeration.  

2.4.2 Strategies for synthesis of zeolite-supported metal catalysts 

2.4.2.1 Post-incorporation of metal nanoparticles and metal clusters 

within zeolites 

 Ion exchange and impregnation are the most common post-incorporation methods 

widely used for the preparation of zeolite-supported metal catalysts. In both cases, solvated 

metal precursors are introduced to zeolite voids’ space after the framework was formed. 

Therefore, the location and homogeneity of metal species mainly rely on the diffusion 

efficiency of the metal precursor through the framework defined by the size of the pore 
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opening of a particular zeolite. The large pore zeolites, such as FAU, LTL (12-MR), generally 

offer greater accessibility for metal precursors to their pores/cavities than small and medium 

pore zeolites; hence, the precursors can ideally homogeneously fill voids of such zeolites 

before reduction to form MNPs. However, due to their large pore opening, the metal 

precursors can potentially escape from the cavities to the external surface, coalesce and grow 

to larger particles, primarily upon exposure to harsh conditions of reduction step. For example, 

after O2/H2 treatment at 200 °C, the ~ 3 - 4 nm Au NPs in FAU sintered to large Au NPs with 

diameter ≥ 10 nm.100 In such large pore zeolites, the MNPs which are either introduced by ion 

exchange100-102 or impregnation103-105 tend to have comparable stability compared to those 

which are deposited on mesoporous scaffolds.106-108  

 The more constrained aperture of small and medium pore zeolites, such as MFI 

(10-MR) and LTA (8-MR), provides MNPs higher stability but generally results in bimodal 

size distribution. This is because the diffusion of metal precursors into the voids of such 

zeolites is limited by their small aperture. The majority of the metal species may remain at the 

outer surface and sinter to form larger particles during the activation and reduction steps. 

For instance, impregnation of H2PtCl6·6H2O onto MFI zeolite was found to give a uniform 

distribution of ~ 3 nm Pt NPs in the as-prepared sample. However, the further O2/H2 treatment 

resulted in a severe agglomeration of Pt NPs on the external surface to form larger Pt NPs 

with diameter ≥ 10 nm.109 Both MNPs in the micropores and those on external surface are, 

therefore, responsible for the overall catalytic performance of such catalysts in which the 

MNPs encapsulated in zeolite voids selectively react with particular substances sieved by 

zeolite; while those located on the external surface would be directly exposed to reactant 

molecules, resulting in the overall loss of shape and size selectivity.  

 Apart from the size of the pore opening, the Si/Al ratio was found as another critical 

factor affecting metal incorporation efficiency, mainly via the ion-exchange method. Since 

the exchange capacity depends mostly on the number Al in the zeolite, high metal loading 

(above 2 wt%) can only be achieved using zeolite with a low Si/Al ratio (high Al content). 

The ion exchange protocol is not feasible for pure-silica analogues of zeolite with neutral 

frameworks made of only tetrahedral SiO4 (e.g., silicalite-1, 10-MR). The higher metal 

content (up to 4 wt%) could be achieved by the impregnation approach where the degree of 

metal loading is determined by volume of accessible pores/cavities of host zeolite and  
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metal-zeolite surface interaction.80 Another critical parameter involved in the ion exchange 

method is the type of metal ion precursors. Only metal cations which are stable in an aqueous 

solution, such as Ag+, can easily undergo direct ion exchange, whereas incorporation of other 

noble metal cations, like Pt2+, Pd2+ and Ir2+ can only be achieved once such metals are 

stabilised by suitable ligands due to issues with hydrophilicity/hydrophobicity of the zeolite 

hosts.110-115 To achieve the desired metal loading content and avoid the precipitation of metal 

hydroxides, many repeated exchange steps under suitable pH are required. 

 Even though the post-incorporation methods have been widely used for preparation 

of the zeolite-supported metal catalysts, they still have some limitations, as mentioned above. 

The restriction due to the number of exchangeable alkali cations, hydrophilicity/ 

hydrophobicity of the zeolite hosts and, more importantly, the impossibility of the 

introduction of metal species larger than the zeolite aperture, make the encapsulation of 

MNPs/MCs in the zeolite via post-incorporation a challenge. 

2.4.2.2 In situ incorporation of metal nanoparticles and metal clusters 

within zeolites 

 In contrast to the post-incorporation, in situ incorporation is not restricted by the 

pore apertures of host zeolites since the metal species are introduced to an aluminosilicate 

zeolite synthesis gel before the formation of zeolite building units around such metal species. 

The primary task for this approach is to avoid the formation of insoluble metal hydroxide 

species in the strongly alkaline media which is required in zeolite synthesis. The presence of 

insoluble metal hydroxides in the synthesis gel could lead to the sintering and formation of 

larger colloidal particles on the zeolite external surface or even precipitation of bulk metal 

hydroxides separated from the zeolite support. Using common metal precursors, such as 

AgNO3, Rh(NH3)5Cl3 and Pd(NH3)4(NO3)2, have not typically resulted in successful 

encapsulation.82 Apart from the high alkalinity of zeolite gel, the high surface energy of metal 

species, especially that of ultrasmall MNPs/MCs, may also result in inevitable agglomeration 

of the metal under harsh hydrothermal synthesis conditions. One promising strategy is to 

stabilise the metal precursors using appropriate protecting ligands, which allow the ligated 

metal species to be confined within the zeolite frameworks. Subsequent thermal treatments 

lead to the formation of encapsulated bare MNPs with uniform size. The earlier works on  

in situ encapsulation of MNPs/MCs within zeolite are discussed in the following section.  
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It should be pointed out that, so far, only ligated metal complexes have been utilised as metal 

precursors in this encapsulation approach, while use of the ligand-protected MCs has not been 

investigated. 

 Among metal protecting ligands, amine-based ligands such as ammonia and 

ethylenediamine (en) and mercaptosilane-based ligands have appeared as common ligands 

which can effectively stabilise metal species for the in situ synthesis of zeolite supported metal 

catalysts. With amine-based ligands, the metal species exhibit great solubility and high 

stability even under the high pH synthetic conditions (up to pH ~ 13). Moreover, the ligands 

were claimed to help embed cationic complexes onto the aluminosilicate moieties, favouring 

the inclusion of the metal precursor within the zeolite voids as they form.83-89   

 With the stabilisation by organic amines (en) and NH3 ligands, various kinds of 

MNPs, including Pt, Pd, Ru and Rh were successfully encapsulated within small pore zeolites 

like SOD (6-MR), GIS (8-MR) and ANA (8-MR) (< 0.45 nm apertures, Figure 2.15 (a)).83  

It was also demonstrated that such zeolite structures could protect the encapsulated MNPs 

against agglomeration during post-treatments. However, the successful confinement of MNPs 

within those zeolites (after the reduction step) could not be directly confirmed by transmission 

electron microscopy (TEM) or high-angle annular dark-field high-resolution scanning 

transmission electron microscopy (HAADF HR-STEM) analysis. Studies using these electron 

microscopy techniques, together with H2 chemisorption, could only suggest the good 

dispersion of naked MNPs after reduction. Evidence for encapsulation was indirectly 

demonstrated by their activity in catalytic hydrogenation of ethene (0.39 nm), but not that of 

toluene (0.59 nm) since only ethene can access the encapsulated metal sites within GIS or 

ANA. The effective protection of MNPs by such zeolite frameworks was also further 

evidenced by their unprecedented resistance to bulky thiophene (0.46 nm) which can poison 

the active metals through the formation of strongly interacting metal-S species (Figure 2.15 

(b)). However, this strategy cannot be applied to SOD. Due to a minimal available internal 

volume of such zeolite (74 Å3 per unit cell)99, most metal precursors could not be easily 

introduced into the framework,  resulting in a very low metal loading of ~ 0.1 wt%. 
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Figure 2.15 (a) Pictorial representation of MNPs encapsulated within SOD, GIS and ANA 

zeolites and (b) catalytic ethene hydrogenation rate with and without thiophene addition. 

Reaction conditions: 0.95 kPa ethene, 5 kPa H2 at 42 °C. (Reprinted with permission from 

Goel et al.83 Copyright 2012. American Chemical Society). 

 A similar strategy was applied to incorporate the noble metals, including Pt, Pd, 

Rh, Ir, Re and Ag with LTA zeolite (8-MR), shown in Figure 2.16 (a).84 With the same amine-

based ligands (NH3 for Pt and Ir; en for the rest), the premature precipitation of the colloidal 

metal hydroxides in the synthesis gel was prevented. The encapsulated MNPs with a narrow 

size distribution of 1.1 - 1.9 nm were achieved as suggested by TEM images and H2/O2 

chemisorption uptakes of such samples. Of note, since the diameters of most MNPs were 

found to be larger than sodalite cage (0.6 nm) and alpha cavity (1.1 nm) of LTA, it was, thus, 

proposed that the MNPs occupied more than one cage at the time, but remained isolated from 

one another and from the outer surface. 

 The higher thermal stability of MNPs encapsulated within LTA, specifically Pt NPs 

and Rh NPs over that of MNPs deposited onto SiO2, is illustrated in Figure 2.16 (b). As the 

temperature increased from 300 to 600 °C, the diameter of the encapsulated MNPs slightly 

decreased by 0.2 - 0.5 nm and remained constant, whereas a noticeable increase in diameter 

by 1.0 - 1.2 nm was found for MNPs deposited on SiO2. Noteworthy, the mean diameter of 
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MNPs reported was estimated based on the metal dispersion measured by H2 chemisorption. 

Similar to the earlier reports, the position of MNPs could not be easily confirmed by TEM, 

but can be indirectly confirmed by selectivity of obtained catalysts to small reactants which 

can access the encapsulated active sites, for examples, via oxidative dehydrogenation (ODH) 

of alkanols and alkene hydrogenation (Figure 2.16 (c)). In this case, LTA aperture (0.42 nm) 

allowed methanol, ethanol and ethene (0.37, 0.40 and 0.39 nm, respectively) to diffuse 

through but restricted the access of the larger molecules such as isobutanol and isobutene 

(0.55 and 0.50 nm, respectively). Because of the larger available volume in LTA  

(391 Å3 per unit cell)99 compared to GIS and SOD (92 and 74 Å3 per unit cell, respectively)99, 

higher metal loading of 0.35 to 1.4 wt% could be achieved. 

 

Figure 2.16 (a) Schematic of LTA encapsulated MNPs, (b) their mean diameter upon the 

thermal treatment compared to those immobilized on SiO2 and (c) their selectivity parameter 

(ϕ) of methanol to isobutanol (■), ethanol to isobutanol (●) in ODH reaction and of ethene 

to isobutene (Δ) in alkenes hydrogenation. (Reprinted with permission from Wu et al.84 

Copyright 2014. Elsevier). 
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 Apart from small and medium pore zeolites, the encapsulation of MNPs within 

large pore zeolite like FAU (12-MR) could also be achieved.85, 86 Recently, MNPs and metal 

oxides of Ni, Co and Fe were reported to be encapsulated within LTA, MFI and FAU via 

similar strategy using the bifunctional amine-methoxy silane chelating igands.85, 88 Such 

ligands not only protect metal precursors from precipitation and aggregation during the 

hydrothermal synthesis, but also promote the metal uptake into zeolite crystal by allowing 

framework assembly to take place around the ligated metal species. 

 It is worth mentioning that in situ incorporation offers the possible pathway to 

encage MNPs within neutral silica zeolite, which could not be achieved by the ion exchange 

method. Yu et al. successfully encapsulated Pd(en)2
2+ and hybrid bimetallic Pd-M(OH)2  

(M = Co, Ni) in silicalite-1 (MFI) channel during the hydrothermal synthesis at 170 °C.90, 91 

The subsequent calcination under O2 and reduction under H2 resulted in the formation of 

MNPs inside the zeolite, specifically at the intersectional void spaces between the straight and 

sinusoidal channels of the MFI structure as suggested by HAADF HR-STEM images.  

The ultrasmall MNPs were suggested by extended X-ray absorption fine structure (EXAFS), 

as low coordination numbers of Pd-Pd metallic bonds of 2.3 - 3.1 were obtained. Similar to 

the other zeolite-encapsulated MNPs, the shape- and size-selective catalytic activity was 

presented as evidence for the successful encapsulation.  

 However, it is not feasible to directly encapsulate the ligand-stabilised MNPs 

within zeolites (such as ANA and MFI), which require a relatively high crystallisation 

temperature. Such high temperature is likely to cause rapid decomposition of metal precursors 

to form large MNPs. This is where a novel interzeolite transformation strategy was 

introduced. For example, the encapsulation of Pt NPs and Ru NPs within ANA was achieved 

by initially positioning the MNPs within GIS before the conversion of GIS zeolite to ANA 

zeolite.83 Similarly, ion-exchanged Pt-, Rh- and Ru-containing BEA and FAU zeolites were 

transformed into MFI which resulted in the occluded MNPs within new MFI zeolite without 

serious sintering.87 

 The bifunctional mercaptosilane-based ligands provide excellent stability to the 

metal species, such as the Au3+ cation, which cannot be easily stabilised by amine ligands.92, 

93 For instance, the encapsulation of Au NPs within LTA zeolite was attempted using the 
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Au(en)2Cl3 complex via in situ incorporation protocol. The Au3+ cations were found to 

undergo reduction during the hydrothermal synthesis, as confirmed by the > 6 nm Au NPs 

visible in TEM images of the as-prepared sample without any further post-treatments.92 While 

a strong bonding of Au-S through the mercapto group could protect the Au precursors from 

a severe aggregation and premature precipitation under harsh crystallisation conditions of the 

zeolite synthesis. Furthermore, the silane moiety simultaneously promoted the condensation 

of aluminosilicate structure around the Au precursors, resulting in the encapsulation of 

Au NPs during the formation of the zeolite framework. Aside from Au, various metals such 

as Pt, Pd, Ir, Rh and Ag have been successfully encapsulated within the zeolites (LTA, MFI 

and CHA) in the presence of mercaptosilane-stabilising ligands.82, 94-96 

 With the pre-stabilisation by (3-mercaptopropyl) trimethoxysilane ligands, ~ 1 wt% 

of sub-2 nm MNPs (Pt, Pd, Ir, Rh and Ag) were uniformly encaged into LTA zeolite via 

the process shown in Figure 2.17 (a).82, 94 Of note, without such ligands, a serve precipitation 

of metal hydroxides occurred during the hydrothermal synthesis, resulting in very low metal 

dispersion and low metal loading in zeolite. Moreover, EXAFS and XANES results revealed 

that the mercaptosilane protected metals were encapsulated within alpha cavities (~ 1.1 nm) 

of LTA zeolite during the crystallisation. The flexibility of C-C and C-S bonds in such 

aliphatic ligands together with that of the framework lattice, was claimed to facilitate the 

embedding of protected metal species within nucleating zeolite crystals. Similar to those 

found in the amine-based ligand system, microporous environments of LTA zeolite could 

provide MNPs greater stability against sintering upon the thermal treatment comparing to the 

mesoporous environment of SiO2 support (Figure 2.17 (b)). It should be pointed out that the 

diameter of MNPs reported in this work was estimated based on H2/O2 chemisorption and 

TEM analysis under the assumption that all protecting ligands were completely removed after 

O2/H2 treatments and the surfaces of MNPs were fully accessible to H2 and O2 titrants. 

The high selectivity toward smaller reagents (ethene and methanol) as opposed to larger ones 

(isobutene and isobutanol), in the same fashion as the amine-based system, confirmed high 

encapsulation efficiency achieved using this protocol (Figure 2.17 (c)). Besides high catalytic 

shape- and size-selectivity in hydrogenation and ODH reaction, significantly greater 

resistance against sulfur poisoning compared to that of MNPs supported on SiO2 was also 

considered as a consequence of the metal encapsulation in the micropores. The mercaptosilane 
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ligand-assisted encapsulation strategy has been applied to encapsulate the MNPs within other 

zeolites, especially for the zeolites with small apertures (MFI92 and CHA95) where the 

effective post-incorporation approach is not feasible. 

 

Figure 2.17 (a) Schematic of encapsulation process for mercaptosilane-assisted metal 

within LTA zeolite, (b) fractional metal dispersions of Pt and Rh encapsulated within LTA 

and supported on SiO2 during the thermal treatment and (c) selectivity parameter (ϕ) of 

ethene to isobutene (●) in alkenes hydrogenation and of methanol to isobutanol (ο) in 

alkanols ODH. (Reprinted with permission from Choi et al.82 Copyright 2010. American 

Chemical Society). 

 Analogous to other metals, Au3+ precursors were reported to be stabilised by 

mercaptosilane ligand during the hydrothermal synthesis.92 The alkoxysilane group, indeed, 

enforced connectivity between such metal species and nucleated aluminosilicate oligomers of 

zeolite via the siloxane bridges, and hence promoting the uniform dispersion of Au3+ species 

throughout LTA and MFI zeolite frameworks (Figure 2.18 (a)). Nearly monodispersed bare 
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Au NPs with diameter of ~ 1.3 nm (in LTA) and 2.0 nm (in MFI) were obtained after the 

ligand removal and reduction by O2/H2 treatment. Based on TEM analysis (Figure 2.18 (b)), 

the encaged Au particles (~ 1.3 nm) were slightly larger than the alpha cavity (1.1 nm) and 

occupied ~ 1.5 % of the cages. As the mean size of Au particles was systematically controlled 

by the H2 treatment temperature, the increase in temperature, even by 50 °C, caused the 

formation of larger Au NPs with a mean diameter of 2.3 nm (Figure 2.18 (c)). Noteworthy, 

the result pointed out that these Au NPs are very sensitive to the treatment temperature. 

 

Figure 2.18 (a) Schematic of encapsulation process for mercaptosilane-assisted Au within 

LTA zeolite and TEM images of LTA encapsulated Au NPs with 1.1 wt% Au content after 

H2 reduction at (b) 300 °C and (c) 350 °C. (Reprinted with permission from Otto et al.92 

Copyright 2016. Elsevier). 

 The encapsulation of Au NPs within MFI zeolite was also reported using the same 

strategy as for those within LTA, despite the fact that the organic structure-directing agent 

(tetrapropylammonium hydroxide, TPAOH) was required in the case of MFI synthesis.92  

The removal of TPAOH is necessary to allow access to pores/cavities of such zeolite and 

metal active sites therein. Due to the harsh oxidative conditions required for template removal 

(calcination at 450 °C for 3 hours), Au NPs severely sintered to form relatively large Au NPs 

with a mean diameter of 3.2 nm. By reducing the temperature ramp, the TPAOH oxidation 

rate was decreased, allowing formation of the Au NPs with a much smaller mean diameter of 
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2.0 nm. Comparing to Au NPs within LTA, those within MFI were unlikely to be located in 

MFI cages (0.64 nm); however, it was proven that these are confined within MFI crystals 

based on their high selectivity toward small-sized reactants. 

 The complete removal of organic residues and the accessibility of encapsulated  

Au NPs were examined by infrared spectra upon CO chemisorption. Of note,  

the chemisorption of H2/O2 onto Au NPs was not feasible due to their high dissociation 

activation barriers.116 While the total CO uptakes of the sample were not directly related  

the accessibility Au NPs surface since both Au NPs and zeolite counterions simultaneously 

adsorbed CO.117 Hence, the position of CO infrared absorption bands was employed to 

distinguish CO adsorbed on the Au NPs (less intense band at lower wavenumber) from those 

from volumetric uptakes (more intense band at higher wavenumber). By subtracting  

the volumetric uptake of CO based on that of the Au-free zeolite, the amount of CO absorbed 

by Au NPs was obtained. The number of accessible CO binding sites was, therefore, 

determined from the integrated absorption peak area. This integrated area of the Au-CO band 

was then normalised by the number of surface Au atoms (calculated from the diameter of  

Au NPs from TEM) and Au content. By comparing the integrated Au-CO band intensity of 

each sample with that of the Au NPs-supported SiO2 reference (where all organic residues are 

known to be completely removed as evidenced by TGA analysis118), the completeness of 

ligand removal and accessibility of the Au NPs in AuNPs-LTA and AuNPs-MFI samples 

were confirmed. This result also indicated that the thermal O2/H2 treatments were effective in 

removal of mercaptosilane moieties from the Au NPs’ surface. The ligands were reported to 

be removed at 300 °C under air.119 Similar to the previous works, zeolite-confined MNPs 

exhibited superior thermal stability and selectivity toward small reactants (higher ODH rate 

of ethanol than that of isobutanol) compared to mesoporous-supported Au NPs.  

 Also, up to 90 % of Au NPs were claimed to be encapsulated within the  

zeolite framework as evidenced by the organosulfur titration experiment where only ~ 20 % 

lower ethanol ODH rate was found after Au NPs-LTA was exposed to thiophene. More 

interestingly, the removal of thiophene from the inlet stream boosted the ODH up to the initial 

rate. Whereas, AuNPs-SiO2 showed a significant drop (94 % of the initial value) and only 

slight recovery was found upon thiophene removal. All these results together were evidenced 

that the active Au NPs species were predominantly confined within LTA and MFI voids. 
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2.5 Catalysis  

 Catalysis is the key to chemical transformations. Over 90 % of industrial chemical processes 

rely on catalysts. Major examples include the production of polymer materials, pharmaceuticals, 

petroleum and petrochemicals. More importantly, the major issues of the twenty first century, 

including the production, storage and conversion of energy, could also be solved by use of 

catalysts. It is estimated that catalysis contributes to over 35 % of the world’s gross domestic 

product (GDP), thus, catalysts decisively influence the world economy. Not only economic 

considerations, but also the environmental friendliness must be taken into account for 

the development of novel catalytic materials.1 

 Catalysis is a phenomenon by which chemical reactions are accelerated by small quantities 

of substances known as catalysts. A definition of the catalyst was given by Ostwald as “a substance 

that increases the chemical reaction rate without affecting the position of the equilibrium”. 

The catalyst provides an alternative reaction pathway with lower activation energies (Ea), resulting 

in a higher reaction rate with similar overall energy change (enthalpy, ΔH) to that of uncatalysed 

process, shown in Figure 2.19. More importantly, catalysts have an ability to favour one specific 

reaction pathway over another even though the kinetic product may be thermodynamically 

unfavourable. A particular catalyst can selectively promote the formation of specific products. 

The control toward the desired product is even more important than the catalytic activity in 

industry.2, 6, 120 It was initially assumed that the catalyst remains the same throughout the reaction, 

however, it is now known to participate in chemical bonding with the reactants during the catalysis 

process to form the intermediate-catalyst species. These highly reactive intermediates then further 

transform into other intermediates and, eventually, the products, which are released and leave 

behind the active site of the catalyst in the original form at the end of the catalytic cycle. 

Theoretically, the ideal catalyst would not be consumed, but it is not the case in practice.6 

During the catalytic reaction, the catalyst can undergo chemical and physical changes resulting in 

a lower activity; such process is called catalyst deactivation. Hence, regeneration or eventual 

replacement of the catalyst is required.  
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Figure 2.19 Potential energy diagram of uncatalysed and catalysed reactions for conversion of 

reactant A to product P with ΔH reaction enthalpy; Z1 and Z2 are activated state, Ea1 and Ea2 are 

activation energy of uncatalysed and catalysed reactions, respectively.121 

 Generally, there are three major criteria for catalyst development: catalytic activity, product 

selectivity and catalyst stability. The activity is the ability of the catalyst to promote the reaction 

rate which can be generally presented as the amount of reagent change over time relative to the 

mass of catalyst or, better, quantity of the active sites available. Selectivity can be expressed as the 

ratio of the desired product to the overall products from parallel and sequential reactions. While 

the stability of the catalyst can be referred to the quantity of the active sites available as a function 

of time, which can be indirectly monitored by measuring the activity or selectivity. The chemical, 

thermal and mechanical stability of catalyst determine its lifetime.2  

2.5.1 Types of catalysis  

 Catalysis is broadly classified into two types: heterogeneous catalysis and homogeneous 

catalysis. Homogeneous catalysis is the catalytic process which takes place in a single phase, in 

other words, the catalyst and reactants are present in the same phase which can be in the gas 

phase or, more often, liquid phase. Typically, the homogeneous catalysts are well-defined 

chemical compounds (usually transition metal complexes) molecularly dispersed in the reaction 

medium. Consequently, every individual active site is theoretically accessible so that the reaction 

rate is then proportional to the concentration of the catalyst. As the mobility is high, the reactants 
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can, typically, approach the active site from many directions, allowing the catalytic process to 

occur under mild conditions. More importantly, the well-defined active site of the homogeneous 

transition metal catalyst allows an extensive understanding of the catalytic reaction mechanism, 

thereby excellent control over product selectivity can be achieved. Therefore, the homogeneous 

catalysis is generally utilised in the reactions where a delicate control over product selectivity is 

required (such as stereoselective reactions). The limitations of homogeneous catalysts are their 

typically low stability (practical reaction temperature < 200 °C), and importantly, the difficulty 

of catalyst separation from the reaction mixture.2 As opposed to homogeneous catalysis, the 

catalyst in a heterogeneous catalysis system can be easily separated from the reaction mixture 

by simple methods (such as filtration or centrifugation) or even automatically removed (such as 

gas-phase reaction in fixed-bed reactors). This is because catalyst and reactants are in different 

phases, generally solid catalyst and reactants in gas or liquid phase; the reaction occurs at the 

active sites located at the surface of the solid. Thus, over 90 % of all industrial catalytic processes 

are utilising the heterogeneous catalysts.3 The reaction rate in the heterogeneous catalytic system 

then depends on the area of the accessible active surface. Therefore, in most cases, only a small 

part of the catalyst surface is responsible for driving the catalytic reaction. Unlike homogeneous 

catalysis, the actual chemical reaction, as well as adsorption, diffusion, and desorption processes, 

play an important role in the efficiency of an overall catalytic reaction. Most heterogeneous 

catalysts contain different types of surface sites due to their inhomogeneity, which could result 

in distinctive chemisorption and catalytic reaction properties. Moreover, the surface composition 

and surface defects are also critical factors determining the overall catalytic performance. The 

major challenges in heterogeneous catalysis are a) identification of the active sites,  

b) understanding of the mechanism of the catalytic process and c) precise fabrication of active 

sites with better performance.3  

2.5.2 Supported metal catalysts 

 Since the heterogeneous catalysis is a surface phenomenon, a large specific surface area 

with a high number of active sites then benefits performance of the catalyst. In the case of bulk 

catalysts, such as zeolites and metal oxides, their large surface areas are typically due the high 

porosity. While the high active surface area per mass (or volume) of the metal-based catalysts is 

usually due to use of nanometre-sized particles. However, the small particles of the metal active 
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species alone generally do not provide adequate thermal stability or a highly active catalyst since 

the most active species (with high surface energy) are likely to sinter rapidly at thermal  

pre-treatment and catalytic reaction step. Hence, the active nanosized metal species are usually 

dispersed on solid supports, giving rise to so-called supported metal catalysts, allowing a large 

proportion of active sites to be accessible while being protected from sintering. The supports 

usually offer high thermal stability and mechanical strength, while the catalytic activity and 

selectivity are defined by the active metal species on the supports.5 The supported catalysts can 

be prepared via different strategies as mentioned in Section 2.3 and 2.4.  

 The most commonly known example of a supported catalyst is an automotive catalytic 

converter which uses noble MNPs, mainly Pt, Pd and Rh, stabilised on a ceramic honeycomb 

substrate (comprising MgAl2O4, CeO2, BaO, etc.) and coated with alumina. By placing the 

converter between the engine and outlet of the exhaust pipe, CO and uncombusted hydrocarbons 

in the exhaust gases are converted to CO2 and water (catalysed, mainly, by Pt and Pd), while Rh 

is a key component for NOx reduction.122, 123  However, Pt, Pd and Rh are high-cost metals, even 

more expensive than gold.  

2.6 Hydrogenation of carbon dioxide 

 Rapidly rising CO2 concentrations in the atmosphere within the past centuries have been 

contributing to the increase in global temperature and climate change due to the greenhouse effect. 

Conversion of CO2 into fuels and valuable chemicals is one of the most substantially feasible 

routes to reduce CO2 emissions while producing an alternative source of energy, replacing finite 

fossil fuels. The challenge for the transformation of CO2 into other chemicals is owing to the fact 

that CO2 is a thermodynamically stable molecule (ΔG°∼ −394 kJ/mol). Hence, high-energy 

substances and effective catalysts are typically required to drive its selective conversion to the 

targeted products. Hydrogen is a high-energy substance which is currently mainly generated from 

the steam methane reforming which also produces CO as the product. Through the water-gas shift 

reaction (WGS), toxic CO can be oxidized to CO2 and H2 (equations 1 and 2). The alternative route 

to generate H2 without emitting CO2 and CO is via water splitting where only H2 and O2 are 

obtained as the products (equation 3).124  
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There are three main possible pathways for catalytic reduction of CO2 by H2: the reverse water-

gas shift (RWGS) reaction leading to the formation of CO, direct Fischer-Tropsch reaction of CO2 

(CO2-FT) to yield hydrocarbons and selective hydrogenation to form methanol.125 Apart from CO2 

activating capability, the active catalyst should be able to efficiently bind CO2. Oxide-supported 

noble metals are the most typical catalysts used for CO2 hydrogenation since the metal active sites 

can facilitate the hydrogen dissociation, while the oxide support takes charge in the C=O bond 

cleavage. Generally, oxide-supported Pt and Rh catalysts are found to promote selectivity toward 

CO, while the oxide-supported Ni and Ru tune the selectivity to CH4. Fe-based catalysts are 

commonly used in CO2-FT to produce long-chain hydrocarbons, whereas Au, Pd and Cu catalysts 

enhance selectivity toward methanol synthesis.126 

2.6.1 Reverse water-gas shift  

 The RWGS reaction (equation 4) is an equilibrium limited endothermic process, thus 

high temperature (250 – 700 °C) together with the active catalyst is required.125, 127  

 

The widely accepted mechanism for RWGS is the formate decomposition route. This pathway 

involves CO2 hydrogenation to form formate and decomposition of formate species by C=O 

bond cleavage to generate CO and H2O.128 MNPs supported on metal oxides is a typical catalyst 

for the reaction, for example, Cu/Al2O3
128, Pt/CeO2

129, 130
 and Rh/TiO2

131. Cu-based catalyst is 

well-known for its relatively good activity and selectivity toward CO suppressing CO2 

methanation. The active metal is responsible for splitting H2 molecules, while metal oxide 

support allows the hydrogenation of adsorbed CO2 by adsorbed reactive hydrogen atoms.132 

Since the mechanism is strongly dependent on a particular catalytic system, many other 

mechanisms for RWGS reaction have been proposed, for example, redox mechanism and 

carbonate-intermediate pathway.  
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2.6.2 Direct Fischer-Tropsch reaction of CO2 

 The CO2-FT is another attractive route to directly produce hydrocarbons such as alkanes 

and olefins (equation 6) via the RWGS (equation 4) followed by the CO-FT (equation 5). 

 

It is worth noting that to achieve high CO2 conversion, the FT reaction must proceed fast enough 

to overcome the thermodynamic limit of RWGS.133 Hence, the challenging task is to design the 

catalyst which is active for both RWGS and FT reactions. Moreover, the catalyst needs to be 

water-resistant, as water is obtained as a by-product. Ni and Ru-based catalysts have been studied 

for CO2 hydrogenation to hydrocarbons, however, both catalyst systems typically produce CH4 

as the main product.134, 135 The most common metals used in typical FT (CO + H2) are Fe and 

Co. By using the similar catalysts for CO2-FT, almost 50 % lower conversion of CO2 and also 

lower selectivity toward olefins were reported, especially in Co-based catalysts.125, 136 Hence, the 

current development of CO2-FT catalyst relies on Fe-based catalysts.137-141 The formation of 

carbides and alkali surface coverage was claimed to promote the carbon-carbon bond formation 

and chain growth, which improved the activity of Fe-based catalysts.141-143 Using bimetallic 

catalysts, such as Fe-Cu140, 141 and Fe-Co,138, 139 is another interesting approach. For example, Cu 

can catalyse RWGS to yield CO (or CO-like intermediate), while Fe can enhance hydrocarbon 

chain growth. This is because the CO absorption is stronger than CO2 absorption, on both metals, 

making CO a competitive absorbent and feasible to proceed CO-FT on Fe afterward.140 

The active site of the catalysts, as well as the catalytic mechanism, is still under intense debate.  

 Methane as the undesirable product of the CO2-FT reaction can be obtained via two 

routes: methanation (equation 7) and the Sabatier reaction (equation 8).127 Both reactions are 

thermodynamically favourable at relatively low temperature. 
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As mentioned above, supported Ni- and Ru-based catalysts have shown promise for the CO2 

methanation. In particular, Ru supported on Al2O3, CeO2 and TiO2 showed high methane yield 

at low temperature (150 – 200 °C).144, 145 There were two main mechanisms proposed for CO2 

methanation; via adsorbed surface carbon intermediates and via formate intermediates. In the 

first mechanism, CO was formed through C=O bond cleavage of CO2 then further converted into 

CH4.146 In the other one, carbonate species obtained from activation of CO2 were proposed to 

hydrogenate into formate which was then further hydrogenated into methoxy species.147 

2.6.3 Selective hydrogenation of CO2 to methanol 

 The most direct route for CO2 utilisation is conversion to methanol, as it can be directly 

used as a liquid fuel substitute, fuel additive and the precursor for many commodity chemicals. 

The synthesis of methanol from the reduction of CO2 by H2 is thermodynamically favourable at 

low temperatures, but is kinetically limited.148 One of the major challenges for methanol 

synthesis is to control the selectivity since it is usually less selective than synthesis of CO and 

methane. To suppress CO formation through RWGS reaction, high-pressure synthesis  

(> 50 bars) is usually required. Hence, the key to synthesis of methanol is indeed to develop an 

efficient catalyst which would enable the reaction to proceed under mild conditions while 

maintaining high selectivity.  

 Industrially, synthetic methanol was first produced from synthesis gas (CO + H2) under 

high pressure (250 - 350 bars) at 320 - 450 °C using ZnO/Cr2O3 catalyst.149 Later on, in the 1920s 

and 1930s, it was found that the Cu-based catalyst, in particular, Cu/ZnO/Al2O3 could allow the 

reaction to take place at lower pressures of 50 - 100 bars and a lower temperature of  

200 - 300 °C. Using the same catalyst, methanol could be produced via CO2 hydrogenation 

(equation 9) with an approximately 45 % lower production rate compared to that of the  

CO-based process (equation 10).124 Even though hydrogenation of CO2 is kinetically faster than 

that of CO, H2O by-product from CO2 hydrogenation has a negative effect on methanol 

production rate.  
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The hydrogenation of CO2 to methanol can take place directly through the formate pathway 

(equation 9) or indirectly through RWGS and sequentially CO hydrogenation (equation 10). 

In the former pathway, CO2 initially reacts with adsorbed H species to yield formate (HCOO) 

intermediates which subsequently undergo series of hydrogenation and dissociation reactions to 

yield CH3OH (and also CH4). While the latter pathway involves hydrogenation of CO2 to form 

carboxylate (HOCO) intermediates which then dissociate into CO and OH. The CO species can 

either desorb as the by-product or be further hydrogenated by adsorbed H to form CH3OH  

(and also CH4), as shown in Figure 2.20.  

 

Figure 2.20 Proposed reaction schemes for CO2 hydrogenation to methanol (and methane) 

through formate pathway and RWGS + CO hydrogenation pathway.126 

Through the formate pathway, the HCOO is absorbed through the two O atoms in bidentate form, 

whereas along the RWGS pathway, only a single O atom is bonded to the active site. 

Thus, HCOO intermediate has higher stability and lower formation barrier than HOCO 

intermediate. This is the reason for the higher preference of the formate pathway over the RWGS 

+ CO hydrogenation pathway in the case of Cu-based catalysts. However, too strong interaction 
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between the catalyst and HCOO could result in an accumulation of surface HCOO species, which 

can then poison the catalyst. In that case, the RWGS + CO hydrogenation pathway could 

dominate the methanol formation. In a similar fashion, the binding strength of CO intermediate 

to the catalyst is critical for the methanol synthesis through this pathway. Only strong enough 

binding of CO would allow the formation of formyl species and further hydrogenated to 

methanol, rather than desorption of CO. The stability of HxCO intermediates also plays a critical 

role. Ideally, HCO and H2CO should be stabilised, while H3CO should be destabilised to undergo 

its hydrogenation to methanol. This is where the metal-oxide interface plays an important role 

via the interaction with these active species. Noteworthy, the catalyst with active sites capable 

of strong enough binding would allow stabilisation of the key intermediates, facilitating the 

hydrogenation to methanol, but over-stabilisation could also lead to the poisoning of active sites 

of the catalyst. As shown in Figure 2.20, CH4 formation can occur both along formate pathway 

and RWGS + CO hydrogenation pathway. Considering methanol formation, H2COH and H3CO 

are an intermediate of the formate pathway, while HCOH, H2COH and H3CO are an intermediate 

of the RWGS + CO hydrogenation pathway. The competition between hydrogenation of the 

HxCO species and their C-O bond scission is a key step determining the product selectivity in 

CO2 hydrogenation.126, 150 

2.6.3.1 Oxide-supported gold nanoparticles for CO2 hydrogenation to 

methanol 

 Apart from Cu-based catalysts, which are well established as an important 

supported metal for methanol synthesis via CO2 hydrogenation, Pd,151-155 Ag156-158 and Au159-

164 supported on oxides have been found to be active for CO2 hydrogenation to methanol under 

moderate conditions. Au supported on oxides was reported to give CO2 hydrogenation activity 

comparable to Cu-based ones, but under milder reaction conditions.159-161, 165 For example, 

Au/ZnO catalyst exhibited a high methanol production rate (18.3 mmol gAu
-1 h-1) comparable 

to that of commercial Cu/ZnO/Al2O3 catalyst at 5 bars and 220 - 240 °C. Moreover, this 

catalyst gave higher selectivity toward methanol (56 %) than that of a commercial one (37 %) 

under moderate conditions. The formation of oxygen vacancies at the metal-oxide interface, 

promoted by Au perimeter atoms in Au/ZnO, was claimed to be responsible for the effective 

catalytic methanol production.165, 166 The influence of interfacial sites between active metal 

and oxide supports on CO2 hydrogenation can be seen in many studies.160, 163, 167 For instance, 
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in the Cu/CeOx catalyst, the interfacial of CeOx and Cu(111) was suggested to provide unique 

sites, which stabilise a carboxylate intermediate and allow further hydrogenation steps to take 

place easily (confirmed by relatively small hydrogenation activation energies).167 Similar to 

Cu-based catalysts, a synergistic effect from the metal-ceria interactions in the  

CO2 hydrogenation to methanol was found in Au/CeOx catalysts. Vourros et al. suggested 

that the increased activity of Au/CeOx compared to Cu-based catalysts was due to the 

interaction between Au NPs and the reducibility of ceria support. Among the studies 

performed at ambient pressure, Au/CeOx gave the highest methanol production rate of 

14.8 mmol gAu
-1 h-1.163 While Yang et al. suggested that an electronic polarization at  

Au NPs-CeOx interface was the reason behind the high selectivity toward methanol over 

Au/CeOx/TiO2 catalyst. The activation of CO2 was found to occur at the interface between 

Au0 and the reduced Ce3+ which is also the most favourable adsorption site for CO2. The 

mixed oxide, CeOx/TiO2, was reported to stabilise formation of small Au NPs, which then 

allowed highly selective CO2 hydrogenation to take place at very low pressure (~ 1 bar). The 

presence of partially negatively charged Au species and Ce3+ sites in CeOx was found to be 

responsible for a stronger absorption of CO2 resulting in higher methanol yield.160 It should 

be pointed out that binding strengths of the main intermediates at the interfacial sites between 

metal and oxide support determine reaction pathways and, hence, product selectivity of CO2 

hydrogenation.126 This binding strength can be tuned mainly by type of metal, type of support 

and size of active metal. 

2.6.3.2 Effect of oxide support on hydrogenation of CO2 to methanol 

 Since the CO2 activation and subsequent hydrogenation were confirmed to take 

place at the interfacial sites between the active metal and oxide supports, the nature of the 

oxide support, indeed, plays a great role in the overall catalytic performance and product 

selectivity. In fact, the impact of oxide supports on Au catalytic activity was reported in the 

early study by Haruta et al. The effect of oxide supports (including ZnO, Fe2O3, ZrO2, NiO2, 

TiO2 and CeO2) on the catalytic CO2 hydrogenation over AuNPs/MxOy (Au NPs < 8 nm) was 

reported in 1993. At 250 °C under 8 bars of CO2 and H2 mixture, CO, CH4 and CH3OH were 

obtained as products. Au/TiO2, among the catalysts, gave the highest CO2 conversion, but low 

selectivity toward CH3OH. While Au/ZnO yielded methanol (3.4 mmol gAu
-1 h-1) and CO as 

major products with a 1:1 ratio.161 The acidity of oxide support was proposed to play 
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a decisive role in CO2 hydrogenation activity. Au catalysts supported on acidic oxides, like 

TiO2, led to the highest CO2 conversion. However, those supported on basic oxides, such as 

ZnO, gave the lowest CO2 conversion mainly due to the RWGS reaction. It was assumed that 

the stronger adsorption of CO2 on the basic oxides was the reason for their low activity.165  

 The strong influence of oxide types on the catalytic activity as well as product 

distribution was also confirmed by a number of studies later on.159, 162-166 Similar to those 

reported by Haruta et al., apart from methanol, CO and CH4 were commonly obtained from 

catalytic CO2 reduction over Au/MxOy catalysts. Au/ZrO2 catalyst was recently reported as 

the efficient catalyst for methanol synthesis over Au supported other oxides (including CeO2, 

TiO2, ZnO). At a low temperature of 180 °C and 45 bars, the highest methanol production 

rate of 12.7 mmol gAu
-1 h-1 with 73 % selectivity to methanol being achieved using this 

catalyst. The authors proposed that the methanol production over supported Au catalyst may 

take place through the formate pathway similar to that of Cu-based catalyst (Figure 2.20). 

While CH4 and CO by-products were proposed to be formed via hydrogenation of H3CO 

intermediate and RWGS reaction, respectively. The varying magnitude of electron transfer 

from the supports to Au NPs was claimed to be partially responsible for the range of 

performance over different supports.164 Overall, the reported studies have shown that the 

deposition of Au NPs on ZnO, ZrO2 and CeOx can promote CO2 conversion and selectively 

to CH3OH, while its introduction on TiO2, Al2O3, NiO, Co3O4 and Fe2O3 tunes the selectivity 

toward formation of CO and/or CH4.159, 163, 164  

 Although the physical origin of the underlying support effects is not yet fully clear, 

surface reducibility, surface acidity and capability to form oxygen vacancies are usually 

considered as decisive factors in the activity of the Au catalysts. It has been reported that  

Au NPs, in general, are more active when being deposited on highly reducible oxides, like 

TiO2. However, the reducibility is unlikely to play the major role in methanol formation in 

the case of AuNPs/TiO2 since Au NPs supported on TiO2, with higher reducibility, is 

significantly less active in methanol synthesis compared to those supported on ZnO or ZrO2. 

Also, the activity of Au on the non-reducible support, like Al2O3, was similar to that of Au on 

TiO2.159, 163 While the acidity of the oxide supports seems to account for the CO2 conversion, 

not the methanol selectivity. According to the study by Sakurai and Vourros et al., TiO2, 

which is a more acidic oxide, can drive the CO2 conversion forward, but mainly through 
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RWGS reaction.161, 163, 165 Considering the effect of the oxygen storage capacity of the oxides, 

Strunk et al. reported a higher activity for methanol production as a consequence of increased 

oxygen vacancies at the perimeter of Au-ZnO interface.166 If so, the higher methanol 

production would be found over Au/TiO2 compared with that over Au/ZnO, since TiO2 

possesses much higher oxygen storage capacity, but the opposite findings were reported.159, 

163 Another important factor is the metal-support interaction. It was clearly shown that both 

effects of size and shape of Au NPs were at least partially enabled by the interaction of  

Au NPs with the support. Generally, their strong interaction with the support allows Au NPs 

to maintain their small size during the activation and catalytic reaction. As the size of Au NPs, 

indeed has a significant effect on methanol production, it will be further discussed in the 

following section. Interestingly, the Au NPs interaction with support also affects their shape. 

For example, on TiO2, Au NPs were reported to have more spherical-like shapes, while those 

on ZnO presented a polyhedral shape.168 However, the detailed understanding of the effect of 

Au NPs shape on methanol synthesis through CO2 hydrogenation has not been yet reported.  

 Overall, it has been shown that the oxide supports strongly influence the activity 

and selectivity for methanol formation via many aspects of catalyst morphology and 

chemistry specific to the particular catalyst system. 

2.6.3.3 Effect of gold nanoparticle size on hydrogenation of CO2 to 

methanol 

 Besides the nature of support and its coupling with the Au NPs, the size of Au NPs 

was reported to play a significant role in methanol synthesis. The size of the Au NPs could 

affect the interfacial contact between Au NPs and metal oxides, which commonly considered 

to contain the active sites for methanol formation. Hartadi et al. revealed that methanol and 

CO formation rates obviously decrease with the increase in Au NPs size (at the size below 

5 nm) after the calcination of Au/ZnO catalyst. It is worth noting that an increase in calcination 

temperature in the range of 300 to 600 °C contributes to larger Au NPs and also wider  

Au NPs size distribution (from 3.4 ± 0.8 to 9.6 ± 3.1). However, the decrease in production 

rate with an increase of Au NPs size was more pronounced in the case of CO formation rather 

than methanol production, leading to a lower selectivity toward CO but higher selectivity 

toward methanol. In particular, an increase in size of Au NPs from 3.2 to 4.8 nm enhanced 

the methanol selectivity from ~ 73 % to ~ 82 % at 220 °C, while the further increase to  
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9.6 nm Au NPs did not significantly improve methanol selectivity.159 The result is consistent 

with the earlier work reported by Sakurai et al. that methanol production rate declined when 

increasing Au NPs size at 250 °C and 50 bars. The higher number of perimeter active sites at 

the Au-ZnO interface with the decrease in Au NPs size was claimed to be accountable for the 

faster production rate.165 Similar findings on the effect of size of Au NPs in the lower size 

range of 1.6 to 2.4 nm was reported by Wu et al. Smaller Au NPs (1.6 nm) on ZrO2 were 

found to be more effective than the larger Au NPs (2.4 nm) on the same oxide under similar 

catalytic conditions. In addition, the higher number of accessible active sites, as well as the 

unique electronic structure in the smaller Au NPs, was likely to be the reason behind the better 

performance.164 In agreement with the report by Vourros et al. where the superior methanol 

production was found in the case of Au NPs with the particle size of 2.2 - 2.4 nm supported 

on TiO2, CeO2 and Fe2O3 rather than that of Au NPs (3.6 - 5.5 nm) supported on ZnO and 

Al2O3. However, the nature of support also has to be considered in this case.163 

2.6.3.4 Ruthenium catalyst for CO2 hydrogenation to methanol 

 As Ru is known to dissociate the C-O bond for methanation or CO-FT reactions, 

the catalytic activity of Ru in CO2 hydrogenation to methanol was investigated decades 

ago.169, 170 The ruthenium-based homogeneous organometallic catalysts, Ru3(CO)12, have 

been employed to reduce CO2 to methanol and CH4. The reaction was performed at 240 °C 

and 80 bars in N-methylpyrrolidine solution with alkaline iodides additive. The addition of 

potassium salts (such as KI, NaI and CsI) was found to prevent the decomposition of the Ru3 

cluster under high reaction temperature. Among various transition MCs with carbonyl 

protecting ligands (Rh4 and Ir4), Ru3 gave the best CH3OH, CH4 and CO yield. Several 

intermediate species were also detected by FI-IR spectroscopy as a function of temperature. 

In the presence of KI additive, the Ru3(CO)12 was fully converted to [HRu3(CO)11]- and 

[Ru(CO)3I3]- at 60 °C. At 120 °C, these trinuclear complexes were converted into 

[H3Ru3(CO)12]- which was then further transformed to [H2Ru4(CO)12]2- once the reaction 

temperature reached 240 °C. This tetranuclear Ru cluster intermediate (together with halide 

anion) was proposed as the active species driving the initial step in RWGS reaction. The 

produced CO was then hydrogenated to CH3OH and/or CH4 by [HRu3(CO)11]- and 

[Ru(CO)3I3]- intermediates.171 Later on, the three different homogeneous catalysts including 

(PMe3)4Ru(Cl)(OAc), Sc(OTf)3 and (PNN)Ru(CO)(H) were reported to sequentially catalyse 
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the cascade hydrogenation of CO2 to methanol under milder conditions, 135 °C and 40 bars. 

More recent studies demonstrated the possibility to catalyse the reduction of CO2 to methanol 

using a single homogeneous ruthenium-phosphine catalyst.172, 173  While heterogeneous  

Ru-based catalysts were not found to be active for methanol synthesis, but promoted CH4 

and/or CO production instead.144, 145, 174-176 For example, the catalytic performance of 

Ru3(CO)12 and H4Ru4(CO)12 supported on oxides (SiO2, Al2O3 and TiO2) in CO2 

hydrogenation was investigated. At 170 to 360 °C and 1 bar, no methanol was detected using 

these catalysts. It was proposed that the underlying reason was a limited number of absorbed 

hydrogens available since CO was likely to cover the majority of the metal active sites. The 

authors suggested that an increase in the strength of metal-support interaction could lead to a 

decrease in the production rate.175  

 In addition to the monometallic catalysts, the bimetallic catalysts have also been 

explored for the selective conversion of CO2 to methanol. Since product selectivity of CO2 

hydrogenation is likely to be controlled by several key intermediates, the multifunctional 

catalytic sites in bimetallic catalysts were found beneficial for manipulating product 

selectivity. For example, selectivity toward methanol was reported to vary as a function of Ni 

to Ga ratio in SiO2 supported Ni-Ga intermetallic catalyst. Ni5Ga3/SiO2 was presented as the 

most promising catalyst for methanol production compared to NiGa and Ni3Ga-based 

catalysts. It was proposed that the catalyst contains two different types of active sites:  

(I) nickel-rich site involved in RWGS and methanation and (II) gallium-rich site involved in 

methanol formation.177 More recently, a Co-Fe bimetallic catalyst was developed. As the 

fraction of Fe increased, the selectivity to methanol increased from 53 % to 82 %, while the 

selectivity to ethanol decreased from 47 % to 18 %.139 Pd-Ga has been recently reported as an 

efficient catalyst for the conversion of CO2 to methanol in the liquid phase at 50 bars and  

210 °C.178 In agreement with the earlier finding of Ni-Ga catalysts, the moderate increase in 

Ga content led to higher methanol production. 

2.7 Oxidation of carbon monoxide by supported gold catalysts 

 Gold has always been considered chemically inert metal due to its inherent stability and 

inability to oxidize in air, even though its location in the periodic table is close to silver, platinum 

and palladium which are commonly used in catalysis. In the 1980s, Haruta et al. first demonstrated 
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the extremely effective catalytic performance of Au NPs (with 3 - 5 nm in diameter) in CO 

oxidation at sub-ambient temperature.66, 179 Since then, the number of studies on supported Au 

catalysts has dramatically increased, especially in oxidation and hydrogenation reactions.14, 168, 180, 

181 However, a fundamental understanding of the Au activity, especially on the nature of Au active 

sites as well as the catalytic reaction mechanism, still remains ambiguous, even for the low 

temperature CO oxidation. 

 Although it has been generally agreed that the catalytic activity of supported Au catalysts 

depends strongly on the size of Au particles, there are many other possible factors reported to 

contribute to the catalytic activity of Au. Friend et al. classified those factors into two main 

categories: (1) the factors related to Au particles and (2) the factors related to the oxide support.182 

The first category includes the size, shape and thickness of Au active species. And the second 

category covers contributions of the oxide support such as (a) anchoring Au particles and 

maximizing the fraction of low-coordinated Au atoms, (b) allowing charge transfer between the 

support (defect sites) and Au particles, (c) providing adsorption sites for O2 and (d) forming the 

gold-oxide interface active sites. 

 

Figure 2.21 CO oxidation activity (in mmolCO gAu
-1) at 0 °C over different Au-based catalysts as 

a function of Au particle diameter (d, in nm). (Reprinted with permission from Janssems et al.183 

Copyright 2007. Springer Nature). 
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 As shown in Figure 2.21, the smaller Au NPs (2 - 4 nm) are typically more active than the 

larger one (20 - 40 nm), independently of the type of oxide support.183, 184 Clearly, unsupported  

Au NPs are also active for CO oxidation under a variety of reaction conditions.185 The catalytic 

activity of ultra-small Au NPs was initially suggested to be due to their electronic properties, with 

onset of high activity correlating with a metal-to-nonmetal transition. In particular, the narrower 

band gaps of two-atom-thick Au particles were proposed to be responsible for their remarkably 

higher activity compared to the one-layer-thick Au.186 An alternative explanation is the presence 

of low-coordinated Au atoms, which are in a higher abundance in ultra-small Au NPs. These sites 

possibly act as the binding and/or dissociation sites for O2.184, 187-189 Later, the Au coordination 

number was proven to have a large influence on the strength of Au-CO and Au-O bonds.184 This 

is demonstrated where both CO and O adsorption energies are lowered by up to 1 eV when the 

coordination number of Au atoms reduce from 9 of Au (1 1 1) to 4 of Au10 clusters (Figure 2.22). 

 

Figure 2.22 The correlation between the binding energies of CO and O with respect to the 

coordination number of Au atoms. Binding energy is referred to gas-phase CO and O2 where the 

O2 energies are given per O atom. (Reprinted with permission from Lopez et al.184 Copyright 

2004. Elsevier). 

Apart from the size of Au NPs, the morphology of Au NPs was also found as an important factor 

in determining catalytic reactivity. For example, Au NPs of ~ 3 nm on different oxide supports 

prepared by the colloid deposition method showed a great difference in their CO oxidation activity. 
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The difference of coordination sites provided by different types of oxide supports was claimed to 

cause the difference in Au NPs shapes and, thus, the catalytic activity.190 

 Considering the roles of oxide support, the most obvious one is to maximize the surface area 

of active Au species by allowing them to anchor onto the support surface. The type of oxide, 

therefore, affects the dispersion and shape of Au particles (as mentioned above). For instance, the 

density of oxygen vacancies in TiO2,191 SiO2
192 and Al2O3

193 supports was reported to influence 

the nucleation and growth of Au particles on the surface. Additionally, the defect sites may play a 

role in charge transfer to Au particles leading to the formation of negatively charged Au which 

was claimed to promote the catalytic CO oxidation in some studies.194-196 The interfaces between 

Au particles and support have been considered as adsorption and/or reaction sites for CO oxidation. 

Based on the IR study by Haruta et al., CO can be adsorbed both on the Au surface and at the 

interfacial region between Au and support.197 Based on studies of Au/Fe2O3 and Au/TiO2, O2 

dissociation was also suggested to occur at the interface.198-200 Omitting the possibility of O2 

dissociation, the adsorption of O2 at the interface was also suggested (based on DFT calculations) 

allowing the formation of an adsorbed CO-O2 intermediate with a relatively low barrier (0.1 eV). 

However, the role of the interface in O2 adsorption remains ambiguous. This is because the limited 

interfacial area within the Au catalyst may not be sufficient to adequately supply oxygen for the 

reaction.201, 202 

 The mechanism of CO oxidation of supported Au catalysts is expected to follow the 

Langmuir-Hinshelwood model by analogy to the platinum group metals. Based on a model 

mechanism, CO oxidation occurs on the surface in the following steps: (1) CO is adsorbed on the 

gold surface, (2) oxygen dissociates, (3) the adsorbed CO reacts with O2 to form CO2 which is 

liberated from the surface.182 

 

In contrast to other metals (e.g. Pt, Ag and Ru), O2 does not readily dissociate on the extended Au 

surfaces203 and CO is only weakly bound on such Au surfaces near room temperature. Therefore, 

the low O2 dissociation rate and a short lifetime for CO on Au surface are the limiting factors in 

CO oxidation on the Au extended surface. On the other hand, low-coordinated Au sites were 
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reported to facilitate O2 dissociation due to the lower energy barrier204, 205 with the formation of 

atomic oxygen on the Au surface, allowing CO oxidation to CO2 to readily occur at low 

temperature.206-208 Since low-coordinated Au atoms are more abundant in the smaller Au NPs, the 

smaller Au NPs, therefore, exhibit superior activity for low temperature CO oxidation compared 

with larger Au particles.184, 187-189 Of note, the rate-determining step of the catalytic CO oxidation 

depends on the properties of the metal (e.g. metal-oxygen bond energies). For instance, the reaction 

between COads and Oads was the rate-determining step of the Ru catalysed reaction (due to the high 

metal-oxygen bond energy), whereas the adsorption or desorption of O2 on the metal surface was 

the rate-determining step of the Ag catalysed reaction (lower metal-oxygen bond energy). O2 

dissociation has been proposed as the rate-determining step in CO oxidation using Au-based 

catalysts.182 

 Although it has been confirmed that CO and O adsorbed on Au rapidly reacted to form 

CO2,206-208 the nature of active intermediates still remains ambiguous. From the theoretical studies, 

both atomic and molecular oxygen could be possibly active in CO oxidation.209-211 An alternative 

model for CO oxidation involved the direct reaction with molecular O2. The O-O-CO metastable 

species were proposed as an intermediate of CO oxidation via this pathway. The further 

decomposition of the O-O-CO intermediate led to the formation of CO2 and adsorbed O which 

subsequently reacted with another CO to yield CO2.211 

 In this work, the CO oxidation had been employed as a probe reaction to investigate the 

catalytic behaviour and catalyst stability of zeolite-incorporated Au MCs. In fact, the first model 

study on size-selected Au MCs for the low temperature CO oxidation was reported in 1999.212  

In this study, MgO-supported Aun clusters (n = 2 – 20) were size-selected following laser 

vaporisation of bulk Au target. The reaction of 13CO and 18O2 was monitored with mass 

spectrometry. It was claimed that Au MCs with less than 10 Au atoms were barely active except 

for Au8. The unique electronic structure of the Au MCs, along with electron transfer from the oxide 

support to Au MCs was likely to be responsible for the significantly higher activity of Au8 

compared to other smaller Au MCs.  Au MCs with 18 and 20 were also found to be active under 

the same conditions, as shown in Figure 2.23 (a). The odd-even oscillatory behaviour in  

the CO oxidation activity was found when the Au MCs atomicity increased to 10 – 20 atoms,  

as shown in Figure 2.23 (b). The difference in the CO oxidation activity of Au MCs with varying 

atomicity (Aun, where n = 1 - 4 ) was also later reported by Anderson et al.213 Similarly,  



71 

 

the Au MCs were generated by the UHV MS size-selection method and then deposited on the 

support, in this case, TiO2. Only Au3 and Au4 were found to be reactive under the testing condition. 

Too strong Au-CO bond in the case of Au1 and Au2 was claimed as a reason for their inactivity.  

 

Figure 2.23 (a) Temperature-programmed reaction profiles for the CO oxidation on  

size-selected Aun clusters (n = 2 - 20) on MgO (1 0 0) surface.  The catalytic CO oxidation test 

was performed at -183 °C and the 13C18O16O was detected with a mass spectrometer as a function 

of temperature. (b) The number of CO2 produced on each Aun cluster with different atomicity. 

(Reprinted with permission from Landman et al.214 Copyright 2007. Springer Nature). 

 It should be noted that the Au MCs mentioned above were generated by laser vaporisation, 

size-selected in a quadrupole mass spectrometer and deposited with low kinetic energy on the thin 

film of oxide support. The catalytic CO oxidation behaviour of Au MCs prepared by the 

conventional wet-chemistry method, which is the approach used in preparation of Au catalysts in 

this work, has also been investigated. However, most of the resultant catalysts contained various 

types of Au species: dispersed single Au atoms, Au MCs and Au NPs. Therefore, it is challenging 

to verify the CO oxidation contribution of each Au species.  
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 One example of reported oxide-supported Au MCs catalysts prepared by the wet-chemistry 

method is TiO2 decorated with Au13. The Au13/TiO2 was prepared by suspending the 

Au13(PPh3)4(S(CH2)11CH3)4 and TiO2 in a toluene solution.215 After 2 hours of stirring, the 

Au13/TiO2 product with 0.8 wt% Au (1.0 wt% target Au) was collected and dried. The catalytic 

CO oxidation was performed at atmospheric pressure in the presence of 2 % CO and 8 % O2 

balanced with He with GHSV of 3,000 mL g-1 h-1. The catalytic CO oxidation activity of 

ligated-Au13/TiO2 with and without the treatment at 30 to 450 °C is shown in Figure 2.24. Without 

the catalytic activation (black), Au13/TiO2 did not show any CO conversion until 300 °C, which 

was the temperature at which organic protecting ligands are completely removed based on TGA 

data. While the O3-treated Au13/TiO2 (green) showed higher activity - 50 % conversion at 335 °C. 

The subsequent calcination of the O3-treated Au13/TiO2 (blue) resulted in even better performance 

- 50% conversion at 115 °C. However, all ligand removal treatments resulted in the growth of Au 

particles from ~ 0.8 nm to 1.2 ± 0.5 nm after O3 treatment and to 2.7 ± 0.6 nm after calcination at 

400 °C. The further calcination of the O3-treated sample led to a slight increase in Au NPs diameter 

to 1.5 ± 0.4 nm. The authors claimed that the remarkable improvement in the activity of the  

O3-treated sample after calcination was a consequence of the complete ligand removal together 

with flattening of Au NPs leading to an increase of the Au NPs-support interface. While the higher 

activity of the smaller Au NPs (1.5 ± 0.4 nm, c.a. 46 atoms) compared to that of the larger Au NPs 

(2.7 ± 0.6 nm, c.a. 324 atoms) was observed. Similar to other works, the sintering of Au NPs was 

suspected to cause the catalyst deactivation.  

 

Figure 2.24 % CO conversion in catalytic CO oxidation catalysed by anatase-supported ligand-

protected Au13 before and after ozone and thermal treatments. (Reprinted with permission from 

Menard et al.215 Copyright 2006. Elsevier). 
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 More recently, catalysts based on ligated Au22 supported on CeO2 were tested in the catalytic 

CO oxidation.216 The ligated-Au22 was claimed to be highly dispersed on surface of rod- and cube-

like particles of CeO2. Based on the HAADF HR-STEM images, a uniform size of Au22 with  

a mean diameter of 1.4 nm was demonstrated, which agrees with the theoretical value. The sample 

was then treated under the O2 atmosphere at different temperatures in the range from 22 to 400 °C 

for an hour prior to testing for catalytic CO oxidation at 27 - 157 °C (Figure 2.25). The as-made 

Au22/CeO2 samples, both rod- and cube-CeO2, were found active for CO oxidation, but with 

different activities. A remarkably higher CO conversion of Au22 supported on rod-CeO2 was found 

when the pre-treatment temperature increased from 150 to 200 °C, while activity of Au22 supported 

on cube-CeO2 was not observed until the pre-treatment temperature of 250 °C. Based on the 

EXAFS results, no significant increase in Au-Au peak intensity was found until after treatment at 

300 °C. Such a higher peak intensity indicated the growth of Au particles (from 1.4 nm to 1.5 – 

2.0 nm), in agreement with HAADF HR-STEM images. The Au22/rod-CeO2 treated at 200 °C gave 

100 % conversion at around 77 °C. Of note, the rod-CeO2 was claimed to offer Au MCs a stronger 

interfacial interaction and, hence, a lower degree of Au sintering compared to the cube-CeO2. The 

better catalytic performance of the former case was claimed, mainly, due to the more reactive 

lattice oxygen present in the rod-CeO2 support. The information on the size and the coordination 

number of Au MCs in the post-catalytic sample and the effect of Au MCs size-changing upon the 

catalytic reaction was not mentioned. 

 

Figure 2.25 % CO conversion in CO oxidation catalysed by (a) Au22/rod-CeO2 and (b) 

Au22/cube-CeO2 after pre-treatment at different temperatures. Reaction conditions: O2: CO of  

2.5:1.0, GHSV of 28,800 mLg-1h-1 and reaction temperature of 30 - 150 °C. (Reprinted with 

permission from Wu et al.216 Copyright 2018. Elsevier). 
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2.8 Photocatalysis by TiO2 

 Photocatalysis is generally defined as the catalysis of photochemical reactions at a solid 

surface (usually semiconductor) where the catalyst is activated by light.217 The photoexcitation 

process leads to the formation of photogenerated electrons and holes, which then participate in 

reduction and oxidation reactions, respectively. In the case of semiconductors, the activation is 

achieved through the absorption of incident photons with energy (E) adequate to the energy of the 

band gap (Ebg), for example, TiO2 with Ebg of 3.0 - 3.2 eV only allows the absorption of UV light 

(UVA: 3.0 - 3.9 eV and UVB: 3.9 - 4.3 eV).217, 218 The electrons (e-) are then promoted to the 

conduction band (CB) leaving behind holes (h+) in the valence band (VB). As a net result, electron-

hole pairs are generated as indicated by the equation below. 

 

The photogenerated (e-) and (h+) charge carriers then can diffuse to the catalytically active sites 

where they respectively react with electron acceptor, A (such as O2 and H+) or electron donor, D 

(such as H2O and organic molecules) driving chemical transformations (Figure 2.26). Since the 

photo-reactivity of the semiconductors is initiated by the formation of photogenerated electrons 

and holes, the recombination of the electron-hole pairs is then a major issue in catalyst 

deactivation.217 

 

Figure 2.26 Photocatalytic processes on bare TiO2 nanoparticle under UV irradiation. 
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 Among various types of photocatalysts, titanium dioxide has received much attention due to 

its strong oxidizing power, non-toxicity and long-term stability. There are three polymorphs of 

TiO2, composing of TiO6 octahedra bound in different ways: anatase (tetragonal), rutile 

(tetragonal) and brookite (orthorhombic). Most photocatalytic studies have been investigating 

anatase and rutile phases, while brookite is usually photocatalytically inactive. Among these, 

anatase was claimed to possess the highest photocatalytic efficiency and adsorption affinity for the 

organic substrates. This is due to its greater hold trapping ability with respect to photogenerated 

(e-) and (h+) resulting in a lower rate of electron-hole recombination. However, anatase has a wider 

band gap (3.2 eV) compared to rutile (3.0 eV). This means that anatase can to be activated only 

under UV irradiation with λ ≤ 385 nm, while the activation range of rutile is extended to  

λ ≤ 410 nm.217, 218 

 TiO2 nanoparticles are commercially available in both pure anatase and rutile phases and in 

mixed-phase forms. Aeroxide P25 TiO2 is well known commercial mixed-phase TiO2, which has 

been widely used in many photocatalytic reactions. P25 is composed of anatase and rutile phases 

with a ratio of ~ 80:20. Many studies have reported the improvement of photocatalytic activity 

using P25 TiO2 is attributed to the synergy between anatase and rutile.219, 220 The co-existence of 

anatase and rutile in P25 was claimed to improve photocatalytic activity by transferring the 

photoexcited electrons and positive holes between the heterojunctions of two phases, diminishing 

recombination. It was later revealed that the high electron affinity of anatase allowed the 

photoexcited electrons to transfer from rutile to anatase conduction bands and simultaneously for 

holes to transfer from anatase to rutile valence bands.221  This improved electron-hole separation 

is a driving force for the high photocatalytic activity of P25 TiO2.  

 The main drawback of pristine TiO2 as a photocatalyst is the fact that its wide band gap only 

allows the absorption of UV photons, which accounts for only ~ 5 % of the solar light. Hence, the 

use of pure TiO2 in the photocatalysis is limited under solar irradiation.217 While other 

semiconductors with narrow band gaps usually have a low charge carrier mobility and, thus, poor 

catalytic activity.222 Therefore, efforts have been devoted to extending the spectral response of 

TiO2 to the visible light range. Many studies have attempted to lower the band gap by various 

means, for example, doping TiO2 with metal or non-metal atoms, coupling TiO2 with narrow band 

gap semiconductors or visible light-active MCs/MNPs and inducing greater numbers of oxygen 

vacancies in TiO2.217 
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 Decoration of TiO2 with the plasmonic MNPs has attracted much interest as a way to improve 

the photocatalytic activity of TiO2 under the visible light. It is well known that LSPR metals, 

commonly Au, Ag and Cu, have strong visible light absorption due to their localized surface 

plasmon resonance (Section 2.1.5).16 Once electrons in the LSPR metals gain the irradiation 

energy, the high energy electrons, called “hot electrons”, are generated at the metal surface. The 

mechanism of this “plasmon photocatalysis” has been explained in the following fashion. The 

electrons below the Fermi level (Ef) of the plasmonic metal can be excited under the visible light 

irradiation to the surface plasmon states (SP). These hot electrons are then injected into the CB of 

TiO2 and are subsequently transferred to electron acceptors, A. While positive charges (h+) left in 

plasmonic metal are ultimately quenched by oxidation of the organic substrates, D, as shown in 

Figure 2.27.222, 223 

 

Figure 2.27 Photocatalytic processes on plasmonic metal-TiO2 photocatalyst under visible light 

irradiation. 

 The direct electron injection mechanism described above is analogous to dye sensitization 

process, where dye molecule acts as light absorption unit prior to transferring electron to TiO2.224 

Even though the electron transfer process from plasmonic MNPs to CB of TiO2 is experimentally 

confirmed to be able to drive photocatalytic activity of TiO2 under visible light illumination, other 

mechanisms have been claimed to induce generation of electron-hole pairs.225, 226 For example, the 

near-field electromagnetic mechanism, where the intense electric field near the surface of the 

plasmonic metal is generated during photoexcitation, resulting in the electron-hole formation.227 

Indeed, the particle size of the plasmon species plays a crucial role in photocatalytic performance. 

As expected, the catalytic activity is enhanced with the strengthened LSPR absorption.  
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For example, Au NPs with a diameter of 67 ± 17 nm exhibited much stronger LSPR intensity than 

that with a diameter of 4.4 ± 1.7 nm. The larger Au NPs supported on TiO2 showed a significant 

amount of H2 in H2O reduction under visible light irradiation (λ > 435 nm), while TiO2-supported 

smaller Au NPs were found to be inactive under the same conditions. A highly efficient electron 

transfer from the larger Au NPs to the CB of TiO2 was claimed to be the reason for the better 

catalytic performance. Due to the Schottky barrier at the Au and TiO2 interface, the hot electrons 

were prevented from returning to the Au NPs and, hence, were accumulated in the CB of TiO2. 

The greater electron transfer facilitated by the larger Au NPs with more intense LSPR resulted in 

the faster rate of accumulation of transferred electrons which have high enough potential to 

overcome the overpotential required for H2O.228 A similar trend of MNPs size effect on 

photocatalytic performance was reported by other groups.228-231 However, the opposite trend was 

also reported in the literature. It was found that the photocatalytic water oxidation under visible 

light irradiation (λ > 430 nm) using AuNPs/TiO2 increased with a decrease in Au NPs size  

(2.9 to 11.9 nm). The decrease in density states along with the reduction of particle size was 

proposed as the main reason for better charge carrier separation.232  

 Besides, synergistic promotion photocatalytic activity by MNPs (in particular Au NPs) with 

different metal sizes was reported. Different mechanisms of how the co-existence of bimodal in 

size MNPs can improve the photocatalytic performance of MNPs/TiO2 system under visible light 

irradiation have been proposed.233-235 The enhancement of the photocatalytic H2 evolution rate 

when Au NPs of two different sizes were present on TiO2 was reported by Li et al. The authors 

claimed that electrons of the large Au NPs were excited by visible light via LSPR and injected into 

the CB of TiO2, while small Au NPs acted as a co-catalyst trapping photoexcited electrons from 

the TiO2 CB, as shown in Figure 2.28 (a). Hence, the superior electron-hole separation can be 

achieved leading to high photocatalytic efficiency in hydrogen evolution.234 Other similar work by 

Tada et al. suggested a different mechanism for visible light photoreduction of O2 to H2O2 in the 

presence of AuNPs/TiO2 . With two size distributions of Au NPs (10.6 and 2.3 nm), they claimed 

the interfacial electrons transferred from small to large Au NPs through the CB of TiO2, as shown 

in Figure 2.28 (b). The Fermi energy level of larger Au NPs was proposed to be higher than that 

of smaller Au NPs, inducing the reducing and oxidizing ability of the large and small Au NPs, 

respectively.235  
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Figure 2.28 Proposed photocatalytic processes on AuNPs/TiO2 under visible irradiation - 

synergistic effect of small and large Au NPs on the catalytic performance in (a) photocatalytic 

H2 evolution by Li et al.234 and (b) photoreduction of O2 to H2O2 by Tada et al.235 

 The different role of noble MNPs in MNPs-TiO2 photocatalytic system under UV irradiation 

was proposed. In that case, the photoexcited electrons are generated in TiO2 particles since the 

band gap allows charge separation. The MNPs with a higher work function (such as Au, Ag, Pt) 

were claimed to trap the electrons capable of overcoming the Schottky barrier at the MNPs-TiO2 

junctions, thus, promoting efficient charge separation. Hence, the oxidation half takes place at VB 

of TiO2, while reduction half occurs at the MNPs surface.236 

 Apart from the plasmonic metals, the MCs have recently emerged as a new class of promising 

photosensitizers and photocatalysts. As mentioned in Section 2.2.2, the MCs possess  

size-dependent discrete electronic states and feature some unique molecular-like properties. One 

of the examples is the single-electron HOMO-LUMO transitions, which are very different from 

those of their larger nanoparticle counterparts. Moreover, the long-lived excited states of the 

clusters distinguish them from many organic molecules and make them a new class of light 

absorbers.237-239 The photophysical properties of the MCs can be tuned by their core composition 

and size as well nature of the ligands, allowing flexibility in design of the photocatalytic 

systems.240 The mechanism of MCs-containing photocatalysts is based on the integration of MCs 

and TiO2; it is strongly dependent on the energy levels of the two components. Only by the careful 

matching of the energy levels between TiO2 and MCs would allow synergistic promotion of 

photocatalytic performance under visible light irradiation. 
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 Many research groups claimed that the photoelectron transfer from LUMO of the cluster to 

CB of TiO2 is responsible for enhancing photocatalytic performance under visible light  

(Figure 2.29).241-244  For example, Jin et al. demonstrated a 1.6 times higher catalytic activity in 

the photocatalytic dye degradation after loading Au25(SR)18 clusters onto TiO2. The Au MCs 

showed a HOMO-LUMO gap of ∼1.3 eV, hence, they can act like a semiconductor that possesses 

a small band gap. The potentials for lower edge of the CB of anatase, that of rutile and LUMO 

level of Au25(SR)18 were found to be +0.1, +0.2 and -0.1 eV versus SHE, respectively. Based on 

the DFT calculations and the electronegativity calculations, the LUMO of the cluster has a higher 

negative potential than the CB of TiO2 (both anatase and rutile).Thus, the photoexcited electrons 

could then be favourably injected into TiO2.241 Kamat et al. reported that the glutathione-capped 

Au clusters have a capability in injecting photogenerated electrons into CB of mesoscopic TiO2 

films to generate high photocurrent under visible light irradiation. While the accumulated holes on 

Au MCs undergo oxidation with sacrificial electron donors, in this case EDTA. It was suggested 

that with the HOMO-LUMO gap of ∼ 2.36 eV, the cluster acted as a photosensitizer absorbing 

visible light. This was a result of the higher energy level of the cluster’s LUMO allowing the 

transfer of electrons from cluster to TiO2 to take place.242, 243 Thereafter, Xie et al. developed the 

thiolate protected-Au25/TiO2 nanotube electrode. The photocatalyst could efficiently harvest 

visible light through the Au MCs driving the organic pollutant degradation process. Due to the 

similar electron injection process, the photogenerated electrons could further travel from the 

clusters to the electron collector via an external circuit. Meanwhile, the photogenerated holes in 

the clusters directly oxidized the organic molecules or reacted with H2O to generate OH• species, 

which consequently undergo the oxidation process.244 

 

Figure 2.29 Photocatalytic processes on MCs-TiO2 photocatalyst under visible light 

irradiation.241-244 
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2.8.1 Photodegradation of methylene blue dye  

 Many dyes, including methylene blue (MB) dye, cannot be effectively treated by 

traditional wastewater treatment processes, such as flocculation, activated carbon adsorption and 

biological treatment, due to their high stability and high water solubility. Heterogeneous 

photocatalysis, in particular, TiO2 photocatalysis, has been proven to be an efficient way for dye 

degradation. The photodegradation involves the decomposition of dye into smaller and less 

stable organic products, which can be further mineralized completely to H2O, CO2, N2 and 

inorganic ions, e.g. NO3
- and NO2

-. There are two pathways for TiO2-photocatalysed dye 

degradation, as shown in Figure 2.30: indirect pathway and direct pathway. The indirect 

pathway consists of the photoexcitation process on bare TiO2 by UV irradiation similar to the 

other TiO2-photocatalytic systems (1).The holes have high enough oxidizing potential  

(2.9 eV versus NHE) to oxidize most organic pollutants in aqueous waste, including dyes.245 The 

photogenerated holes, h+(VB), either react directly with the dye to give oxidation products (2) 

or react with water to produce OH• (3). Meanwhile, the photogenerated electrons, e-(CB), can be 

taken up by the dye resulting in reduction products (4) or could react with O2 which forms anionic 

superoxide radical, O2
-• (5). The protonation of superoxide could generate hydroperoxyl radical 

HOO• which subsequently dissociates into H2O2 and OH• (6, 7 and 8). As a strong oxidizing 

agent, hydroxyl radical can further mineralize the dye (9).236 

  

Figure 2.30 Photocatalytic dye degradation pathways on TiO2 photocatalyst under UV 

irradiation. 
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An alternative dye degradation pathway is due to the ability of the dye to be excited from the 

ground state (Dye) to the triplet excited state (Dye*) under visible light irradiation. The 

photoexcited electrons from Dye* are then transferred into CB of TiO2, generating a semi-radical 

cation (Dye•+). The electrons can then react with O2 to produce O2
•- and further convert into OH•, 

same as those in the indirect pathway (5 - 8). However, this alternative pathway relying on dye 

excitation is generally less pronounced and slower than the one involving excitation of titania.236 

 The possible intermediates products from MB dye degradation in the TiO2-based 

photocatalysis are shown in Figure 2.31.246 These main intermediates from the MB 

decomposition were identified by GC-MS in previous study published by our group. As the two 

strong oxidizing agents present in the system under UV (h+ and OH•) are non-selective agents, 

the photocatalytic oxidation using TiO2 is not selective. The initial step was proposed to involve 

the cleavage of C-S+=C group to form C-S(=O)-C, which induces the opening of the central 

aromatic ring. The first electrophilic attack of OH• free radical on doublet of S, followed by 

a second attack by OH•, results in the dissociation of two benzenic rings. Further oxidation by 

OH• could eventually lead to the formation of CO2, SO4
2-, NH4

+ and NO3
- as final products.246 



82 

 

 

Figure 2.31 Photodegradation pathways of methylene blue dye.246 

As discussed in Section 2.8, many efforts have been made to broaden the absorption range of 

TiO2-based photocatalysts and promote the degradation of organic dyes under visible light. 

Decoration of TiO2 with plasmonic MNPs, especially Au and Ag, has been proposed as one of 

the effective paths.247-252 As shown in Figure 2.27, the photocatalytic activity of the MNPs/TiO2 

system under visible light relies on the absorption ability of plasmonic MNPs. Thus, the 

degradation of the dyes was explained by the injection of the hot electrons from excited SP states 

of MNPs into CB of TiO2. For example, Yu et al. developed an in situ reduction of Ag+ on TiO2 

nanotubes to form AgNPs. The higher work function of AgNPs over that of TiO2, together with 

the formation of a Schottky junction, promoted the injection of photoexcited electrons from 

AgNPs to CB of TiO2.252 Ansari et al. investigated the photodegradation of MB and methyl 

orange (MO) dye under visible light in the presence of AuNPs/TiO2. Up to 96 % and 74 % 

degradation of MB and MO dyes were achieved after 6 and 8 hours of visible light irradiation, 

respectively. Indeed, the photon absorption by LSPR Au NPs was responsible for the high 

photocatalytic performance.250 Apart from plasmonic metals, MCs were found to enhance dye 

degradation activity of TiO2 under visible light through the catalytic processes shown in  

Figure 2.29.241, 253, 254 Interestingly, the formation of singlet oxygen 1O2 over Au25/TiO2 was 
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confirmed to play an important role in the dye degradation. The generation of 1O2 under green 

light irradiation was confirmed by the decrease in the 415 nm absorption band intensity of  

1,3-diphenylisobenzofuran (DPBF, a probe for 1O2) and the decrease in fluorescence of DPBF 

in the presence of Au25/TiO2, but not in the presence of TiO2 alone. The authors claimed that 1O2 

was generated due to an energy transfer process after Au25 absorbed visible light.241 

2.8.2 Photooxidation of benzylamine to benzonitrile 

 Nitriles serve as versatile compounds used in pharmaceutical, agricultural, dye and fine 

chemicals industries.255 As the compounds contain the cyano groups, nitriles are widely used as 

intermediates for pharmaceutical products. The largest class of nitrile-containing drugs is 

composed of an aromatic core with a nitrile substituent.256 The traditional approach to preparing 

aromatic nitriles, such as the Rosenmund-von Braun and Sandmeyer reactions, involves the 

nucleophilic substitution of the leaving group (halides) with cyanide ions. However, these 

methods usually require either complicated operations and severe reaction conditions  

(reaction temperature > 300 ºC) or use of toxic reagents, such as KCN and CuCN. Industrially, 

the cyanoaromatics are synthesised by ammoxidation of the corresponding methylaromatics in 

the presence of ammonia which does not require cyanide compounds. However, excessive 

quantities of water by-product are obtained.257 Another interesting approach is the oxidation of 

amines to nitriles using molecular oxygen as an oxidant. Ruthenium supported catalysts, such as 

Ru/HAP,258 Ru/Al2O3,259 Ru(OH)x/Fe3O4,260 RuO2/Co3O4,261 Ru(OH)x/Al2O3,262 RuO/AC263 

and Ru/TiO2
264, were shown to be effective for this reaction; however, the reaction must be 

performed at 100 – 150 °C. It should be pointed out that all these catalysts are inactive at ambient 

temperature. 

 Recently, selective photocatalytic oxidation of benzylamine under visible light 

irradiation has gained attention since it allows the reaction to take place at ambient temperature 

by using renewable solar irradiation to drive the process. Hence, there have been many efforts 

on the development of catalytic systems for such process. Many different types of photocatalysts 

active under visible light, such as g-C3N4,265, 266 Nb2O5,267, 268 Cu/graphene,269 WS2
270 and  

Au-Pd/ZrO2
271

 have been studied. All photocatalysts mentioned above gave N-benzylidene 

benzylamine as a major product with high selectivity up to 99 %. A similar result was found 

using TiO2-based catalysts, including pure TiO2
272-274 and TiO2 supported LSPR-Au NPs.275, 276 
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Generally, the utilisation of pure TiO2 as a photocatalyst is limited under visible light irradiation, 

however, there are some exceptions when it comes to the catalytic conversion of reagents with 

electron-rich heteroatoms (O, S and N). This is because the absorption of the reagents on the 

TiO2 surface creates a new electron donor level (2p orbital of O and N or 3p orbital of S) above 

the valence band of TiO2 allowing the weak absorption of visible light (Figure 2.32). The 

photoexcited electron from heteroatoms can be injected into CB of TiO2, leaving positive charge 

(h+) on the heteroatom. The e- (CB) is then involved in O2 reduction reaction, while the positive 

charge at the heteroatom could drive the formation of C-H bond.223 Therefore, benzylamine 

could be selectively oxidized under visible light irradiation (λ < 420 nm) on TiO2. A weak 

C-H bond next to N-atom allows O2 to act as an oxidant, leading to the formation of 

N-benzylidene benzylamine with a relatively good yield.273 

 

Figure 2.32 Photocatalytic processes on bare TiO2 nanoparticle after visible light excitation 

facilitated by absorption of benzylamine substrate. 

 Besides, Au MCs are of particular interest in photocatalysis for oxygen activation and 

aerobic oxidation. It was reported that some Au MCs such as Au38S2(SAdm)20  

(SAdm representing 1-adamantanethiolate) have excellent redox properties and electron transfer 

capacities allowing formation of photoelectrons with high reduction potentials.277, 278 These 

photogenerated electrons could easily activate molecular O2 to generate 1O2 and /or O2
−• species 

which are claimed as the key active species for aerobic oxidation.277-280 Chen et al. demonstrated 

the superior performance of Au25(PPh3)10[SC3H6(OC2H5)3]5Cl2/TiO2 in the photocatalytic 

oxidation of amine over the conventional gold catalyst.279 An attempt to completely remove 

ligands by calcination at 400 °C for 4 hours resulted in severe gold agglomeration and formation 
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of larger Au NPs as evidenced by LSPR in the UV-vis DR spectrum. The heat-treated Au25/TiO2 

showed low catalytic activity similar to that of the AuNPs/TiO2 and the pure TiO2. While the 

ligated Au25/TiO2 was found to be very active, as up to 98 % benzylamine conversion and 99 % 

selectivity toward N-benzylidene benzylamine were observed after 90 min under visible light 

irradiation (455 nm). Therefore, the unique electronic structure of the ligand-protected Au25 

clusters was responsible for the photocatalysed oxidation. However, the DFT simulations 

suggested that, the gold active surface surrounded by the bulky protecting ligands, could not 

adsorb benzylamine reactant. The possible partial de-ligation of chloride and phosphine ligands 

was proposed to take place during the catalytic process allowing benzylamine to adsorb on the 

cluster surface. However, such hypothesis is based on the DFT calculations of the analogous 

Au25 clusters, [Au25(PH3)10(SH)5Cl2]2+, not the Au25(PPh3)10[SC3H6(OC2H5)3]5Cl2. Of note, the 

catalytic activity of bare Au25 was not reported in this work because the protecting ligands could 

not be removed without causing Au sintering. The possible photocatalytic mechanism was 

proposed based on the study of the effects of different scavengers (e.g. K2S2O8 as electron 

scavenger, ammonium oxalate as hole scavenger) on the photocatalytic performance. The ligand-

protected Au25 clusters were proposed to absorb visible light generating the photoexcited 

electrons and holes. While the electrons were injected into CB of TiO2 (similar to the process 

shown in Figure 2.29), the holes remaining in clusters abstract electrons from benzylamine 

forming benzylamine radical cation. The O2 was then reduced by the electrons in the CB of TiO2 

yielding O2
•− and H2O2, which were claimed as active species driving the oxidation reaction.  

 Later, the same group reported one-step selective aerobic oxidation of benzylamine using 

Au38S2(SAdm)20 clusters (SAdm representing 1-adamantanethiolate).278 The Au38 was claimed 

to give rise to the higher 1O2 production efficiency under visible light irradiation at 532 and  

650 nm compared to the Au25, leading to the higher catalytic performance of the former clusters. 

The higher 1O2 production rate of the Au38 was suggested based on the results of  

1,3-diphenylisobenzofuran (DPBF) chemical trapping probe experiment and the direct evidence 

of 1O2 characteristic emission at ca. 1276 nm in near-infrared photoluminescence spectrum. 

Similarly, the formation of 1O2 under visible light irradiation (420 nm) in the presence of alloy 

Au25-xAgx
- clusters was suggested by Hanbao et al.280 The 1O2 was proposed to initialise the 

catalytic benzylamine oxidation process. More recently, Qin et al. successfully replaced three 

atoms of Au in Au11(PPh3)8Cl3 with Ag atoms, resulting in the Au-Ag alloy cluster with a similar 
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structure topology as the Au11 cluster. A narrower HOMO-LUMO gap was found in the alloy 

clusters (1.67 eV) as compared with that of the Au11 clusters (2.06 eV). The reduction of the gap 

was claimed as the main reason for doubling the photooxidation activity of the gold-silver alloy 

clusters compared to that of the pure Au MCs under visible light irradiation (455 nm).281 

 However, most of the photocatalysts for aerobic oxidation of benzylamine reported so 

far resulted in the formation of N-benzylidene benzylamine as a major product. The only work 

showed the selective photooxidation of benzylamine to benzonitrile was reported by the previous 

members in our group, Ovoshchnikov et al. Hydrous RuO2 supported on TiO2 was shown as an 

efficient catalyst under solar light irradiation at 30 °C using water as a solvent. After 4-hour 

irradiation, a 90 % yield of benzonitrile (1.9 mmol gmetal
-1 h-1) was achieved. Moreover, the 

catalyst showed high stability during up to X recycling reactions after the first catalytic test. 

However, subsequently, somewhat lower performance was obtained after the second cycle due 

to metal leaching issues. The possible mechanism reported involves injection of photoexcited 

electrons from RuO2 to CB of TiO2 as shown in Figure 2.33. Of note, the photoexcited electrons 

could be generated from both LSPR and/or interband transitions of the hydrous RuO2. 

Importantly, the 1O2 was proven to be the active species oxidizing benzylamine to benzonitrile 

based on study of the effects of the addition of various radical scavengers. The hydrous RuO2 

served as the reaction centre for the amine transformation in contrast to that which occurs in the 

pure TiO2 photocatalytic process (Figure 2.32).282 

  

Figure 2.33 A mechanism of photocatalytic aerobic oxidation of benzylamine on  

RuO2 ·xH2O/TiO2 under visible light excitation.282 
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CHAPTER 3 

Experimental Procedures and Characterization Methods 

3.1 Chemicals and gases 

 All reactants were analytical reagent grade and used without further purification. Chloroauric 

acid was prepared using 99.99 % pure gold, Regal Castings NZ. RuCl3·xH2O (99 %) was 

purchased from Precious Metal Online. Benzylamine (99 %), benzaldehyde (> 99 %),  

N-benzylidenebenzilamine (99 %), sodium aluminate (anhydrous, 50 – 56 % Al2O3 and 40 – 45 % 

Na2O), colloidal SiO2 Ludox AM-30 (30 % suspension in H2O), fumed SiO2 (anhydrous,  

0.014 μm), poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) 

(Pluronic P123, average Mn of 5,800), tetraethyl orthosilicate (TEOS, 98 %), calcium nitrate 

trihydrate (99 %), ammonium phosphate dibasic (98 %), (3-mercaptopropyl) trimethoxysilane 

(MPTMS, 95 %), 3-mercaptopropionic acid (3-MPA, 99 %) and dibenzothiophene (DBT, 98 %) 

were supplied by Sigma Aldrich. Dichloromethane (99.9 %), sodium borohydride (99 %), sodium 

citrate (99 %), toluene (99.9 %), chloroform (99.8 %), diethyl ether (99 %), ethanol (99.9 %), 

methanol (99.99 %), ammonia solution (35 %), sodium hydroxide (97 %) and calcium chloride 

dihydrate (99 %) were purchased from Fisher Scientific. Hydrochloric acid (32 %), nitric acid (70 

%), N, N-dimethylformamide (99.8 %) were purchased from Ajax Finechem. Sodium dihydrogen 

phosphate (99 %), disodium hydrogen phosphate (99.5 %) and benzonitrile (97 %) were purchased 

from BDH chemicals. Triphenylphosphine (99 %), tetrahydrofuran (99.5 %), acetonitrile (99 %), 

n-hexane (98 %), n-pentane (99 %), cyclohexane (99 %) and petroleum ether (C5-C7, < 5 %  

n-hexane) were purchased from Merck. NMR solvents including CD3OD, D2O, CD2Cl2 and CDCl3 

(99.8 %, over silver foil) were supplied by Sigma Aldrich. Dioxane (99.9 %) was supplied by 

Baker Chemical. Methylene blue (96 %) and silver nitrate (99 %) were purchased from M&B 

laboratory chemicals. Gold standard solution (1000 ppm Au in 0.5 M HCl, N2 flushed), dodecane 

(99 %) were purchased from Acros Organics. Anatase (99.5 %, ca. 70 m2g-1, 10 - 25 nm particles) 

was purchased from SkySpring Nanomaterials. AEROXIDE P25 TiO2 was supplied by Evonik 

industries. Instrument grade H2 (99.98 % with < 20 ppm H2O), CO (99.999 %) were supplied by 

BOC. O2 (99.2 % with < 10 ppm H2O), CO2 (Food Grade) were supplied by Southern Gas Services 

Ltd. N2, Ar and compressed air are instrument grade supplied by the in-house gas system. 
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3.2 Synthesis of gold- and ruthenium-containing clusters and nanoparticles 

3.2.1 HAuCl4⋅nH2O 

 Tetrachloroauric acid, HAuCl4⋅nH2O was prepared following the procedure reported by 

Glemser et al.283 Pure gold metal (99.99 %) was dissolved in the aqua regia solution, HNO3: 

HCl at the ratio of 1:3 v/v, in round bottom flask covered with filter paper to let NOx escape. 

After a few days of stirring, the yellow-orange transparent solution was obtained. An excess acid 

was gently removed using a rotary evaporator to obtain the yellow-orange solid of HAuCl4. The 

product was left in the fume hood overnight prior to collection into the vial with Teflon cap and 

storage in the freezer. The average molar percent yield of HAuCl4 was 99 % by Au. 

3.2.2 AuPPh3Cl 

 AuPPh3Cl was synthesised according to the procedure described by Anderson et al.284  

A 4.20 g (0.01 mol) of HAuCl4 was dissolved in 40 mL of ethanol. The solution of 5.30 g  

(0.02 mol) triphenylphosphine in 150 mL was rapidly added into the HAuCl4 solution. The 

mixture was stirred at 1000 rpm for 2 hours until a white precipitate was obtained. The white 

solid was then collected by filtration through a sintered glass funnel porosity 3. The solid product 

was then washed with hot (ca. 50 °C) ethanol (3 x 20 mL). The remaining solid was dissolved 

in 60 mL of CH2Cl2. The filtrate was evaporated using a rotary evaporator to obtain the white 

solid. The crude product was dried in a vacuum desiccator overnight. As little as possible CH2Cl2  

(ca. 20 mL) was added into the crude product to dissolve all the solid. The solution was 

transferred into small vials (2 x ca. 10 mL) which were placed into the big jar containing 50 mL 

of ethanol for vapour diffusion crystallization. The crystallization process was carried out at 

4 °C for 2 days. The colourless needle and plate crystals were washed with a small portion of 

methanol three times and dried in a vacuum desiccator. Yield of the pure product was ca. 4.62 g 

(9.4 mmol, ca. 95 % by Au). 31P-NMR (CDCl3 over silver foil): singlet, δ 33.2 ppm relative to 

85 % H3PO4 which is in agreement with those reported in literature.284 

3.2.3 AuPPh3NO3 

 AuPPh3NO3 was prepared according to the procedure detailed by Anderson et al.284 with 

modification. A 3.97 g (0.008 mol) of AuPPh3Cl was dissolved in 50 mL of CH2Cl2. The solution 

of silver nitrate (3.43 g, 0.02 mol) in 130 mL of ethanol was then rapidly added to the 
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chloro(triphenylphosphine) gold(I) solution. The mixture was stirred at 1000 rpm for 2 hours in 

the absence of light. The obtained silver chloride precipitate was filtered out using sintered glass 

funnel porosity 3. The filtrate was then dried under reduced pressure using a rotary evaporator 

prior to washing with ethanol (3 x 50 mL). The remaining solid was dissolved in 30 mL of 

CH2Cl2 then filtered through a syringe filter (0.45 μm, PTFE). A 150 mL of ethanol was added 

prior to bubbling with the N2 flow for an hour. The white crystals obtained were collected by 

filtration. The product was washed with cold ethanol (3 x 10 mL) and cold diethyl ether  

(1 x 10 mL). The white crystals were dried in a vacuum desiccator in the absence of light.  

The product was transferred into a vial wrapped in tin foil and stored in a freezer  

(all manipulations were performed in the absence of light as much as possible). The yield was 

ca. 2.97 g (0.006 mol, ca. 71 % by Au). 31P-NMR (CDCl3 over silver foil): singlet, δ 27.3 ppm 

relative to 85 % H3PO4 which is in agreement with those reported in literature.284 

3.2.4 Au9(PPh3)8(NO3)3 

 Au9(PPh3)8(NO3)3, denoted as Au9, was synthesised according to the protocol reported 

by Anderson et al.284 AuPPh3NO3 (4.00 g, 7.67 mmol) was dissolved in 160 mL of ethanol. The 

solution of NaBH4 (0.072 g, 1.90 mmol) in 92 mL of ethanol was added into the AuPPh3NO3 

solution. The mixture was stirred at 1000 rpm for 2 hours in the absence of light to obtain a deep 

red solution. The insoluble impurities were then filtered off using sintered glass filter funnel 

porosity 3. The solvent was evaporated under reduced pressure using a rotary evaporator. The 

obtained solid was dissolved in 20 mL of CH2Cl2 prior to filtration through sintered glass filter 

funnel porosity 3. Removal of solvent on the rotary evaporator yielded the dark-green precipitate. 

The product was washed with THF (3 x 50 mL) and hexanes (3 x 50 mL). The crude product 

was dissolved in 120 mL of methanol and subjected to crystallization via vapour diffusion using 

360 mL of diethyl ether as anti-solvent at 4 °C with exclusion of light over 5 days. The dark 

green crystals were washed with small portion of diethyl ether and dried in a vacuum desiccator. 

The yield was ca. 2.10 g (0.5 mmol, ca. 60 % by Au atom). 31P-NMR (CD2Cl2); singlet,  

δ 57.5 ppm relative to 85 % H3PO4. ESI-MS in 1:20 methanol/acetonitrile exhibited the fragment 

ion of [Au9(PPh3)8]3+ at m/z of 1290. Identity of the pure cluster was also confirmed by PXRD 

technique. UV-vis (CH2Cl2) showed absorption peaks at λmax of 314, 347, 378 and 445 nm which 

are in agreement with those reported in literature.284 
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3.2.5 Au11(PPh3)7-8Cl3  

 Au11(PPh3)7-8Cl3, denoted as Au11, was synthesised following the methods reported by 

McKenzie et al.285 and Shichibu et al.286 with modifications. AuPPh3Cl (2.00 g, 4.04 mmol) was 

dissolved in 50 mL of CH2Cl2. The solution of NaBH4 (0.15 g, 3.97 mmol) in 20 mL of ethanol 

was added into the AuPPh3Cl solution. The colourless solution turned into dark brown over 

seconds. The mixture was then stirred at 1000 rpm for 2 hours. The solution was poured into  

1 L of petroleum ether and allowed to precipitate at room temperature overnight. The brown 

precipitate was then collected by filtration through sintered glass filter funnel porosity 3. The 

crude product was dissolved through the sintered glass funnel by 150 mL of CH2Cl2 to get a dark 

brown solution. The grey-purple insoluble solid was left on the filter funnel. The crude product 

was dried under reduced pressure using a rotary evaporator then washed with petroleum ether  

(2 x 40 mL), a mixture of 4:1 CH2Cl2/pentane (2 x 40 mL) and diethyl ether (2 x 40 mL).  

A ca. 1.80 g of the remaining solid was re-dissolved in 150 mL of CH2Cl2 with sonication. The 

dark brown solution was filtered through a syringe filter (0.45 μm, PTFE). The crude product 

showed 31P-NMR peaks of [Au11(PPh3)7]Cl3 (δ = 53.0 ppm relative to 85 % H3PO4) and 

[Au11(PPh3)8Cl2]Cl (δ = 52.3 ppm relative to 85 % H3PO4). The Au cluster product obtained was 

crystallized by vapour diffusion of CH2Cl2/diethyl ether (1 mL:4 mL) at ambient temperature for 

5 days. Some gold-mirror was found on the vial wall due to the decomposition of the Au clusters. 

The red-brown needle crystals obtained were washed with small portion of diethyl ether and 

dried in a vacuum desiccator. The yield was ca. 0.63 g (0.2 mmol, ca. 52 % by Au atom).  

31P-NMR (CD2Cl2): singlet, δ 53.6 and 52.9 ppm relative to 85 % H3PO4 at a ratio of 10:1 

corresponding to [Au11(PPh3)7]Cl3 and [Au11(PPh3)8Cl2]Cl, respectively. ESI-MS in 1:20 

methanol/acetonitrile exhibited only the fragment ion of [Au11(PPh3)8]3+ at m/z of 1421.  

The absence of parent fragment ion [Au11(PPh3)7]3+ is probably due to the instability of the 

isomer. UV-vis (CH2Cl2) the mixture of isomers showed absorption peaks at λmax of 308, 380 

and 418 nm which are in agreement with those reported in literature.285 

3.2.6 Ru3(CO)12  

 Ru3(CO)12, denoted as Ru3, was prepared according to the method employed by  

Eady et al.60 RuCl3⋅nH2O (1.0 g, 4.82 mmol) was dissolved in 40 mL of dry methanol with 

sonication. The reactor was pressurized with 50 bars of CO prior to heating up to 125 °C without 
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stirring. After 10 hours of the reaction, the reactor was cooled down in an ice bath. An excess 

CO gas was vented out under the fume hood. After decanting the mother liquor, the large orange 

plate crystals were collected and washed with cold ethanol (3 x 10 mL). The crystals were then 

dried in a vacuum desiccator. The yield was ca. 0.78 g (1.22 mmol, ca. 71 % by Ru atom).  

1H-NMR (CDCl3 over silver foil): no peak at δ -17.79 ppm relative to 85 % H3PO4 confirming 

absence of the possible by-product H4Ru4(CO)12.287 Identity of Ru3(CO)12 was confirmed by   

IR (hexane, cm-1); νCO, 2061 (vs), 2031 (s), 2011 (m) and PXRD which are in agreement with 

those reported in literature.288, 289 UV-vis (CH2Cl2) showed absorption peak at λmax of 395 nm.  

3.2.7 Ru4H4(CO)12  

 Ru4H4(CO)12, denoted as Ru4, was prepared via direct hydrogenation following the 

procedure reported by Bruce et al.61 The synthesised Ru3(CO)12 (1.0 g, 1.56 mmol) was dissolved 

in 50 mL of cyclohexane to get an orange solution. The reaction was carried out at 120 °C under 

25 bars of H2. After 2 hours of the reaction, the reactor was cooled down in an ice bath.  

The yellow solid product was collected and washed with cold ethanol prior to drying in a vacuum 

desiccator overnight. The yield of H4Ru4(CO)12 was ca. 0.66 g (0.88 mmol, ca. 74 % by  

mol of Ru). Identity of the obtained product was confirmed by NMR, IR and PXRD.  

1H-NMR (CDCl3 over silver foil) showed the singlet peak at δ -17.79 ppm relative to  

85 % H3PO4 according to H presence in H4Ru4(CO)12.
287

 IR (cyclohexane, cm-1); νCO, 2081 (s), 

2067 (vs), 2030 (m), 2026 (s) and 2010 (w) cm-1 which are in agreement with those reported in 

literature.61, 290, 291 UV-vis (CH2Cl2) showed absorption peak at λmax of 363 nm. 

3.2.8 Ru3AuPPh3Cl(CO)10 

 Ru3AuPPh3Cl(CO)10, denoted as Ru3Au, was synthesised following the procedure of 

Lavigne et al.62 In a typical synthesis, Ru3(CO)12 (0.31 g, 0.49 mmol) and AuPPh3Cl  

(0.24 g, 0.50 mmol) were dissolved in 50 mL of dry CH2Cl2. The reaction was carried out in a 

Schlenk flask with stirring and refluxing at 50 °C under N2 atmosphere. After 18 hours, the flask 

was cooled to room temperature. Silica gel 60 (ca. 10 g) was added to the Schlenk tube. The 

solvent was removed under reduced pressure using the Schlenk line. The reaction mixture 

adsorbed on the silica gel was carefully transferred to the top of the silica gel 60 column  

(ca. 40 cm in length and 3.5 cm in diameter) packed using pure petroleum ether. Elution with 

toluene-petroleum ether (1:1 v/v) afforded yellow band of Ru3(CO)12. Further elution with pure 
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toluene afforded violet band of Ru3AuPPh3Cl(CO)10. After solvent removal in vacuo,  

CH2Cl2-hexane ~ 30 mL (1:5 v/v) was added. The solvent was removed under reduced pressure 

using rotary evaporator without heating for flash re-crystallization. The resulting dark violet 

crystals were washed with hexane (3 x 5 mL) prior to drying in a vacuum desiccator. The product 

was transferred into a vial, wrapped in aluminium foil and stored in a freezer. The yield of pure 

product was ca. 0.36 g (0.33 mmol, ca. 66 % by Au atom). The Ru3Au cluster identity was 

confirmed by 31P-NMR (CDCl3 over silver foil): singlet, δ 70.5 ppm relative to 85 % H3PO4 and 

IR (cyclohexane, cm-1); νCO, 2091 (m), 2042 (vs), 2021 (s), 2008 (s), 1992 (m), 1986 (sh) and 

1965 (m).62 UV-vis (CH2Cl2) showed absorption peak at λmax of 340 and 532 nm. 

3.2.9 Colloidal Au nanoparticles 

 Citrate-stabilised Au nanoparticles, denoted as Au NPs, were prepared according to the 

procedure detailed by Turkevich et al. with modifications.26 Typically, HAuCl4 (0.08 g, 

0.2 mmol) was dissolved in 200 mL of Milli-Q water. The Au solution was heated on a hotplate 

with temperature set to 250 °C while stirring at 1000 rpm until vigorous boiling. The solution of 

sodium citrate (0.15 g, 0.6 mmol in 10 mL of Milli-Q water) was quickly added into the HAuCl4 

solution. The resulted blue-purple solution was stirred with heating at 130 °C for 10 seconds to 

obtain a colourless solution then deep red solution after 10 more seconds. The mixture was 

further stirred at 110 °C for 10 mi to obtain the red wine-coloured solution. The resulting solution 

was cooled down in an ice bath for 10 - 20 min prior to analysing by UV-vis spectroscopy 

technique. The UV-vis spectrum showed one peak at the wavelength of ca. 524 nm 

corresponding to Au colloid with an approximate particle size of smaller than 20 nm.27 The 

colloidal gold solution was then directly deposited onto the solid support. 

3.3 Synthesis of catalyst supports 

3.3.1 Synthesis of metal-free LTA zeolite 

 LTA zeolite was synthesised according to the procedure reported by Wu et al.84 NaOH 

(4.8 g, 0.12 mol) and NaAlO2 (6.0 g, 0.07 mol) were dissolved in 62 mL of Milli-Q water in 

polypropylene bottle. Fumed silica (3.2 g, 0.05 mol) was then added to aluminate solution with 

stirring resulting in a homogeneous cream gel with the composition of 2.6 Na2O: 1.0 Al2O3: 

1.5 SiO2: 93.6 H2O. The zeolite synthesis gel was further stirred at 60 °C for 4 hours. Aged gel 

was transferred into 60 mL autoclaves (Teflon-lined, ca. 37 g each Teflon liner), tightly capped 
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and crystallized in a conventional oven at 100 °C for 16 hours. The capped Teflon-lined 

autoclaves were then quenched with running water to room temperature. The homogeneous 

white solid in a slightly yellow transparent mother liquor was obtained. The solid product was 

collected by centrifugation at 12,000 rpm for 5 min then transferred into the 500 mL conical 

flask containing 250 mL of Milli-Q water. The suspension was vigorously stirred for 30 min 

prior to collecting by centrifugation at 12,000 for 5 min. An “as-made LTA” sample was 

prepared by repeating the washing step until the pH of filtrate remained constant (pH 8 - 9). The 

sample was then dried overnight in a vacuum desiccator, and further dried at 100 °C overnight 

in ambient air. To prepare “MeOH-LTA” sample, the white solid obtained after first Milli-Q 

water wash was soaked in methanol (120 mL) overnight prior to drying under vacuum and further 

drying at 100 °C overnight. Yield of the product was ca. 8.12 g (0.5 mmol, ca. 81 % based on 

SiO2). The sample was characterized by PXRD, SEM and nitrogen adsorption techniques. 

3.3.2 Synthesis of metal-free FAU zeolite 

 FAU zeolite was prepared following the procedure described by Xing et al. with some 

modifications.86 Typically, NaAlO2 (1.40 g, 0.02 mol) and NaOH (4.80 g, 0.12 mol) were 

dissolved in 50 mL of Milli-Q water in the polypropylene bottle. Colloidal SiO2 Ludox AM-30 

(17.2 g, 0.09 mol) was then added to the alumina solution while stirring. The mixture was further 

stirred at room temperature for 24 hours to get the homogeneous cream gel with the composition 

of 8.0 Na2O: 1.0 Al2O3: 10.1 SiO2: 401.4 H2O. The synthesis gel was transferred into 60 mL 

autoclaves (Teflon-lined, ca. 36 g each Teflon liner), tightly capped and crystallized in  

a conventional oven at 100 °C for 15 hours without stirring. The capped autoclave was then 

quenched with running water to room temperature. The solid product was collected by 

centrifugation at 12,000 rpm for 5 min and further washed until the pH of filtrate remained 

constant (pH 8-9). The sample was dried overnight in a vacuum desiccator, then further dried in 

the oven at 100 °C overnight (17 hours) to obtain “as-made FAU” sample. The sample was 

characterized by PXRD, SEM and nitrogen adsorption techniques. 
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3.3.3 Synthesis of mesoporous SBA-15 

 SBA-15 was prepared according to the method reported by Zhao et al. with 

modification.292 Pluronic® P123 template (8.0 g, Mn ~ 5800 g/mol) was dissolved in 2 M HCl 

(240 mL) under vigorous stirring. After the template completely dissolved, Milli-Q water 

(60 mL) and tetraethyl orthosilicate (TEOS, 17.00 g, 0.082 mmol) were added to the mixture. 

The mixture was stirred at room temperature for an hour and then aged with stirring at 40 °C for 

24 hours. The resulting gel was then transferred into an autoclavable polypropylene bottle, 

tightly capped and crystallized at 100 °C for 48 hours without stirring. After crystallization, the 

capped bottle was quenched with running tap water to room temperature. The product was 

separated by filtration, washed several times with Milli-Q water and dried overnight at 100 °C. 

The resulted as-made SBA-15 was calcined in static air at 550 °C for 5 hours to remove 

the structure-directing agent from pores. The white powder of “calcined SBA-15” was 

characterized using PXRD, SEM and nitrogen adsorption techniques. 

3.3.4 Synthesis of hydroxyapatite 

 Hydroxyapatite was synthesised according to the procedure reported by Liu et al.18 

Typically, Ca(NO3)2·4H2O (11.80 g, 0.05 mol) was dissolved in a 100 mL of ethanol and  

Milli-Q water mixture (1:1 v/v) at 0 °C. Ammonia solution (ca. 30 mL, 35 %) was added with 

stirring to adjust pH of the solution to 11 prior to stirring for a further hour. Separately, 

(NH4)2HPO4 (4.03 g, 0.03 mol) was dissolved in 50 mL of Milli-Q water. Ammonia solution 

was then added to adjust the pH to 11. The (NH4)2HPO4 solution was added dropwise over  

ca. 30 min into the Ca(NO3)2·4 H2O solution at 0 °C, which was vigorously stirred  

(1,000 rpm). After stirring at 0 °C for further 3 hours, the resulting slurry was aged at room 

temperature for 24 hours without stirring. The precipitate was collected by centrifugation 

(12,000 rpm, 10 min) and washed with Milli-Q water three times. The product was freeze-dried 

for more than 24 hours and calcined at 500 °C in static air for 4 hours with a ramping rate of  

6 °C min-1. Yield of the “HAP” product was ca. 3.80 g (3.7 mmol, ca. 75 % based on  

Ca(NO3)2·4 H2O). The HAP product was characterized by PXRD and FTIR-ATR techniques. 

The PXRD pattern of HAP sample gave a good fit with a simulated pattern based on the crystal 

structure reported earlier.18 
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3.4 Ligand exchange of phosphine-protected gold clusters with mercapto-

based ligands 

3.4.1 Ligand exchange of phosphine-protected gold clusters with 

(3-mercaptopropyl) trimethoxysilane 

 The ligand exchange reaction of Au9(PPh3)8(NO3)3 with (3-mercaptopropyl) 

trimethoxysilane (MPTMS) was performed following the procedure reported by Woehrle et al. 

with modifications.293 In the typical reaction, Au9 cluster was dissolved with sonication in 

dry methanol (150 mL) to get a dark red-brown solution. 20 equivalents of MPTMS was added 

to the Au MCs solution while stirring, see Table 3.1 for mass of clusters and volume of the 

ligand used in ligand exchange reactions corresponding to 1.0 wt% target metal loading in 

zeolites. The mixture was stirred and heated at 55 °C under N2 atmosphere for 18 hours. The 

dark brown crude product was obtained after solvent removal by rotary evaporation. The mixture 

was transferred into a 50-mL centrifuge tube, topped up with dry methanol to 15 mL and 

centrifuged at 12,000 rpm for 10 min, separating trace amount of insoluble decompositions.  

The crude product from the ligand exchange reaction, denoted as “Au9mersil”, was characterized 

by NMR, MS and UV-vis techniques prior to adding to SiO2 or zeolite synthesis gel.  

 A similar procedure was applied for ligand exchange of Au11 cluster with MPTMS. 

Typically, Au11 cluster was dissolved with sonication in mixture of dry CH2Cl2 and  

1-chlorobutane (30:90 mL) to get dark brown solution. 20 equivalents of MPTMS was added to 

the Au MCs solution while stirring. After heating at 55 °C under N2 atmosphere for 18 hours, 

the solvent was removed by rotary evaporation. The product mixture was then transferred to a 

centrifuge tube, topped up with methanol and centrifuged in the same manner as those performed 

for Au9mersil prior to adding to SiO2 or zeolite synthesis gel. “Au11mersil”, was characterized 

by NMR, MS and UV-vis techniques prior to adding to SiO2 or zeolite synthesis gel. 

Table 3.1 Mass of the phosphine-protected clusters and volume of MPTMS ligand utilised for 

the ligand exchange reaction.
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3.4.2 Ligand exchange of phosphine-protected gold clusters with 

3-mercaptopropionic acid 

 The ligand exchange reaction of Au9(PPh3)8(NO3)3 with 3-mercaptopropionic acid  

(3-MPA) was performed following the procedure reported by Woehrle et al. with 

modifications.293 Typically, 20 equivalents of 3-MPA were buffered to pH 8 using 

NaH2PO4/Na2HPO4 buffer solution (0.1 M, 50 mL). The solution of Au9 cluster in CHCl3 

(filtered through basic Al2O3, 150 mL) was added to the thiol solution to get the biphasic mixture, 

see Table 3.2 for mass of clusters and volume of the ligand used in ligand exchange reaction 

corresponding to 1.0 wt% of metals loading onto target zeolites. After heating at 55 °C under N2 

atmosphere for 4 hours, the complete transfer of red-brown coloured Au MCs from the organic 

to the aqueous phase was achieved, indicating completion of the ligand exchange reaction. 

The aqueous layer was collected and washed with CH2Cl2 (25 mL x 3) prior to filtration through 

a syringe filter (0.45 μm, PTFE). The product was precipitated by acidifying with hydrochloric 

acid (10 % v/v, 5 mL) to about pH 2. The final product denoted as “Au9mercar” was then 

collected by centrifugation at 12,000 rpm for 5 min. It was characterized by NMR, MS and  

UV-vis techniques prior to adding to SiO2 or zeolite synthesis gel.  

 Ligand exchange of Au11 cluster with 3-MPA was performed in a similar fashion.  

The solution of Au11 cluster in 150 mL of CHCl3 filtered through basic Al2O3 was added to the 

3-MPA in 0.1 M NaH2PO4/Na2HPO4 buffer solution. After heating at 55 °C under N2 atmosphere 

for 4 hours, the aqueous layer was collected, washed and acidified to give “Au11mercar” product. 

Au11mercar was characterized by NMR, MS and UV-vis techniques prior to adding to SiO2 or 

zeolite synthesis gel 

Table 3.2 Mass of the phosphine-protected clusters and volume of 3-MPA ligand utilised for 

the ligand exchange reaction.
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3.5 Catalyst preparation 

3.5.1 Deposition of ruthenium clusters, gold clusters and ruthenium-gold 

clusters onto titanium dioxide nanoparticles  

 As-made clusters, stabilised with protecting ligands were deposited onto solid supports 

including anatase TiO2 and P25 TiO2 by impregnating the support with the cluster solution 

following the procedure reported by Anderson et al. with a slight modification.284, 293, 294 

The deposition was performed using Schlenk techniques under an inert atmosphere. Typically, 

TiO2 nanoparticles (1.00 g) were suspended in dry solvent, CH2Cl2 (ca. 20 mL) for Ru3Au and 

Au9, hexane (ca. 20 mL) for Ru3 and cyclohexane for Ru4 deposition. The suspension was 

sonicated for 10 min then further stirred under N2 atmosphere for 30 min prior to addition of the 

cluster solution, see Table 3.3 for concentration and volume of cluster solutions corresponding 

to selected target wt% of metal loadings. The mixture was further stirred at ambient temperature 

under N2 atmosphere for 2 hours. The solvent was then evaporated under reduced pressure at 

room temperature to obtain as-made clusters deposited onto TiO2. The as-made product, denoted 

as “as-made-clusters/TiO2”, was sonicated and transferred into a vial, sealed and stored in a 

freezer. The final metal loading was confirmed by MP-AES technique. 

Table 3.3 Volume of cluster solutions utilised for the deposition of the clusters onto TiO2 at 

the selected target wt% metal loadings. 
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3.5.2 Deposition of gold nanoparticles onto titanium dioxide nanoparticles 

 Typically, 1.0 g of anatase TiO2 nanoparticles were suspended in 100 mL of Milli-Q 

water. The suspension was stirred under N2 atmosphere for 30 min. A 250 mL of 1 mM by Au 

atoms (4.0 nM by Au particles) Au colloidal solution was added into the TiO2 suspension. The 

suspension was sonicated for 15 min and further stirred for 2 hours. The solid product was 

collected by centrifugation at 10,000 rpm for 10 min. The as-made 5 wt% Au colloid deposited 

onto TiO2 was dried under a vacuum at room temperature. The as-made product, denoted as “as-

made-AuNPs/TiO2”, was sonicated and transferred into a vial, sealed and stored in a freezer. The 

final metal loading was confirmed by MP-AES technique. 

3.5.3 Deposition of the thiol-protected gold clusters onto LTA zeolite and 

SBA-15 

 The deposition of thiol-protected Au MCs onto LTA zeolite or mesoporous SBA-15 was 

performed in the same manner as the deposition of phosphine-protected Au MCs. The crude 

product from ligand exchange of phosphine-protected Au MCs with MPTMS ligands, 

“Auxmersil” was deposited onto LTA or SBA-15 by impregnating the supports with the crude 

ligand exchange product solution aiming for 1.0 or 2.0 wt% Au loading in final sample. 

LTA zeolite (9.72 g, 0.56 mol) or SBA-15 (9.72 g, 0.16 mol) was added to the mixture of the 

crude Auxmersil in dry methanol (50 mL). The suspension was stirred at ambient temperature 

for 20 hours. The sample was then collected by centrifugation at 12,000 rpm for 5 min. Decanting 

light brown mother liquor, homogeneous yellow-brown solid product, denoted as  

“imp-Auxmersil-LTA” or “Auxmersil-SBA-15” was collected and dried overnight at ambient 

temperature under vacuum. Unless stated otherwise, the sample was transferred into a vial, 

sealed and stored in a freezer. The final metal loading was confirmed by MP-AES technique. 

3.5.4 Incorporation of gold clusters into zeolites 

 In situ incorporation of the Au MCs into zeolite was performed by adding the ligand 

exchange crude product (of the phosphine-protected gold clusters with corresponding thiol 

ligands) in zeolite synthesis gel or premixing the ligand exchange crude product with silica 

source prior to adding to the aluminosilicate solution. The zeolite synthesis gel containing 

Au MCs was then aged at the desired temperature and hydrothermally treated at 100 °C for 

15 (for FAU zeolite) and 16 hours (for LTA zeolite). 
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3.5.4.1 Pre-mixing of SiO2 with the product mixture of ligand exchange of 

gold clusters and thiolate ligands  

 Silica, fumed SiO2 for LTA (3.2 g, 0.053 mol) and colloidal SiO2 Ludox AM-30 

for FAU (22.4 g, 0.11 mol), was suspended in a filtered methanolic solution or in NaOH 

solution of the ligand exchange products under agitation by a magnetic bar (500 rpm). The 

suspension was stirred at 500 rpm for an hour at ambient temperature. After methanol removal 

using rotary evaporation, the product (Au MCs supported on fumed silica) was dried overnight 

under vacuum prior to adding to the aluminate solution for LTA zeolite synthesis, while  

Au MCs supported on colloidal silica was added directly to the aluminate solution for FAU 

zeolite synthesis. 

3.5.4.2 Incorporation of gold clusters within LTA zeolite 

 LTA zeolite with Au MCs incorporated within it was prepared following the 

methods reported by Wu et al. and Otto et al. with modifications by adding the product 

mixture obtained from the ligand exchange of phosphine-protected gold clusters and thiolate 

ligands to a synthesis gel or adding a silica-supported Au MCs to an aluminate solution.84, 92  

It was hypothesized that the presence of thiolate-protected Au MCs in synthesis gel would 

allow the incorporation of Au MCs into zeolite framework during hydrothermal synthesis.  

 Typically, NaOH (4.8 g, 0.12 mol) and NaAlO2 (6.0 g, 0.07 mol) were dissolved in 

40 mL of Milli-Q water in polypropylene bottle. Fumed silica (3.2 g, 0.05 mol) and 22 mL of 

Milli-Q water was then added in aluminate solution to give a homogeneous cream gel with 

the composition of 2.6 Na2O: 1.0 Al2O3: 1.5 SiO2: 93.6 H2O. The resulting gel was stirred at 

60 °C for an hour prior to addition of methanolic solution of Auxmersil (15 mL) or that of 

NaOH solution of Auxmercar ligand exchange product (1.6 M, 10 mL). After ageing at 60 °C 

for 3 hours, methanol was evaporated under reduced pressure (only for the one with 

Auxmersil). While the addition of silica-supported Au MCs to an aluminate solution was 

performed in the same similar manner except that methanol evaporation was not required. 

The gel was aged at the same conditions (60 °C for 4 hours). The methanol-free aged gel was 

then transferred into 60 mL autoclaves (Teflon-lined, ca. 40 g per each Teflon liner), tightly 

capped and crystallized in a conventional oven at 100 °C for 16 hours. The capped 

Teflon-lined autoclaves were then quenched with running water to room temperature. The 

solid product was collected by centrifugation at 12,000 rpm for 5 min then transferred into 
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the 500 mL conical flask containing 250 mL of Milli-Q water. The suspension was vigorously 

stirred for 30 min prior to collecting by centrifugation at 12,000 for 5 min. The obtained solid 

was then soaked in methanol (120 mL) overnight prior to collecting by centrifugation at  

2,000 rpm for 5 min. The sample was then dried overnight in a vacuum desiccator and further 

drying at 100 °C under static air overnight to obtain “MeOH-Auxmersil-LTA” or  

“MeOH-Auxmercar-LTA”. Yield of the product was ca. 9.42 g (0.5 mmol, ca. 96 % based on 

SiO2). Of note, the addition of Auxmersil and Auxmercar did not significantly affect the yield 

of LTA-based catalyst. Actual yield of each sample is reported in Chapter 6. The samples 

were characterized by PXRD, SEM and nitrogen adsorption techniques. The Au content in 

final samples was measured by microwave plasma-atomic emission spectrometer (MP-AES) 

and was adjusted in subsequent experiments by increasing amount of Au clusters added to 

achieve 1.0 wt% loading. 

3.5.4.3 Incorporation of gold clusters within FAU zeolite 

 FAU zeolite with Au MCs incorporated within it was prepared following the 

methods reported by Xing et al. and Otto et al. with modifications.86, 92 The effect of adding 

product mixture of the ligand exchange reaction of gold-phosphine clusters and thiolate 

ligands to the zeolite synthesis gel or adding the silica-supported Au MCs to an aluminate 

solution was studied. 

 In the typical synthesis, NaAlO2 (1.82 g, 0.02 mol) and NaOH (6.24 g, 0.16 mol) 

were dissolved in 60 mL of Milli-Q water in the polypropylene bottle. Colloidal SiO2 Ludox 

AM-30 (22.4 g, 0.1 mol) was then added to the alumina solution while stirring (~ 750 rpm) to 

get the synthesis gel with the composition of 8.0 Na2O: 1.0 Al2O3: 10.1 SiO2: 376.5 H2O. 

The mixture was stirred (~ 750 rpm) at room temperature for 20 hours prior to addition of 

methanolic solution of Auxmersil (15 mL) or that of NaOH solution of Auxmercar ligand 

exchange product (1.6 M, 10 mL). After further string for 4 hours, methanol was evaporated 

under reduced pressure using rotary evaporator (only for the one with Auxmersil). While the 

addition of silica-supported Au MCs to an aluminate solution was performed in a similar 

manner except methanol evaporation was not required. The gel was aged at the same condition 

(ambient temperature for 24 hours). The synthesis gel was transferred into 60 mL autoclaves 

(Teflon-lined, ca. 40 g per each Teflon liner), tightly capped and crystallized in a conventional 
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oven at 100 °C for 15 hours without stirring. The capped autoclave was then quenched with 

running water to room temperature. The solid product was collected, washed and dried in the 

same manner as in the case of incorporation of Au MCs within LTA zeolites (Section 3.5.4.2). 

Obtained samples were code-named “MeOH-Auxmersil-FAU” or “MeOH-Auxmercar-FAU”. 

Yield of the product was ca. 4.30 g (0.25 mmol, ca. 65 % based on Al2O3). Of note, the 

addition of Auxmersil and Auxmercar did not significantly affect the yield of FAU-based 

catalyst. Actual yield of each sample is reported in Chapter 6. The samples were characterized 

using PXRD, SEM and nitrogen adsorption techniques. The Au content in the final sample 

was measured using microwave plasma atomic emission spectrometer (MP-AES). In the 

follow-up experiments, loading of Au MCs was adjusted by increasing amount of the target 

Au clusters added to achieve 1.0 wt% loading. 

3.6 Catalyst activation 

 To remove the protecting ligands from the metal core, the as-made ruthenium-containing 

clusters supported on TiO2 samples were heated under vacuum. The as-made and methanol washed 

Au MCs supported on zeolite and mesoporous silica samples were treated under ozone flow. 

3.6.1 Calcination  

 The ruthenium-containing clusters (Ru3Au, Ru3 and Ru4) supported on TiO2 samples 

were calcined in Schlenk flask placed in the aluminium block on the hotplate-stirrer with stirring 

at 500 rpm. The calcination was performed under vacuum for 2 hours at 200 ˚C, which was the 

temperature that most of the organic ligands of the particular cluster were removed based on the 

TGA result. 

3.6.2 Ozone treatment  

 The MCs incorporated within zeolite samples were exposed to O3 (170 μg mL-1 of target 

concentration) for an hour at different temperatures from ambient temperature to 300 ˚C under 

magnetic stirring (500 rpm). If heating was required it was achieved using Schlenk flask placed 

in the aluminium block on the hotplate-stirrer. The ozone was produced by ozone generator 

OL100H1DS, Yanco Industries Ltd with the initial O2 flow of 150 mL min-1, as measured bya 

ball-flow meter with 10 and 10 settings on the “left/top” and “right/bottom” dials of the ozone 

generator. 
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3.7 Characterization methods for metal clusters and the supported metal 

clusters  

 Several techniques were employed for characterization of MCs and the supported MCs. In 

the following section, only the main techniques used in this project are mentioned. 

3.7.1 UV-visible spectroscopy  

 UV-visible spectroscopy (UV-vis) is a very useful technique for studying optical 

properties of nearly every molecule. With UV-Vis spectroscopy, UV and visible light are passed 

through the sample and the transmittance of light by a sample as a function of wavelength is 

measured. From the transmittance (T), the absorbance (A) can be calculated as  

A = -log(T) = -log(I/I0), when I is the intensity of light passing through the sample cell and I0 is 

those passing through the reference cell. An absorbance spectrum obtained shows the absorbance 

of a compound at particular wavelengths corresponding to its electronic transitions. Thus, 

molecules with different chemical structures having different electronic transitions give different 

adsorption spectra.295 

 The UV-Vis spectra have been used for confirming the identity of MCs. For example, 

UV-Vis spectra of Au6, Au9 and Au13 in CH2Cl2, Figure 3.1, showed the characteristic peaks 

corresponding to the electronic transitions in each cluster matching to the literature.54, 57, 284, 286 

Not only was it possible to distinguish between the clusters with different number of metal atoms 

in the core, the absorption wavelength was also found to be slightly different for the nearly 

identical undecagold cluster with 7 and 8 triphenylphosphine ligands respectively, as shown in 

Figure 3.2.285 

 

Figure 3.1 UV-visible absorption spectra of Au6, Au9 and Au13 clusters in CH2Cl2. 
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Figure 3.2 UV-visible absorption spectra of Au11 cluster with 7 and 8 triphenylphosphine 

ligands in CH2Cl2. (Reprinted with permission from McKenzie et al.285 Copyright 2014. 

American Chemical Society). 

 Metal nanoparticles (MNPs) have a unique interaction with incident light due to 

collective oscillation of free electrons on the surface of the metal known as localized surface 

plasmon resonance (LSPR), as discussed in Section 2.1.5.296 The wavelength of LPSR peak at 

maximum absorption (λmax) strongly depends on the size and morphology of the particles. 

For example, λmax of gold nanoparticles is in the range of 500 - 600 nm while those of Ag and 

Cu nanoparticles are present at around 420 and 600 nm, respectively.297 The size-dependent 

position of λmax allows the use of UV-vis spectroscopy to estimate the size of MNPs. In 

particular, the larger particles show an LSPR peak at longer wavelengths than the smaller one 

(Figure 3.3). While the peak width at half maximum indicates particle size distribution. The 

broader peak width referred to the greater range of the particle size.298, 299 LSPR peak becomes 

less pronounced as particles become smaller (9 nm cf. 99 nm particles in Figure 3.3) and 

disappears entirely as particles become non-metallic below ca. 2 - 3 nm,41, 300 which allows 

monitoring of cluster aggregation which leads to emergence of the LSPR peak in the case of 

pronounced aggregation. 
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Figure 3.3 UV-visible absorption spectra of Au NPs with a diameter of 9, 22, 48 and 99 nm in 

the water showing the LPSR peak at 517, 521, 533 and 575 nm, respectively. (Reprinted with 

permission from Link et al.298 Copyright 1999. American Chemical Society). 

 The UV-vis spectroscopy is commonly used for determining the concentration of 

coloured compounds in solution by probing the absorbance intensity at λmax. In Chapter 4, the 

UV-vis spectroscopy was used for kinetics study of photodegradation of methylene blue dye by 

examining the absorbance at λmax ~ 660 nm over time. The breaking down of the chromophores, 

which are responsible for the characteristic colour of the dye, results in the lower absorbance 

indicating degradation of the dye. In Figure 3.4, an example of the absorption change of 

methylene blue dye during photodegradation under UV irradiation is shown. 

 

Figure 3.4 UV-visible absorption spectra of the methylene blue dye over UV irradiation period 

using Ru3Au cluster-supported on TiO2 catalyst. 
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 The UV-visible spectra were recorded by GBC Cintra 404 spectrometer. The particular 

solvent used to dissolve material of interest was filled in a 10 mm quartz cuvette and a blank was 

recorded to account for light losses due to absorption by the solvent itself. The spectra of MCs 

and MNPs were recorded from wavelength of 300 to 800 nm with a scan speed of  

300 nm min-1. The slit width and step sizes were 2.0 nm and 0.133 nm, respectively. While the 

UV-vis spectra of the dye degradation reaction mixtures were collected at a wavelength range of 

500 to 800 nm. Recording conditions are mentioned in Section 3.8.1. 

 Unlike the sample in the form of a solution, the incident light cannot penetrate the solid 

sample but is instead partially absorbed and reflected at the surface of the sample. The reflected 

light is collected in the integration sphere allowing only diffuse reflected light  

(excluding specular reflected light) to travel to the detector (Figure 3.5). The amount of diffuse 

reflected light from the sample with respect to the reflectance of the reference standard 

(Spectralon® diffuse reflectance standard disk) gives the (relative) reflectance values (R) of  

the sample.295, 301 The obtained reflectance is transformed to the Kubelka-Munk function F(R):  

 

 

Figure 3.5 Schematic illustration of the measurement of diffuse reflection using 

an integrating sphere. 
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 UV-visible diffuse reflectance spectrum (UV-vis DRS) of Au9 cluster deposited on SiO2 

reported earlier by our group is shown in Figure 3.6 (b).108 The deposited sample showed 

characteristic peaks of Au9 at 450, 380 and 351 nm, similar to those found in the CH2Cl2 solution 

(Figure 3.6 (a)). The slightly red-shifted and broadened peak in solid sample attributed to the 

change in the electronic structure of the cluster due to the interaction with the silica support. 

After calcination, the absence of these distinct peaks was interpreted as indicating the removal 

of ligands since metal to ligand electronic transitions are often responsible for the peaks of metal 

complexes and clusters observed in UV-vis (Figure 3.6 (c)).108 In addition to the presence of the 

almost unperturbed clusters upon deposition, the size evolution of the clusters to larger, 

plasmonic nanoparticles (> 2 nm) with a sufficient number of such particles within a sample can 

be indicated by the appearance of the surface plasmon resonance band. For example,  

Figure 3.6 (d) shows LSPR peak of Au NPs after 4 hours of catalytic oxidation of cyclohexane. 

 

Figure 3.6 (a) UV-vis spectrum of the Au9 in CH2Cl2 and (b) UV-vis DR spectra of as-made 

Au9 on SBA-15, (c) calcined Au9 on SBA-15 and (d) calcined Au9 on SBA-15 sampled after 

catalytic cyclohexene oxidation at different reaction times. (Reprinted with permission from 

Donoeva et al.108 Copyright 2013. American Chemical Society). 

 The diffuse reflectance UV-visible spectra of supported MCs and MNPs were recorded 

in reflectance mode using GBC Cintra 404 UV-vis spectrometer equipped with an integrating 

sphere. Recording was performed in the wavelength range of 350 to 800 nm with a scan speed 

of 100 nm min-1. The slit width and step size were set at 2.0 and 1.0 nm, respectively. The powder 

samples were packed into the sample holder (covering top surface with a thin quartz window to 

avoid equipment contamination) and affixed inside an integrating sphere to record the UV-vis 

DR spectra using a Spectralon® diffuse reflectance standard disk as reference.  
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3.7.2 Microwave plasma atomic emission spectrometry 

 The metal content in the catalyst samples was determined by microwave plasma atomic 

emission spectrometry (MP-AES). The MP-AES is a multi-elemental analytical technique with 

a low detection limit in a range of low parts per million (ppm). The MP-AES consists of  

a microwave-induced plasma chamber connected to an atomic emission spectrometer. 

The microwave energy is employed to produce a high-temperature plasma using nitrogen gas 

extracted from the air eliminating a requirement for using highly flammable acetylene gas 

needed for flame-based atomic absorption spectrometry (AAS).  

 The sample is introduced by the injector pumping through a nebulizer where the sample 

is converted to a very fine aerosol. A small portion of the aerosolized sample is then atomized 

by the plasma in the torch cell. Electrons are excited to the higher energy level prior to relaxing 

back to the ground state and releasing energy in the form of emitted photons. The emitted light 

is filtered by a monochromator and measured at the detector, schematic diagram as shown in 

Figure 3.7. The emission lines are of the specific wavelength which depends on the type of  

an analyte atom. Since each element gives a characteristic emission, type of an analyte atom can 

be defined by the wavelength of emitted photons. While the number of atoms presented in  

the sample is proportional to the emission intensity, thus the concentration of atoms can be 

established.302-304 

 

Figure 3.7 Schematic diagram of MP-AES. 
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 In this work, the MP-AES was performed using an Agilent 4210 MP-AES equipped with 

SPS 4 auto sampler. Prior to analysis, the supported MCs-based samples were treated with 2 mL 

of freshly prepared concentrated aqua regia solution, HNO3: HCl at the ratio of 1:3 v/v at 80 ºC 

for 2 days. This treatment was necessary to leach out metals into aqueous phase. The sample 

preparation was carried out in polycarbonate centrifuge tubes (with the caps loosely on) placed 

in aluminium block sitting on top of the hotplate with thermocouple of the hotplate inserted into 

the block. The resultant liquid together with the solids was transferred into a volumetric flask. 

The centrifuge tube was rinsed with 2 v/v% HNO3 solution for 2 - 3 times. The HNO3 was then 

transferred into the same volumetric flask and topped up with 2 v/v% HNO3 solution in Milli-Q 

water. The expected metal (Au and Ru) concentration in each sample was in the range of  

1 - 20 ppm. Samples were centrifuged at 12,000 rpm for 5 min to allow the solid particulates to 

settle down prior to pipetting the aliquots of solution into the sample tubes for analysis by  

MP-AES. The emission of gold and ruthenium at 267.60 and 349.89 nm, respectively, were 

recorded throughout the experiment. Standard solutions of Au and Ru with a metal concentration 

of 2, 4, 6, 8 10 and 20 ppm were prepared from commercial standard solution (1 g/L).  

The emission intensity at the particular wavelength as a function of metal concentration is shown 

in Figure 3.8 (a) and (b). The calibration coefficients obtained from linearization of the plots 

were used for calculation of the metal concentrations and the metal loadings. 

 

Figure 3.8 Calibration plots of (a) gold and (b) ruthenium obtained using standard solutions 

within the concentration range of 0 to 20 ppm as a function of emission intensity at  

267.60 and 349.89 nm, respectively. 
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3.7.3 Powder X-ray diffraction 

 The powder X-ray diffraction (PXRD) is a non-destructive analytical technique used for 

structural identification of crystalline material. The atoms in a crystal arranged in a periodic array 

with the long-range order can diffract X-rays. While those in amorphous materials do not have 

the long-range orderly periodic arrangements of atoms, so a diffraction pattern cannot be 

produced. The diffraction pattern contains information about the atomic arrangement of material 

including, unit cell parameters and an interplanar spacing between lattice planes. Diffraction 

peaks are associated with planes of atoms identified by Miler indices (hkl). Thus, each crystalline 

material produces distinctive diffraction patterns where the peaks position is determined by 

the distance between parallel planes of atoms and peaks intensity is determined by the 

arrangement of the atoms in the whole crystal, or in other words, a degree of crystallinity of the 

sample relative to a reference compound.305 

 A monochromatic incident beam of X-rays is directed onto the sample at an angle θ. 

As the sample and the detector are rotated, the diffracted X-rays can be measured as a function 

of diffraction angle 2θ. The diffraction peaks are directly associated with the interplanar 

dhkl spacing, as shown in Bragg’s law: 

 

Where the integer n is the order of diffracted beam, λ is the wavelength of X-rays, dhkl is 

the interplanar spacing and θ is an incident angle between incident X-ray beam and the sample, 

in other words, 2θ is a diffraction angle between the extrapolation of the incident beam and 

the detector (Figure 3.9).305 

 

Figure 3.9 Bragg reflection from a set of crystal planes with dhkl spacing. 



110 

 

 The PXRD of the pure ligand-protected MCs was 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. The capillary was mounted, manually centred and analysed for 40 minutes. 

 The PXRD of the supported MCs and MNPs was conducted using a Rigaku Smartlab 

diffractometer with Cu Kα radiation (1.5418 Å, operating at 40 kV and 30 mA) equipped with a 

Cross-Beam Optics Bragg-Brentano (BB) selection slit, 10 mm length limiting slit, a 0.5° Soller 

incident and receiving parallel slit (IPS and RPS) and the Kβ filter. The diffracted X-rays were 

collected by a Rigaku D/tex Ultra 250 1 D detector, as shown in Figure 3.10. All diffraction 

patterns were collected in Bragg-Brentano focusing mode at room temperature. The solid 

samples with randomly oriented micro-crystals were densely packed into the sample holder using 

a microscope glass slide to give a smooth flat surface. For SBA-15 sample, 2θ was ranged from 

0.5 to 3.0 degrees with a scan step of 0.02° and a scan speed of 2°/min. For zeolite samples, the 

data was collected at 2θ range of 5 to 50 degrees with a scan step of 0.02° and a scan speed of 

5°/min. The measured diffractograms were analysed by PDXL2 analytical software.  

 

Figure 3.10 The Rigaku Smartlab diffractometer. 
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 In this work, the PXRD was used for confirming the identity of MCs by comparing with 

the simulated patterns based on the crystal structure data provided by the Cambridge 

Crystallographic Data Centre. For example, the successful synthesis of ligand-protected Ru3Au 

cluster was confirmed by an excellent fit of the measured pattern and the simulated pattern, 

as shown in Figure 3.11.62 The PXRD is also widely used for structural characterization of 

zeolites. Figure 3.12 shows simulated PXRD patterns of (a) Linde Type A, Hydrated and  

(b) Na-Y, Siliceous zeolites obtained from the database of zeolite structures, the International 

Zeolite Association (IZA).306 

 

Figure 3.11 Measured and simulated PXRD pattern of Ru3AuPPh3Cl(CO)10 cluster. 

 

Figure 3.12 Simulated PXRD patterns of (a) Linde Type A, hydrated and  

(b) Na-Y, siliceous zeolites.306 
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3.7.4 Gas chromatography 

 Gas chromatography (GC) is commonly used for separation and quantitative analysis of 

the individual compounds present in a mixture that can be vaporized without decomposition. 

Gas samples (or liquid samples which must be pre-vaporized at the injection port) are typically 

injected into the carrier gas stream (Helium). If the GC instrument is equipped with split-splitless 

injection port (as was the case for Shimadzu GC used) a particular portion of the sample, 

depending on the split ratio setting, is carried through the column where the separation of  

the sample components occurs. Alternatively, gas analyte mixture is purged through the sample 

loop and by switching a sampling valve it is introduced onto the column (as was the case for  

SRI GC). The column consists of stationary phase either coated on the inside surface  

(capillary columns) or packed inside (packed columns), as shown in Figure 3.13. 

 

Figure 3.13 A packed column and a capillary column 

Each compound has different affinities to stationary phase allowing them to separate in time. 

The compounds with lower affinity will elute from the column sooner, while the ones with higher 

affinity will elute later (Figure 3.14). The affinity is mostly based on both the boiling point and 

polarity characteristics of the compounds cf. polarity of the stationary phase.307 

 

Figure 3.14 A cross-section of a column after injection of a two-component sample showing 

the separation of the components with a different affinity to stationary phase.  



113 

 

 Changing the column temperature, polarity of the stationary phase and carrier gas flow 

rate allows to find experimental conditions needed to achieve satisfactory separation of sample 

components. The column temperature can be isothermal or programmed. The carrier gas along 

with the separated components then passes through a detector which responds to the component 

by changing its electrical output. The data is interpreted to give a chromatogram showing peak 

intensity as a function of time. Schematic diagram of GC is shown in Figure 3.15. 

 

Figure 3.15 Schematic diagram of GC. 

 Two types of detectors, flame ionization detector (FID) and thermal conductivity detector 

(TCD) which were used in this work are described in the following section. In the FID,  

the carrier gas (helium) containing the analyte from the column is burned in air-hydrogen flame 

creating ionized particles. These ions cause the formation of current in a collector electrode 

which is then converted into the chromatogram. The current obtained from FID is proportional 

to the number of ions in a flame, in other words, carbon content or concentration of the analyte. 

Since FID responds to any compounds that create ions in the flame, all compounds which contain 

carbon-hydrogen bonds can be detected (detection limit to almost 50 ppm). While the analysis 

of CO and CO2 is allowed only with methanizer.307  

 In TCD, the change in thermal conductivity of the carrier gas stream containing analyte 

cf. reference of the pure carrier gas is measured and used to create a chromatogram. Helium is 

typically used as the carrier gas for the TCD because of its high thermal conductivity compared 

to other gases. Any other compounds presented in the carrier gas stream will cause a drop in 
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thermal conductivity resulting in a decrease in filament temperature. Under the flow of helium 

alone (reference flow), a filament is heated up by an applied voltage giving the steady-state 

temperature. When the filament immersed in a gas stream in the presence of the analyte, the 

thermal conductivity of the eluent is then reduced causes a decrease in filament temperature. 

More voltage will be then applied to keep the filament temperature back to the steady-state. This 

voltage demand depends on the difference in thermal conductivity which is proportional to the 

concentration of the analyte. Since all compounds have a different thermal conductivity 

compared to helium, TCD can be used for analysis of both organic and inorganic compounds, 

including inorganic gases like carbon dioxide and carbon monoxide, unlike FID which can only 

detect compounds which contain carbon-hydrogen bonds. However, the sensitivity of the TCD 

to most organic compounds is lower than that of FID (detection limit ~ 300 ppm).307 

 Retention time and peak area are two basic measurements that can be obtained from 

chromatogram. Retention time, measured from injection to detection, shows how long it takes 

for the component to pass through the column while interacting with the stationary phase. Under 

a particular constantly used GC settings, the compound of interest systematically shows up at 

a particular retention time. However, many compounds might elute at the same retention time. 

Thus, sample information is required to limit the list of possibilities. GC is very useful for 

monitoring the reaction, especially when all possible products can be predicted. In this work, 

we identified the components in reaction mixture by matching the retention times corresponding 

to the peaks from chromatogram of the reaction mixture with those of the known compounds 

(reactants and expected products). 

 Peak area, the area enclosed by the peak signal and the baseline under it corresponds to 

amount of compound of interest in the sample. A known amount of an internal standard was 

added in every sample providing an independent calculation of each calibrated peak. Calibration 

curves were obtained by using series of standards with known concentrations of mixtures of 

standards (chemicals of interest) and the internal standard (of the same amount as used in the 

experiment) were analysed in parallel to the reaction mixtures. The amount of analytes can be 

determined from these calibration curves, plotting relationship between the peak area ratio of the 

analytes to internal standard as a function of the mole ratio (see Figure 3.17 and Figure 3.19). 

The equation below shows the typical calculation used for quantitative chromatographic analysis 

of CO2 hydrogenation and benzylamine photooxidation reaction. 
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The quantitative analysis of CO oxidation was performed in a similar manner as in the case of 

CO2 hydrogenation and benzylamine photooxidation reaction, but without the addition of  

an internal standard. Response factor obtained from the slope of individual calibration plots 

(Figure 3.21) of each standard analyte (CO and CO2) was applied for calibration correction. 

 

3.7.4.1 GC settings used for product mixture analysis in catalytic 

CO2 hydrogenation 

 The reaction mixtures from catalytic CO2 hydrogenation were analysed by GC 

using Shimadzu GC-2010 equipped with a Rxi-5Sil-MS capillary column (30 m × 0.25 mm 

× 0.25 μm). Helium was used as a carrier gas. The GC parameters and column heating 

program for the analysis of CO2 hydrogenation reaction mixtures are shown in Table 3.4.  

Table 3.4 GC settings for analysis of CO2 hydrogenation reaction mixtures. 
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Figure 3.16 Typical chromatogram of CO2 hydrogenation reaction mixture: 

methanol – main product; 1,4-dioxane – an internal standard, DMF – solvent. 

 

 

Figure 3.17 Calibration plot for CO2 hydrogenation reaction. 
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3.7.4.2 GC settings used for product mixture analysis in  

photooxidation of benzylamine 

 Similar to CO2 hydrogenation, the reaction mixtures of photocatalytic benzylamine 

oxidation were analysed by GC using Shimadzu GC-2010 equipped with a Rxi-5Sil-MS 

capillary column (30 m × 0.25 mm × 0.25 μm). The GC parameters and column heating 

program for the analysis of photooxidation of benzylamine reaction mixtures are shown in 

Table 3.5. 

 

Table 3.5 GC settings for analysis of benzylamine photooxidation reaction mixtures. 
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Figure 3.18 Typical chromatogram of benzylamine photooxidation reaction mixture. 

 

Figure 3.19 Calibration plots for benzylamine photooxidation reaction using dodecane as  

an internal standard. 
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3.7.4.3 GC settings used for product mixture analysis in CO 

oxidation 

 A SRI Multiple Gas Analyser #3 (MG #3) equipped with a molecular sieve 13X 

(washed) 80/100 packed column (6' x 1/8" x 0.085 ss) and a Hayesep D 80/100 packed column 

(6' x 1/8" x 0.085 ss) was used for analysing gas samples from CO oxidation reaction. Argon 

was used as a carrier gas. The FID detector equipped with a methanizer used in this system 

allows the FID to detect low levels of CO and CO2 gases. The methanizer is packed with 

a nickel catalyst powder which helps to convert CO and CO2 to methane. Since CO and CO2 

are converted to methane after the sample passed through the column, retention times of both 

gases are retained. The GC parameters and column heating program are shown in Table 3.6. 

Table 3.6 GC settings for analysis of CO oxidation reaction mixtures.  
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Figure 3.20 Typical chromatograms of CO oxidation reaction obtained using FID and 

TCD detectors, respectively. 

 

 

Figure 3.21 Calibration plots for CO oxidation reaction. 
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3.7.5 Thermogravimetric and CHN-elementals analysis 

 The thermogravimetric analysis (TGA) was performed by monitoring a change of sample 

weight as a function of temperature under a controlled atmosphere. The sample is commonly 

heated or cooled in the inert gas flow. In this work, the TGA was used for determination of 

weight percentages of metal core and organic ligands in the overall ligand-protected clusters. 

The TGA, together with other characterization techniques, was then used to confirm the identity 

and purity of the clusters. For example, Zhu et al. reported the TGA of Au25 cluster showing 

37.1 wt% loss of the organic ligand which is similar to the weight percentage corresponding to 

the organic ligands calculated from empirical formula (37.3 wt%), as shown in Figure 3.22.308 

 

Figure 3.22 TGA of [Au25(SCH2CH2Ph)18]-N+(C8H17)4 clusters. (Reprinted with permission 

from Zhu et al.308 Copyright 2018. American Chemical Society). 

 Moreover, decomposition temperature of organic ligands obtained from the TGA reveals 

the thermal stability of the clusters, in other words, TGA provides experimental evidence on the 

temperature required for ligand removal which can be used as the activation temperature of 

supported cluster-based catalysts. Thermogravimetric analysis was performed using an 

Alphatech SDT Q600 TGA apparatus. Approximately 5 - 10 mg of samples were placed in 

an alumina crucible. The samples were heated under nitrogen flow (100 mL min-1) from 

25 to 600 ºC at a heating rate of 10 ºC min-1. 
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 The elemental analysis (EA) is used for determination of the elemental composition, 

including carbon, hydrogen and nitrogen content of a compound. The sample is heated at high 

temperature (~ 990 °C), where the compound is mineralized in an oxygen-rich environment. 

The resulting combustion products (CO2, H2O, N2 or NOx) are then detected by GC-TCD. 

In this work, EA was used for quantifying the metal-to-ligand ratio, confirming identity and 

purity of MCs samples. Elemental analyses were performed by the Campbell Microanalytical 

Laboratory at the University of Otago. 

3.8 Catalytic tests 

3.8.1 Photodegradation of methylene blue dye 

 The photocatalytic activity of catalysts made from gold-containing clusters supported on 

anatase TiO2 was tested in the degradation of methylene blue dye under UV and visible 

irradiation. The reaction was performed in an enclosed photocatalytic chamber equipped with 

two 50-Watt LEDs with the maximum intensity at 370 nm (UV), 440 nm (blue) and 513 nm 

(green). The air extraction fan was installed to maintain the temperature within enclosed 

photocatalytic chamber. The reaction conditions were adopted from the procedure established in 

our group.309 The reaction was carried out at ambient temperature under atmospheric pressure 

using 6.5 ppm of the dye solution and a catalyst loading of 150 mg L-1. The catalyst was 

suspended in the dye solution in a quartz tube. The experimental setup is shown in Figure 3.23. 

The suspension was sonicated at 37 kHz for 5 min prior to sampling 2.5 mL of initial sample, 

denoted as “i”. After sonication for 15 min more, the quartz tube was placed in the photocatalytic 

chamber. The mixture was magnetically stirred at 900 rpm in the absence of light for 30 min to 

reach its physisorption equilibrium. A 2.5 mL of sample “0” was then collected before irradiation 

was started. For the photodegradation under UV irradiation, samples were collected at 10 min 

intervals from 0 to 30 min and 15 min intervals until the end of 60 min while that under visible 

irradiation, samples were collected at 15 min intervals from 0 to 60 min and 30 min intervals 

until the end of 120 min. 
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Figure 3.23 The catalytic setup for photodegradation of methylene blue dye in the 

photocatalytic chamber. 

 The samples were centrifuged at 13,000 rpm for 3 min then the solution was transferred 

into a new centrifuge tube to remove catalyst particles. The centrifugation and decanting were 

repeated for three cycles. The clear reaction solution was then analysed by 

UV-vis spectroscopy within the wavelength of 500 to 800 nm with a scan speed of  

1000 nm min-1, step size of 0.427 nm and slit width 2.0 nm. The conversion of methylene blue 

dye was determined using the following equation based on the maximum absorption: 

 

Where A0 is the absorption of sample “0” and At is the absorption of the sample collected at a 

time “t”. Each experiment was repeated at least twice. The average and standard deviation of  

% conversion was reported. 

 To study the catalytic reusability, the catalyst from the first catalytic test was collected 

by centrifuging at 13,000 rpm for 20 min. The obtained solid was washed with Milli-Q water 

and sonicated for 10 min. The suspension was centrifuged at 13,000 rpm for 3 min. The solution 

was decanted out prior to repeating sonication and centrifugation for two more cycles. After that, 

the resulting solid was further washed with methanol twice. The washed catalyst was dried under 

reduced pressure using the Schlenk line prior to storage in a vacuum desiccator. The resulted 

catalyst was denoted as “used” catalyst. 
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3.8.2 Hydrogenation of carbon dioxide 

 The thermal catalytic CO2 hydrogenation was studied using catalysts made using 

ruthenium-based clusters supported on anatase TiO2. The reaction was performed in  

a high pressure Parr reactor equipped with mechanical stirring and mantle heater controlled using 

internally submerged thermocouple with programmable temperature control. The reactor was 

connected to the in-house build gas manifold system allowing a selection of gases, including 

CO2, H2 and N2. A stainless-steel autoclave containing a Teflon-lined vessel, as shown in  

Figure 3.24. 

 

Figure 3.24 The catalytic setup for CO2 hydrogenation using a Parr reactor. 

 A catalyst (0.5 g) was suspended in 40 mL of N, N-dimethylformamide (DMF) in  

the Teflon-lined vessel. The mixture was then sonicated at 37 kHz for 10 min to obtain  

a homogeneous suspension. The mixture was purged with CO2 gas three times to remove any 

residual oxygen. The reactor was then pressurized with 10 bars of CO2 and 30 bars of H2 at  

room temperature. The reactor was heated up to the target temperature, 150 °C or 185 °C. 

The reaction was carried out under 40 bars at the desired temperature for 17 hours with stirring. 

The reactor was cooled down in the ice bath prior to collection of gas and liquid samples. The 

headspace sample was stored in a double-layered balloon. A 0.2 mL of the gas mixture was 

manually injected into GC-FID using the GC setting mentioned in the Gas chromatography part, 

Table 3.4. The same GC setting was applied for the samples in the liquid phase. The reaction 

mixture was filtered through a 0.45 μm, PTFE syringe filter. A 10 μL of 1,4-dioxane used as 

internal GC standard was added to a 1.00 mL of the reaction mixture. A 1.0 μL of liquid sample 
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was automatically injected into GC-FID. Each experiment was repeated twice. Yield of methanol 

obtained from catalytic CO2 hydrogenation was reported as space-time yield (STY) calculated 

using the following equation: 

 

3.8.3 Photooxidation of benzylamine 

 The catalytic activity of catalysts made using ruthenium-based clusters supported on 

TiO2 was tested in the photooxidation of benzylamine under visible light irradiation. A catalyst 

(50 mg) was suspended in a mixture of 0.1 mmol of benzylamine and 3 mL of Milli-Q water in 

a 2-necked round bottom flask equipped with a reflux condenser. After flushing with O2 

three times, the reactor was connected to a rubber balloon of O2. The reactor was placed in 

a water bath on the top of hot place-stirrer with a set temperature of 30 °C and a stirring rate of 

1,000 rpm. The reaction was performed in an enclosed photocatalytic chamber equipped with 

two 50-Watt LEDs, the same setting as for those used for photodegradation of the dye 

experiment, as shown in Figure 3.25. The LEDs employed were green and blue LEDs with 

the maximum intensity at 440 and 513 nm, respectively. 

 

Figure 3.25 The catalytic setup for photooxidation of benzylamine in the photocatalytic 

chamber. 
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 After 4 hours of irradiation, the mixture was centrifuged at 10,000 rpm for 10 min. The 

crude reaction mixture was then extracted by toluene (1 mL x 3) to extract residual reactant and 

products from the aqueous phase. The suspension was mixing with sonication for 15 min prior 

to centrifugation at 12,000 rpm for 10 min. A supernatant (toluene) was collected and filtered 

through a 0.45 μm, PTFE syringe filter into a 5 mL volumetric flask. The mixture was made up 

to the desired volume (5 mL) by toluene. A 10 μL of dodecane, used as an internal GC standard, 

was added to 1 mL of the mixture prior to analysing by GC-FID using the GC settings mentioned 

in the Gas chromatography part above, Table 3.5. 

Yield of the products was calculated using following equation: 

 

Selectivity of the product was calculated using following equation: 

 

Yield of product of interest obtained from catalytic benzylamine photooxidation was also 

reported as space-time yield (STY) calculated using following equation: 

 

3.8.4 Oxidation of carbon monoxide 

 The CO oxidation reaction was carried out in a 17.5 mL continuous-flow fixed-bed 

reactor under ambient pressure with a gas hourly space velocity (GHSV) ranging from 

3,000 - 30,000 mL g-1 h-1. A 40 or 200 mg of the catalyst in powder form was loaded into the 

stainless steel reactor over a layer of 50 mg of quartz wool. The reactor was placed in the furnace 

controlled by the programmable temperature controller equipped with an internal thermocouple 

placed inside the reactor tube, with the tip close or within the catalyst layer. The catalytic tests 

were performed at the temperature range of 30 to 400 °C. The reactant gases were fed in three 

different lines passing through a filter and an Alicat mass-flow controller (MFC) prior to mixing 

and feeding in from top of the reactor, as shown in Figure 3.26. In typical catalytic test, the 

mixture of gases consisting of 1.0 vol% CO, 10.5 vol% O2 balanced with Ar and N2 was used. 
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The mixture of gases passed through the catalyst bed was collected and analysed by GC with 

FID and TCD detectors using the GC settings mentioned in the Gas chromatography part, 

Table 3.6. The exhaust of reaction was connected to the fume hood since CO is highly toxic and 

H2 used for catalytic activation is highly flammable. A CO detector was used during the 

experiment to monitor CO level in the laboratory. All experiments were performed in duplicate. 

 

Figure 3.26 Process flow diagram of the fixed-bed reactor used for CO oxidation. 

Conversion of CO and yield of CO2 was calculated using following equations: 
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CHAPTER 4 

Photocatalysis by Ruthenium-Containing Clusters  

Supported on TiO2 

4.1 Introduction 

 TiO2 is one of the most attractive photocatalysts due to its low cost, strong oxidizing power, 

high photochemical stability and non-toxicity. However, wide band gap (3.0 - 3.2 eV) of TiO2 

limits its light absorption to the UV region, owning only ∼ 5 % of the total sunlight.217, 218 

The metal clusters (MCs) coupled with TiO2, have emerged as promising novel photocatalysts 

active in the visible range of the solar spectrum. The photocatalytic performance of MCs/TiO2 

involves the visible light absorption of the MCs via the electron excitation from ground state to 

the higher energy orbitals and the injection of photoexcited electrons from the LUMO of 

the clusters into the CB of TiO2.237-239 According to their unique molecular and electronic 

structures, the clusters have intrinsically different photocatalytic properties from their larger 

plasmonic nanoparticle counterparts. Because of their ultra-small size, the clusters possess discrete 

electronic states and molecular-like properties, in particular, single electron HOMO-LUMO 

transitions.12, 13, 42 More importantly, those properties are strongly depended on the size and 

chemical composition of metal core - the photophysical properties of the MCs can be tuned by 

changing the number and type of core atoms.240 In this chapter, the photocatalytic activities of 

supported ruthenium-containing clusters including, Ru3, Ru4 and Ru3Au on TiO2 in 

photodegradation of methylene blue dye and in photooxidation of benzylamine under visible light 

irradiation and ambient conditions are discussed. 

 Many studies on broadening the absorption range of TiO2-based photocatalysts and 

promoting the degradation of organic dyes under visible light have been reported. Decoration of 

TiO2 with plasmonic MNPs, especially Au and Ag, has been proposed as one of the effective 

strategies.247-252 In such case, the absorption ability of plasmonic MNPs in visible light region 

influences strongly on the performance of MNPs/TiO2 in photocatalytic dyes degradation. For 

example, TiO2 nanotube deposited AgNPs was reported to significantly enhance the visible-light 

photocatalytic degradation of methyl orange.252 Indeed, the surface plasmonic resonance 

adsorption of Au NPs under visible light and the electrons transferring to CB of TiO2 was claimed 
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to be responsible for the greater performance in visible-light photodegradation of the MB dye 

under visible light. A similar role of plasmonic metal was reported in the case of Au NPs. 

Recently, the nanocomposites of anatase TiO2 and Au nanorods prepared by co-precipitation 

method was reported to give up to 13 times higher dye degradation rate compared to that of the 

bare TiO2.249 Besides, the unique optical properties, such as one-electron transitions in the visible 

light region, imply that MCs can be promising candidates in promoting the visible light dye 

degradation activity of TiO2.241, 253, 254 For instance, the deposition of Au25(SR)18 was reported to 

improve visible light photocatalytic activity of anatase TiO2.241 In such case, the photoexcited 

electrons were proposed to be generated in the Au25(SR)18 clusters (λmax of 440, 670 and 870 nm), 

leading to formation of photoexcited electrons and holes. Due to the suitable alignment in energy 

with bands of TiO2, the photogenerated electron in the formerly unoccupied level of Au MCs 

(LUMO) could be injected into CB of TiO2. Interestingly, apart from hydroxyl radicals, there was 

also evidence that singlet oxygen (1O2) plays the role in boosting the dye decomposition rate. 

 In the first part of this chapter, the effects of Ru3Au clusters on the photocatalytic activity of 

anatase TiO2 in methylene blue degradation are discussed. Since the partial de-ligation of ligand-

protected Ru clusters was observed during the catalyst preparation, the catalytically active metal 

sites were proposed to be accessible for the reactants even without the activation step. The 

photocatalytic test was, therefore, initially performed on the as-made Ru3Au/TiO2. Based on the 

UV-vis spectrum, the Ru3Au clusters showed the adsorption peaks at λmax of 340 nm (~ 3.6 eV) 

and 530 nm (~ 2.3 eV), which are ascribed to the various electron transitions from the occupied 

levels to the unoccupied levels. The incident photons with energy adequate to such energy gaps of 

the clusters are expected to promote the generation of photoexcited electrons and holes in the 

clusters. The catalytic performance of the TiO2 deposited Ru3Au clusters was, 

therefore, investigated both under UV (λmax of 370 nm, ~ 3.4 eV) and visible light irradiation 

(green, λmax of 513 nm, ~ 2.4 eV). Even though, Ru3Au/TiO2 absorb the UV light 

(λmax of 350 nm) at slightly lower wavelength as that of an incident photon (λmax of 370 nm), the 

improvement of photodegradation performance of Ru3Au/TiO2 compared to that of unmodified 

TiO2 was expected because the λmax of UV incident photon still falls in the absorption range of the 

sample due to broad adsorption features. It should be pointed out that under UV irradiation, TiO2 

(anatase, band gap of 3.2 eV) was also activated, generating the electron-hole pairs itself.  
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 UV-vis spectrometer was employed to monitor the change of MB colour intensity resulting 

from the decomposition of the chromophore structure. The lower absorbance at 663 nm 

(MB absorption peak), the higher degree of dye degradation could be implied. The effect of metal 

loading of the Ru3Au/TiO2 on the catalytic photodegradation activity of obtained materials was 

investigated. The total metal loading was varied from 0 to 5.0 wt%. Ideally, the higher metal 

loading means the higher number of metal active sites, the more pronounced enhancement in 

catalytic activity was expected. However, such assumption could only be applied when metal 

agglomeration and metal leaching are negligible. Even though the partial ligand removal took 

place during the catalyst preparation, the further removal of ligands was proposed to provide better 

access to the metal active sites. Therefore, the effect of catalyst activation on its performance was 

investigated on the catalysts with the optimal metal loadings of 0.50 and 5.0 wt%. Moreover, the 

effect of Au9 and Au NPs deposition on TiO2 on the performance of such materials in 

photocatalytic dye degradation under visible light was investigated for comparison to that of 

Ru3Au. 

 In the second part, the performance of the Ru3Au deposited on TiO2 on the photocatalytic 

oxidation of benzylamine under visible light irradiation is discussed. In fact, many different types 

of photocatalysts active under visible light, such as by g-C3N4,265, 266 Nb2O5,267, 268 Cu/graphene,269 

WS2
270 and Au-Pd/ZrO2

271, have been reported to drive the photooxidation of benzylamine. 

Indeed, TiO2-based catalysts, including pure TiO2
272-274 and deposited LSPR-Au NPs275, 276 and 

deposited Au MCs278-281 on TiO2 were also reported as an active photocatalysts for such reaction. 

However, all the above mentioned photocatalysts only gave N-benzylidene benzylamine as 

a major product (up to 99 % selectivity). The only work showing the highly selective 

photooxidation of benzylamine to benzonitrile was reported by the previous members of our group, 

Ovoshchnikov et al., using hydrous RuO2 supported on P25 TiO2 catalyst.282 The RuO2/TiO2 

catalyst showed a 90 % yield of benzonitrile under blue light irradiation at ambient conditions 

using water as a solvent. The photocatalytic activity of RuO2/TiO2 was strongly dependent on the 

wavelength of incident light as lower performance under green and red-light irradiations were 

reported. Inspired by this work, the photocatalytic performance of Ru-containing clusters 

supported on TiO2 was investigated. It is known that size and chemical composition of the MNPs 

and MCs have a strong influence on their catalytic behaviour. In the earlier study, it proved to be 

impossible to establish the size of ruthenium oxide particles due to the contrast limitations in 
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electron microscopy. It is challenging to pinpoint the size effect of such ultra-small metal oxide 

particles supported on larger metal oxide support particles by resolving their size using electron 

microscopy. By starting with Ru-based clusters with different atomicity, it was hypothesised that 

such size-dependent catalytic behaviour could be investigated with atomic precision. 

 Three different but related Ru-containing clusters including, Ru3, Ru4 and Ru3Au, supported 

on P25 TiO2 were tested for their catalytic performance in the photooxidation of benzylamine 

under the same conditions. The Ru3 and Ru4 possess the absorption bands at λmax of 395 and 

363 nm, respectively. Thus, TiO2-supported Ru3 and Ru4 clusters were tested for their catalytic 

performance under blue light irradiation (λmax of 440 nm), while study of TiO2-supported Ru3Au 

was performed under green light irradiation (λmax of 513 nm) since such clusters absorb light 

around λmax of 530 nm. Among the Ru-containing clusters, Ru3Au showed the highest production 

rate. The possible mechanism whereby O2
•− and H2O2 were suggested as the active oxidizing 

species was proposed. The post-reaction samples were collected and characterized by UV-vis DRS 

to indirectly monitor the surviving MCs and/or the formation of Au NPs. MP-AES analysis of the 

catalysts before and after the catalytic test was performed to confirm the actual metal loading 

which could shed light on the strength of metal-support interaction, especially after the catalytic 

test. Apart from the effect of cluster atomicity, the effect of the TiO2 crystal phase on the 

photocatalytic performance was also studied. Anatase is generally found as the most 

photocatalytically active phase among pure TiO2,217 while the intimate contact between the anatase 

and rutile crystallites in P25 was claimed to allow better electron-hole separation and, hence, 

higher photocatalytic activity.221 To study the effect of the TiO2 crystal phase, Ru3Au clusters were 

deposited onto anatase and P25 via a similar deposition method using the same total metal loading 

prior to testing for the photocatalytic activity. Similar to that performed on the photodegradation 

of dye, the as-made catalysts were initially tested for their activity, then the effects of catalyst 

activation treatments were investigated. Since the lower photocatalytic activity in the case of dye 

degradation was observed after calcination, ozonolysis as the superior alternative method for 

removing ligands while suppressing metal sintering was employed. In the final section, the effect 

of metal loading on the catalytic performance was investigated. The most promising result using 

Ru3Au/anatase obtained in this work was compared to other TiO2-based catalysts. 
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4.2 Results and discussion 

4.2.1 Characterizations of ruthenium-containing clusters 

 The Ru3(CO)12, H4Ru4(CO)12 and Ru3Au(PPh3)Cl(CO)10 were synthesised according to 

the procedure described in Section 3.1. The clusters were characterized by 1H-NMR  

(and 31P-NMR for Ru3Au), IR, UV-vis and PXRD. The NMR spectra of synthesised clusters 

matched previously reported spectra: the1H-NMR spectrum of Ru3 showed no peak confirming 

the absence of possible by-product, Ru4; the 1H-NMR spectrum of  Ru4 showed a singlet peak at 

δ -17.79 ppm corresponding to H presence in Ru4; the 1H-NMR spectrum of Ru3Au had a broad 

phenyl resonance at δ 7.5 ppm and the 31P-NMR showed a singlet P peak at δ 70.5 ppm due to 

a single P atom in Ru3Au.287 By probing carbonyl vibrations in IR spectrum, identity of the 

clusters was confirmed (Figure 4.1) by matching obtained results with literature data. The Ru3 

possesses three carbonyl stretching vibrations at 2061 (vs), 2031 (s) and 2011 (m) cm-1.288 While, 

the Ru4 showed the peaks at 2081 (s), 2067 (vs), 2030 (m), 2026 (s) and 2010 (w) cm-1.291 

The IR spectrum of Ru3Au showed vibrational peaks at 2091 (m), 2042 (vs), 2021 (s), 2008 (s), 

1992 (m), 1986 (sh) and 1965 (m) cm-1.62 Even though the Ru4 most often give pure Ru4 with 

a good yield (74 % by mol of Ru), incomplete reaction could result in the mixture of Ru4 product 

and Ru3 precursor. The Ru4 and Ru3 mixture possess broad bands at 2063, 2030 and 2011 cm-1 

due to the presence of the latter species as shown in Figure 4.1 (d). 
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Figure 4.1 IR spectra of (a) Ru3 in hexane, (b) Ru4, (c) Ru3Au in cyclohexane and 

(d) mixture of Ru3 and Ru4 in hexane. 

 PXRD was employed for structural identification of the synthesised Ru clusters. As the 

crystalline materials, all of the prepared Ru clusters have long-range orderly periodic 

arrangements of atoms, they can diffract X-rays giving the distinctive diffraction pattern which 

corresponds to the arrangement of the atoms in the whole crystal. As a bulk analysis, the quality 

of crystalline samples, especially crystallinity can be indirectly derived from the sharpness of the 

peaks and the peaks intensity relative to a reference compound. The PXRD of the synthesised 

Ru clusters shown in Figure 4.2 gave an excellent fit with the simulated patterns based on the 

crystal structures reported earlier.60-62 These results suggested that only target Ru clusters were 

obtained and confirm the absence of detectable crystalline impurities. It is worth mentioning that 

amorphous impurities would not show any peaks in PXRD since they do not have the long-range 

order, but a broad band with low intensity. As shown in Figure 4.2 (a and b), Ru3 and Ru4 did 

not give as sharp PXRD peaks as Ru3Au (Figure 4.2 (c)). This might be due to the fact that 



134 

 

Ru3Au was purified through column chromatography then flash re-crystallization, while Ru3 and 

Ru4 were only washed by ethanol and dried. Thus, this result confirmed the purity of the obtained 

clusters. Namely, that there are no other crystalline phases present in the bulk of the sample 

(cf. checking unit cell using single crystal X-ray experiment) and there are no notable amorphous 

impurities. 

 

Figure 4.2 PXRD of (a) Ru3, (b) Ru4 and (c) Ru3Au clusters. 

 TGA of ligand-protected Ru3, Ru4 and Ru3Au clusters showed 53, 47 and 52 % weight 

loss which matched calculated values (53, 47 and 54 %, respectively) based on the loss of organic 

ligands (Figure 4.3 (a-c)), once again confirming purity of obtained clusters. The temperature 

regime for ligand removal is also evident from TGA data. Onset temperatures for ligand removal 

are ~ 170, ~ 195 and ~ 180 °C for Ru3, Ru4 and Ru3Au respectively. 

 UV-vis spectra of Ru3 and Ru4 clusters in CH2Cl2 showed adsorption peaks at 395 and 

363 nm, respectively. While spectrum of Ru3Au cluster possess two bands at 340 and 530 nm, 

which are characteristic of Ru3Au cluster due to the multiple allowed single-electron transitions 

of the cluster, (Figure 4.3 (d)).62 
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Figure 4.3 TGA of (a) Ru3, (b) Ru4 and (c) Ru3Au clusters at 25 – 600 °C with 10 °C min-1 

ramping rate under 100 mL min-1 N2 flow and (d) UV-vis spectra of Ru3, Ru4 and Ru3Au 

clusters dissolved in CH2Cl2. 

4.2.2 Characterization of supported ruthenium-containing clusters 

 The as-made ruthenium clusters were deposited onto the surface of anatase TiO2 with 

metal loadings varying from 0.08 to 5.0 wt%. The UV-Vis spectra of as-made catalysts showed 

the absorption band at 470 to 650 with λmax of 530 nm similar to the band of pure cluster 

indicating successful deposition of the clusters on anatase, as shown in Figure 4.4. The slight 

red shift obtained caused by the interaction between the cluster and TiO2.241 The 340-nm peak 

of solution-phase Ru3Au cluster is smeared out in Ru3Au/anatase TiO2 samples because this peak 

is close to the band gap position of TiO2 (ca. 390 nm). The absorption intensity at around 

530 nm increased with an increase in metal loading confirming that the band is due to the 

presence of the Ru3Au cluster. The UV-vis DR spectra also suggested that the Ru3Au/TiO2 

samples have intense light absorption in the visible region, which then correlated to the better 
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photocatalytic performance under the visible light irradiation. The total actual metal contents 

obtained from MP-AES are close to the calculated values, albeit with notable deviations at higher 

loadings. 

 

Figure 4.4 UV-vis DR spectra of deposited Ru3Au cluster on anatase TiO2 with various 

target and actual metal loadings measured by MP-AES. 

 Attenuated total reflectance Fourier-Transform infrared (ATR-FT IR) spectra were 

recorded by Jason F. Alvino from group of Professor Metha at the University of Adelaide. 

The stretching vibrations of CO ligands were found in pure Ru3Au cluster and Ru3Au/TiO2 

samples even in the sample with 0.17 wt% metal loading (Figure 4.5). The CO stretching 

showed a slight red shift from 2100 cm−1 of uncoordinated CO to 1900 - 2100 cm−1 of the Ru3Au 

cluster due to the electron back-donation from the metal centre. Similar to other metal carbonyl 

complexes, a ligand to metal σ-type forward donor acceptor interaction and metal to ligand 

π-type backbonding was also observed in the case of carbonyl-protected Ru3Au clusters. CO is 

a good π-back acceptor. Therefore, the Ru3Au metal core can efficiently donate electron density 

back to the CO ligand, which results in weakened C-O bond and hence lower stretching 

frequency of such coordinated CO than that of free CO. The series of CO vibration peaks found 

in ATR-FT IR spectra fit well with the peak position values collected in cyclohexane 

(1965 - 2091 cm-1) reported in Section 4.2.1. The density functional theory calculations were 

performed by Jason F. Alvino from the group of Professor Metha at the University of Adelaide. 
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With DFT calculations, each peak could be identified corresponding to collective vibrations of 

CO. The peak with the highest energy at ca. 2090 cm−1 was assigned to the (CO)10 symmetric 

stretching, while the peaks at lower wavenumbers contributed to those with less symmetric 

vibrational modes. After the cluster deposition, CO vibration shifted from 2090 to 2070 cm-1 

(Figure 4.5 (b) and (c)). Such shift of the C-O stretch to the lower frequency could be a result 

of the partial dissociation of ligands. As mentioned above, π-backbonding plays role in defining 

value of C-O stretching frequency in the metal-carbonyl clusters. The weakened C-O bond after 

the cluster deposition could be explained by the smaller number of CO ligands remaining 

coordinated to the metal core. This allows more electron back-donation from metal core to the 

remaining ligands due to the less effective competition from smaller number of ligands. Apart 

from the partial loss of ligands which could lead to a redistribution of metal core electron density 

affecting the CO vibration frequency, the interaction between the ligated-clusters and TiO2 

support could be another reason behind the shift of CO vibrations. Form the ATR-FT IR spectra 

matched with DFT calculations, spontaneous partial de-ligation of clusters during deposition 

onto support was confirmed, but the exact number of ligands lost could not be verified. 

 

Figure 4.5 FTIR-ATR spectra of the Ru3Au cluster (a) simulated by DFT, (b) collected by 

FTIR-ATR as a pure cluster in microcrystalline powder form and (c) FTIR-ATR of 0.17 wt% 

Ru3Au deposited on anatase TiO2. Spectra recorded by Jason F. Alvino from group of 

Professor Metha at the University of Adelaide.  
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 The heat treatment that was employed to remove the capping ligands, while minimizing 

aggregation was performed at 200 ˚C which was the temperature that the organic ligands start to 

be removed based on the TGA result. The absence of the absorption bands at 530 nm in 

UV-DRS of calcined samples indicated successful removal of ligands (Figure 4.6).108 The 

sample became slightly darker in colour after the treatment. The broad absorption band at around 

550 nm was found in the samples with high metal loadings, especially with 5.0 wt%. These might 

be correlated to the presence of gold nanoparticle (Au NPs) surface plasmon resonance implying 

to aggregation of the nanoclusters. However, since light absorption by the cluster and the 

characteristic LSPR peak of Au NPs are in the same region, the UV-DRS alone cannot confirm 

the aggregation of the cluster. 

 

Figure 4.6 UV-vis DR spectra of deposited Ru3Au cluster on anatase TiO2 with various 

metal loadings after calcination under vacuum at 200 ˚C for 2 hours. 

 The minor aggregation of the Ru3Au after calcination was confirmed by the XPS studies 

by Christiaan Ridings from the group of Professor Andersson at Flinders University. The XP 

spectra showed a shift from a typical “cluster gold” 4f7/2 binding energy (BE) of ca. 84.5 eV to 

that of “bulk gold” (83.9 eV) after calcination indicating the cluster agglomeration.284 While, 

XPS of Ru (3d5/2) showed a shift from BE of 281.7 to 281.4 eV which is unlikely to be due to 

the aggregation but might indicate the removal of CO ligands, which act as strong π-back 

acceptors. The shift of Au 4f7/2 peak to lower binding energy together with the broad absorption 

band observed in UV-vis DRS confirmed an agglomeration of the cluster during calcination. 
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4.2.3 Photodegradation of methylene blue dye catalysed by Ru3Au clusters 

supported on TiO2 

 Degradation of methylene blue dye under UV and visible light irradiation was studied to 

investigate the effect of Ru3Au cluster loading on the TiO2 photocatalytic performance. The 

change of MB colour intensity is a result of the decomposition of the chromophore structure. As 

the degree of dye degradation (or decolourization) is proportional to the diminution of light 

absorbance, the conversion of methylene blue dye over time of irradiation was measured using 

UV-vis. The control experiment performed in the absence of light confirmed the establishment 

of equilibrium of physical dye adsorption onto the surface of the catalyst after 30 min exposure 

to the catalyst. The blank experiment was conducted to observe the degradation of the dye 

without the catalyst. No degradation of the dye was found after an hour of UV irradiation  

(λmax = 370 nm), while less than 3 % was found after 2 hours of visible light irradiation 

(green light, λmax = 513 nm). 

4.2.3.1 Catalyst testing under UV light irradiation 

 In the presence of pure anatase TiO2, the intensity of the 663 nm absorption peak 

of the dye decreases gradually with the increase of UV irradiation time indicating the 

breakdown of the chromophore (Figure 4.8, inset). After an hour of irradiation, 46 ± 5 % of 

dye conversion was observed. The pure anatase was effectively activated by UV light 

(λmax of 370 nm) due to the good match with the band gap. The absorption edge of pure anatase 

TiO2 is around 390 nm, corresponding to the band gap of 3.2 eV (Figure 4.7 (d)). As 

mentioned in Section 4.2.1, the Ru3Au cluster possesses the characteristic absorption bands 

at 340 and 530 nm, corresponding to photons with 2.3 and 3.6 eV energy (Figure 4.7 (b)). 

The deposition of Ru3Au on anatase TiO2 resulted in a slight red shift of absorption band at 

530 nm to 540 nm (2.3 eV to 2.25 eV) and absence of the peak at 340 nm which is close to 

the band gap of TiO2 (ca. 390 nm). The UV-vis DRS suggested that the Ru3Au/TiO2 has light 

absorption in both UV and visible regions. The latter case originates from the deposited 

Ru3Au cluster. 
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Figure 4.7 UV-vis spectra of (a, b) Ru3Au in CH2Cl2; UV-vis DR spectra of  

(c, d) pure anatase TiO2 and (e, f) 0.5 wt% Ru3Au/TiO2 with 0.50 wt%. 

 Since the Ru3Au also showed an absorption band in the UV region, the higher dye 

conversion with the increase of the metal loading was expected. A reduction in dye 

degradation efficiency was found with increased Ru3Au cluster loading (Figure 4.8). The 

deposition of 0.08 wt% Ru3Au cluster resulted in 15 % decrease in overall dye conversion. 

Increasing the metal loading to 5.0 wt% led to the lowest degradation of 4.7 ± 0.3 %. These 

results indicated that even if the clusters do absorb UV light at the wavelength of 340 nm, it 

was unproductive in terms of photocatalysis. On the other hand, the deposition of the cluster 
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resulted in effective blocking UV light absorption by the anatase itself, leading to lower 

catalytic activity compared to pure anatase. The significantly decreased photocatalytic 

performance of TiO2 catalysts in the UV region when doped by noble metals (such as Pt, Rh, 

Au and Pd) was reported in the literature.310 It was pointed out later that the photoelectrons in 

TiO2 could reduce the metal species, while the photogenerated holes could oxidize the metals 

at the interface. These metals would then act as the recombination centre for the 

photogenerated charge carriers.311 A similar result was found in deposited gold clusters on 

TiO2 reported by Yu et al. No distinct difference in photocatalytic methylene orange 

degradation under UV was found with or without Au25(SR)18 cluster deposited on TiO2 (1.0 

wt% Au).241 However, the effect of metal loading and activation by ligand removal have not 

been reported in that study. 

 

Figure 4.8 Conversion of methylene blue under UV light irradiation in the presence of pure 

anatase (0.00), Ru3Au deposited on anatase with various metal loadings (0.08 to 5.0) and in 

the absence of a catalyst (blank). Inset: UV-vis spectra of the dye over UV irradiation period 

in the presence of pure anatase (0.00).  
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4.2.3.2 Catalyst testing under visible light irradiation 

 Similar degradation of the dye (3 - 4 % conversion) was obtained after 2 hours 

under green light irradiation (λmax of 513 nm, photon energy in eV) with or without pure 

anatase TiO2. The low photocatalytic performance of TiO2 under visible light due to its large 

band gap (3.2 eV) was in agreement with the previous report.241 The Ru3Au cluster deposited 

on anatase gave slightly higher dye conversion. As shown in Figure 4.9, the higher metal 

loading in the range of 0.08 to 0.50 wt%, the better dye conversions were obtained. This is 

because the Ru3Au clusters can absorb green light (λmax of 513 nm) since it showed broad 

absorption peak at λmax ca. 530 nm. Therefore, the Ru3Au cluster can act as a reaction site 

resulting in enhanced catalytic activity under green light compared to pure anatase TiO2. The 

0.50 wt% Ru3Au/anatase TiO2 gave the highest conversion of 10.6 ± 0.9 % among catalysts 

in this metal loading range (0.08 to 0.50 wt%). The further increase of metal loading 

(0.75 – 2.0 wt%) resulted in the lower conversions of the dye, which might be attributed to a 

higher degree of cluster agglomeration (photo-induced oxidative aggregation).254 A 5.0 wt% 

metal loading gave the highest conversion of 15.0 ± 0.8 %, probably resulting from the 

synergistic effects between large LSPR-active particles (formed at such light loading due to 

cluster aggregation) and surviving clusters. Under such assumption, the clusters itself gave 

the highest conversion of 10.6 ± 0.9 % (0.50 wt% Ru3Au/anatase TiO2), while the mixture of 

surviving clusters and larger particles showed the slightly better conversion of 15.0 ± 0.8 % 

(5.0 wt% Ru3Au/anatase TiO2). 

 In fact, such synergistic promotion of MNPs with different metal sizes have been 

reported for other photocatalytic systems.233-235 For instance, the co-existence of bimodal-

sized Au NPs on TiO2 was reported to improve the rate of photocatalytic H2 evolution.234 It 

was claimed that the electrons of the larger LSPR-Au NPs excited by visible light were 

injected into CB of TiO2. While the smaller Au NPs, in such case, were proposed to act as 

co-catalyst trapping photoexcited electrons from the CB of TiO2. However, a different, if not 

opposing, mechanism of the photocatalytic activity of bimodal-sized Au NPs on TiO2 was 

proposed by another study.235 The authors claimed that due to the higher Fermi energy level 

of the larger Au NPs compared to that of the smaller ones, the electron transfer would be from 

smaller Au NPs to larger Au NPs through the CB of TiO2, as described in Section 2.8.  
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 A similar synergistic effect due to the co-existing clusters and nanoparticles during 

photocatalysis was also reported by Lui et al.254 The photocatalytic degradation of RhB over 

TiO2-supported Au25(SG)18 clusters under the visible light irradiation (λ > 420 nm, 

λmax of 550 nm) was investigated. However, a severe agglomeration to form larger Au NPs 

was observed upon the catalytic test. The XPS analysis and TEM images indicated the 

co-existence of the survived Au MCs and the larger sintered Au NPs. The authors proposed 

that both Au MCs and Au NPs might be involved in the electron transfer process to the CB of 

TiO2 increasing the number of photogenerated electrons of the whole catalytic system. 

However, due to the poor Au MCs stability, the gradual aggregation of Au MCs to form 

Au NPs with the longer irradiation period resulted in the variation of the relative ratios of 

Au MCs and Au NPs with lack of control. Therefore, to confirm such synergistic effect of 

Au MCs and Au NPs on the photocatalytic performance of TiO2, the further study on such 

catalyst system must be performed with better of control over the size of Au species, for 

example, starting with Au NPs and Au MCs deposited on TiO2 with different ratios.  

 

Figure 4.9 Conversion of methylene blue under green light irradiation in the presence of 

pure anatase (0.00), Ru3Au deposited on anatase with various metal loadings (0.08 to 5.0) 

and in the absence of a catalyst (blank). Inset: UV-vis spectra of the dye over green light 

irradiation period in the presence of 5.0 wt% Ru3Au on anatase (5.0).  
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The effect of calcination and reusability of catalyst were studied on Ru3Au/anatase TiO2 

samples with 0.5 and 5.0 wt% metal loadings. Heat treatment was performed on the chosen 

samples to remove organic ligands while opening metal active sites. However, notably lower 

activity was observed after calcination as shown in Figure 4.10. About the same degree of 

decrease in catalytic performance was observed after the first catalytic test. This might be 

due to the cluster sintering leading to depletion of the cluster populations as confirmed by 

UV-vis DRS and XPS results.  

 

Figure 4.10 Conversion of methylene blue after 2 hours of green light irradiation in the 

presence of as-made, calcined and used Ru3Au/anatase TiO2 with  

0.5 and 5.0 wt% metal loadings. 

 The effect of Au NPs (< 20 nm) and Au9 loading on TiO2 catalytic performance 

was also studied. To compare the catalytic performance of those deposited gold species with 

deposited Ru3Au cluster, irradiation using the visible light LED with a maximum wavelength 

close to the absorption band of each species was chosen. As shown in Figure 4.11 (a) and 

(b), the Au NPs deposited on anatase TiO2 showed the LSPR peak at around 535 - 540 nm, 

while the Au9 clusters deposited on anatase TiO2 showed peak with λmax at 440 - 450 nm, 

similar to that for pure clusters. Thus, the photocatalytic test of AuNPs/TiO2 and Au9/TiO2 

was done under green (λmax of 513 nm) and blue (λmax of 440 nm) light irradiation, 

respectively. 
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Figure 4.11 UV-vis and UV-vis DR spectra of anatase TiO2 supported 

(a) Au NPs (< 20 nm) and (b) Au9 cluster with 0.5 and 5.0 wt% metal loading.  

Table 4.1 % target and actual metal loading of MNPs and MCs supported on anatase TiO2 

measured by MP-AES. 

 

 The only samples with target metal loading of 0.5 and 5.0 wt% were chosen and 

compared to those of the Ru3Au cluster based on trends in activity observed for Ru3Au as 

discussed earlier (as well as due to the time limitations). At 0.50 wt% of metal loading, the 

Au9/TiO2 showed comparable performance to that of the Ru3Au cluster. The lower 

performance of the Au9 sample compared to the Ru3Au sample was found at 5.0 wt% of metal 

loading. This might be due to the higher degree of agglomeration in the Au9 sample leading 

to the formation of plasmonic Au species which are inactive in this catalytic reaction. 

This was also confirmed by the catalytic test of the deposited Au NPs sample. As shown in 

Figure 4.12, The 0.5 and 5.0 wt% AuNPs/TiO2 exhibited similar catalytic performance to 

that of pure anatase under the green light, indicating that large pure Au LSPR-active particles 

do not enhance photodegradation of the MB dye under visible light.  
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 In fact, the LSPR-Au NPs were expected to promote the photocatalytic 

performance of TiO2 under visible-light. Due to their localized surface plasmon resonance, 

the plasmonic Au NPs have strong visible light adsorption which benefits the photocatalysis. 

Through the plasmon-assisted photocatalysis mechanism, the hot electrons in surface plasmon 

states are generated under visible light and injected into CB of TiO2 subsequently participating 

in reduction reactions at TiO2 surface. While the positive charge carriers (h+) left in plasmonic 

metal particles are ultimately quenched via oxidation of the organic substrate, as discussed in 

Section 2.8.222, 223 Size of plasmonic MNPs, indeed, plays an important role in photocatalytic 

performance of TiO2-supported MNPs. However, the underlying explanation of MNPs’ size 

effect has not been clearly established. The strengthened LSPR adsorption was proposed as 

the main reason for the superior catalytic activity of TiO2-supported larger MNPs,228-231 while 

the decrease in density of states with the decrease of particle size was proposed as the main 

reason for better charge carrier separation and, hence, better photocatalytic performance in 

the case of TiO2-supported smaller MNPs.232 Of note, in some cases the effect of MNPs on 

photocatalysis of TiO2 was negligible. Such as the presence of Au NPs (~ 2 nm) on TiO2 did 

not lead to the higher catalytic performance of the resulting catalyst in the photooxidation of 

benzylamine. In fact, the same catalytic performance was found with and without Au NPs.279 

 The plasmonic MNPs, especially Ag and Au NPs, have been shown to promote the 

photocatalytic activity of TiO2 in photodegradation of organic dyes under visible light.247-252 

For example, Ansari et al. reported that in the presence of Au NPs/TiO2, the high degree of  

MB and MO dyes degradation  (96 % and 74 %, respectively) was achieved after 6 and 8 

hours of visible light irradiation.250 However, the supported Au NPs had a broad size 

distribution of ~ 6 – 11 nm. Even though the enhancement in photocatalytic performance was 

proposed to be due to the LSPR phenomenon of Au NPs, the contributions of Au NPs with 

different sizes were not mentioned.  

 Apart from the size effect of Au NPs, the poor activity of AuNPs/TiO2 reported 

here might also be caused by the presence of protecting ligands (citrate) which could hinder 

the access to the active Au metal surfaces or could act as hole/oxidant scavengers. While the 

lower chance of such issues may be found in the case of as-made Ru3Au/TiO2 because of the 

less pronounced bulkiness of protecting ligand and the partial removal of such ligand 

(CO is gaseous in its free state) upon the deposition. 
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Figure 4.12 Conversion of methylene blue after 2 hours of visible light irradiation in the 

presence of as-made Au NPs, Au9 and Ru3Au on anatase with 0.5 and 

5.0 wt% metal loadings. 

4.2.3.3 Conclusions 

 The pure Ru3AuPPh3Cl(CO)10 cluster was successfully synthesised and deposited 

onto anatase with metal loadings varying from 0.08 to 5.0 wt%. The protecting ligands were 

removed by calcination at 200 °C under vacuum, but some cluster aggregation was observed. 

The as-made and calcined catalysts were tested for their catalytic performance in 

photocatalytic degradation of methylene blue dye. The as-made Ru3Au clusters deposited 

onto anatase showed enhanced photocatalytic degradation of methylene blue under visible 

light irradiation (green light), but not under UV irradiation, which was interpreted in the light 

of the unique electronic structure of this cluster. The enhancement of the dye conversion under 

visible light was related to the absorption of the visible light by Ru3Au clusters. However, the 

further increase in metal loading (0.75 to 2.0 wt%) led to the lower conversion, which was 

attributed to a higher degree of cluster agglomeration. The synergistic effects between large 

LSPR-active particles and surviving clusters in 5.0 wt% Ru3Au catalyst resulted in the highest 

conversion of 15.0 ± 0.8 % after 2 hours of irradiation. Whereas, the Au9(PPh3)8(NO3)3 

clusters and large, Au NPs (< 20 nm) deposited onto anatase showed inferior performance 

compared to the Ru3Au cluster when the further catalyst treatment was not performed. 
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4.2.4 Photooxidation of benzylamine under visible light irradiation using 

ruthenium-containing clusters supported on TiO2 

 Aerobic oxidation of benzylamine under visible light irradiation catalysed by hydrous 

ruthenium oxide supported on P25 TiO2 was studied by the previous members in our group. The 

ruthenium oxide catalyst showed 90 % yield of benzonitrile product under blue light irradiation 

at ambient conditions using water as a solvent. The ruthenium oxide was proposed to absorb 

incident photons through the interband transitions and/or LSPR creating the electron-hole pairs 

which then drive the amine oxidation.282  The highest oxidation rate was achieved under 

blue light irradiation (λmax of 440 nm), where a pronounced absorption band of RuO2/TiO2 is 

(ca. 450 nm) as shown in Figure 4.13 (orange line corresponding to RuO2/P25). The 

photocatalytic reactivity of supported ruthenium nanoparticles on TiO2 was strongly dependent 

on the wavelength of incident light as lower performance under green and red-light irradiations 

were reported. However, due to the contrast limitations with electron microscopy, that earlier 

study was unable to establish exact size of ruthenium oxide particles, which are likely to be 

ultra-small. This shortcoming led to the motivation of this study, whereby starting with several 

Ru-based clusters we aim to control size of the active sites down to atomic precision. 

 The ruthenium-containing clusters including Ru3, Ru4 and Ru3Au showed the 

characteristic absorption in UV-vis spectra corresponding to the single electron transitions 

(Figure 4.3 (d)). Ru3 and Ru4 in CH2Cl2 showed absorption bands at 395 and 363 nm, 

respectively, while those of Ru3Au showed two absorption peaks at 340 and 530 nm. The red 

shift in absorption due to the interaction between the clusters and TiO2 similar to those found in 

Ru3Au/TiO2 was expected for supported pure ruthenium clusters on P25 TiO2.  However, it was 

difficult to confirm the interaction of Ru3 and Ru4 with TiO2 from the UV-vis DRS data, since 

only a broad absorption band ranging from 400 to 500 nm was found in both cases. However, 

the presence of Ru3, Ru4 and Ru3Au in the catalysts was confirmed by metal content analysis 

using MP-AES. As shown in Table 4.2. The metal loading of as-made samples before the 

catalytic test (0.84 - 0.86 wt%) was relatively close to the target metal loading (1.0 wt%). Since 

the best catalytic performance of each ruthenium cluster-based catalyst was expected to be 

achieved under the visible light irradiation with maximum wavelength close to the absorption 

band of each ruthenium clusters, the blue LED (λmax of 440 nm) was chosen for Ru3 and Ru4 and 

the green light (λmax of 513 nm) was selected for Ru3Au cluster (Figure 4.13). By adopting the 
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optimized conditions from the previous work performed in our research group, the photocatalytic 

activity of Ru-containing clusters supported on P25 TiO2 was studied. 

 

Figure 4.13 UV-vis DR spectra of supported RuO2, Ru3Au, Ru3 and Ru4 on P25 TiO2. 

Normalised emission spectra of blue and green LEDs recorded by  

the previous members in our group. 

 To compare the catalytic activity of ruthenium-containing clusters on TiO2 with that of 

P25 TiO2, the pure TiO2 was subjected to the catalyst deposition conditions but without clusters 

in case such conditions affected surface of titania. As expected, the pure TiO2 was found to be 

only slightly active and only under blue light irradiation, whereas no product was found under 

either under green light irradiation or in the absence of light. After 4 hours, N-benzylidene 

benzylamine (10 ± 3 % yield) was obtained as a major product using pure titania P25, which is 

consistent with the previous report.274 It is worth to note that using water as a solvent is a 

challenging task to control product selectivity in TiO2 photocatalysis. Under aqueous conditions, 

the formation of various active species, for example, •OH, and O2
•-/HO2

• from the oxidation of 

H2O by hvb
+ and the reduction of O2 by ecb

- should be expected.312 These active species could 

induce the overoxidation of the organic compounds leading to poor product selectivity.274 
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4.2.4.1 Effect of an added single atom 

 The deposition of all clusters improved the selectivity of the product toward 

benzonitrile relative to bare TiO2. N-benzylidene benzylamine and benzaldehyde were formed 

as by-products. The Ru3Au/P25 TiO2 exhibited the highest rate of benzonitrile production out 

of all three supported cluster samples. With similar metal loading, Ru3/P25 TiO2 and 

Ru4/P25 TiO2 gave approximately two times lower benzonitrile production rate than that of 

Ru3Au/P25 TiO2, as shown in Figure 4.14 (a). In terms of selectivity over benzonitrile, 

Ru3Au/P25 TiO2 showed the highest selectivity of 87 %, while Ru3/P25 TiO2 and 

Ru4/P25 TiO2 gave rise to 73 and 62 % selectivity, respectively. The results suggested that 

the product selectivity and reaction rate strongly depended on the metal core size and 

composition. The significant difference between the addition of a single gold atom and 

a single ruthenium atom to the MCs core was, thus, established. The extra Au atom 

(Ru3Au/P25 TiO2 cf. Ru3/P25 TiO2) enhanced production rate and shifted product selectivity 

toward benzonitrile, while extra Ru atom (Ru4/P25 TiO2 cf. Ru4/P25 TiO2) led to the increase 

of both benzonitrile and imine production rate, with latter resulting in lower selectivity to 

benzonitrile. The enhancement found in Ru3Au/P25 TiO2 and Ru4/P25 TiO2 might be 

attributed to the change of cluster electronic structure after the addition of the gold or 

ruthenium atoms. The electronic interactions of a gold atom with the Ru3 core could contribute 

to the shift favouring the production of benzonitrile. The better performance of mixed-metal 

MCs-based catalyst was previously reported in the case of bimetallic Ag-Au nanoclusters-

based catalyst.281 By doping of three silver atoms in Au MCs, Au8Ag3 alloy clusters were 

obtained. Such Au8Ag3 mixed-metal MCs were reported to have higher stability under 

sunlight irradiation than the pure Au MCs with similar metal atomicity and similar structure 

topology (Au11). In such case, the narrower HOMO-LUMO gap of Au8Ag3 clusters (1.67 eV) 

compared to that of the Au11 clusters (2.06 eV) was claimed to be responsible for the two 

times higher benzylamine conversion on the Au8Ag3/TiO2 (compared to that of Au11/TiO2) 

under blue light irradiation. However, N-benzylidene benzylamine was found as a major 

product with > 99 % selectivity. To prove the hypothesis that the change of cluster electronic 

structure causes better performance of Ru3Au/TiO2 compared to that of TiO2-supported pure 

Ru clusters, further study on, for example, the electronic structure of the Ru-containing 

clusters is required. 
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Figure 4.14 (a) production rate and (b) % yield of benzonitrile, N-benzylidene benzylamine 

and benzaldehyde from benzylamine oxidation under visible light irradiation in the presence 

of Ru-containing clusters supported on TiO2. Reaction conditions: benzylamine (0.1 mmol),  

O2 (1 atm), water (3 mL), catalyst (1.0 wt% target metal loading, 50 mg catalyst),  

irradiance 1.5 W/cm2, 30 ºC, 4h. 

 Since Ru3Au cluster outperformed pure ruthenium clusters, only the possible 

mechanism for the supported ruthenium-gold clusters will be discussed. As the as-made 

Ru3Au/TiO2 sample was tested for the photocatalytic activity without any ligand removal via 

activation, the metal core should be surrounded by protecting ligands. However, the partial 

de-ligation during the deposition step was confirmed by FTIR-ATR (Section 4.2.2), which 

would provide access to active sites at the cluster metal core. Figure 4.15 shows the proposed 

mechanism for the photooxidation of benzylamine catalysed by Ru3Au/TiO2. The Ru3Au 

cluster initially absorbed incident light creating the photoexcited electrons (e-) and holes (h+). 

The photoexcited electrons were injected into the conduction band of TiO2 where O2 was 

reduced to superoxide radical (O2
•−).313 The holes left in the MCs then abstracted electron 

from benzylamine, producing benzylamine radical cation (a), which was also proposed in a 

number of previously published papers.265, 267, 270, 279 Subsequently, α-H of the benzylamine 

radical cation was abstracted by the MCs to yield the benzylamine carbocation species which 

subsequently have been oxidized by the O2
•− to give peroxide species (H2O2) and 
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benzaldimine intermediate, (b).265, 279 The H2O2 was detected by KMnO4 since H2O2 can be 

oxidized by the permanganate. The H2O2 testing results are shown in Figure 4.16. It is worth 

noting that the benzaldimine intermediates are very reactive, hence cannot be detected.267, 275 

The intermediates could react further by the following pathways:  

1. Oxidative dehydrogenation to form benzonitrile (c): the benzaldimine was oxidized 

by H2O2 which is stronger oxidant than O2 forming benzonitrile, which is the main 

product. 

2. Hydrolysis to form benzaldehyde (d): the benzaldehyde was detected as an 

intermediate, which could then condensate with benzylamine to produce 

N-benzylidene benzylamine (e).267 

3. Nucleophilic attack of benzylamine on benzaldehyde to yield N-benzylidene 

benzylamine (e).265 

 

 

Figure 4.15 Possible mechanism of photocatalytic conversion of benzylamine over 

Ru3Au/TiO2 under visible light irradiation.  
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 It is well-known that H2O2 can reduce the purple-pink KMnO4 to colourless 

products.314 Hence, the presence of H2O2 in the reaction mixture could be tracked by 

monitoring colour change after adding the permanganate. For control experiments, KMnO4 

was added to benzylamine, benzaldehyde, benzonitrile, N-benzylidene benzylamine and 

Ru3Au/TiO2. No colour change found in the case of the last three materials. However, 

benzylamine and benzaldehyde could change the permanganate colour from purple-pink to 

orange-yellow after a couple of minutes pointing that those two have some ability to reduce 

KMnO4.While the purple-pink colour of the KMnO4 solution immediately disappeared after 

addition in the reaction mixture confirming the presence of H2O2 in the reaction mixture. 

 

Figure 4.16 Colour change testing for H2O2 by adding 1 μmol KMnO4.  
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 The used catalysts were collected, washed with diethyl ether and dried 

under vacuum. Sample colour changed from pale pink (Ru3Au) or pale yellow (Ru3 and Ru4) 

to light grey after the test indicating the decomposition of the clusters during the reaction. 

UV-vis DR spectra of Ru3/P25 TiO2 and Ru4/P25 TiO2 after test did not give very useful 

information since no feature of the cluster’s absorption found both before and after the 

catalytic test (Figure 4.17 (a) and (b)). While those of Ru3Au/P25 TiO2 (Figure 4.17 (c)) 

showed the shift of absorption band from λmax of ca. 530 to ca. 455 nm shifting close to the 

absorption band of the ruthenium oxide on P25 TiO2 observed in earlier work by our group 

(Figure 4.13). The result suggested that Ru3Au clusters were themselves oxidized under the 

catalytic conditions leading to the formation of ruthenium oxide species. The higher ratio of 

ruthenium oxide species over ruthenium-gold clusters, the lower catalytic activity under green 

light irradiation could be expected. 

 Under the blue light irradiation, P25-deposited Ru clusters (Ru3 and Ru4) gave 

significantly lower benzonitrile yield (15 and 19 %) compared to that of RuO2/P25 

(up to 90 %) reported by the previous students in our group. This could be explained by the 

overall better light absorbance by RuO2/P25 as evidenced by UV-vis DRS, where broad 

feature around 450 nm matched well energy of incident photons (440 nm). Under green light 

irradiation, P25-deposited Ru-containing clusters (Ru3Au) showed significantly higher 

benzonitrile yield (43 %) compared to that of P25-deposited Ru clusters (Ru3 and Ru4). This 

could be due to a better match of the photon energy of the green light with adsorption feature 

of Ru3Au-based catalyst (Figure 4.13). However, RuO2/P25 tested under green light 

irradiation still outperformed Ru3Au-based catalyst giving rise to 64 % yield of benzonitrile, 

which could be explained by the overall better light absorbance of this material and, probably, 

its better stability.282 The poor metal-support interaction leading to significant leaching of 

metal during catalytic tests was revealed by metal loading analysis of the samples after the 

catalytic test. Used catalysts were digested in aqua regia prior to analysing metal content by 

MP-AES. As shown in Table 4.2, a severe metal leaching was observed, especially in Ru3 

and Ru4 samples (76 and 84 % respectively). While Ru3Au sample showed 29 % loss after 

the catalytic test. Thus, the weak cluster-support interaction in case of as-made catalysts 

resulted in significant metal leaching, which could explain lower catalytic performance 

compared to RuO2-based catalysts studied in our group earlier. 
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Figure 4.17 UV-vis DR spectra of (a) Ru3, (b) Ru4 and (c) Ru3Au supported on P25 TiO2 

before and after the photooxidation catalytic test. 

 

Table 4.2 % metal loading of supported Ru-containing clusters on P25 TiO2 before and 

after the photocatalytic test.  

 

4.2.4.2 Effect of TiO2 crystal phase - P25 and anatase 

 Among the pure TiO2 polymorphs, anatase is generally found as the most 

photocatalytically active phase.217 However, the intimate contact between the anatase and 

rutile crystallites in P25 was claimed to allow better electron-hole separation and hence higher 

photocatalytic activity as discussed in Section 2.8.221 To study effect of titania support phase 

composition on catalytic activity, the Ru3Au supported on pure anatase and on P25 with 

a similar target metal loading was tested. The slightly higher benzonitrile production rate was 
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found using Ru3Au/anatase TiO2 compared to that using Ru3Au/P25 TiO2. While a slightly 

higher production rate of N-benzylidene benzylamine and benzaldehyde was found in the 

latter case, as shown in Figure 4.18 (a). The results suggested the electron-hole transfer at 

heterojunctions of anatase and rutile phases in P25 TiO2 did not show a significant benefit on 

the photocatalytic performance under visible light, which is expected as photon energy is well 

below band gap in titania. This might be due to the fact that metal-support interactions play 

an important role in defining the catalytic performance of the supported MCs-based catalysts. 

With the same target metal loading (ca. 1 wt%), the cluster supported on anatase sample 

showed somewhat higher actual metal content than those supported on P25, which could then 

result in lower catalytic performance in the latter case. Moreover, approximately 10 % higher 

metal leaching was found in the case of Ru3Au/P25 after the catalytic test compared to 

Ru3Au/anatase, as shown in Table 4.3. 

 

Figure 4.18 (a) production rate and (b) % yield of benzonitrile, N-benzylidene benzylamine 

and benzaldehyde from benzylamine oxidation under visible light irradiation in the presence 

of Ru3Au clusters supported on anatase and P25 TiO2. 
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Table 4.3 % metal loading of supported Ru3Au clusters on P25 and anatase TiO2 before and 

after the photocatalytic test.  

 

 The better interaction between MCs and anatase TiO2 might be responsible for the 

lower degree of metal leaching and, as a result, better catalytic performance. This stronger 

metal-support interaction of anatase over rutile phase was previously reported. Murdoch et al. 

suggested that the formation of significantly smaller Au NPs on anatase compared to rutile 

under identical reduction conditions can be attributed to the difference in the nature of the 

TiO2 phase and its interaction to metal. The higher Fermi level of anatase was claimed as a 

reason for the greater electronic interaction with the metal particles.315 Moreover, a theoretical 

study on intrinsic n-type defect formation (oxygen vacancies and titanium interstitials) in TiO2 

revealed that the oxygen vacancies (VO) formation is slightly more favourable in anatase than 

in rutile.316 As the VO is an electron rich site, the MCs could possibly accept electron density 

from the vacancy site resulting in stronger metal-support interaction compared with that on 

the defect-free surface.317-319 The higher number of VO in pure anatase than that in P25 might 

facilitate better metal anchoring leading to a lower degree of metal leaching. Valden et al. 

suggested earlier that such defects at the titania surface provide preferential anchoring sites 

for Au MCs and can help to minimize cluster aggregation.300 However, the absorption peak 

of Ru3Au/anatase TiO2 shifted from 530 to 440 nm after the catalytic reaction suggesting the 

formation of ruthenium oxide species, similar to those found in Ru3Au/P25 TiO2 

(Figure 4.19). The metal leaching together with the formation of ruthenium oxide could be 

the major reasons for low catalytic activity under green light irradiation. As expected, 

a significant drop of benzonitrile production rate was found in the catalyst recyclability test 

(< 5 mmol gmetal
-1·h-1) since there was a serious metal leaching as well as decomposition of 

the clusters to form ruthenium oxide during the preceding catalytic test. 
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Figure 4.19 UV-vis DR spectra of supported Ru3Au on (a) P25 and (b) anatase TiO2 before 

and after the photo oxidation catalytic test.  

4.2.4.3 Effect of catalyst treatment – calcination and ozonolysis 

 Heat treatment and ozone treatment were employed for removing the ligands and 

facilitating the direct contact between the metal core and TiO2 substrate. Calcination is a 

conventional method for removing organic ligands in the case of the MCs-based catalysts. 

It can result in a high degree of agglomeration with ozonolysis proving to be the superior 

alternative method for removing ligands while suppressing sintering.215, 320, 321 The thermal 

treatment at 200 ºC under vacuum resulted in removing the ligands, but also agglomeration 

of Au and formation of RuO2 species, as confirmed by the XPS results discussed in 

Section 4.2.2. UV-vis DR spectra of Ru3Au/anatase after calcination showed a broader 

absorption band with λmax shifting from 530 to 500 nm. After the catalytic test, two separate 

absorption peaks at 450 and 550 nm were found. The former absorption band is attributed to 

the ruthenium oxide species, while the later one could be due to the survived Ru3Au clusters 

or the formation of LSPR capable Au NPs since they both give rise to peaks in UV-vis spectra 

in the same range (Figure 4.20 (a)). The ozonolysis was performed at room temperature under 

the O3 flow for an hour. The UV-DR spectra of the O3 treated sample suggested that 

the majority of the ruthenium was oxidized to form RuO2 as the absorption peak shifted from 

530 to 440 nm. A similar absorption peak position with lower intensity was found after the 

catalytic test as shown in Figure 4.20 (b). The oxidation of clusters during the ozonolysis as 

well as during the photocatalytic test could be better confirmed by XPS analysis. 
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Since the shift of Ru 3d5/2 peak to the higher binding energy (BE) close to the characteristic 

BE of the ruthenium oxide could indicate the cluster oxidation.322, 323 Unfortunately, the 

characterization could not be done within the time available. 

 

Figure 4.20 UV-vis DR spectra of supported Ru3Au on anatase TiO2 treated by (a) heating 

at 200 ºC 2 hours and (b) ozonolyzed at room temperature for an hour and those samples 

after the catalytic reaction. 

As expected the benzonitrile production rate of the O3 treated sample was significantly lower 

than that of the as-made sample (1.0 and 16.2 mmol g-1 h-1, respectively, Figure 4.21). 

This is due to the shift of the absorption band to shorter wavelengths after ozonolysis, which 

then lowers the light absorption ability under the green light. A similar trend was found in 

the case of the calcined sample, however, a lower decrease in the production rate 

(to 10.8 mmol g-1h-1) was observed as there was some degree of green light absorption by the 

calcined sample. Approximately the same degree of metal leaching during the catalytic test 

was found in as-made and treated samples as shown in Table 4.4, which implies that the 

treatments did not improve metal-support interaction contrary to what was expected. 
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Figure 4.21 (a) production rate and (b) % yield of benzonitrile, N-benzylidene benzylamine 

and benzaldehyde from benzylamine oxidation under visible light irradiation in the presence 

of Ru3Au supported on anatase and P25 TiO2 before and after catalyst treatments. 

 

Table 4.4 % metal loading of supported Ru3Au clusters on anatase TiO2 with/without 

catalyst treatments before and after the photocatalytic test. 
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4.2.4.4 Effect of metal loading of Ru3Au supported on anatase 

 Since Ru3Au/anatase TiO2 showed the best catalytic performance among materials 

in this study it was decided to study the effect of metal loading on the performance of this 

specific material. Ru3Au/anatase TiO2 showed a proportional increase in total yield with 

increasing metal content, Figure 4.22 (a), which was simply due to the higher availability of 

the MCs at the interface with TiO2. For the materials with 0.17 to 1.0 wt% target metal 

loading, benzonitrile was a favoured product with the selectivity ranging from 75 and up to 

93 %. While a similar low % yield of benzaldehyde (< 3 %) and N-benzylidene benzylamine 

(3 – 8 %) were observed for all metal loadings, except 0.08 wt%. With the lowest target metal 

loading of 0.08 wt%, the photooxidation product selectivity was different from that of the 

samples with the higher target metal loadings. Only 13 % yield of N-benzylidene benzylamine 

and benzonitrile product and 2 % yield of benzaldehyde was observed in such case. The 

Ru3Au/anatase TiO2 with different metal loadings showed the lowest selectivity toward 

benzaldehyde (1 - 6 %) and the highest selectivity toward benzonitrile. 

 Considering the normalised benzonitrile production rate (per metal mass per hour), 

the rate increased from 44 to 56 mmol gmetal
-1 h-1 with the increase of metal loading from 

0.08 to 0.17 wt% which was the highest benzonitrile production rate achieved using 

Ru3Au/anatase TiO2 photocatalyst (under green light irradiation). While, a further increase in 

metal loading (0.35 to 1.0 wt%) resulted in a decrease of the normalised benzonitrile 

production rate, Figure 4.22 (b, orange). Such slower production rate with the increase of 

the metal loading might be attributed to a higher degree of Au agglomeration and/or a faster 

rate of ruthenium oxide formation resulting in the inferior catalytic performance. Therefore, 

better stability of the clusters and better metal-support interaction were two important 

challenges in this catalytic system which is needed to be addressed to improve the 

photocatalytic performance. 
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Figure 4.22 (a) % yield of benzonitrile, N-benzylidene benzylamine and benzaldehyde  

(b) % selectivity and production rate of benzonitrile from benzylamine oxidation under 

visible light irradiation in the presence of Ru3Au/anatase TiO2 with various metal loadings. 

 Finally, it should be emphasized that, in most of the cases in the literature, 

N-benzylidene benzylamine was reported as the major product of photooxidation of 

benzylamine. The examples of supported metal catalysts used for photooxidation on 

benzylamine are shown in Table 4.5. Most of the metal support catalysts were reported to 

give N-benzylidene benzylamine as the main product with a relatively high production rate 

and very high selectivity (93 - 96 %). For example, Au25(PPh3)10Cl2(SC3H6SiO3)5/TiO2 was 
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reported as an efficient photocatalyst for selective oxidation of benzylamine to  

N-benzylidene benzylamine with 3808 mmol gmetal
-1 h-1.279 In such case, the catalytic test was 

performed under blue light irradiation (λmax of 455 nm). The Au25 with ∼ 1.2 nm in diameter 

was reported to maintain its size after immobilization on the TiO2. Starting with 0.2 mmol of 

benzylamine, 80 % conversion was achieved after 2 hours of irradiation using 

Au25(PPh3)10Cl2(SC3H6SiO3)5/TiO2 with 1.04 wt% Au and without any ligand removal 

treatment. While the heat-treated sample (300 °C, 4 hours) showed only 14 % conversion 

under the same conditions, which was the same as that of AuNPs/TiO2 (∼ 2 nm) and pure 

anatase TiO2. Even higher N-benzylidene benzylamine production (5413 mmol gmetal
-1 h-1) 

was reported using Au8Ag3/P25 TiO2 with 0.50 wt% metal loading.281 Up to 72.5 % 

conversion with at least 99 % selectivity toward N-benzylidene benzylamine was achieved 

under the blue light irradiation (λmax of 455 nm) for an hour. Apart from Au MCs, TiO2-

supported Au NPs were also reported as a promising photocatalyst for selective oxidation of 

benzylamine to N-benzylidene benzylamine. While Au-Pd/ZrO2 and CuNPs/graphene were 

reported to give a good selectivity, but with significantly lower production rate (Table 4.5). 

 None of the above mentioned photocatalysts were reported to give benzonitrile as 

a main product. In fact, significantly fewer studies were reported to obtain nitriles as 

the main products in photooxidation of amines. However, in the earlier study on such 

photocatalysis reported by our group, benzonitrile was obtained as a major product with very 

high yield and selectivity using RuO2/P25 TiO2 catalyst. A significantly higher yield and 

conversion under irradiation of blue light (98 % conversion and 92 % yield) and green light 

(67 % conversion and 64 % yield) were shown compared to those of this study. However, the 

normalised benzonitrile production rate using Ru3Au/anatase with 0.17 wt% metal loading 

(56 mmol gmetal
-1 h-1) is significantly higher than that of the earlier studied RuO2/P25 TiO2 

catalyst (1.9 and 1.3 mmol gmetal
-1 h-1 under blue and green light irradiation, respectively).  
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Table 4.5 Photocatalytic performance of metal supported catalysts over selective oxidation 

of benzylamine under atmospheric O2 at 25 - 45 °C. TOF was calculated by mmol of the 

main product/mass of metal/reaction time in an hour.269, 271, 275, 276, 279, 281, 282 

 

4.2.4.5 Conclusions 

 Ru-containing clusters were found enhancing the benzonitrile production rate of 

the photocatalysed oxidation of benzylamine under visible light irradiation compared to pure 

titania. The bimetallic Ru3Au clusters supported on anatase TiO2 offered the highest 

production rate of benzonitrile under ambient conditions compared to the ruthenium-only 

analogues, Ru3 and Ru4. The catalytic activity and product distributions can be tuned by 

changing only a single metal atom within the cluster. The extra single gold atom added to Ru3 

improved the production rate and shifted the product selectivity towards benzonitrile, while 

the extra ruthenium atom reduced the benzonitrile selectivity. The possible mechanism was 

proposed involving the formation of H2O2 as an intermediate oxidizing agent. The poor 

interaction between Ru clusters and TiO2 resulted in severe metal leaching during the catalytic 

tests and hence poor recyclability of catalysts. Moreover, during the catalytic test, the Ru3Au 

clusters decomposed to form ruthenium oxide species as suggested by UV-vis DRS, which 

then lowered down the absorption ability under the visible light leading to the lower 

photocatalytic efficiency. The agglomeration of gold could not be confirmed since the 

absorption of Ru3Au/TiO2 is in the same range as LSPR absorption of Au NPs. 

To obtain unequivocal evidence of metal sintering, further characterization by XPS, HAADF 

HR-STEM are required. Ligand removal treatments, unfortunately, led to ruthenium oxide 



165 

 

formation and/or gold sintering diminishing the activity of the treated samples. Treated 

samples showed similar metal leaching to the untreated catalysts, implying that treatments did 

not improve metal-support interactions. With the increasing metal content, the total yield of 

benzonitrile increased, which was simply due to the higher availability of the MCs at the 

interface with TiO2. Among all samples, Ru3Au/anatase TiO2 with 0.17 % target metal loading 

showed the highest benzonitrile production rate (56 mmol gmetal
-1 h-1) which is significantly 

higher than rate previously reported in the literature. This catalyst also showed relatively high 

selectivity toward benzonitrile compared to that reported in literature.265-276, 279, 281, 282 

However, the low catalyst stability and poor metal-support interaction were two main 

challenges that were not resolved during this study.  
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CHAPTER 5 

Methanol Production via Hydrogenation of Carbon Dioxide using 

Ru3Au Clusters Supported on TiO2 as Catalyst 

5.1 Introduction 

 The global demand for energy is dramatically increasing and projected to double by 2050 

with the expected world population and economic growth. Currently, fossil fuels are accountable 

for more than 80 % of world energy supply.324 The combustion of carbon-based fuel is considered 

as a major source of CO2 emissions. Within the past centuries, the CO2 emission increased 

significantly and remains an ever-rising to this day. As a greenhouse gas, CO2 has been 

contributing to the increase in global temperature and climate change.324-326 Conversion of CO2 

into fuels and valuable chemicals is one of the most attractive and feasible ways to reduce CO2 

emissions while producing an alternative fuel. The challenge in converting CO2 is that CO2 is 

a thermodynamically stable molecule (ΔG°∼ −394 kJ/mol), thus, high-energy substances and 

effective catalysts are required to drive its conversion to the target products.124 Various approaches, 

such as thermal catalytic, electrocatalytic, photocatalytic and photothermal catalytic have been 

reported for the transformation of CO2.124 H2, in most cases, is the high-energy substance used for 

the CO2 conversion. Depending on the type of process, reaction conditions, and indeed, the 

catalysts used, selectivity towards a specific product (e.g. CO, CH4, CH3OH, alkenes and olefins) 

could be achieved via CO2 hydrogenation, as discussed in Section 2.6. 

 Conversion of CO2 into methanol is one of the attractive routes to efficiently mitigate CO2 

as a greenhouse gas and produce alternative energy sources. Methanol is a versatile chemical that 

can be directly used as a fuel substitute and can be used as feedstock for the synthesis of many 

commodity chemicals. Due to the relatively high thermodynamic stability and kinetically inertness 

of CO2, catalysts are the key to selectively transform CO2 to methanol under mild conditions. 

Moreover, the CO2 hydrogenation to methanol is a multiple electron (6e-) transfer reaction. 

Controlling the selectivity toward methanol is a major challenge for methanol synthesis via CO2 

hydrogenation. CO and CH4 were reported as the two common side products generated via RWGS 

and methanation.124, 125 Industrially, methanol synthesis is implemented using Cu/ZnO/Al2O3 

catalyst operating at 200 – 300 °C and 50 - 100 bars using syngas (CO + H2) as a feedstock. While 
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the reaction mechanisms of methanol synthesis from syngas have been well established, CO2 

hydrogenation over the same catalyst can also be performed. However, this requires relatively 

harsh conditions and results in approximately 45 % lower methanol production rate using CO2 as 

a feedstock instead of CO.124 

 Therefore, current efforts focus on the development of highly active, selective and stable 

catalysts. Among the reported catalysts, oxide supported metal catalysts were found to provide 

multiple catalytic active sites at the metal-oxide interface that benefit the overall catalytic CO2 

hydrogenation.126 In general, active metals are proposed to facilitate the hydrogen dissociation 

while the oxides promote the C=O bond cleavage and act as supports for metal nanoparticles.126 

Cu-, Pd- and Au-based nanocatalysts are reported as promising catalysts for CO2 hydrogenation 

to methanol151-164, while Ru-based catalysts are more likely to be selective for production of 

CH4.144, 145 The active metals reported in all those catalysts for CO2 hydrogenation to methanol 

were in the nanoparticle size regime.  

 The supported MCs catalysts have also been reported as a promising catalyst for the 

conversion of CO2 to methanol. For example, Lui et al. showed the promising catalytic activity of 

size selected Cu4 clusters for CO2 hydrogenation to methanol under mild conditions 

(1.25 atm, 225 °C).327 The Cu4 deposited on Al2O3 showed higher methanol production rate 

(4.0 x 10-4 s-1) than the Cu/ZnO/Al2O3 catalyst (6.7 x 10-5 s-1). It should also be pointed out the 

Cu4 clusters showed high selectivity toward methanol production with negligible methane 

production, unlike conventional Cu NPs. Due to the different geometric structures of Cu4 clusters 

in contrast to Cu NPs, the methanation was not favourable. The unique coordination environment 

of Cu atoms in Cu4 clusters resulted in a lower activation barrier for the conversion of CO2 to 

methanol and hence superior catalytic performance compared to larger Cu NPs. More recently, the 

same group reported even higher methanol production rate (1.4 x 10-3 s-1) using Cu4 clusters 

deposited on Fe2O3 at a higher temperature of 325 °C.328 Apart from Cu4, Cu3/Al2O3 was also 

reported as active catalyst for CO2 hydrogenation of methanol.329  However, the stronger charge 

transfer interaction between Cu3 and Al2O3 support resulted in lower binding strength of the 

intermediates and Cu3 leading to lower methanol production rate compared to that of Cu4/Al2O3. 

Of note, all of the above mentioned Cu clusters were prepared via a size-selected deposition 

approach under UHV, not wet chemistry synthesis.330 And the catalytic reaction was performed in 

the gas phase over solid catalyst. 
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 Considering liquid phase CO2 hydrogenation, a lower temperature thermochemical and 

electrochemical approaches have been investigated. Since the formation of methanol is 

exothermic, low temperature is thermodynamically favoured. In 1999, Fan et al. reported the CO2 

hydrogenation to methanol using Cu-based catalysts (Cu-Cr-O).331 The reaction was performed in 

liquid ethanol at 150 – 220 °C. The overall reaction was proposed to comprise three steps: 

formation of formic acid via hydrogenation of CO2, formation of ethyl formate via esterification 

of formic acid by ethanol and formation of methanol and ethanol via hydrogenolysis of ethyl 

formate. However, in the absence of ethanol added, the direct synthesis of methanol from CO2 and 

H2 was found to be very slow, 90 % slower than that with ethanol added. Similar promoting effect 

of the alcohol additive was reported in cases of other heterogeneous Cu-based catalysts, such as 

Cu/ZnO332, 333 and Cu/Mo2C334 with ethanol additive, Cu/ZnO with butanol additive335 

and Cu/ZnO/Al2O3 with tertiary amine and alcohol additives.336 The CO2 hydrogenation to 

methanol using the above mentioned catalysts with the addition of alcohol/amine was performed 

at relatively low temperatures of 135 – 180 °C and 40 – 60 bars with CO2: H2 ratio of 1:2332, 333, 336 

or 1:3.334, 335 Numbers of electrochemical and photoelectrochemical catalysts such as Cu-, CNTs-

based catalysts337, 338 and semiconductors such as p-type GaP339, 340, GaAs34, InP34 were also 

reported to give a relatively good selectivity toward methanol, however, with high overpotentials. 

 This chapter presents the results of my study of liquid phase thermal catalytic CO2 

hydrogenation to methanol using titania-supported ruthenium-containing cluster-based catalysts. 

The unsupported Ru3(CO)12 cluster was reported to be active in methanol synthesis from CO2 

hydrogenation under 240 °C and 80 atm using N-methylpyrrolidine as a solvent.171 Methanol 

production was achieved with 63 % selectivity in the presence of CO and CH4 by-products. 

However, without the addition of iodide salt stabiliser, a severe decomposition of the Ru3 clusters 

was observed during the reaction. In this work, the Ru-containing clusters were immobilized onto 

solid supports under the hypothesis that the supports may offer clusters higher stability. Moreover, 

the multiple catalytic interfacial active sites in supported catalyst may benefit the catalytic CO2 

hydrogenation. Since the properties of the metal clusters are known to strongly depend on the size 

of metal core,12, 13 the effect of an extra single Ru (Ru4) and Au (Ru3Au) atom compared to Ru3 

clusters on the methanol production rate was investigated. As the interface of metal and support 

was generally proposed to be the active sites of the supported metal catalysts,126 a brief study on 

the influence of support’s nature on the catalytic performance was performed. The supports with 
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high surface area (e.g. mesoporous silica, SBA-15108, 341) and relatively high oxygen storage 

capacity (e.g. TiO2, hydroxyapatite342-344) were employed in deposition of Ru3Au clusters. The 

study of the effect of change in metal loading is also presented in this chapter. The higher metal 

loading was expected to give the greater total yield of methanol due to the higher number of 

available active sites. However, the high metal loading could also induce a greater degree of metal 

cluster aggregation suppressing the overall catalytic performance. Hence, the study of series of 

catalysts with metal loading from 0.08 to 4.7 wt% was performed to determine the metal content 

which shows relatively high methanol production rate while the majority of metal species present 

after the reaction are in the form of ultra-small clusters (cf. large aggregated particles). 

Characterization of the as-made and used catalysts using UV-vis DRS, MP-AES, TEM and XPS 

allowed monitoring the change of catalysts after the reaction. The degree of metal leaching during 

the catalytic tests was established by MP-AES elemental analysis. Inspired by an earlier study by 

our group which reported that treatment of TiO2 with sulfuric acid prior to deposition of the Au9 

clusters was successful in minimization of cluster aggregation during calcination in vacuum, 

I applied this procedure to fabrication of the Ru3Au-TiO2 catalyst aiming to stabilise clusters 

against aggregation.320 Other supports, such as high surface area mesoporous silica and 

hydroxyapatite which can maintain high dispersion of metal species were also used with a dual 

aim – to minimize cluster aggregation and to study effect of support. The removal of the ligands 

via calcination was performed to open the metal active sites for CO2 and H2 as well as to encourage 

stronger metal-TiO2 interaction, which could suppress agglomeration of clusters. Performance of 

as-made and treated/activated catalysts under the same reaction conditions was tested to validate 

hypotheses that well dispersed, un-agglomerated clusters without ligands would perform better. 

5.2 Results and discussion 

 The synthesis of methanol from CO2 hydrogenation was performed in the stirred Parr reactor 

in the liquid phase over suspension of solid catalysts and under 40 bars of H2 and CO2 (in 3:1 ratio) 

gas mixture. The reaction temperature (185 °C) and stirring rate (ca. 1000 rpm) were kept constant 

throughout the experiment. The importance of temperature regime of the reaction was investigated 

first. The preliminary results showed a significant enhancement in methanol production rate 

(~ 10-fold) when the temperature was increased from 150 to 185 °C while further increase from 

185 to 220 °C gave only slight improvement in production (~ 5 %). The significant increase of 

methanol production with a higher temperature was expected as high energy is known to be 
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required for the activation of CO2.125 While the slight increase (or even a decrease) of methanol 

yield found at the higher reaction temperature was in agreement with that reported in the 

literature.161, 163, 164 One of the explanation for levelling out or even drop in performance when 

reaching the highest temperatures tested is that the solubility of gases in liquids decreases with 

increase in temperature, which can lead to mass transfer limitations in the case of liquid phase 

reactors. This could also be due to the shift of product selectivity toward CO via RWGS reaction 

as it is thermodynamically favourable at high temperatures.125, 161 Hence, the further increase in 

temperature is likely to slow down the methanol production rate. Besides reaction temperature, the 

increase of total pressure is also beneficial to methanol production.166 Due to limitations of the 

reactor and supply gas line infrastructure, the total initial pressure was kept at 40 bars at ambient 

temperature. It is worth noting that the total pressure increased up to 60 bars after reaching the 

target reaction temperature of 185 °C. Based on the previous CO2 hydrogenation studies, the 

H2/CO2 molar ratio of 3/1 was reported as the most suitable one for the reaction when targeting 

methanol as the desired product, hence in this work, the catalytic tests were performed in the 

presence of H2: CO2 gas mixture with 3:1 ratio throughout the experiment.159, 161, 164  

 Of note, a number of catalytic CO2 hydrogenation to methanol reported in the literature was 

performed in the gas phase using the fixed-bed reactor151-163, however, in this work, the reaction 

was carried out in liquid phases batch reactor. Herein, the solubility of gaseous reagents needs to 

be considered. The higher solubility of CO2 in the solvent plays an important role in increasing the 

contact between the catalytic active sites and the reagent. N, N-dimethylformamide  (DMF) 

was shown as a promising solvent with relatively high CO2 dissolving ability compared to THF 

and cyclohexane.345 The catalytic reaction was carried out under the high stirring rate of 

~ 1000 rpm in order to promote dissolution of CO2 in DMF. In the absence of a catalyst (blank), 

no methanol production was found. In control experiment, some methanol production 

(0.20 ± 0.01 mmol gcatalyst
-1 h-1) was observed in the presence of pure anatase TiO2, however, the 

deposited clusters were shown to play an essential role in enhancing the production rate. The 

methanol production rates of the supported cluster catalysts, reported in this chapter, were 

normalised by that of bare, cluster-free anatase TiO2 to highlight the effect on the methanol 

production rate arising specifically due to presence Ru-containing clusters. 
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5.2.1 Effect of an added single atom 

 Ru-based catalysts are known to promote the CO2 hydrogenation to CH4 via methanation 

or Fischer-Tropsch reaction of CO (CO-FT), rather than methanol.169, 170 However, the 

Ru3(CO)12 cluster, without the support, was reported active in methanol synthesis from 

CO2 hydrogenation with CO and CH4 co-products. The highest methanol production rate of 

49 mmol gmetal
-1 h-1 was obtained at 240 °C and 80 bars in the presence of H2: CO2 gas mixture 

with 3:1 ratio using N-methylpyrrolidine as a solvent. To prevent decomposition of the Ru 

clusters during the catalytic reaction, potassium salts were added as a stabiliser.171 In this work, 

the Ru3(CO)12 cluster deposited onto anatase TiO2 with 1.0 wt% target metal loading was found 

to give a lower methanol production rate of 21 ± 2 mmol gmetal
-1 h-1 (Figure 5.1). This might be 

due to the lower operating pressure (40 bars in this study cf. 80 bars used in prior art) and the 

effect of CO2 and H2 solubility in different solvent media (DMF cf. more exotic 

N-methylpyrrolidine used earlier). However, almost two times higher methanol production rate 

was found in the presence of Ru3 clusters on anatase TiO2 compared to that without the Ru 

clusters tested under the same conditions. Deposition of other Ru-containing clusters, including 

Ru4 and Ru3Au, onto anatase TiO2 with similar target metal content was found to enhance the 

methanol production rate even more. As shown in Figure 5.1, the Ru3Au/anatase TiO2 gave the 

highest rate of 0.50 ± 0.05 mmol gcatalyst
-1 h-1 or 53 ± 5 mmol gmetal

-1 h-1 out of the three deposited 

clusters which were 2.5 and 3.8 times higher than that of Ru3 and Ru4. Noteworthy, the methanol 

production rate of TiO2-supported Ru3Au is also better than rate in the prior art study of 

unsupported Ru3. The results suggested that the methanol production rate was significantly 

affected by a single difference in nature (Au) metal atom in the predominantly Ru-containing 

cluster core.  

 The previous studies performed in gas phase showed an obvious effect of active metal 

size on the CO2 hydrogenation activity of metal nanoparticles supported on oxides, especially in 

the case of Au NPs (< 5 nm).159, 164, 165 For instance, Haruta et al. observed a significantly higher 

methanol production per exposed Au surface area of the  Au/ZnO-TiO2 catalyst with the decrease 

of Au NPs size.165  This is because the smaller Au NPs have a higher number of perimeter active 

site available for catalysis compared to the larger ones. More recently, Han et al. reported the 

superior performance of Au/ZrO2 with the sub-nanometre Au NPs (1.6 nm) in CO2 

hydrogenation with a great selectivity toward methanol.17 Similar to report by Haruta et al., 
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the increase in perimeter active sites with the decrease of Au NPs was proposed to be responsible 

for the outstanding performance. However, the effect of size-changing at the atomic scale on 

catalytic CO2 hydrogenation have not yet been reported. The atomically size-dependent catalytic 

behaviour of Ru and Ru-Au clusters was studied in the work for the first time. The presence of 

extra Ru atom led to a slight decrease in methanol production from 21 ± 2 mmol gmetal
-1 h-1 to 

14 ± 2 mmol gmetal
-1 h-1. However, the extra Au atom significantly enhanced the methanol 

production rate. This improvement could be dominated by the effect of the electronic structure 

rather than the effect of cluster core size. The extra Au atom in Ru3Au cluster was likely to offer 

the unique electronic structure possibly due to the higher electronegativity of Au compared to 

Ru, facilitating methanol production better than the Ru-only clusters.  

 In fact, the multifunctional catalytic sites of bimetallic catalysts, in particular, bimetallic 

MNPs, have been reported to benefit the catalytic CO2 hydrogenation, especially with respect to 

control of product selectivity. For example, selectivity toward methanol was reported to vary as 

a function of Ni to Ga ratio in SiO2-supported Ni-Ga intermetallic catalyst. In such case, SiO2-

supported Ni5Ga3 exhibited the highest methanol production compared to NiGa and Ni3Ga 

supported on SiO2. Besides, the performance of other bimetallic-based catalysts such as colloidal 

Pd2Ga-based catalysts,178 Co−Fe bimetallic oxalates catalyst139 in catalytic CO2 hydrogenation 

in gas and liquid phase has been recently investigated. 

 Another important factor that affects the performance of oxide-supported metal catalysts 

is, indeed, the metal-support interaction which is discussed in detail later in this chapter. The 

clusters decomposition during the reaction was initially revealed by the colour change of the 

catalyst samples after the reaction. The Ru3/TiO2 and Ru4/TiO2 colour changed from pale yellow 

to dark grey, while those of Ru3Au/TiO2 changed colour from pink to dark purple.  



173 

 

 

Figure 5.1 Rate of methanol production based on mass of catalysts (orange) and mass of metal 

(blue) from CO2 hydrogenation in the presence of Ru-containing clusters supported on anatase 

TiO2. Reaction conditions: 30 bars of H2 and 10 bars of CO2, DMF (40 mL), 

catalyst (1.0 wt% target metal loading, 500 mg), 185 ºC, 19h. 

 UV-vis DR spectra of the Ru3 and Ru4 on TiO2, before the reaction, did not show any 

obvious features which could resemble peaks in UV-vis spectra of pure clusters, which is similar 

to those of the clusters on P25 reported in the photocatalysis chapter (Figure 4.17). Only a broad 

absorption band with very low intensity at ca. 450 and 460 nm was found for Ru3 and Ru4, 

respectively (Figure 5.2 (a) and (b)). The existence of Ru in the supported catalysts was 

confirmed by MP-AES analysis. As shown in Table 5.1, 0.88 wt% and 0.90 wt% of Ru was 

found in TiO2 supported Ru3 and Ru4 clusters, respectively. Unfortunately, severe metal leaching 

during the reaction was found in the two supported pure Ru clusters samples as confirmed by 

UV-vis DRS and MP-AES analysis. No cluster-nanoparticle related absorption features were 

observed in UV-vis DR spectra of the Ru3 and Ru4 post-reaction samples. This result is consistent 

with a very low actual metal content (0.15 and 0.16 wt% respectively) found in those samples. 

It is worth noting that a serious metal leaching was also found in the Ru3- and Ru4-based samples 

after the photocatalytic test (reported in Chapter 4). The poor cluster-support interaction is most 

likely responsible for the low catalytic performance of supported Ru3 and Ru4 samples. The 

catalytic activity observed in both TiO2 supported Ru3 and Ru4 was possibly due to the detached 

Ru clusters. Since Ru3(CO)12 can hydrogenate CO2 to methanol as reported by Tominaga et al.171 
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In that case, [H2Ru4(CO)12]2- intermediate was proposed to drive the CO2 hydrogenation through 

RWGS + CO hydrogenation pathway as evidenced by FTIR spectroscopy. CO and CH4 were 

reported as by-products in their study. Thus, the detached Ru clusters could adopt a similar 

reaction pathway as that of Ru3(CO)12. CO and CH4 were also detected as products in this study. 

Unfortunately, the quantitative analysis of the products in the gas phase including CH4 and CO 

could not be done in the time available, but the presence of these two gas products was 

qualitatively confirmed in all catalytic tests where methanol was found. The remaining Ru 

clusters attached to TiO2 could also be responsible for the synthesis of methanol. To determine 

the actual active sites and possible catalytic pathway, in situ characterizations are required for 

monitoring the change of catalyst during the reaction (detaching from TiO2, decomposition, 

removal of ligands, etc.).  

 In contrast with the supported Ru3 and Ru4 samples, the supported Ru3Au showed the 

characteristic absorption peak of the cluster at ~ 530 nm before the reaction. The absorption 

position remains unchanged after the reaction, but it emerges with a higher intensity  

(Figure 5.2 (c)). As discussed earlier in Section 4.2.2, the absorption features around 

ca. 500 - 600 nm could be associated with the presence of Ru3Au clusters or the LSPR-active 

Au NPs species originated due to metal sintering. Since the Ru3Au content can only either remain 

unchanged or decrease during the reaction, the increasing absorbance after the reaction could 

only be due to the development of the larger plasmonic species which presumably have a higher 

extinction coefficient compared to the intact Ru3Au clusters which would explain the increase 

in band intensity.346, 347 The existence of LSPR-Au NPs and the surviving Ru3Au cluster was 

also confirmed by the TEM image and XPS results which are further discussed in Section 5.2.3. 

The existence of Ru and Au in the samples was evidenced by the MP-AES elemental analysis. 

As shown in Table 5.1, 0.95 and 0.58 wt% metal contents were found in pre- and post-catalysis 

samples, respectively. A relatively high degree of metal leaching (39 %) occurred during the 

catalytic test. Of note, severe metal leaching upon catalytic test was found in the case of 

supported pure Ru clusters - 83 % metal loss for Ru3-based and 82 % metal loss for Ru4-based 

catalysts. 
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 It should be pointed out that the stronger interaction between Ru3Au clusters and TiO2 is 

possibly the main reason for the less extensive leaching and the higher methanol production rate 

observed in the case of Ru3Au compared to that of Ru3- and Ru4- based samples. Even though 

Ru3Au/TiO2 showed the most promising activity among the supported Ru-containing clusters, 

the stability of the catalyst is still a major concern that surely impacts its catalytic performance.  

 

 Figure 5.2 UV-vis DR spectra of supported (a) Ru3, (b) Ru4 and (c) Ru3Au on anatase TiO2 

before and after the CO2 hydrogenation catalytic test. 

 

Table 5.1 % metal loading of supported Ru clusters on anatase TiO2 before and after the 

catalytic test. 
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5.2.2 Effect of solid support 

 The strong metal-support interaction is expected to help to suppress leaching and 

sintering of the metal during the catalytic test. Apart from anatase TiO2, other solid supports 

including high surface area mesoporous silica (SBA-15) and hydroxyapatite (HAP) were used 

for the deposition of Ru3Au clusters. A chemically inert mesoporous silica, SBA-15, was 

previously used as the support for Au NPs and Au MCs.108, 341 With a high surface area and a 

large enough pore diameter and pore volume, SBA-15 is expected to accommodate the clusters 

inside the pores while keeping the cluster relatively far apart from each other, reducing a chance 

of agglomeration. Good thermal stability and high adsorption capacity of HAP with respect to 

metal species was claimed to make this calcium phosphate salt, Ca10(PO4)6(OH)2, useful catalyst 

support.342-344 

 SBA-15 and HAP were prepared according to the established procedures reported by 

Zhao et al. and Liu et al., respectively.18, 292 The SBA-15 and HAP were calcined at 550 °C for 

5 and 4 hours, respectively. The identity of SBA-15 and HAP was confirmed by PXRD patterns 

as shown in Figure 5.3 (a) and (b). Both samples gave diffraction patterns matching those 

reported in the literature.18, 292 The calcined mesoporous SBA-15 has a large BET surface area 

of 850 ± 50 m2g-1 (Figure 5.3 (c)). The IR spectrum of HAP shows the characteristic absorption 

bands of OH- (3500 – 3600 cm-1), CO3
2− (1020 cm-1) and PO4

3− (600 and 560 cm-1) in agreement 

with reported in the literature data (Figure 5.3 (d)).348 

 It is worth mentioning that a broad bump in the PXRD of HAP sample at around 2θ of 

20 - 23 was also observed in the literature (Figure 5.4 (a), highlighted by red arrow) where a 

similar HAP preparation method was used. The origin of such broad peak has not been 

discussed.18, 342 The presence of a very small crystalline domain of HAP was possibly the reason 

for broadening of the peaks. However, based on the TEM image of HAP synthesised by a similar 

protocol, the crystalline size of HAP was likely to be larger than 20 nm (Figure 5.4 (b)). Due to 

the same synthesis approach and the identical PXRD (Figure 5.3 (b) cf. Figure 5.4 (a)), a similar 

range of HAP crystalline size was expected in our case. According to this assumption, the size 

of the HAP crystalline was unlikely to contribute to the peak broadening. Another possible 

explanation might be the presence of amorphous impurity which could not be simply identified 

in the TEM image. 
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Figure 5.3 PXRD pattern of (a) calcined mesoporous SBA-15 and (b) calcined HAP, 

(c) N2 adsorption-desorption isotherm of SBA-15 and (d) FTIR-ATR spectrum of HAP. 

 

Figure 5.4 (a) PXRD of metal-free HAP (pink) and (b) TEM images of Au/HAP. 

(Reprinted with permission from Liu et al.18 Copyright 2011. American Chemical Society). 
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 The Ru3Au clusters were impregnated onto the different solid supports using the same 

procedure as mentioned in Section 3.3.1. As expected, the nature of solid support showed a 

significant effect on the catalytic activity of the supported Ru3Au clusters catalysts (Figure 5.5). 

The Ru3Au clusters deposited with the same target metal loading of 1.0 wt% onto anatase TiO2 

and HAP showed a similar methanol production rate, while SiO2-supported catalyst showed a 

much lower production rate (78 - 81 % lower). The effect of solid support types on catalytic 

methanol production of the supported metal catalysts has been well-studied by several research 

groups.159, 161-166 Many parameters were proposed as the reason behind the different catalytic 

activity of catalysts with different supports. For example, the solid supports with higher acidity 

tend to allow the CO2 hydrogenation to proceed faster than those with lower acidity.165 

Haruta et al. investigated the effect of surface acidity on the Au NPs reactivity in CO2 

hydrogenation. Various support oxides including ZnO, CeO2, Al2O3, ZrO2, Fe2O3 and TiO2 were 

studied. It was shown that TiO2 with relatively high surface acidity showed the higher CO2 

conversion than the basic ZnO support. The too strong adsorption of CO2 on basic support was 

claimed to be responsible for the lower CO2 conversion rate in that case. While the surface acidity 

alone was unlikely to account for the higher methanol production rate. This is because the TiO2-

based catalyst with the highest surface acidity among the oxides did not result in the highest 

methanol production rate, while Fe2O3-based catalyst with lower surface acidity than TiO2, but 

higher than ZnO gave the highest methanol yield at 200 °C, 50 bars.  

 In our case, the TiO2-based catalyst was likely to have the highest surface acidity among 

the studied supports. Based on the result of pyridine adsorption reported in the literature 

(350 mol g-1), TiO2 has a high total number of acid sites.349 While based on  NaOH titration 

(0.09 mmol g-1), pure siliceous SBA-15 showed significantly lower acid site numbers.350 No 

protic acidity (i.e. P-OH surface groups) was observed in the case of HAP as evidenced by FTIR 

spectroscopy of adsorbed CO.351 Even though the numbers of acid sites on studied here supports 

were established in the literature using different approaches, a trend of support surface acidity 

could be implied as TiO2 > SBA-15 > HAP. Similar to the findings reported by Haruta et al., the 

acid-base properties of the support are not a decisive factor for methanol formation.  

  

  



179 

 

 The possible explanation for higher methanol production rate on TiO2-based catalysts is 

their higher oxygen-storage capacity and stronger interaction with the metal. Such factors were 

clearly reported to benefit the methanol synthesis via CO2 hydrogenation.159, 166 This is due to 

the claim that oxygen vacancies (Vo) at the interphase between metal and support are the active 

sites for methanol synthesis.166 Hence a high methanol production rate found in Ru3Au/TiO2 

might correlate with a relatively high number of Vo in anatase TiO2. As an electron rich site, the 

Vo on the surface of support can also facilitate the stronger metal-support interaction allowing 

the cluster to anchor stronger onto the support.317-319 This hypothesis was confirmed by the lower 

degree of metal leaching found in TiO2 supported Ru3Au cluster, shown in Table 5.2. 

 Based on the MP-AES results shown in Table 5.2, Ru3Au/HAP exhibited the lowest 

degree of metal leaching during the catalytic test among all the post-catalysis samples. The 

strong metal-support interaction of Ru3Au and HAP may be also responsible for suppressing 

metal leaching and, hence, a relatively high methanol production rate. The earlier work by a 

group of Tsukuda has suggested that HAP could interact with Au25(SG)18 via electrostatic 

interaction between Ca2+/PO4
3- and the glutathione ligands.18, 342 More importantly, the strong 

interaction with PO4
3- moiety in HAP was claimed to offer bare Au MCs sufficient stability 

against sintering. In fact, the role of phosphate moiety of the support in stabilising Au NPs was 

also previously suggested by Yan et al. where LaPO4 NPs were employed as solid support for 

Au NPs.352 Considering the deposition of the neutral and ligated-Ru3Au (e.g. in the presence of 

phosphine and CO protecting ligands) onto HAP, the strong electrostatic interactions between 

Ca2+/PO4
3- moieties with such cluster species was unlikely. However, the interaction between 

PO4
3- and the Ru3Au core may have some contributions to the lower degree of metal leaching 

found in HAP supported Ru3Au cluster. 

 SBA-15 was reported as a promising support for Au MCs, mainly due to its high surface 

area and mesoporosity, which allows diffusion of clusters into the pores of larger than clusters 

size.341 The attractive force between Au MCs/Au NPs and silica support, including SBA-15 was 

found to depend largely on the nature of Au MCs/Au NPs species. For example, Zheng et al. 

proposed that thiolate-protected Au NPs (> 3.5 nm) could be efficiently deposited onto SiO2 

support in an aprotic solvent due to the interaction of permanent dipole of the OH group on silica 

surface and polarized Au core.119 While the Au MCs with smaller core size like Au11 (~ 0.8 nm) 

are less polarizable, thus, the interaction between the Au MCs core and silica was proposed not 
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to play major role in the adsorption. Instead, it was suggested that triphenylphosphine ligands, 

which are more polarizable, could weakly interact with the OH groups on silica surface allowing 

phosphine-protected Au11 to be immobilized onto SBA-15.341 Under this hypothesis, such 

interaction between phosphine protecting ligand and SBA-15 could be plausibly applied in our 

case because the Ru3Au core is indeed smaller than 0.8 nm and the triphenylphosphine was also 

present as a stabilising ligand. Besides the size of metal core, the composition of solvent mixture 

used in the deposition step was also shown to influence the sticking probability and metal content 

in the case of Au11/SBA-15.341 However, the effect of the solvent composition was not explored 

in our work. The deposition of ligand-protected Ru3Au on SBA-15 was performed in pure 

CH2Cl2 while that of ligand-protected Au11 was performed in the mixture of C2H5OH and 

CH2Cl2. Regardless to the different metal core composition (Au11 cf. Ru3Au) and the solvent 

used in deposition step, the interaction between PPh3 induced dipole and permanent dipole of 

OH on SBA-15 may be responsible for the interaction between ligated clusters and SBA-15. 

 Out of all the supports employed in this work, SBA-15 is the only support which has a 

porous structure; the others were present in a nanoparticulate form. As a consequence,SBA-15 

possesses the highest surface area among the supports: 850 ± 50 m2g-1 of SBA-15 cf.  

~ 100 m2g-1 of HAP18 cf. 75 m2g-1 of anatase TiO2. However, such mesoporosity and a high 

surface area were unlikely to suppress metal leaching. In fact, Ru3Au/SBA-15 exhibited the 

highest degree of metal leaching during the catalytic test (Table 5.2), and thus, the lowest 

methanol yield was observed using such catalyst. Apart from the lower content of Ru3Au cluster 

remaining on SBA-15, the mesoporosity of SBA-15 might also be an issue leading to the lower 

methanol production rate of supported Ru3Au compared to that supported on TiO2 and HAP. 

With the pore diameter of ~ 8 nm, SBA-15 would allow Ru3Au clusters to be accommodated 

within its mesopores. The lower diffusion rate of CO2 and H2 to the active metal species located 

deep inside pores would be expected. Thus, the mass transfer limitation inside the mesoporous 

channel could contribute to the overall lower methanol production rate observed when using 

Ru3Au/SBA-15.  
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Figure 5.5 Rate of methanol production based on mass of catalysts (orange) and mass of metal 

(blue) from CO2 hydrogenation in the presence of Ru3Au clusters supported on 

various solid supports.  

  

Table 5.2 % metal loading of supported Ru3Au clusters on different solid supports before and 

after the catalytic test. 
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 The metal contents of Ru3Au on different supports before and after the catalytic test are 

consistent with corresponding UV-vis DR spectra shown in Figure 5.6. The as-made samples 

with actual metal loadings of 0.86 - 0.95 wt% exhibited the characteristic absorption features of 

the Ru3Au clusters at ca. 530 - 540 nm Figure 5.6 (blue). Noteworthy, with a similar target 

metal loading of 1.0 wt% the maximum absorption intensity of the band corresponding to the 

Ru3Au clusters varied with the type of support. Among the supports, the SBA-15 supported 

catalyst exhibited a broad band with the highest absorbance, while those of HAP- and TiO2-

supported samples showed lower absorbance. This difference could be related to the interaction 

between the clusters and particular support. HAP-supported catalysts recovered after the reaction 

showed the obvious broad band at ca. 530 - 540 nm similar to that found in anatase TiO2-

supported sample (Figure 5.6 (b) cf. (c)). This band could be attributed to the surviving clusters 

and/or the LSPR-Au NPs species as discussed earlier in Section 5.2.1. MP-AES analysis of 

HAP- and TiO2-post-catalysis samples showed approximately the same degree of metal leaching 

during the reaction. While a severe metal leaching in Ru3Au/SBA-15 sample was confirmed by 

both UV-vis DRS and MP-AES results: the post-reaction sample did not have any cluster or 

nanoparticle related absorption features in UV-vis DR spectrum and only 0.15 % metal left after 

the reaction. 

 

Figure 5.6 UV-vis DR spectra of supported Ru3Au on (a) SBA-15, (b) HAP and 

(c) anatase TiO2 before and after the catalytic test. 
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5.2.3 Effect of metal loading 

 Since Ru3Au on titania proved to be the best performing catalyst thus far in this study, 

the effect of Ru3Au loading on catalytic activity in CO2 hydrogenation of as-made 

Ru3Au/anatase TiO2 was studied. As expected, the higher total yield of methanol was initially 

achieved with the increase of metal loading from 0.08 wt% to 1.0 wt%, which could be explained 

by the higher number of metal active sites available in materials with higher metal loading 

(Figure 5.7, orange). However, the further increase in the metal content from 1.0 to 5.0 wt% 

surprisingly resulted in a drop of methanol production rate. The higher degree of metal sintering 

in a 5.0 wt% sample might be the reason for the lower production rate. As confirmed by XPS 

results, no signature of surviving clusters (high binding energy peak) was found after the 

catalytic test of 5.0 wt% Ru3Au/anatase TiO2 sample, but peaks characteristic for bulk-like  

Au NPs and ruthenium oxide species (RuOx) were observed. While the samples with lower metal 

loading showed a larger ratio of surviving clusters to Au NPs after the same period of the 

catalytic reaction. Of these, the 1.0 wt% Ru3Au/anatase TiO2 sample gave the highest production 

rate of 0.50 mmol gcatalyst
-1 h-1. The high ratio of surviving clusters over the sintered Au NPs in 

the post-reaction sample with 1.0 wt% Ru3Au compared to that with other metal content 

indirectly suggested that the Ru3Au cluster contributed to the methanol production rather than 

the bulk-like Au NPs species. In contrast to the production rate based on mass of catalyst, that 

normalised to the mass of metal showed a different trend where the sample with 0.17 wt% metal 

loading gave the highest production rate of 129 mmol gmetal
-1 h-1 (Figure 5.7, blue), which was 

significantly higher than the rate reported using unsupported Ru3 clusters.171 
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Figure 5.7 Rate of methanol production based on mass of catalysts (orange) and mass of metal 

(blue) from CO2 hydrogenation in the presence of Ru3Au supported on anatase TiO2 with 

various metal loadings. 

 For the metal loading series of Ru3Au/TiO2, the absorption features of plasmonic Au NPs 

and/or surviving clusters only showed up in the UV-vis DR spectra when the metal loading was 

greater than 0.5 wt%. The samples with lower metal content did not give an obvious 

characteristic absorption band of cluster or nanoparticle species as shown in Figure 5.8 (a-d). 

Considering a sample with 0.50 wt% metal, the absorption of the sample remained 

approximately the same after the reaction, in both peak intensity and peak position  

(Figure 5.8 (e)). However, the absorption at ca. 550 nm found in the post-catalysis sample could 

be due to either surviving Ru3Au clusters and/or the existence of plasmonic Au NPs, as the 

absorption of the two species falls in the same range. Since UV-vis DRS alone cannot 

differentiate between these two species, the samples were further characterized by XPS and TEM 

which is discussed in the following section. While the higher absorbance at 500 - 600 nm in 

samples with 0.75 and 1.0 wt% after the reaction (Figure 5.8 (f-h)) comparing with that before 

the reaction was at least partially due to the development of LSPR-Au NPs species. As the metal 

loading increased from 0.75 to 1.0 wt%, a higher absorption intensity and a slightly more 

red-shift (from λmax of ~ 539 to ~ 542 nm) of the LSPR band position were observed indicating 

the extent of agglomeration. While the post-reaction sample of 5.0 wt% Ru3Au/anatase showed 

a broader absorption band at a higher wavelength of ca. 580 nm. This result suggested that the 
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larger Au NPs with wider size distribution were formed during the reaction in this sample with 

the highest loading in series. Such a result is supported by the fact that the highly metal-loaded 

sample tends to form bulk agglomerates more quickly which can further develop into even larger 

Au NPs. The presence of bulk Au NPs species only, without the signature of any surviving 

clusters, in the post-catalysis sample with 5.0 wt% metal loading was further confirmed by XPS 

results and TEM images which are further discussed.  

 Even though there was no signal due to surviving clusters in the post-catalytic sample 

with target metal loading of 5.0 wt%, the contribution of Ru3Au which was initially present in 

this sample could not be negligible in terms of its effect on catalytic activity. This is because, it 

was confirmed by XPS results and TEM (discussed in the following section) that even with the 

high % metal loading of 5.0, the deposited Ru3Au (with protecting ligands) were immobilized 

on TiO2 support without significant agglomeration of Au or oxidation of Ru. The decomposition 

of the clusters to form Au NPs and RuOx species took place during the catalytic test. Since the 

kinetic study of the catalytic reaction and the changing of the catalyst surface by sampling 

reaction mixture and used catalysts in at different intervals of reaction time could not be 

performed within the time available, the contributions of immobilized Ru3Au clusters, leached 

Ru3Au species or Au NPs and RuOx formed due to cluster decomposition and sintering on the 

catalytic methanol production could not be identified. However, based on the increase of 

methanol production with the higher portion of surviving clusters on TiO2 observed in the lower 

metal loading sample, it was likely that surviving immobilized Ru3Au clusters played a key role 

in catalysis during the initial period of the test using such high wt% catalyst. To determine the 

contribution of leached Ru3Au and Au NPs and RuOx, the catalytic test on unsupported Ru3Au 

and on Au NPs + RuOx/anatase TiO2 under the same conditions are required. 
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Figure 5.8 UV-vis DR spectra of Ru3Au/anatase TiO2 with various metal loadings of  

0.0 to 5.0 wt% before and after the catalytic test. 

  



187 

 

 Representative TEM images of Ru3Au supported on TiO2 with target metal loading of 

0.17, 0.35, 0.50, 1.0 and 5.0 wt% before and after the reaction are shown in Figure 5.9.  TEM, 

STEM images and EDX maps were recorded by Vaibhav Bhugra from a group of 

Professor Nann at Victoria University of Wellington. The TEM images were recorded using 

high-resolution JEOL JEM 2100F TEM with an accelerating voltage of 200 kV. Typically, 

distinguishing between metal particles and solid support in TEM image is based on the contrast 

of the metal and support where metal particles appear much darker due to higher electron density 

compared to the supports (atoms with higher Z scatter electrons more efficiently and hence 

appear darker in bright field TEM). However, using the ordinary 200 kV bright-field TEM could 

not allow the distinguishing between the deposited clusters and the support since support 

particles are typically significantly thicker than clusters comprised by just a few atoms, yet it is 

good enough to detect larger Au aggregates.108 Furthermore, even imaging of ruthenium oxide 

nanoparticles on titania proved to be challenging for the ordinary TEM, for example, the one 

available at UC, as was demonstrated in an earlier study from our group.282 

 As shown in Figure 5.9 (a, c, e, g, i and k), the existence of the Ru3Au clusters supported 

on TiO2 before the catalytic test could not be visible on the bright-field TEM images. This is 

according to the poor contrast of the clusters smaller than 1 nm and significantly larger TiO2 

particles. However, the existence of Ru3Au clusters in those pre-catalysis samples was confirmed 

by STEM-EDX, MP-AES and XPS results. The absence of large metal particles (>1 nm) in TEM 

images of the pre-catalysis samples indicated that the Ru3Au clusters retained their size upon 

deposition, which agreed with the XPS results presented later. Based on the TEM images, it 

could be implied that even with high metal loading of 5.0 wt%, Ru3Au could be deposited onto 

the TiO2 surface without the formation of detectable metal particles as a result of cluster 

agglomeration. This assumption was further confirmed by XPS results, which will be discussed 

in the following section. 

 Even though it proved impossible to obtain clear images of the Ru3Au clusters on titania 

by direct imaging using TEM, the formation of larger aggregated metal particles upon the 

reaction with a wide size distribution ranging from ~ 2 to 12 nm could be confirmed by TEM 

images of post-reaction samples with metal loadings of 0.35, 0.50, 1.0 and 5.0 wt%. While the 

post-reaction sample with 0.17 wt% did not show any detectable metal particles (Figure 5.9 (b)). 

The sintered metal particles (red circles) in the post-reaction samples are presented in both  
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high- and low-magnification images (Figure 5.9 (d, f, j and l)). It is worth mentioning that some 

dark spots (not in red circles), in particular in the low-magnification images were likely to a 

result of the overlapping of TiO2 crystallites with specific favourable orientation rather than the 

signature of sintered metal particles. Since the aggregated metal particles were found in the 

post-catalytic samples with the metal loading as low as 0.35 wt%, that with 0.75 wt% was also 

expected to have at least some degree of cluster agglomeration. However, TEM images did not 

show clear evidence of existing agglomerated metal in that post-catalysis sample as only one 

dark spot was found (Figure 5.9 (h)). Among the post-reaction samples that showed some 

detectable metal particles, the sample with 0.35 wt% metal loading (Figure 5.9 (d)) exhibited 

very small metal particles (< 2 nm) at the very edge of TiO2 crystallite in the high magnification 

TEM image. Some of such dark spots could possibly be attributed to the surviving Ru3Au 

clusters. While the low-magnification TEM images of post-reaction sample with 1.0 wt% 

loading (Figure 5.9 (j)) and the high-magnification TEM images of that with 5.0 wt% loading 

(Figure 5.9 (i)) provide clear evidence of formation of large Au NPs with 5 - 12 nm sizes. 

The presence of plasmonic Au NPs in these post-reaction samples with metal loading of 0.50 to 

5.0 wt% was further confirmed by XPS analysis.  

 Moreover, the elemental mapping in scanning transmission electron microscopy (STEM) 

based on energy dispersive X-ray (EDX) imaging confirmed that the agglomerated metal 

particles in post-catalysis samples were pure Au NPs and not mixed Au-Ru particles. As shown 

in Figure 5.10 (a), no metal agglomeration, but the well-dispersed Ru and Au were found in 

both pre- and post-reaction samples of 0.17 wt%. While the formation of Au NPs during the 

reaction was confirmed by STEM images and EDX maps of 1.0 wt% Ru3Au/anatase after the 

catalytic test, shown in Figure 5.10 (b) (red circles). However, the accurate quantitative analysis 

form STEM-EDX could not be achieved due to the instrument’s sensitivity limitation in the low 

metal loading range. 



189 

 

 

Figure 5.9 TEM images of Ru3Au/anatase TiO2 with various metal loadings of  

(a, b) 0.17, (c, d) 0.35, (e, f) 0.50, (g, h) 0.75, (i, j) 1.0 and (k, l) 5.0 wt% before and after the 

catalytic test. TEM images recorded by Vaibhav Bhugra from a group of Professor Nann at 

Victoria University of Wellington.  
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Figure 5.10 STEM images and EDX maps of Au, Ru, Ti and O of (a) 0.17 wt% and  

(b) 1.0 wt% Ru3Au/anatase TiO2 before and after the catalytic test. STEM and EDX recorded 

by Vaibhav Bhugra from a group of Professor Nann at Victoria University of Wellington. 

 UV-vis DRS can only be used for rough qualitative analysis and the ordinary TEM has 

resolution limitation which only allows imaging of the relatively large Au NPs. Hence, XPS as 

a surface-sensitive technique was used to monitor the chemical state of gold and ruthenium 

which allows differentiating between the metal cluster and nanoparticle species. XPS was 

performed by a group of Professor Andersson at the Flinders University, Adelaide, Australia 

using the ultra-high vacuum system with a base pressure of 10-10 mbar built by SPESC (Berlin, 

Germany). The apparatus is equipped with a 12 kV, 200 W, non-monochromatic Mg Kα X-ray 

source. The samples were deposited on Si slides sputter-coated with 10 - 20 nm thick Al layer. 

Spectra were normalised with respect to the binding energy of the adventitious carbon 1s peak 

at 285 eV. The spectra were modelled with combined Gaussian–Lorentzian components 

including correction for the Shirley background using MS Excel spreadsheet developed by our 

teams. 
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 The Au 4f region of 79.8 - 96.0 eV was recorded in XP spectra for supported Ru3Au 

cluster with 0.50 to 5.0 wt% metal loading, as shown in Figure 5.11. Au 4f spectra of all 

as-made Ru3Au/anatase TiO2 can be fitted with a single doublet made of Au 4f7/2 and Au 4f5/2 

peaks of the Ru3Au clusters. These Au 4f peaks found in samples with 0.50, 0.75 and 1.0 wt% 

metal loading were at the slightly higher binding energy (BE) of 85.3 and 89.1 eV compared to 

those of the pure Ru3Au (84.7 and 88.5 eV, not shown). With 5.0 wt% metal loading, the 4f peaks 

(84.8 and 88.6 eV) were even closer to those of the pure Ru3Au. The result confirmed that all 

as-made supported Ru3Au with various metal loadings were still retained as clusters without 

agglomeration which is consistent with the result from UV-vis DRS and TEM.  

 The post-catalysis samples with 0.50, 0.75 and 1.0 wt% metal loading exhibited two 

doublets of Au 4f7/2 and Au 4f5/2 peaks due to the sintering of Au. It is well documented by our 

group and others that the shift of the Au 4f7/2 toward lower binding energy is indicative the 

formation of bulk metallic gold (Au 4f7/2 at 84.0 eV).108, 320 The 4f7/2 peaks consisted of the peak 

at lower BE (Au-LBP, 84.1 ± 0.3 eV) and the peak at higher BE (Au-HBP, 85.5 ± 0.3 eV). 

According to the previous study by Anderson et al., the Au-LBP and the Au-HBP peak was 

assigned to the agglomerated Au NPs and non-agglomerated clusters, respectively.284 

The Au-LBP (blue line) was found in all post-catalysis samples; it correlates with the formation 

of bulk-like aggregated Au NPs during the reaction. A slight shift to even higher BE of the 

Au-HBP (green line) position was found in all post-reaction samples, except the one with  

5.0 wt% metal content. This observation is in line with the earlier studies which showed that 

de-ligated Au species interacting with titania exhibit such shift. The ratio of the surviving clusters 

to agglomerated Au NPs could be estimated from the ratio of the areas of the HBP and LBP 

peak. The Ru3Au/anatase TiO2 with 1.0 wt% tend to have a higher ratio of surviving clusters 

than the rest, while no signal from non-agglomerated clusters was detected in the post-reaction 

sample with 5.0 wt%. With regards to the highest methanol production rate for CO2 

hydrogenation using 1.0 wt%Ru3Au/anatase TiO2, the large ratio of the surviving clusters might 

be responsible for driving the catalytic reaction, hence the highest methanol production rate. It 

is worth noting that even though the XPS is a very surface-sensitive characterization technique, 

the detection limits of the particular lab-based XPS used did not allow the study of the samples 

with metal loading lower than 0.50 wt%. 
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Figure 5.11 XP spectra of the Au 4f region (4f5/2 and 4f7/2) for Ru3Au/anatase TiO2 with metal 

loadings of 0.50, 0.75, 1.0 and 5.0 wt% before and after the catalytic test. XP spectra recorded 

by Christiaan Ridings from the group of Professor Andersson at Flinders University.   
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 The Ru 3d XP spectra were recorded from 279.0 to 295.0 eV showing 3d3/2 and 3d5/2 

peaks. As the Ru3Au clusters have two Ru bonding environments including the two atoms with 

Ru-Ru, Au-Au and Ru-Cl bonds and the one atom with only Ru-Ru bond, the doublet of 3d5/2 

peaks is expected. However, those 3d5/2 peaks of pure cluster appeared as one peak at 281.2 eV 

due to the overlapping of the doublet peaks at 281.0 and 282.4 eV (not shown). The as-made 

samples exhibited the 3d5/2 peak at a higher BE of 282.1 ± 0.1 eV inferring that the deposited 

cluster is intact with the anatase TiO2 (Figure 5.12). The slight change in BE might be due to the 

change of chemical state upon partial de-ligation during the deposition as discussed in 

Section 4.2.2. After the catalytic test, the 3d5/2 peak is slightly shifted to a lower BE of 

281.8 ± 0.2 eV. This was unlikely to be due to the formation of the bulk Ru metal as that is 

known to appear around 279.8 - 280.0 eV.323 The shift is most likely to be due to the co-existence 

of RuOx species formed during the CO2 hydrogenation from the clusters which decomposed to 

such species and larger, bulk-like Au NPs and the surviving metal clusters. The RuOx 

species including RuO, RuO2 and RuO3 possess the 3d5/2 peak at the BE of 280.7 eV, 281.4 eV 

and 282.4 eV, respectively.323, 353 However, no evidence of RuOx species was observed in the 

UV-DR spectra of post-reaction samples. This might be due to the less pronounced, rather broad 

bands of the RuOx species,282 which might be overlapping with the sharper, more pronounced 

LSPR band of the agglomerated Au. This is in line with an earlier report by our group which 

showed broad band due to hydrous ruthenium oxide on titania (Figure 5.13). In the case of 

5.0 wt% Ru3Au/anatase TiO2, the 3d5/2 peak remained unchanged after the catalytic test. 

However, the broader peak shape suggested the presence of more than two Ru bonding 

environments in the sample. The more detailed analysis of Ru could not be achieved due to the 

presence of adventitious hydrocarbons. It is worth noting that the other peak in Ru 3d XPS at the 

BE of 285.3 ± 0.2 eV corresponding to the 3d3/2 Ru is overlapping with C 1s peak. 
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Figure 5.12 XP spectra of the Ru 3d region (3d3/2 and 3d5/2) for Ru3Au/anatase TiO2 with 

metal loadings of 0.50, 0.75, 1.0 and 5.0 wt% before and after the catalytic test. XP spectra 

recorded by Christiaan Ridings from the group of Professor Andersson at Flinders University. 



195 

 

 

Figure 5.13 UV-vis DR spectra of Ru3Au/TiO2 with 1.0 wt% metal loading after the catalytic 

test and of as-prepared RuO2·xH2O/TiO2 with 0.35 wt% metal loading. 

 The P 2p3/2 XPS of as-made samples showed a peak at BE of 131.8 ± 0.3 eV indicating 

the presence of phosphine ligand bonded to the gold atom at the cluster core, as shown in 

Figure 5.14. The absence of that P 2p3/2 signal was only found in the post-catalysis sample with 

0.50 wt% metal loading suggesting that the triphenylphosphine ligands detached from the cluster 

core during the hydrogenation. While the P 2p3/2 peak in the rest of the post-reaction samples 

shifted to higher BE of 133.5 ± 0.4 eV. Those higher BE peaks can be assigned to phosphorous 

oxide-like species formed after the de-ligation of phosphine from the cluster due to the 

interaction of dislodged from the cluster ligands with TiO2. 

 Of note, the lower intensity of all XPS peaks after the catalytic test may be due to the 

lower metal content as the metal leaching was a serious issue in this catalytic system. Another 

reason could be the fact that XPS sensitivity is much higher for the smaller particles due to the 

short mean free path of the ejected electron, and hence shallow sampling depth. Thus, the XPS 

intensity decrease as an increase in particle size as some of the atoms in large nanoparticles will 

be not contributing to the signal. This could explain the lower intensity of Au 4f7/2 peak after the 

reaction as significant agglomeration was observed as confirmed by TEM and UV-vis DRS. 
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Figure 5.14 XP spectra of the P 2p3/2 region for Ru3Au/anatase TiO2 with metal loadings of 

0.50, 0.75, 1.0 and 5.0 wt% before and after the catalytic test. XP spectra recorded by 

Christiaan Ridings from the group of Professor Andersson at Flinders University. 
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 The conclusions could be drawn from UV-vis DRS, TEM, STEM-EDX and XPS studies 

of the pre- and post- catalysis samples of Ru3Au/anatase TiO2 with various metal loadings. It is 

worth highlighting that ligated-Ru3Au with all different loadings, including the high target metal 

loading of 5.0 wt%, could be deposited onto the anatase TiO2 support without any aggregation 

of Au or oxidation of Ru as evidenced by TEM, STEM-EDX and XPS results. Therefore, the 

absorption band (at ~ 530 nm) found in UV-vis DRS of all as-made Ru3Au/anatase with different 

metal loadings (Figure 5.8) was confirmed to correspond to only the Ru3Au clusters and not 

plasmonic Au NPs. This observation includes the pronounced absorption band in UV-vid DRS 

of the as-made sample with 5.0 wt% metal loading, as shown in Figure 5.8 (h). The development 

of plasmonic Au NPs was found in post-reaction samples with metal loading of 0.35 wt% and 

higher. The higher the metal loading, the larger the population of aggregated Au NPs was found. 

However, they were co-existing with the surviving clusters, except in the sample with 5.0 wt% 

loading where on intact clusters are left after the reaction. No evidence of the metallic gold was 

found in pre- and post-reaction samples with 0.08 and 0.17 wt% metal loading. This could be 

due to either the very low loading which allowed the clusters to disperse well and immobilize on 

the TiO2 far apart from one another, or the metal loadings were lower than the detection limits 

of the instruments. Out of all post-reaction samples, the highest ratio of surviving clusters to 

agglomerated clusters was found in the sample with 1.0 wt% metal loading, which was likely to 

be a reason for the superior catalytic activity of this catalyst compared to the catalysts with all 

other metal loadings studied. While oxides of ruthenium and phosphine ligands interacting with 

titania were found in the post-catalysis samples (with metal loading of 0.50 - 5.0 wt%). 

5.2.4 Effect of H2SO4 acid-washing of anatase and further calcination 

 Even though the 1.0 wt% Ru3Au/anatase gave the highest production rate of methanol, 

the metal leaching and cluster agglomeration during the catalytic reaction were two main issues 

suppressing the catalyst performance. The earlier study by Ruzicka et al. suggested that washing 

TiO2 with H2SO4 before the deposition of Au9 clusters could minimize the cluster's 

agglomeration. This was evidenced by a remarkably low ratio of Au-LBP (corresponding to 

aggregated, bulk-like Au species) to Au-HBP (corresponding to cluster species) found in the 

calcined sample made using acid-washed of support for cluster deposition.320 However, the effect 

of acid wash TiO2 on the deposited Ru3Au clusters was not previously reported. The same acid 
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treatment was, thus, applied to anatase TiO2 prior to the deposition of the Ru3Au clusters. The 

deposition of Ru3Au on the acid-washed anatase TiO2 yielded catalyst which showed 1.4 times 

higher methanol production rate compared to that of Ru3Au on untreated TiO2 (Figure 5.15). 

This result agrees with the findings reported by Sakurai et al., where the surface acidity of oxide 

was found to facilitate the conversion of CO2.165 In addition, a significantly lower degree of 

metal leaching (14 %) during the reaction was found in the acid-washed sample compared to that 

in non-acid washed one (39 %), as shown in Table 5.3. The stronger interaction between metal 

and TiO2 support found after the acid wash agrees with those reported in the earlier work.354 The 

fixation of sulfate groups on the TiO2 surface was claimed to the main reason for a much stronger 

metal-support interaction in the H2SO4 treated sample (in particular with Au NPs).  

  

Figure 5.15 Rate of methanol production based on mass of catalysts (orange) and mass of 

metal (blue) from CO2 hydrogenation in the presence of 1.0 wt% Ru3Au supported on  

acid-treated and untreated anatase TiO2 with/without calcination. 
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Table 5.3 % metal loading of supported Ru3Au clusters on acid-treated and non-acid treated 

anatase TiO2 with/without calcination before and after the catalytic test. 

 

 UV-vis DR spectra of the as-made and post-reaction samples of Ru3Au/H2SO4-anatase 

showed the broad absorption band at ca. 540 and 560 nm, respectively (Figure 5.16 (b)). The 

origin of an absorption feature in pre- and post-reaction samples of Ru3Au/H2SO4-anatase could 

not be confirmed as the absorption of the clusters and LSPR-Au NPs fall in the same range. The 

evidence of surviving Ru3Au clusters could not be extracted from UV-vis DRS or MP-AES 

studies. With XPS analysis, the metal species presented in the post-reaction sample of 

Ru3Au/H2SO4-anatase could be identified in the same fashion as was done in the case of catalysts 

made using untreated anatase as discussed in Section 5.2.3. Unfortunately, the XPS analysis of 

this set of samples could not be done in time due to limited access to XPS facilities, so 

distinguishing between surviving clusters and agglomerated Au NPs was limited in this study. 

Hence it could only be concluded that the higher catalytic performance in that acid-treated 

sample (73 ± 2 mmol gmetal
-1 h-1) over that of untreated one (53 ± 5 mmol gmetal

-1 h-1) was due to 

the higher surface acidity of TiO2 support and possibly enhanced due to the larger population of 

intact metal on the support, yet the latter needs confirmation by detailed characterization of this 

sample using XPS. 
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Figure 5.16 UV-vis DR spectra of as-made (a) Ru3Au/anatase, (b) Ru3Au/H2SO4-anatase and 

calcined (c) Ru3Au/anatase, (d) Ru3Au/H2SO4-anatase before and after the catalytic test. 

 The other approach to enhance the metal-support interaction of supported metal catalysts 

and minimize metal leaching is heat treatment.355 Calcination is one of the popular ligand 

removal methods generally required to open-up the metal active sites to the reactants. In the case 

of Ru3Au supported on TiO2, the ligand removal was not necessary since spontaneous partial 

de-ligation took place upon the deposition (as discussed in Section 4.2.2). However, the 

improvement in methanol production rate was found in all cases after the heat treatment, which 

could be mainly due to availability of greater number of active sites after more complete ligand 

removal as well as stronger metal-support interaction. 
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 Considering the clusters deposited in untreated anatase samples, the successful removal 

of ligands after calcination was suggested by the absence of the absorption band at ca. 530 nm 

as evident by comparison of blue spectra in Figure 5.16 (c cf. a). The broad absorption band at 

ca. 480 nm (Figure 5.16 (c)) found in the calcined sample could be correlated with the presence 

of surviving Ru3Au clusters, Au NPs and RuOx species as suggested by XPS result, discussed in 

Section 4.2.2. The improved metal-support interaction after removal of ligands was evidenced 

by lower metal leaching during the catalytic reaction using calcined sample, as shown in 

Table 5.3. This improved metal-support interaction was also likely to be responsible for 

suppressed agglomeration of clusters. Since remarkably less pronounced absorption band at 

around 500 - 600 nm was found in the post-reaction samples of the calcined Ru3Au/anatase TiO2 

compared to that of the as-made Ru3Au/anatase TiO2, even if the former sample has lower metal 

loading remaining after catalytic test. Hence, it is plausible to hypothesize that the post-reaction 

calcined Ru3Au/anatase catalyst contained a higher ratio of surviving clusters to agglomerated 

clusters in contact with TiO2 compared to the case of as-made Ru3Au/anatase the post-reaction. 

The higher proportion of remaining surviving clusters could be responsible for a higher catalytic 

activity of the calcined sample (59 ± 1 mmol gmetal
-1 h-1) compared to the case of as-made one 

(53 ± 5 mmol gmetal
-1 h-1).  

 A similar calcination procedure was applied to Ru3Au/H2SO4-anatase sample. The 

absence of characteristic absorption of the ligands-protected cluster (ca. 530 nm), blue lines in 

Figure 5.16 (d cf. b), suggested successful ligand removal upon the calcination, similar to those 

found in Ru3Au/anatase sample. The two calcined samples showed a slightly different absorption 

band represented by blue lines in Figure 5.16 (c cf. d). While the UV-vis DRS of calcined 

Ru3Au/anatase exhibited a broad band at ca. 480 nm (Figure 5.16 (c)), that of calcined 

Ru3Au/H2SO4-anatase did not show any obvious absorption feature, but a very broad absorption 

from 300 to 700 nm (Figure 5.16 (d)). Noteworthy, there was no significant difference in metal 

leaching of the Ru3Au/H2SO4-anatase sample with or without calcination (12 and 14 %, shown 

in Table 5.3). Importantly, with the same wt% metal remaining in these two post-reaction 

samples, a much less pronounced absorption band at 530 nm was found in the case of the calcined 

sample suggesting that calcination of the acid-treated sample did suppress formation of 

plasmonic Au NPs. This result is consistent with the earlier study of surface treatments’ effect 

on cluster aggregation reported by our group. It was shown that the Au9 clusters deposited on 
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H2SO4-TiO2 have a greater resistance to aggregation during the calcination.320 Hidalgo et al. 

suggested that the calcination of sulfated TiO2 could result in the formation of the oxygen 

vacancies on the anatase surface, however, at a very high calcination temperature of 700 °C.354 

As the electron-rich sites, oxygen vacancies could give electrons to the metal clusters resulting 

in the stronger metal-support interaction preventing clusters aggregation.317-319 Hence, the 

calcined Ru3Au/H2SO4-anatase catalyst had both the higher metal content remaining at the 

surface (lower leaching) on the surface of TiO2 during the reaction and, likely, higher population 

of surviving metal clusters which resulted in the most promising catalytic methanol production 

rate (97 ± 4 mmol gmetal
-1 h-1) among all the catalysts studied and significantly higher than the 

rate reported earlier for homogeneous Ru3 catalyst. However, an XPS study is necessary to 

further confirm which metal species are present the TiO2 surface, especially in the post-reaction 

samples. 

5.3 Conclusions 

 Deposition of ruthenium-containing clusters including Ru3, Ru4 and Ru3Au onto TiO2 

promoted the production rate of methanol via CO2 hydrogenation under 185 °C and 40 bars of 

CO2: H2 in 1:3 ratio. Out of the three deposited clusters, the Ru3Au showed the highest methanol 

production rate of 53 ± 5 mmol gmetal
-1 h-1, which was also higher than that of non-supported 

Ru3 clusters (49 mmol gmetal
-1 h-1) which was achieved while operating under harsher conditions. 

The better performance of supported Ru3Au over supported Ru3 and Ru4 is likely to be due to the 

unique electronic structure of Ru3Au and its stronger binding to the support due to the extra Au 

atom and/or the phosphine ligands. However, approximately 39 % of metal leaching of 

1.0 wt% Ru3Au/TiO2 sample during the reaction was revealed by MP-AES analysis. Moreover, 

the development of LSPR-Au NPs and RuOx species during the reaction was suggested by 

UV-vis DRS, XPS, and TEM studies of the post-reaction sample. Unfortunately, the high surface 

area of the mesoporous SBA-15 and permanent dipole of its OH groups was not strong enough to 

suppress metal leaching. While the defect-rich surface of HAP and TiO2 could facilitate stronger 

metal-support interactions as suggested by the significantly lower degree of metal leaching in 

catalysts made using these two supports the SBA-15 supported one. A similar proportion of metal 

remained present on the supports after the reaction in the HAP- and TiO2-supported samples could 

be the reason for their comparable methanol production rates.  
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 As expected, with a higher metal content, a higher methanol production rate was achieved 

using the same total amount of catalyst per test. However, a high level of cluster decomposition 

and aggregation in the sample with the highest metal loading of 5.0 wt% resulted in a lower 

production rate compared to that of 1.0 wt%. As confirmed by XPS analysis, the clusters in the 

sample with 5.0 wt% loading completely decomposed to RuOx species and large, bulk-like 

Au NPs. This result indirectly suggested that the active species for the methanol production are 

likely to be the clusters. The further detailed characterizations, for example, in situ EXAFS 

analysis, are required to monitor changes on the catalyst and to identify the possible active sites. 

Among other metal loadings studied, 1.0 wt% Ru3Au gave the highest production rate based on 

the total mass of a catalyst, while 0.17 wt% gave the highest rate based on the mass of metal. As 

suggested by UV-vis DRS, TEM and XPS studies of the post-reaction samples, the sample with 

the highest ratio of surviving clusters (1.0 wt% Ru3Au) gave the highest methanol production rate. 

The higher methanol production rate was achieved when titania pre-treated with sulfuric acid was 

used as support for 1.0 wt% Ru3Au. This performance could be attributed to a significantly lower 

degree of metal leaching during the reaction (which decreased from 39 % to 14 %) together with 

the higher surface acidity. The ligand removal after calcination resulted in a stronger metal-TiO2 

interaction, which to some degree suppresses clusters agglomeration. The calcined Ru3Au/H2SO4-

TiO2 showed the most promising methanol production rate of 97 ± 4 mmol gmetal
-1 h-1 among all 

the TiO2 supported ruthenium-containing clusters studied in this work. The obtained rate is twice 

as high as that of non-supported Ru3 clusters (49 mmol gmetal
-1 h-1) which was achieved while 

operating under harsher conditions.  
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CHAPTER 6 

In situ Incorporation of Au Nanoclusters within Zeolites and Their 

Catalytic Low temperature CO Oxidation 

6.1 Introduction 

 Catalytic properties of MNPs and MCs are known to depend strongly on their particle size, 

especially for MCs.10, 68-70 To maintain their catalytic performance, preserving the size of active 

metal species during the catalyst activation and during the catalytic reaction is critical. The general 

approach for stabilising MNPs and MCs is to immobilize them on solid supports, nevertheless, the 

bare metal particles, even with strong interaction with the support, tend to sinter and form larger 

particles if the conditions of the activation and/or the catalytic reaction are harsh. Encapsulation 

of the active MNPs and MCs species within the zeolite framework appears as a promising strategy 

to enhance the stability of those ultrasmall metal species.80-96 With their high thermal stability, 

large specific surface area and well-defined porous structure, zeolites are considered as an ideal 

host media for MNPs/MCs. Apart from stabilising MNPs/MCs, the microporous framework of 

zeolites could also facilitate the unique shape and size-selective catalysis and suppress the 

poisoning of encapsulated active sites by bulky organosulfur species. 

 There are two main strategies to incorporate MNPs/MCs within zeolites: post-incorporation 

and in situ incorporation. The major advantage of the in situ incorporation over the 

post-incorporation approach is a feasibility to encapsulate metal species that are larger than zeolite 

aperture. Moreover, the encapsulation of MNPs/MCs within medium and small pore zeolites could 

be effectively achieved using in situ incorporation approach. This is because the metal species are 

introduced to an aluminosilicate zeolite synthesis gel prior to the formation of the target zeolite 

framework potentially allowing the framework to form around the metal species. However, one of 

the challenging tasks in this approach is to avoid the premature precipitation of metal hydroxide 

species or metal aggregates in a strong alkaline zeolite synthesis media. Such precipitates could 

lead to the formation of larger MNPs on the external surface of zeolite, or even the precipitation 

of bulk metal separated from zeolite hosts, and hence reducing the incorporated metal content 

and/or metal dispersion. 
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 Appropriate protecting ligands are, therefore, required to stabilise the metal species during 

the hydrothermal synthesis under harsh conditions. Two common groups of stabilising ligands 

used are amine-based ligands and mercaptosilane-based ligands. Both types of ligands were 

reported to potentially stabilise the noble metal species such as Pt, Pd, Rh, Ir, Re, Ru and Ag during 

zeolite synthesis.80-96 However, in the case of Au, only mercapto-based ligands could offer Au 

species sufficient stability allowing the incorporation to take place without premature precipitation 

and/or severe aggregation.92, 93 While the mercapto groups of the ligand offer Au species high 

stability through a strong Au-S bond, the silane moieties simultaneously induce the condensation 

of silicate structure around the Au precursors by electrostatic or Van der Waals interactions prior 

to formation of covalent Si-O-Si or Si-O-Al bonds with the zeolite framework resulting in 

encapsulation of Au species while the zeolite framework was being formed.92 

 In the earlier studies, only ligated metal complexes such as Pd(en)2Cl2, Pt(NH3)4(NO3)2 or 

HAuCl4, H2PtCl6, H2IrCl6 and AgNO3 in the presence of mercaptosilane were employed as 

metal precursors for the in situ incorporation of MNPs within zeolites (discussed in 

Section 2.4.2.2).82-84, 92 Consequently, the as-prepared zeolite containing ligated metal species in 

high oxidation states must be reduced under further reductive thermal treatment to give 

encapsulated MNPs. Conditions of such post-treatment have a strong influence on the size and size 

distribution of the MNPs being formed. Only a small change in temperature during H2 reduction 

treatment was reported to cause an obvious difference in size and uniformity of MNPs. For 

instance, LTA encapsulated nearly monodisperse Au NPs (prepared from Au3+ precursors) with 

a mean diameter of ~ 1.3 nm were obtained after H2 treatment at 300 °C. By increasing the 

treatment temperature to 350 °C, Au NPs lost their size uniformity and sintered to form larger 

particles (~ 2.3 nm).92 As the largest cavity diameter of LTA is ~ 1.1 nm, such Au NPs were 

proposed to occupy more than one cavity/pore at the time. It is, therefore, challenging to achieve 

the encapsulated monodisperse MNPs with precise control over the metal particle size across 

desired range of particle sizes through this strategy where the post-reduction treatment is required.  

 Instead of ligated metal complexes, in this work, ligated pre-made MCs were employed as 

metal precursors. By the introduction of pre-made atomically precise MCs to zeolite synthesis gel, 

the systematic variation of metal particle size from post-reduction treatment could be avoided. 

In fact, the encapsulation of larger Au NPs within zeolite was reported to be achieved by adding 

pre-made ~ 2 nm Au colloid to the zeolite synthesis gel. However, in such case, the pre-made 
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Au NPs were unlikely to be encapsulated in the zeolite cavities/pores, but in the framework defects 

which were formed during the crystallization. The relative positions of the Au NPs within the 

zeolite crystallite were studied by means of bright field TEM tomography. It was claimed that 

significant amounts of Au NPs were located inside the zeolite crystallite, while great numbers of 

Au NPs were located on the external surface of the zeolite crystallite.356, 357 To the best of my 

knowledge, the introduction of pre-made Au MCs to zeolite voids via the in situ incorporation 

approach has not been reported. Since the core size of the ultra-small Au MCs such as Au9 and 

Au11 (~ 0.8 nm) are smaller than cavities diameter (~ 1.1 nm) of the zeolites selected in this work, 

LTA and FAU, but larger than the size of cavity apertures (~ 0.42 and ~ 0.74 nm in Na-exchanged 

form of frameworks, respectively), such Au MCs could be possibly encaged within the LTA and 

FAU cavities. 

 Moreover, both LTA and FAU zeolites can be prepared under relatively mild conditions 

compared to synthesis of many other zeolite frameworks. Indeed, low crystallization temperature 

of 100 °C used for a relatively short crystallization period of 12 - 16 hours and, more importantly, 

synthesis in the absence of organic structure-directing agents (SDA), ensuring no competition with 

clusters used for encapsulation, do appear to give the best chance of success for proposed 

encapsulation. It should be pointed out that the encapsulation of Au NPs within zeolites, such as 

MFI, in which use of SDA (TPAOH) is required, can be challenging. This is because the high SDA 

removal temperature (450 °C for TPAOH) usually causes severe agglomeration of encapsulated 

metal species.92 Apart from the suitable size of the cavities and simple synthesis methods, other 

reasons for our choice of LTA and FAU is that the high crystallinity and relatively high yield of 

such zeolites could be easily achieved. All above mentioned reasons make LTA and FAU zeolites 

an attractive host matrix for the encapsulation of Au MCs by the in situ incorporation approach. 

 Similar to the in situ incorporation of MNPs, the MCs were initially protected by suitable 

ligands preventing them from premature precipitation and agglomeration. The bifunctional 

mercaptosilane ligands were employed as the most promising candidates for stabilising Au species 

during zeolite synthesis.92 Besides, the effect of bifunctional mercaptocarboxylic ligand, 

3-mercaptopropionic acid (3-MPA) on the incorporation efficiency of Au9 and Au11 clusters was 

studied in comparison with (3-mercaptopropyl) trimethoxysilane (MPTMS). The thiol-stabilised 

Au MCs were obtained by ligand exchange of phosphine-protected Au MCs, Au9(PPh3)8(NO3)3 

and Au11(PPh3)7-8Cl3 with the target mercapto-ligands following the procedure reported by 
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Woehrle et al.293 with some modifications (discussed in Section 6.2.1). The crude ligand exchange 

reaction mixture was introduced to zeolite synthesis gel which was subsequently hydrothermally 

treated under specific conditions allowing zeolite building units to assemble around the ligated 

Au MCs. The effect of protecting ligands (MPTMS and 3-MPA), Au MCs size (Au9 and Au11), 

type of zeolite frameworks (LTA and FAU) and pre-mixing step of ligated Au MCs with 

SiO2 source on the Au MCs incorporation efficiency were studied and will be discussed in 

Section 6.2.2. The success of Au MCs incorporation was discussed based on PXRD, UV-vis DRS, 

MP-AES and TEM results. 

 Since Haruta et al.179 discovered that the inert Au metal becomes extremely catalytically 

active in sub-ambient temperature CO oxidation when the size of Au particles decreases to  

~ 3 - 5 nm, the size-dependent catalytic behaviour of supported Au catalysts has been widely 

explored.66, 184, 187-189, 358-361 Even though, it has been generally accepted that the catalytic CO 

oxidation activity of supported Au catalyst depends strongly on the size of the gold particles, the 

underlying explanation for such size-dependent activity remains controversial. This is mainly due 

to the fact that many possible chemical, structural and electronic parameters in the complex 

catalysts comprising supported Au particles can contribute to the catalytic performance of gold. 

For instance, the oxide support could contribute to the catalytic activity through many aspects: 

the charge transfer between the support and Au, the supply of adsorption sites for CO and O2 and 

the formation of a reactive gold-oxide interface.182 Therefore, the size threshold of catalytically 

active Au species supported on one oxide cannot be simply extended to the cases of the other oxide 

supports. 

 Considering atomically precise Au MCs, the first investigation on CO oxidation of Aun 

clusters (n = 2 - 20) was performed by Heiz et al. in 1999.212 The reaction of 13CO and 18O2 was 

monitored with a mass spectrometer. A low CO oxidation activity (at -183 °C) was observed for 

the MgO-supported Aun clusters with n < 10 atoms, except for Au8. Later, Anderson et al. observed 

that Au1 and Au2 on TiO2 were inert for this reaction, while Au3 was more reactive than Au4.213 

Too strong binding between Au and CO was claimed to be responsible for the inactivity of 

supported Au1 and Au2. While the odd-even oscillatory fluctuation in the activity was observed 

with the increase of the Au cluster size to 10 – 20 atoms, similar to the pattern of size-dependent 

electronic structures of Au MCs.214 Of note, the above mentioned supported Au MCs were 

prepared by mass-spectrometry enabled size-selection of laser vaporised clusters under UHV.  
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 More relevant to this work, the catalytic behaviour of Au clusters prepared by conventional 

wet chemistry methods on various metal oxides, for example, TiO2, FeOx, Al2O3, have also been 

explored. However, most of the obtained in this way catalysts contained various types of Au 

species: dispersed single Au atoms, Au MCs and Au NPs, therefore, it is challenging to verify the 

contribution of each of these Au species to catalytic CO oxidation. Many groups have attempted 

to define the size of active Au species in a supported metal catalysis system. For example, 

Zhang et al.359, 360 proposed that FeOx supported single Au atoms (confirmed by HR-STEM) were 

the active species in the CO oxidation at 200 °C. It was also claimed that the ultra-high stability of 

such single atoms Au derived from their covalent chemical bonds with the lattice oxygen atoms of 

FeOx was responsible for a high ratio of low coordinated single Au atoms and, thus, their high CO 

oxidation activity. Besides, the Au/FeOx catalyst containing 1.22 wt% Au NPs with 1 – 5 nm in 

diameter was, as well, found to be highly active in CO oxidation at 25 °C (~ 80 % conversion).361 

In 2008, Hutchings et al. reported that FeOx supported Au species with ~ 0.5 nm in diameter 

(~ 10 Au atoms) were mainly responsible for the high activity in CO oxidation meanwhile single-

atom Au and Au NPs (> 5 nm) barely contributed to the activity.362 The authors pointed out that 

by using aberration-corrected STEM along with CO oxidation probing reaction, the identification 

of the active gold species in FeOx-supported Au samples with different sizes of Au was possible, 

whereas, it was unlikely to be feasible by using spectroscopic techniques such as EXAFS, 

Mossbauer spectroscopy or XPS. Later, the authors reported that both Au species with ~ 0.5 nm 

and Au NPs with 1 - 3 nm similarly contributed to the activity of the FeOx-supported Au catalyst.363   

 In this work, low temperature catalytic CO oxidation was employed as a probe reaction for 

studying the catalytic behaviour of zeolite incorporated Au MCs (Section 6.2.3). Since Au MCs 

were introduced to zeolite frameworks in the form of pre-made clusters, the H2 reduction step is 

not required. Post-ligand removal treatment is, however, likely to be necessary to open the metal 

active sites for the catalytic applications. The key challenge for such encapsulation protocol using 

pre-made Au MCs is then to activate the confined Au MCs without causing their severe 

agglomeration. The establishment of catalytic activation protocol for the zeolite supported Au MCs 

will be described in Section 6.2.3.1. The CO oxidation was carried out in a fixed-bed flow reactor 

under atmospheric pressure at various temperatures varying from 30 to 200 °C. The effect of basic 

medium remaining from the zeolite synthesis on the Au activity for CO oxidation was also 

investigated (Section 6.2.3.2). In comparison to the in situ incorporated Au MCs, the catalytic 
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behaviour and the catalyst stability of post-impregnated Au MCs on the same zeolite were 

investigated. According to the restrictive pore aperture of the zeolite (LTA), all Au MCs prepared 

by the post-impregnation can only be located on zeolite external surface, in contrast to the case of 

incorporated Au MCs prepared by in situ incorporation. The advantages of in situ incorporation 

over the post-impregnation, in particular, with respect to the stability of the Au MCs and their 

catalytic CO oxidation performance will be discussed in Section 6.2.3.3.  

 With the large pore aperture of FAU zeolite, it was hypothesized that use of this framework 

could improve the access of diffusing molecules to the encapsulated Au active sites, and hence 

could enhance catalytic performance. The study of the catalytic behaviour of FAU-incorporated 

Au MCs and catalyst stability during activation and catalytic test in comparison to those of  

LTA-incorporated Au MCs will be reported in Section 6.2.3.4. Unfortunately, the size regime of 

active Au species in this catalytic system cannot be verified based on the results reported in the 

earlier sections due to the co-existence of Au MCs and Au NPs in the post-reaction samples. 

Hence, the catalytic test of zeolite-incorporated Au NPs was performed under similar catalytic test 

conditions as in the case of zeolite-incorporated Au MCs. The possible explanations for the 

different catalytic behaviour observed in these two catalytic systems will be reported in 

Section 6.2.3.5. Apart from promoting the accessibility of encapsulated Au active sites by 

employing zeolite with larger pore aperture (FAU vs. LTA), cation exchange of the Au MCs 

incorporated zeolite was attempted. By replacing the larger framework balancing cations (Na+) 

with smaller ones (Ca2+), the aperture of the zeolite could be enlarged, in this case from 0.42 nm 

of NaLTA to 0.50 nm of CaLTA.364 The effects of an aperture broadening on the catalytic CO 

oxidation activity of incorporated Au MCs will be reported in Section 6.2.3.6. 

 Due to the confinement in zeolite voids, the active sites of encapsulated Au MCs were 

expected to be secluded from the contact by molecules larger than the apertures of the zeolite 

framework. Under this hypothesis, large organosulfur poison molecules, such as dibenzothiophene 

(DBT) with ~ 0.9 nm kinetic diameter, are then too large to diffuse through the small apertures of 

CaLTA (0.50 nm).92 Ideally, the exposure of the catalyst comprising LTA encapsulated Au MCs 

to DBT should not affect its catalytic performance. The lower decrease in CO oxidation rate, the 

higher fraction of unaffected by poison encapsulated Au active sites could be implied. Therefore, 

the catalytic CO oxidation activity of the sample after exposure to DBT was employed to determine 

the encapsulation efficiency of Au MCs via the in situ incorporation approach (Section 6.2.3.6). 
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6.2 Results and discussion 

6.2.1 Preparation of thiol stabilised Au clusters  

 Thiol stabilised Au MCs were prepared via ligand exchange reactions of phosphine 

protected Au MCs including Au9 and Au11 with MPTMS or 3-MPA ligands to get “Auxmersil” 

and “Auxmercar” ligand exchange product, respectively. The reactions were performed 

following the procedure reported by Woehrle et al.293 with slight modifications (see Section 3.4). 

The ligand exchange mixtures were characterised by 1H-NMR, 31P-NMR, MS and UV-vis 

spectroscopy. The characterization experiments data for each reaction mixture is discussed in 

the following section. Purification of the thiol protected Au MCs was attempted by several 

approaches including gel filtration and crystallization. Unfortunately, the ligand exchanged 

Au MCs products with high purity and reasonably high yield could not be achieved. The crude 

ligand exchange reaction mixtures were, therefore, introduced into the zeolite synthesis gel or 

the SiO2 source suspension (in the study of the effect of the pre-mixing step, Section 6.2.2.4). 

6.2.1.1 Ligand exchange of Au clusters with MPTMS 

 The ligand exchange of Au11 clusters with MPTMS was done in a single organic 

phase of 1-chlorobutane and CH2Cl2 mixture with a ratio of 3:1 aiming to minimize 

decomposition of the phosphine protected clusters (see Section 3.4.1). Due to a rapid 

exchange of the thiol proton in the solvent, only four peaks in the 1H-NMR spectrum of the 

pure MPTMS in CD3OD were found at δ of 3.6, 2.6, 1.7 and 0.8 ppm with the integral ratio 

of 9:2:2:2. After coordination with Au cluster core, the MPTMS showed an additional 

1H signal with low intensity at 3.26 ppm, close to that reported previously.293 Four broad peaks 

with low intensity were also observed in similar positions as those of pure MPTMS protons. 

Those proton signals could belong to the excess free MPTMS and possibly belong to the 

Au MCs-coordinated MPTMS which together resulted in peak broadening.293 While signals 

at δ of 7.4 - 7.7 ppm corresponded to the aromatic rings of the PPh3 species corresponding to 

free PPh3 and AuPPh3Cl (δ of 7.45 - 7.56 ppm). The absence of 31P-NMR signals 

corresponding to phosphines bound to Au11 core at δ of 53.6 and 52.9 ppm and the absence of 

the [Au11(PPh3)8]3+ fragment ion (m/z of 1421) in MS suggested a complete transformation of 

the phosphine stabilised Au11 clusters.  
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 However, partial decomposition of the phosphine protected clusters during the 

ligand exchange reaction was evidenced by a small signal of Au(PPh3)Cl in 31P-NMR at δ of 

33.0 - 33.9 ppm. It was also further supported by MS results where a peak at m/z of 721 which 

can be attributed to [Au(PPh3)2]+ was detected. Besides, there was a signal of HPPh3O+ 

species found at m/z of 279 which could be due to the subsequent oxidation of liberated PPh3 

in the reaction media.293 Unfortunately, no clear evidence of the desired thiol stabilised Au11 

clusters could found in the MS.  

 As the optical properties of Au clusters depend strongly on the metal core size as 

well as the nature of protecting ligand. The UV-visible spectra of the Au11 clusters in methanol 

before and after ligand exchange were recorded (Figure 6.1 (a)). The phosphine protected 

Au11 showed characteristic absorption peaks with maxima at 315, 410 and 440 nm in 

agreement with those reported earlier. It should be pointed out that the λmax reported here 

correspond to the co-existence of Au11 with 7 and 8 phosphine protecting ligands. A slight 

shift of broadening absorption peaks was then expected compared to those of pure Au11 

clusters.285 UV-vis spectrum of the crude Au11mersil product did not show well-defined peaks 

but rather broad bands and shoulders. Slight red-shifts of the last two absorption bands from 

410 to 415 nm and 440 to 445 nm were observed. Since both excess MPTMS and AuPPh3Cl 

by-product do not absorb light in between 300 – 800 nm, the absorption feature obtained was 

likely associated with the thiol-protected cluster product. 

 In fact, the UV-vis spectra of organic-soluble thiol-stabilised Au11 products were 

claimed to possess defined absorption peaks due to the interband transitions in contrast to 

those of water-soluble one. However, that could only be applied to the Au11 clusters that are 

stabilised by long-chain thiols such as octadecanethiol and dodecanethiol, while those 

stabilised by shorter ones, for example, hexanethiol, show broad absorption bands. Since 

MPTMS composes of only three carbon atoms, the broad absorption peaks were obtained 

which is consistent with the earlier findings.293 Gel filtration chromatography using 

Sephadex-LH20 was attempted to purify the MPTMS-stabilised Au11 products. However, a 

significantly lower yield was obtained after chromatography, more importantly, the excess 

free MPTMS and by-products could not be effectively removed as evidenced by 1H-NMR.  
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 The ligand exchange of Au9 clusters with MPTMS was performed in the similar 

fashion as that of Au11 with some modifications (see Section 3.4.1). The Au9(PPh3)8(NO3)3 

cannot be completely dissolved in the organic solvent mixture which was used in the case of 

Au11 clusters, hence methanol was employed instead. The 
1H-NMR spectrum of the crude 

Au9mersil products showed proton signals at δ of 3.4, 2.8, 1.9 and 1.0 ppm belonging to 

protons of MPTMS coordinated to Au9. The proton signals of free MPTMS ligand used in 

excess and aromatic protons of the phosphine ligands were detected, similar to the case of 

Au11mersil products. A success of the phosphine-stabilised Au9 clusters ligand exchange was 

indicated by the disappearance of the signal due to Au9-bound phosphines at 58.46 ppm in 

31P-NMR and the absence of the [Au9(PPh3)8]3+ fragment ion (m/z of 1290) in MS.  

 The partial decomposition of phosphine-protected Au9 was confirmed by 

Au(PPh3)Cl signal in 31P-NMR as well as the [Au(PPh3)2]+ HPPh3O+ fragment in MS, similar 

to those found in the case of Au11. UV-vis spectrum of the phosphine-stabilised Au9 cluster, 

Figure 6.1 (b), gave defined characteristic absorption peaks at λmax of 314, 350, 382 and 

445 nm, while those of the Au9mersil showed only broadened bands and shoulders at 

λmax of 323, 369, 413, 447 and 705 nm, which could be attributed to the thiol-protected cluster 

product. 

 

Figure 6.1 UV-vis spectra of phosphine-stabilised Aux and crude Auxmersil of (a) Au11 and 

(b) Au9 in methanol. 
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6.2.1.2 Ligand exchange of Au clusters with 3-MPA 

 The ligand exchange of Au11 clusters with 3-MPA was performed in a biphasic 

solvent system of alumina-filtered chloroform and 0.1 M NaH2PO4/Na2HPO4 buffer solution 

(see Section 3.4.2). A complete phase transfer of the coloured Au MCs from the organic to 

the aqueous phase suggested the completion of the ligand exchange reaction as shown in 

Figure 6.2. 

 

Figure 6.2 Au clusters with 3-MPA in a biphasic solvent system of alumina-filtered 

chloroform (bottom) and 0.1 M NaH2PO4/Na2HPO4 buffer solution (top) (a) before and 

(b) after ligand exchange reaction.  

 The rapid exchange of the thiol proton and the carboxylic acid proton in the solvent 

resulted in the 1H-NMR spectrum with only two triplets of adjacent methylene groups at δ of 

2.6 and 2.7 ppm. After coordination to Au11, 3-MPA ligand showed the additional two broad 

peaks at δ of 2.4 and 2.8 ppm in deuterated water. Those extra proton signals were not reported 

in the literature, however,  the additional signals of coordinated ligand were found as multiplet 

broad peaks at around 3.8 and 4.1 ppm, in the case of larger gold nanoparticles.365 In contrast 

to Au11mersil, the signal of the aromatic protons was not found in the crude Au11mercar since 

the liberated PPh3 was likely to stay in an organic phase. This was also confirmed by the 

absence of the phosphorous signal in 31P-NMR of the aqueous phase. The absence of 

31P-NMR signal belonging to phosphines which bound to Au11 core in the organic and aqueous 

phases suggested a complete transformation of the phosphine-stabilised Au11 clusters 

supporting the visual evidence of the colour transfer (Figure 6.2).  

 Similar to Au11mersil, the partial decomposition of phosphine-protected Au11 

clusters was confirmed by a small signal of Au(PPh3)Cl in 31P-NMR at δ of 33.0 - 33.9 ppm 

(in the organic phase). No evidence of the desired thiol-stabilised Au11 clusters could be found 

in the MS. UV-vis spectrum of crude Au11mercar, Figure 6.3 (a), did not show defined 
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absorption peaks both before and after acidification which was consistent with the case of the 

water-soluble thiol-stabilised Au11 ligand exchange products reported previously.293  

 The purification of Au11mercar product was performed by precipitation under 

acidified conditions. The 1H-NMR of the acidified product showed the absence of excess 

3-MPA and the additional signal at 3.3 ppm, in agreement with previous report by 

Woehrle et al.293  However, it is difficult to determine whether the observed broad peak 

originated from the product or the CD3OD solvent residue, which would appear at the same 

position. Further purification was attempted by crystallization under various different 

conditions, mainly via the vapour diffusion technique. Unfortunately, the crystals of the 

thiol-stabilised Au11 could not be obtained. 

 The ligand exchange of phosphine-protected Au9 clusters with 3-MPA was carried 

out in a similar manner as that of Au11 clusters (see Section 3.4.2). Likewise, the complete 

ligand exchange reaction was initially indicated by the complete colour transfer. The partial 

decomposition of the Au9 clusters was detected by 31P-NMR and no evidence of the starting 

phosphine-stabilised Au9 cluster was found. As expected, the UV-vis spectrum of crude 

Au9mercar (Figure 6.3 (b)), exhibited only a broad absorption band. No cluster-nanoparticle 

related absorption features were observed. Noteworthy, it was later found out that 3-MPA 

ligand could not provide Au MCs adequate stability against agglomeration under the harsh 

conditions of zeolite hydrothermal synthesis (see Section 6.2.2.1) Therefore, further attempts 

to purify Au9mercar product were discontinued. 

 

Figure 6.3 UV-vis spectra of phosphine-stabilised Aux, crude Auxmercar and protonated 

Auxmercar of (a) Au11 and (b) Au9 in methanol or water. 
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6.2.2 In situ incorporation of Au clusters within zeolites 

 The incorporation of thiol-stabilised Au MCs within LTA and FAU zeolites was 

performed by the addition of crude ligand exchange product to the aluminosilicate zeolite 

synthesis gel prior to hydrothermal treatment needed to form zeolite.  The formation of the 

zeolite building units was expected to take place around the thiol-protected Au MCs occluding 

the Au MCs within the zeolite frameworks. Bifunctional stabilising ligands of Au MCs studied 

in this work are mercaptosilane (MPTMS) and mercaptocarboxylic acid (3-MPA). Mercapto 

groups are known to strongly bind to Au via the Au-S bond, while the alkoxysilane group in 

MPTMS was expected to enforce connectivity between the Au MCs and silicate oligomer of 

zeolite through the siloxane bridges in the same fashion as those of MPTMS-Au3+ complexes 

reported in the literature.92 Whereas, a carboxylic acid functional group in 3-MPA was expected 

to provide Au MCs a better aqueous solubility with sufficient stability in the strong alkaline 

media of zeolite synthesis without the additional methanol required.  

 Phase purity and relative crystallinity of the obtained zeolites were confirmed by PXRD. 

The total Au content in all samples was established using MP-AES elemental analysis. Using 

TEM, size distributions of sintered Au NPs could be estimated, however, the size of Au MCs 

could not be verified as those are falling below the detection limit of the conventional TEM used 

in this study. The formation of undesirable large LSPR-Au NPs and their growth due to clusters’ 

agglomeration under the synthesis conditions were also monitored by UV-vis DRS. The effect 

of the ligands protecting Au MCs, number of gold core atom (Au9 and Au11), type of zeolite 

framework (LTA and FAU) and pre-mixing step of ligated Au MCs with SiO2 source on the 

incorporation efficiency are discussed in this section. 
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6.2.2.1 Effect of MPTMS and 3-MPA protecting ligands on the 

incorporation of protected Au11 cluster within LTA zeolite 

 The crude products from Au11 ligand exchange reactions, Au11mersil and 

Au11mercar, were introduced into zeolite hydrothermal synthesis gel. The first attempt was to 

encapsulate Au11mersil within LTA zeolite aiming for 2.0 wt% Au loading in the final 

product. The target Au loading was calculated assuming a 100 % yield based on SiO2 of LTA 

and omitting the loss of Au species during the ligand exchange steps. A 2.5 ± 0.1 wt% Au 

content was obtained in the final Au11mersil-LTA product as evidenced by MP-AES analysis. 

The 0.5 % higher Au content in the final product was likely due to the lower actual zeolite 

yield of 81 ± 7 % based on SiO2 compared to a theoretical 100 % yield used for calculations. 

The loss of the Au during the hydrothermal synthesis and during the washing step was likely 

to be negligible. A relatively higher yield of 92 ± 4 % was later achieved by scaling up the 

total volume of zeolite synthesis gel allowing the higher autogenic pressure to be created 

during hydrothermal synthesis. The control experiment where LTA was grown in the presence 

of the MPTMS ligand (mersil-LTA) alone (i.e. without any Au) was also performed to check 

if excess of ligand affects the growth of zeolite. 

 Structural evidence of the LTA zeolite phase and their purity were verified by 

PXRD analysis. As shown in Figure 6.4 (a), PXRD of metal-containing zeolites showed 

characteristic peak pattern corresponding to the crystalline LTA zeolite with approximately 

the same peak intensity compared to that of metal-free LTA and mersil-LTA samples.99 This 

result indicated that ligated Au MCs did not interfere with hydrothermal crystallization 

process of this zeolite. Of note, a negligible difference in the PXRD peaks intensity of all LTA 

zeolite-based samples suggested that a consistently similar zeolite crystallinity was 

systematically achieved.  

 Without ligand exchange with the selected thiols, however, phosphine-protected 

Au11 clusters could not incorporate well within the zeolite as confirmed by a very low gold 

content (< 0.2 wt%) in the Au11PPh3-LTA sample. The co-addition of MPTMS and 

phosphine-protected Au11 clusters to the zeolite synthesis gel did not result in higher gold 

content in the final product. This is in stark contrast to the case of Au NPs reported by 

Iglesia et al. where Au NPs can be encapsulated within zeolite voids via the addition of 

HAuCl4 and MPTMS to zeolite synthesis gel, without a dedicated ligand exchange step 
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beforehand.92 This is mainly due to the fact that HAuCl4 is more soluble, stable, mobile and 

more active compared to phosphine-protected Au11 clusters. Bonding between Au3+ species 

and mercapto group of MPTMS can be quickly established after the addition, whereas ligand 

exchange of phosphines to mercaptosilane ligands in Au11 clusters can only take place under 

suitable temperature and period of time. Thus, it should be emphasized that the dedicated 

ligand exchange step is necessary for the encapsulation of the Au MCs within the zeolite. 

 Apart from the identity and crystallinity of the zeolite product, PXRD can also give 

useful information on the existence of large Au NPs (>10 nm) based on the peaks of bulk Au 

at 2θ of 38.1, 44.3, 64.5 and 77.7. In the case of Au11mersil-LTA, such diffraction peaks for 

Au metal were not observed, suggesting that the MPTMS ligand could provide Au MCs 

sufficient stability against Au sintering to form larger Au crystallites during the hydrothermal 

synthesis. However, it should be mentioned that the PXRD detection limits generally are in 

the wide range of 1 – 10 % by mass. These values vary significantly with the instrument and 

the type of the sample.366 By monitoring the bulk Au peak in the PXRD pattern of LTA 

supported large pre-made Au NPs with different high Au content (e.g. 1 – 5 wt%), the 

detection limit of PXRD in the particular type of sample could be possibly established. The 

as-prepared Au11mersil-LTA sample was uniformly light brown-grey powder. The sample did 

not exhibit detectable LSPR-Au NPs absorption bands (at 500 - 600 nm)16, 17 or 

ligand-to-metal charge transfer bands (LMCT, at 350 - 500 nm) in UV-vis DR spectrum 

(Figure 6.4 (b)). This data suggested that Au NPs larger than 2 nm were not present, while 

existing ligand exchanged Au MCs-SR adducts did not exhibit LMCT bands. Comparing 

UV-vis DRS of such sample with that of Au11(PPh3)-LTA sample, the obvious LSPR band 

was found in the latter case even with significantly lower Au loading (92 % lower), confirming 

high sensitivity of UV-vis DRS method in detection of plasmonic particles. This result 

confirmed the importance of MPTMS protecting ligand during LTA zeolite synthesis: without 

such ligands, Au MCs tended to agglomerate and/or leach out of the zeolite leading to 

unsuccessful incorporation. While the MPTMS-stabilised Au MCs showed sufficient stability 

at pH and temperature of the LTA hydrothermal synthesis resulting in the successful 

incorporation, similar to that found in the case of Au3+ complexes reported previously.92 
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Figure 6.4 (a) PXRD and (b) UV-vis DRS of Au11mersil-LTA compared to those of 

Au11PPh3-LTA, mersil-LTA and metal-free LTA with a similar target  

Au loading of 2.0 wt%. 

 Apart from PXRD, UV-vis DRS and MP-AES analysis, the Au11mersil-LTA was 

also characterised by TGA and N2 adsorption-desorption techniques. TGA analysis  

was performed at 25 - 800 °C with a ramping rate of 2 °C min-1 under 100 mL min-1 N2 flow 

to determine the ligand removal temperature of Au11mersil-LTA. As the boiling point 

of MPTMS is 214 °C, weight loss of mersil-LTA and Au11mersil-LTA samples at 

~ 200 – 300 °C was expected. However, there was no distinct difference in the TGA curves 

of those two samples compared to that of pure LTA, as shown in Figure 6.5 (a). In fact, the 

TGA curves of all samples including Au11(PPh3)-LTA were rather similar, almost identical. 

It was likely due to the fact that the loss of MPTMS and/or PPh3 could only cause less than 

1 % loss of the total sample weight. Monitoring the loss of such organic species was then 

limited by the sensitivity of the TGA. A 25 % weight loss at lower than 400 °C found in all 

samples was, therefore, attributed to trapped solvent and/or moisture in the zeolite voids, 

possibly, together with MPTMS and/or PPh3 ligands. Thus, the decomposition temperature of 

individual species cannot be simply identified from TGA analysis. 



219 

 

 

Figure 6.5 (a) TGA curves and (b) N2 adsorption-desorption isotherms of Au11mersil-LTA 

with 2.0 wt% target Au loading compared to those of metal-free LTA. 

 The N2 adsorption-desorption behaviour of metal-free LTA (after calcination at 

400 °C under static air for 4 h) and Au11mersil-LTA (after treating at 200 °C under O3 flow 

for an hour) was studied at 77 K using liquid N2. The samples were degassed at 200 °C under 

vacuum overnight before the measurement to desorb gases and trapped solvent/moisture from 

the external surface and the porous framework. As the PXRD pattern of both samples 

confirmed the identity of microporous LTA zeolite, the Type I absorption isotherm 

corresponding to the typical behaviour of microporous materials (pore size < 2 nm) was 

expected. Of note, the feature of Type I isotherm is the steep increase in quantity of adsorbed 

N2 at relatively low pressure (P/P0 lower than 0.01) due to the filling of micropores, which 

already takes place at such low pressure.367 As shown in Figure 6.5 (b), the isotherm of both 

samples exhibited obvious adsorption at the high relative pressure of 0.8 - 1.0. This uptake 

near the saturation pressure indicated the adsorption on the external surface of such nanosized 

zeolite particles. The size of zeolite particles was later revealed by SEM, as shown in 

Figure 6.6. No adsorption behaviour of mesopores at the relative pressure between 0.2-0.8 
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was found implying the uniform pore size of the samples. Unfortunately, due to the limitation 

of the instrument, the gas adsorption at low relative pressure where micropore filling only 

takes place could not be measured. Of note, in the case of LTA with such small pore opening 

(0.42 nm aperture), a very low relative pressure of 10-7 to 10-5 is required allowing N2 to enter 

and fill such narrow apertures pores.368  

 Apart from the limitation of the instrument, a very small pore opening of LTA also 

caused the difficulty in N2 sorption in such pore/cavity. The multilayer adsorption of N2 in 

the LTA zeolite pore/cavity (alpha cavity with a diameter of 1.1 nm) cannot be easily achieved 

since the bilayer thickness of the N2 molecule is already ~ 0.7 nm. Furthermore, the 

pre-adsorbed N2 molecules near the opening of such small pore/cavity may block further 

adsorption. Moreover, at low relative pressure, the rate of diffusion and adsorption 

equilibration of N2 gas in such materials with ultrasmall pores is very slow.368 As expected, 

the unusually low specific surface areas of 88.0 and 38.5 m2 g-1 were observed for metal-free 

LTA and Au11mersil-LTA samples based on Brunauer-Emmett Teller (BET) equation and 

only slightly higher surface areas were deduced using Langmuir equation. This is because 

such specific surface areas were calculated without considering the N2 uptake at very low 

relative pressure needed for adsorption within pores. In addition, the BET model assumes 

multilayer adsorption as opposed to Langmuir monolayer adsorption, which means the BET 

model would be reliable only when multilayer adsorption of N2 is allowed.367, 369 

 The more sensible approach to study adsorption-desorption behaviour of 

microporous materials with very small pore size (aperture diameter < 0.7 nm) could be 

performed by using inert gas with smaller kinetic diameter such as Ar and He.368 Similar to 

that of N2, such inert gases can be physically adsorbed on the surface of solid materials via 

Van der Waals interactions. Due to the weak interaction, the molecules adsorbed can be easily 

desorbed by heating or decreasing the pressure in a similar manner as N2. However, their 

smaller kinetic diameter and lower saturated vapour pressure allow those gases to occupy a 

larger range of pore sizes including those with a small aperture at much higher relative 

pressure. Consequently, data much more sensitive to the details of pore and surface structure 

of the material could be obtained. The higher uptakes obtained using smaller inter gases may 

result in greater accuracy of the quantification of textural properties, for example, surface 

area, actual aperture size and pore volume based on such adsorption isotherm. 
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 Since the adsorption of gas with smaller kinetic diameter and the N2 sorption at 

very low relative pressure could not be performed, the results from N2 sorption obtained can 

only confirm the absence of mesoporous impurity and the presence of an external surface area 

in such LTA-based samples. 

 The SEM images shown in Figure 6.6 provide evidence of nanosized of LTA 

zeolite particles (~ 200 - 700 nm) present in both metal-free LTA and Au11mersil-LTA 

samples. Since the samples were synthesised in the absence of organic structure-directing 

agents, the large particle size and wide size distribution were expected.370 In the presence of 

the organic template the smaller zeolite crystallites could be obtained, however, the high 

template removal temperature required later usually would cause serve agglomeration of 

incorporated Au species.92 

 

Figure 6.6 SEM images of (a) metal-free LTA and (b, c) Au11mersil-LTA with 

2.0 wt% target Au loading. 

 The major concern in the preparation of Au11mersil-LTA sample was the additional 

pressure created by methanol added as a solvent for Au11mersil. Since the formation of zeolite 

framework relies mainly on an autogenic pressure which is approximately equivalent to the 

saturated vapour pressure of solvent (commonly water) at crystallization temperature, 
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the presence of methanol in the zeolite synthesis gel is expected to increase the total pressure 

during hydrothermal synthesis, potentially inhibiting formation of the desired zeolite. Hence, 

lowest possible volume of methanol was therefore used for dissolving Au11mersil ligand 

exchange products. Besides, unavoidable methanol in, however, may form as a product of 

MPTMS hydrolysis during hydrothermal synthesis in basic condition by displacing their 

methoxy groups with hydroxyl groups: 

 

 If presence of methanol in the synthesis gel would be detrimental for the successful 

synthesis, the additional step would be required to evaporate such methanol prior to 

hydrothermal synthesis. For this reason, the preparation of Au11 stabilised by a bifunctional 

mercaptocarboxylic ligands (3-MPA), Au11mercar-LTA was later attempted. It was because 

such ligands were likely to offer the comparable degree of Au MCs stabilising via a strong 

bonding with the mercapto moiety, while carboxylic moiety promoted an aqueous solubility 

of Au11mercar allowing such ligated Au MCs to incorporate in zeolite synthesis gel without 

the addition of methanol. Specifically, crude Au11mercar product in acidic form was soluble 

in alkaline solution which was the zeolite synthesis media. 

 Analogous to Au11mersil-LTA, Au11mercar-LTA was prepared via similar 

encapsulation strategy under a similar hydrothermal synthesis condition (100 °C, 16 hours). 

PXRD of Au11mercar-LTA sample, in Figure 6.7 (a), confirmed the formation of LTA zeolite 

with a similar crystallinity as the metal-free LTA. UV-vis DR spectrum of as-prepared 

Au11mercar-LTA (Figure 6.7 (b, bottom)) exhibited an increased absorbance at wavelengths 

> 550 nm, which was not observed in the case of Au11mersil-LTA. After heat treatment 

(300 °C, 2 hours), both samples gave a similar small broad absorption band at ~ 500 - 600 nm 

indicating the formation of LSPR-Au NPs during the post-treatment (Figure 6.7 (b, top)). 

However, the LSPR band intensity of both samples (after heating) was significantly lower 

than that of mesoporous SiO2-supported Au11mersil prepared with the same target metal 

loading (Figure 6.7 (b, top, purple)). The result suggested that the micropores of LTA zeolite 

could offer Au MCs greater thermal stability compared to the mesopores of SiO2 leading to a 

smaller number of LSPR-Au NPs produced in the former in LTA-based samples. 
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Figure 6.7 (a) PXRD and (b) UV-vis DRS of Au11mercar-LTA (blue) with 2.0 wt% target 

Au loading compared to those of Au11mersil-LTA (orange) and  

metal-free LTA (green). 

 It should be pointed out that the Au11mercar-LTA product was found as a 

non-uniform in colour fine powder. The colour gradient in this sample could be clearly seen 

after centrifugation at 12,000 rpm for 10 min. The majority of the sample (pale purple-grey 

fine powder) was the LTA with incorporated Au, while the minority of the sample (heavier 

dark grey particles at the bottom of the centrifuge tube) was the metallic Au which was formed 

due to agglomeration of leached Au species. This observation was further confirmed by a 

lower metal content and a relatively large variation (± 0.5 wt%) for different digestion samples 

of the same material. With the same Au loading of 2.0 wt% added to the synthesis gel, only 

1.1 ± 0.5 wt% Au was found in the Au11mercar-LTA sample which was around two-fold 

lower than that found in the Au11mersil-LTA (2.5 ± 0.1 wt% Au).  

 Since both MPTMS and 3-MPA comprise three-carbon chain and the mercapto 

group, silane moiety in MPTMS and the carboxylic acid moiety in 3-MPA were, therefore, 

responsible for the different incorporation efficiency of the two ligated Au MCs species. As 

the higher Au content found in Au11mersil-LTA, the stronger interaction between zeolite 
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aluminosilicate oligomers and the silane group of MPTMS compared to that and the 

carboxylic group of 3-MPA could be implied. This could be due to the fact that, in the alkaline 

media, the silane moiety of MPTMS can be hydrolysed to form covalent Si-O-Si or Si-O-Al 

bonds with the nuclei of the zeolite framework. Such bonding could then promote the 

condensation of zeolite structure around the metal clusters and hence the more efficient 

incorporation of the Au MCs within the framework. Whereas such bonding could not form 

with the carboxylic group of 3-MPA.82 Thereby, further studies were focused on the more 

promising in terms of stability and homogeneous zeolites incorporating Au MCs stabilised by 

the MPTMS protecting ligand. 

 Due to small-scale and time-consuming synthesis of the phosphine-protected 

Au MCs, obtaining sufficient amounts of the Au MCs with high purity was a major challenge 

for efficient preparation of the zeolites incorporating Au MCs with 2.0 wt% target Au loading. 

Attempts to scale up the Au MCs synthesis were unsuccessful since obtained final yield in 

scale up experiments (x 2 times) was significantly lower than proportionally scaled yield the 

small scale experiments, (0.8 g cf. 0.6 x 2 = 1.2 g). While scaling down the total volume of 

zeolite synthesis gel, but using the same autoclaves was limited or even impractical due to 

small quantity of zeolite-MC product obtained in this case. Also, very low total volume of the 

synthesis gel is likely to result in inadequately low autogenous pressure created during the 

hydrothermal synthesis, inhibiting or reducing the rate of zeolite framework formation. To 

avoid such problems, Au11mersil-LTA with the lower target Au loading of 1.0 wt% was 

prepared and employed in further studies. Reducing the total Au content to 1.0 wt% was not 

only solving the practical synthesis problem but also reducing the likelihood of cluster 

agglomeration. 

 All characterization studies discussed above could only confirm the successful 

synthesis of LTA zeolite (PXRD and SEM) and the existence of Au MCs with diameter 

smaller than 2 nm in the as-prepared Au11mersil-LTA sample (MP-AES analysis along with 

UV-vis DRS and TEM). While the location of the incorporated Au MCs could not be directly 

confirmed using these characterization methods. Using conventional TEM, it was also 

impossible to establish the particle size and size distribution of such small Au MCs. However, 

the absence of Au particles in TEM images indirectly suggested that the Au MCs still 

remained their size smaller than ca. 1.0 nm after the sample preparation.  
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 Determining the size of such small MCs could be even more challenging when they 

are incorporated within the zeolite framework. MNPs with larger diameter can be observed 

using high-resolution TEM (HR-TEM) images. For example, ~ 2 nm encapsulated MNPs 

(Pt, Pd, Ru and Rh) within GIS zeolite (8-MR) were visible in a poor resolution HR-TEM 

images reported by Goel et al. While the smaller MNPs (~ 1.0 - 1.5 nm) in ANA (8-MR) and 

SOD (6-MR) are not visible using conventional TEM, but can be observed using the 

high-angle annular dark-field high-resolution scanning transmission electron microscopy 

(HAADF HR-STEM).83 With HAADF HR-STEM, the PtCs with diameter of 0.2 - 0.7 nm or 

even individual metal atoms are distinguishable (as bright spots) within the MCM-22 zeolite 

crystallites.371 While it was claimed that the size of larger Au NPs within LTA and MFI 

zeolites can be estimated from TEM images or roughly estimated from the LSPR band 

position in UV-vis DRS which was not feasible for the small Au MCs.92  

 In our case, apart from such a small size of Au MCs, the thick zeolite crystallites 

were another factor making the determination of the Au MCs via electron microscopy 

impossible. The large size of LTA zeolite (~ 200 - 700 nm) gives rise to major contrast 

contributions due to the support preventing observation of the Au species within the zeolite. 

Indeed, such thick zeolite crystallites may not allow electrons to be transmitted through their 

bulk, therefore, appearing as a dark area in a bright field TEM image leading to poor contrast 

between the zeolite matrix and Au species, which also would appear as black spots due to 

their high electron density (high Z value of Au). In principle the high-resolution electron 

microscopy using better equipment could potentially allow direct imaging of such supported 

metal species around the edges of zeolite crystallites where electron beam could still penetrate 

the specimen. However, it will offer only limited information based on the specific selected 

area and is not suitable for imaging of the deep core of such large crystallites. EXAFS analysis 

is another powerful method for obtaining more overall atomic-scale information on clusters, 

including estimate of their size based on the Au coordination number. Indeed, EXAFS was 

widely used for establishing the size of zeolite-confined metal species.90, 115, 371 

 Besides, the position of Au MCs within the zeolite framework is another important 

piece of information that cannot be easily obtained. It was claimed that the HAADF  

HR-STEM could differentiate the depth of metal species’ position within the zeolite 

framework by the intensity differences of the metal which in this imaging mode appears as 
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bright dots. In fact, the position of embedded MNPs/MCs in the internal space of zeolite 

crystallites can be directly confirmed by the HAADF HR-STEM study using an aberration-

corrected microscope.109, 371 Nevertheless, the information about the location of metal species 

can also be deduced due to the molecular sieving behaviour of zeolite using probe reactions 

and/or poisoning experiments involving bulky thiol molecules. This is because the 

microporosity of zeolite could prohibit molecules larger than their apertures from accessing 

active metal species inside their cavities. The high selectivity of such zeolite-encapsulated 

metal species along with their high catalytic stability against thiol poisoning was widely used 

as evidence of the successful encapsulation.82-84, 92 (My results using this approach are 

discussed further in Section 6.2.3.6).  

6.2.2.2 Effect of gold cluster core size on the encapsulation efficiency 

 The effect of two gold atom difference in Au MCs core (Au9 vs. Au11) on the 

efficiency of the in situ incorporation within LTA zeolite was studied. Au9mersil-LTA and 

Au11mersil-LTA with 1.0 wt% target Au content were prepared using a similar 

synthesis strategy as that used for Au11mersil-LTA with 2.0 wt% Au loading reported in the 

previous section. The pale brown uniform in colour fine powder was obtained for both 

Au11mersil-LTA and Au9mersil-LTA samples. The PXRD of both samples, Figure 6.8 (a), 

indicated the successful formation of LTA zeolite with comparable crystallinity to the 

metal-free LTA. The high % yield of LTA zeolite of 93 – 94 % based on SiO2 was achieved 

in both cases. Similar to the case of the as-prepared Au11mersil-LTA with 2.0 wt% target Au 

loading, UV-vis DR spectra of both Au9- and Au11-containing samples did not show any 

cluster or nanoparticle related absorption features (Figure 6.8 (b, bottom)). The absence of 

the Au plasmonic bands in the spectra suggested that MPTMS could provide Au9 clusters 

adequate stability against sintering during the LTA hydrothermal synthesis, similar to that 

observed in the case of Au11. After calcination at 300 °C for 2 hours, such samples showed a 

barely detectable Au plasmonic band with low intensity indicating the presence of a small 

population of LSPR-Au NPs. With 1.0 wt% target Au, the lower LSPR band intensity of heat 

treated Au9mersil-LTA compared to that of Au9mersil-SBA-15 indicated higher stability of 

Au9 in the former sample during thermal treatment due to the confinement within zeolite 

micropores. 
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Figure 6.8 (a) PXRD and (b) UV-vis DRS of Au9mersil-LTA and Au11mersil-LTA with 

1.0 wt% target Au loading. 

 The presence of Au in the samples was confirmed by MP-AES analysis. With the 

Au loading of 1.0 wt% added to the synthesis gel, 0.65 ± 0.01 and 0.75 ± 0.01 wt% Au was 

found in the final samples of Au11mersil-LTA and Au9mersil-LTA, respectively. Very low 

variation of Au content in different digestion samples of both materials suggested the presence 

of Au within zeolite with rather good homogeneity. This slightly lower Au content of 

Au11mersil-LTA compared to that of Au9mersil-LTA was consistent in all samples, 

independently prepared 4 replicates for Au9 and 3 replicates for Au11. The difference in LTA 

zeolite yields were negligible while the Au weight percentage of the two samples was very 

homogeneously uniform. Based on this observation one can hypothesise that different degrees 

of Au MCs decomposition during ligand exchange rather than during zeolite synthesis could 

be a real reason for observed variation of Au content in the final samples. This is because a 

small amount of insoluble decomposition product was separated from the crude Auxmersil 

products by centrifugation prior to addition of the ligand exchange product mixture to the 

zeolite synthesis gel. Therefore, the higher degree of Au MCs decomposition of Au11 

compared to that of Au9 could have resulted in the lower Au content added to the LTA 
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synthesis gel and hence lower final Au loading. Another possibility could be due to the lower 

solubility of Au11mersil in methanol compared to Au9mersil case since only 15 mL of 

methanol was used for dissolving the Auxmersil products, which would lead to a similar effect.  

 All the above mentioned characterization studies of Auxmersil-LTA suggested that 

the in situ incorporation for both Au9 and Au11 within LTA zeolite could be achieved when 

such Au MCs were protected by MPTMS ligands with comparable yield and zeolite 

crystallinity, more importantly, without significant Au sintering during heat treatment. Both 

Au11mersil-LTA and Au9mersil-LTA samples were then tested for their catalytic CO 

oxidation. As expected, without ligand removal, the samples were inactive for CO oxidation 

at 50 - 200 °C. Therefore, the activation treatment was required to, at least, partially remove 

the MPTMS ligands and open up the gold active site for the catalytic reaction. Surprisingly, 

after the conventional calcination under static air at 200 - 400 °C for an hour, the samples 

remained inactive. This was likely due to either too low temperatures (< 200 °C) which was 

not allow adequate MPTMS ligands to be removed or too high temperatures (300 - 400 °C) 

which caused the Au sintering rendering such samples inactive (effect of Au particles size on 

CO oxidation activity will be further discussed in Section 6.2.3.5). Ozone treatment appeared 

as an alternative approach allowing ligands to be removed at lower temperatures while 

suppressing Au MCs agglomeration. In this work, the ozone treatment was performed at 

various temperatures of 150, 200 and 300 °C for an hour under O3 flow with the O2 flow rate 

of 150 mL min-1. The development of the catalyst activation approach will be further 

discussed in Section 6.2.3.1. 

 UV-vis DR spectra of O3-treated samples are shown in Figure 6.9. The broad Au 

plasmonic band of Au9mersil-LTA sample was observed for sample after O3 treatment at 

300 °C (Figure 6.9 (a)), while in the case of Au11mersil-LTA sample it was found after 

treatment at the lower temperature of 150 °C (Figure 6.9 (b)). The further increase of the 

temperature led to the higher intensity of the plasmonic band indicating the greater number of 

larger Au NPs formed. The higher resilience against sintering of Au9mersil over Au11mersil 

during the ligand removal treatment possibly be due to the fact that Au9 core is slightly smaller 

than that of Au11, hence it has a higher chance to be encapsulated within the alpha cavity of 

LTA (1.1 nm cavity diameter), increasing proportion of Au9 clusters located within zeolite 

crystallites and not on the surface. 
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Figure 6.9 UV-vis DRS of (a) Au9mersil-LTA and (b) and Au11mersil-LTA with 1.0 wt% 

target Au loading before (grey) and after O3 treatment at 150, 200 and 300 °C for an hour. 

 In fact, the two-atom difference of Au9
 and Au11 core size was not expected to 

significantly affect their capability to fit in such cavity of LTA. However, those Au MCs were 

added to the zeolite synthesis gel after the coordination with MPTMS ligands and the number 

of such ligands bound to the Au core cannot be verified due to the failure of product 

purification and crystallization as mentioned in Section 6.2.1. For this reason, it is possible 

that, even under a similar ligand exchange conditions, the ligand exchange of Au11 resulted 

in a greater number of MPTMS ligands bound to the Au core compared to the case of Au9. In 

such case, the larger thiol-ligated Au11 may not be easily confined within a single alpha cavity, 

but would probably occupy more than one cavity/cage at the time, similar to the case of larger 

MNPs.84, 356, 357 During the removal of MPTMS ligands, naked Au MCs which were not 

encaged may then diffuse through the window (if the aperture allowed) and coalesce with 

other Au particles forming larger Au NPs. While those located in alpha cavities (in this case, 

Au9 with smaller core diameter) would remain confined in the cavities being restricted by the 

small cavity aperture of only 0.42 nm. However, to support this hypothesis, further 

characterization studies to confirm the size and location of the Au species (such as EXAFS 

and HAADF HR-STEM analysis) on both Au9mersil-LTA and Au11mersil-LTA samples 

before and after the ozonolysis are required. Alternatively, the crystal structures of Au9mersil 

and Au11mersil clusters must be obtained. 
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 The 200 °C O3-treated Auxmersil-LTA, code-named as O3@200-Au9mersil-LTA 

and O3@200-Au11mersil-LTA, were tested in the catalytic CO oxidation at 50 and 100 °C 

with a gas feed total space velocity of ~ 3000 mLg-1h-1. With a similar total Au loading, 

O3@200-Au9mersil-LTA exhibited significantly higher CO oxidation activity compared to 

that of O3@200-Au11mersil-LTA at both 50 and 100 °C, as shown in Table 6.1. The lower 

catalytic performance of the Au11mersil-LTA compared to that of the Au9mersil-LTA was 

likely due to the higher degree of Au sintering during the catalyst activation, as evidenced by 

the intense plasmonic peak in UV-vis DRS (Figure 6.9). Considering the ratio of the 

population of surviving Au MCs to Au NPs after the activation, the higher ratio would be 

expected in Au9mersil-LTA rather than in Au11mersil-LTA. Under the assumption that Au 

clusters were an active species driving the catalytic reaction, the lower ratio of Au11 to sintered 

Au NPs would then explain lower activity of this catalyst compared to Au9-containing one. 

 Another possibility is that the strongly size-dependent properties of Au MCs have 

a contribution to the different performance of Au11mersil-LTA and Au9mersil-LTA samples. 

In fact, such difference in CO oxidation activity when the number of Au atoms in MCs core 

is altered even by a single Au atom was reported back in 1999.212 The MgO-supported Aun 

clusters (where n = 2 – 20) prepared by size-selected laser vaporisation were tested in low 

temperature CO oxidation. The authors reported that Aun clusters with n < 10 atoms showed 

a low CO oxidation activity compared to those with n = 10 - 20, except Au8. Such atomically 

size-dependent catalytic activity was later supported by many follow-up studies.213, 214 

However, it is hard to explain obtained here data by this hypothesis alone since 

O3@200-Au11mersil-LTA and O3@200-Au9mersil-LTA should possess a different ratio of 

surviving Au MCs to sintered Au NPs. 

Table 6.1 CO oxidation performance of O3@200-Au9mersil-LTA and O3@200-Au11mersil-

LTA samples. Reaction conditions: 50 and 100 °C, ambient pressure, total gas flow of 

10 mL min-1, 1.0 % CO and 10.5 % O2 balanced with N2 and Ar, total Au content of 1.6 mg. 
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6.2.2.3 Effect of zeolite framework on the encapsulation 

 As FAU zeolite possesses the same cavity diameter of 1.1 nm as LTA zeolite, the 

encapsulation of MPTMS-protected Au MCs was attempted by using a similar 

in situ incorporation approach.99 Both LTA and FAU zeolite were hydrothermally treated at 

the same crystallization temperature of 100 °C for almost the same crystallization period of 

16 and 15 hours, respectively. An average % yield of FAU-based samples was 30 ± 1 % based 

on SiO2 and 65 ± 4 % based on Al2O3 which were lower than those reported in the literature 

(~ 98 % based on Al2O3).99 The higher FAU yield could be achieved with the assistance of an 

organic template (tetramethylammonium cation) or by using the seed gel approach with a 

longer crystallization period as reported in the literature.372, 373 However, it might be important 

to avoid significant differences in synthesis parameters which could affect zeolite crystallite 

size etc. Hence, the synthesis of FAU-based samples was attempted under synthesis 

conditions as close as possible to those used to make LTA. Even with the lower yield, the 

crystallinity of as synthesised FAU-based samples was comparable to that of commercial one 

as indicated by PXRD.  

 In the presence of Au9mersil and Au11mersil, the FAU zeolite with comparable 

yield (66 and 63 % based on Al2O3, respectively) and slightly lower crystallinity 

(based on PXRD peak intensity) compared to the metal-free FAU were achieved 

(Figure 6.11 (a)) indicating that the ligated Au MCs did not interfere with the framework 

formation of FAU zeolite. Similarity of all FAU-based samples was further confirmed by the 

identical SEM images shown in Figure 6.10, which reveal the wide crystallite size 

distribution (200 - 700 nm) of FAU. Since LTA and FAU were synthesised at the same 

crystallization temperature and for almost similar crystallization period, a similar range of 

zeolite crystallite sizes was actually expected. Similar to the case of LTA, the absence of 

structure-directing agents was responsible for the large crystallite size variation in FAU-based 

samples. It is worth pointing out that although even the metal-free FAU yield was lower than 

expected, there was no visible amorphous phase that appeared in SEM images. 
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Figure 6.10 SEM images of (a) metal-free FAU, (b) Au9mersil-FAU and 

(c) Au11mersil-FAU with 1.0 wt% target Au loading. Scale bars are 1 μm. 

 The Au9mersil-FAU was a uniform in colour pale cream fine powder, while 

Au11mersil-FAU was a uniform in colour pale pink powder with some black metallic gold 

particles. By the colour of as-made samples, it could be already implied that Au sintering took 

place during the hydrothermal synthesis of FAU in the presence of Au11mersil, but not in the 

presence of Au9mersil. This assumption was further supported by UV-vis DRS data shown in 

Figure 6.11 (b), where the LSPR band confirming the presence of LSPR-Au NPs was 

observed in the case of Au11mersil-FAU.  
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Figure 6.11 (a) PXRD and (b) UV-vis DRS of metal-free FAU, Au11mersil-FAU and 

Au9mersil-FAU with 1.0 wt% target Au loading. 

 Surprisingly, with the Au loading of 1.0 wt% added to the synthesis gel, a very low 

Au content of 0.19 ± 0.02 and 0.20 ± 0.01 wt% was found in Au9mersil-FAU and 

Au11mersil-FAU samples, respectively, as evidenced by MP-AES analysis. Since 

Auxmersil-FAU and Auxmersil-LTA were synthesised via a similar approach and both FAU 

and LTA possess the largest cavity with a maximum diameter of 1.1 nm, the same range of 

Au content in final FAU-based samples as that of LTA-based samples was expected.  The 

size of pore opening and Si/Al ratio in both zeolites were not expected to have a major 

contribution to the final Au content of such samples prepared via in situ incorporation. 

However, it appears that even slightest differences in the zeolite synthesis protocols could 

affect metal loading. In particular, the Si/Al ratio, synthesis gel ageing conditions and duration 

of the crystallization period are the only different parameters in FAU and LTA preparations. 

 Size of pore aperture and Si/Al ratio are known to strongly affect the incorporation 

efficiency of the zeolite-supported metal prepared by the post-incorporation.80, 100, 109 It is 

because, in such case, the metal species are introduced into the zeolite voids after the 

formation of zeolite frameworks, as discussed in Section 2.4.2.1. Especially, such strong 

effects are unavoidable for samples prepared by ion-exchange where the exchange capacity 
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of zeolite is defined by the number of Al atoms in the framework. For example, ion exchange 

was used for the preparation of Au/FAU. The pre-made FAU zeolite sample with Si/Al of 

2.28 and 28.7 were suspended in HAuCl4 aqueous solutions in basic media.111 After stirring 

at 80 °C for 17 hours, the samples were collected by filtration and washed until free from Cl- 

prior to drying at 60 °C for 6 hours. The authors suggested that under the basic conditions the 

counter cation on FAU zeolite was exchanged by gold cation to from gold hydroxide 

complexes. This hypothesis was corroborated by the fact Au loading of the sample with a 

lower Si/Al ratio of 2.28 was 6 times higher than that with a higher Si/Al ratio of 28.7. 

However, significant numbers of larger Au NPs (10 - 39 nm) were found on the external 

surface of zeolite crystallites, even without any further treatment. While the effect of pore 

aperture size and Si/Al ratio on in situ incorporation of metal within zeolites has not been 

clarified. 

 Considering the aperture size, FAU is classified as a large pore zeolite with 12-MR 

giving rise to the pore opening of 0.74 nm, while LTA is a small pore zeolite with 8-MR 

giving rise to  the pore opening of 0.42 nm.99 Even though such zeolites have significantly 

different aperture size, it was unlikely to be a reason behind the lower Au content in final 

FAU-based samples. This is because the incorporation of Au MCs species was proposed to 

take place during the formation of the zeolite framework. The only possibility that the aperture 

size would affect the final Au content is when the introduced Au species are larger than 

0.42 nm but smaller than 0.74 nm. In such case, Au species may then escape from the FAU 

cavities, but not from the LTA ones and eventually get washed off during the zeolite washing 

step. Nevertheless, it was unlikely to be the case because the size of Au MCs core itself is  

~ 0.8 nm, hence with the protecting ligands, ligated Au MCs species should be larger than the 

aperture of FAU. It could be even be hypothesised that Au MCs would be less sterically 

hindered in FAU cavities thanks to availability of slightly larger apertures which could 

accommodate some of the steric bulk of the ligated Au MCs. 

 Apart from the size of pore opening, the Si/Al ratio in the zeolite synthesis gel of 

LTA (Si/Al of 0.75) and FAU (Si/Al of 5.0) prepared in this work was significantly different. 

The higher ratio of Al to Si in the final LTA-based samples than that in FAU-based samples, 

therefore, would be expected. It is known that the hydrophilic-hydrophobic character of 

zeolites can be tuned by changing the Si/Al ratio.374 The zeolites with a low Si/Al ratio which 
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is LTA in this case, have a greater number of surface hydroxyl groups leading to the higher 

framework hydrophilicity. This Si/Al ratio is known to dominate the metal content of zeolite 

supported metal samples prepared via the ion exchange approach, while the influence of such 

Si/Al ratio on those prepared by in situ incorporation has not been clearly identified. This is 

because the incorporation efficiency in later approach did not rely on the number of cation 

sites, but the formation of siloxane bridges between silicate oligomers of the zeolite nuclei 

and alkoxysilane group of MPTMS ligands.  

 It should also be emphasized that the Si/Al ratios mentioned above were the Si/Al 

ratio of the synthesis gel, not that of final zeolite samples. To determine the actual Si/Al ratio 

in such samples, further characterization is required. This information can be obtained from 

the MP-AES elemental analysis of Si and Al in a similar fashion to Au analysis, except a 

highly corrosive and toxic hydrofluoric acid is required for zeolite framework digestion. 

Alternatively, quantitative 29Si- and 27Al-NMR or XRF analysis could also be performed to 

confirm the Si/Al ratio of the zeolite products. 

6.2.2.4 Effect of a pre-mixing step of thiol-protected Au MCs and SiO2 

source on the encapsulation efficiency 

 To establish the adhesion of Auxmersil onto the silica source before the zeolite 

synthesis, the crude Auxmersil obtained from the ligand exchange of Au MCs and MPTMS 

ligands was pre-mixed with amorphous SiO2 precursors of zeolite. Such pre-mixing approach 

was previously reported to efficiently anchor MNPs during the in situ synthesis of 

metal-encapsulated zeolite materials. After anchoring pre-made MNPs onto a SiO2 matrix 

these were sequentially added to zeolite synthesis gel prior to hydrothermal crystallization. 

The MNPs were claimed to simultaneously encage into the zeolite crystals promoting the 

higher metal content in the final zeolite product. For instance, Au NPs with a particle size of 

1 - 2 nm were immobilized on an amorphous silica matrix before further transformation into 

silicate-1 at 100 °C. The Au colloid was synthesised via the reduction of HAuCl4 by 

tetrakis(hydroxymethyl)-phosphonium chloride prior to immobilizing on an amorphous silica 

matrix. MPTMS was added to the Au colloid solution following by the addition of diluted 

sodium silicate with 0.16 % SiO2 and tetraethyl orthosilicate (TEOS). The AuNPs/SiO2 

product was collected by centrifugation, washed and dried at 100 °C overnight prior to 



236 

 

transformation into Au/silicalite-1. Using such approach, a higher amount of Au NPs located 

inside the zeolite crystal compared that without the pre-mixing step was reported.356, 357 

 Apart from the possible higher metal content in the final zeolite product, 

the pre-mixing possibly allows Auxmersil species to disperse better in the SiO2 matrix prior 

to the addition to the zeolite synthesis gel. This is because the pre-mixing could be performed 

in the larger volume of methanol which was sequentially removed prior to the addition of 

SiO2 supported Auxmersil product to the zeolite synthesis gel. Only a small amount of 

methanol (if any) produced from reaction of still unreacted trimethyl silane groups of MPTMS 

would be involved in the hydrothermal synthesis. The pre-mixing approach was initially 

applied to the FAU-based samples to increase their final Au content. With the pre-mixing 

step, the FAU framework was obtained (Figure 6.12 (a)) using a similar synthesis gel 

composition and synthesis conditions as those prepared without the pre-mixing step. Both 

Au9mersil-FAU and Au11mersil-FAU samples made in this way showed a slightly higher 

PXRD peaks intensity compared to those prepared without pre-mixing step which could be 

attributed to the effect of lower amount of methanol present during the hydrothermal 

crystallization. 

 As shown in Figure 6.12 (b), unique broad absorption bands at λmax of ~ 425 and 

~ 725 nm were observed in UV-vis DR spectrum Au9mersil-FAU sample. The positions of 

these two absorption bands were close to that of Au9mersil as reported in Section 6.2.1.1. 

Thus, such absorption features may associate with the ligand-to-metal charge transfer of 

Au9mersil clusters and their interaction with FAU zeolite. Whereas, a small LSPR-Au NPs 

band was found in UV-vis DRS of Au11mersil-FAU, similar to that of such sample prepared 

without pre-mixing step (Figure 6.11 (b, purple)). Unfortunately, the pre-mixing step did not 

result in the metal loading close to the target Au content (1.0 wt%) in the final samples. With 

the pre-mixing step, the Au content of Au9mersil-FAU increased two-fold to 0.40 ± 0.01 wt% 

Au, while that of Au11mersil-FAU remained the same at 0.20 ± 0.02 wt% Au. 
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Figure 6.12 (a) PXRD and (b) UV-vis DRS of metal-free FAU, Au11mersil-FAU and 

Au9mersil-FAU synthesised with the pre-mixing step of Auxmersil and colloidal SiO2 with 

1.0 wt% target Au loading. 

 A similar pre-mixing strategy was applied for the preparation of the 

Au9mersil-LTA sample. With the Au loading of 1.0 wt% added to the synthesis gel, 

the pre-mixing step led to an increase of Au content in the final Au9mersil-LTA from 

0.75 ± 0.01 wt% to 0.84 ± 0.02 wt%. To achieve the final Au loading of 1.0 wt%, the amount 

of ligand exchanged Au MCs added to the synthesis gel was scaled up to compensate Au lost 

during the synthesis. Thus, by increasing initial Au loading to 1.2 wt%, 1.08 ± 0.04 wt% Au 

was achieved with a great reproducibility which was confirmed by 8 different syntheses. As 

shown in Figure 6.13 (a), PXRD of Au9mersil-LTA samples showed the characteristic pattern 

of LTA zeolite with intensity comparable between each of the 8 syntheses mentioned above. 

Identical absorption features of those samples in UV-vis DRS could be assigned to the 

interaction between Au9mersil clusters and LTA zeolite are shown in Figure 6.13 (b). 



238 

 

 

Figure 6.13 (a) PXRD and (b) UV-vis DRS of Au9mersil-LTA synthesising with the 

pre-mixing step of Au9mersil and fumed SiO2 with 1.2 wt% initial Au loading. 

 However, even by pre-mixing Auxmersil with zeolites’ SiO2 sources, a higher Au 

content approaching the target value (1.0 wt%) could be achieved only in the case of 

LTA-based samples, but not FAU-based samples. This could be due to the different types of 

SiO2 sources used in LTA and FAU synthesis. The SiO2 source of FAU-based samples was 

colloidal SiO2 (LUDOX AM-30), while that of LTA-based samples was fumed SiO2. 

However, attempt to use fumed SiO2, instead of colloidal SiO2, for the preparation of 

FAU-based samples did not lead to the formation of FAU framework. No diffraction peaks 

could be observed in the PXRD, shown in Figure 6.14, indicating that only an amorphous 

phase was obtained in those three samples, including metal-free FAU. In fact, a particular 

zeolite can be prepared using a different source of SiO2.99 However, different crystallization 

conditions may be required when a different SiO2 source is used. Instead of colloidal SiO2, 

fumed SiO2 might require a higher crystallization temperature and/or a longer 

ageing/crystallization period allowing the FAU framework to establish. Within the time 

available at the end of experimental work for this Thesis, the effect of hydrothermal synthesis 

conditions on the formation of FAU zeolite structure using fumed SiO2 could not be 

established. 
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Figure 6.14 PXRD of metal-free FAU, Au9mersil-FAU and Au11mersil-FAU synthesised by 

pre-mixing Auxmersil and fumed SiO2 with 1.0 wt% target Au loading. 

 The Au9mersil-LTA prepared with the pre-mixing step using initial metal loading 

of 1.2 wt% appears as the most promising sample among all the zeolites incorporating thiol-

protected Au MCs made in this work. For the reasons for this claim are that such material 

could be obtained in a great yield (96 ± 2 %) with a high zeolite crystallinity which was 

comparable to that of the commercial zeolite. The sample showed great consistency in the 

degree of incorporated Au (1.08 ± 0.04 wt%) across eight batches synthesised separately. 

Even more importantly, this sample exhibited the highest Au MCs resilience against metal 

agglomeration and precipitation during the hydrothermal synthesis of zeolite. Hence, the 

catalytic CO oxidation study was mainly focused on the Au9mersil-LTA. 

6.2.3 Catalytic CO oxidation 

 The catalytic CO oxidation using zeolite incorporated Au MCs was performed in 

a fixed-bed reactor in the presence of CO, O2, N2 and Ar gas mixture. The gas mixture consisted 

of 1.0 vol% CO, and 10.5 vol% O2 balanced with Ar and N2. A typical gas hourly space velocity 

(GHSV) was within the range from 3,000 to 30,000 mL g-1 h-1. A fine-powdered catalyst was 

loaded over a thin layer of quartz wool into stainless steel reactor with thermocouple positioned 

at or close to the catalyst bed. The reactions were carried out under ambient pressure in the 

temperature range of 30 to 400 °C. The influence of various parameters on performance of the 

zeolite incorporated Au MCs catalysts in CO oxidation will be discussed in the following 
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sections. It should also be noted that both CO and CO2 presented in the gas mixture were 

converted to CH4 using H2 over Ni catalyst in the methanizer prior to detection by FID detector. 

The performance of the Ni catalyst played an important role in the quantitative analysis of CO 

and CO2. According to the calibration plots, the detection limit of both CO and CO2 was 0.20 % 

by volume. Section 6.2.3.1 is focused on the discussion of the catalytic tests performed using 

Au9mersil-LTA with 0.75 ± 0.01 wt% Au which was deemed to be a promising sample in the 

early stages of this project. The optimal testing conditions derived from this study were later 

applied to studies of other materials made later during this project, mainly, Au9mersil-LTA with 

1.08 ± 0.04 wt% Au prepared with the pre-mixing step (Section 6.2.3.2 to 6.2.3.6). 

6.2.3.1 Effect of catalyst activation  

 As briefly mentioned in Section 6.2.2.2, without the activation, zeolites 

incorporating thiol-protected Au MCs were found to be inactive for catalytic low temperature 

CO oxidation. While too harsh activation conditions led to an agglomeration of Au species 

reducing the total Au active sites and changing electronic properties of gold species, hence, 

resulting in inferior catalytic performance. In this work, the formation of larger Au NPs after 

the activation treatments was monitored by the presence of the Au plasmonic band at 

~ 500 - 600 nm in UV-vis DRS. While the success of the ligand removal was indirectly probed 

using low temperature CO oxidation. 

 TGA analysis of the ligand protected metal clusters generally provides information 

on the temperatures corresponding to decomposition/removal of organic ligands. However, 

the decomposition temperatures of MPTMS ligands in the zeolites incorporating 

thiol-protected Au MCs studied here could not be simply obtained based on TGA analysis as 

discussed in Section 6.2.2.1. In fact, the removal of MPTMS ligands from other metals, such 

as Pt, Pd and Ir, was claimed to be achieved after H2 treatment at 400 °C for 2 hours.84 Due 

to the weaker Au-S bond (Au–S: 126 kJ mol-1) compared to the M-S bonds of abovementioned 

noble metals (Pt–S: 233 kJ mol-1; Pd–S: 183 kJ mol-1; Ir–S: 206 kJ mol-1)375, 376, MPTMS on 

Au was expected to be removed at a lower temperature. Later on, the MPTMS ligands were 

reported to be removed from the Au0 surface via air treatment at 400 °C following by H2 

treatment at 300 °C.92 However, under such reductive conditions, Au MCs were found to be 

reduced forming undesired larger Au NPs. 
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 First aim was to establish the activation conditions which would result in the 

sufficient removal of the organic ligands (enough to show the catalytic activity) while 

suppressing the Au agglomeration. Hence a study of the Au9mersil-LTA catalyst activation 

was performed at several temperatures varied from 200 to 400 °C for an hour under 

atmospheric air. Based on the boiling point of the MPTMS (~ 214 °C), the ligand 

decomposition was expected to occur at 200 - 300 °C. The agglomeration of Au MCs after 

the calcination was monitored using UV-vis DRS. As shown in Figure 6.15, Au plasmonic 

band started to appear after calcination at 300 °C indicating onset of the sintering of Au 

species. Some degree of ligand removal could be implied occurring during the heat treatment 

at 300 °C. However, such thermal treatment also resulted in undesirable Au agglomeration. 

Considering calcination at a lower temperature of 200 °C, there was no distinct difference in 

UV-vis DRS of the treated sample and the untreated one, suggesting that Au sintering did not 

occur during calcination, however, the degree of ligand removal could not be verified.  

 

Figure 6.15 UV-vis DRS of Au9mersil-LTA before and after calcination under static air at 

different temperatures of 200 - 400 °C. 

 Previously, the completion of removal of organic ligands from the encapsulated 

MNPs made of Pt, Pd, Ru, Rh and Ag was inferred from the agreement in metal surface areas 

based on mean diameter of metal particles obtained from electron micrographs and those 

derived from H2 or O2 chemisorption by assuming spherical particles.83, 84 However, the 

chemisorption of H2 and O2 is not feasible in the case of Au according to their high 

dissociation activation barriers.116 Instead of H2 or O2, it was suggested that CO chemisorption 

can be used to obtain surface area and derive the mean diameter of Au NPs within zeolite 

framework.92 However, the mean diameter of such Au NPs was not proportional to the total 
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CO uptakes by Au NPs encapsulated in zeolite. This is because the total CO uptakes were a 

result of chemisorption by Au species as well as by zeolite framework.117 Therefore the FTIR 

spectra of the adsorbed CO must be recorded along with CO chemisorption in order to 

distinguish between CO adsorbed on Au NPs cf. on zeolite, leading to more complex 

monitoring approach. 

 In this work, CO oxidation was employed as an indirect probe for monitoring the 

removal of such stabilising ligands. If there was sufficient degree of ligand removal it would 

result in open active sites and the Au catalyst would show CO oxidation activity at the 

relatively low reaction temperature. This hypothesis is based on earlier reports that ultra-small 

Au particles are active at much lower temperatures compared to larger Au species as was 

discussed in the introduction. The catalytic tests of as-made and heat-treated samples were 

performed in the fixed-bed reactor at 30 - 400 °C. Surprisingly, all samples were found to be 

inactive below 300 °C. In the case of as-made and Au9mersil-LTA samples treated at 200 °C, 

the absence of CO2 production could be due to the hindrance of Au active sites by the 

remaining organic ligands. While, the larger Au NPs formed in the samples treated at 

300 °C and 400 °C were likely responsible for the inactivity of such samples. In fact, the high 

temperature-treated samples started to show their catalytic activity at the high reaction 

temperature of 300 °C and gave 80 - 100 % CO2 yield at 400 °C. This inactivity at low 

temperature due to the presence of large Au NPs generally agreed with the previous reports 

in the literature.377, 378 In those cases, the SiO2-supported Au NPs with a diameter larger than 

5 nm were reported to be inactive below 200 °C. While the catalytic activity remarkably 

increased, even at the low reaction temperature, when the size of Au NPs became smaller than 

5 nm. Noteworthy, earlier report demonstrated that at ambient temperature only 

SiO2-supported Au NPs with 3 - 4.5 nm size were active for CO oxidation, while the smaller 

and the larger ones were claimed to be inactive.358 However, it should be noted that this 

size-dependent catalytic performance of Au particles on SiO2 support cannot be simply 

extended to Au particles on other supports. This point is further discussed in Section 6.2.3.5. 

 The alternative approach to removing the organic protecting ligands while 

suppressing agglomeration of Au MCs is ozonolysis. Ozone is the highly reactive oxidising 

agent which allows oxidative removal of the organic moiety under lower temperatures, hence 

reducing the chance of cluster agglomeration.215, 320, 321 It should also be pointed out that the 
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oxidizing treatment, in comparison to treatment in an inert or reducing environment was 

previously reported to promote the low temperature CO oxidation activity of supported Au 

catalyst.201 However, in such case, the Au oxide species (most likely Au2O3) rather than Au0 

were suggested to be more active for CO oxidation. 

 In this work, the ozonolysis was performed under O3 flow with the O2 feed of 

150 mL min-1 for an hour. The Au9mersil-LTA sample was treated under O3 flow at 

ambient temperature, 150, 200 and 300 °C to obtain samples code-labelled as 

“O3@RT-Au9mersil-LTA”, “O3@150-Au9mersil-LTA”, “O3@200-Au9mersil-LTA” and 

“O3@300-Au9mersil-LTA”, respectively. All O3-treated samples showed their catalytic CO 

activity at 200 °C, except O3@RT-Au9mersil-LTA which was found inactive in all the 

reaction temperature range of 50 – 200 °C. These results suggested that ozonolysis along with 

thermal treatment could result in sufficient ligands removal (without severe Au sintering) and 

hence the catalytic activity at relatively low reaction temperatures.  

 Among the O3-treated samples, O3@200-Au9mersil-LTA gave the highest % CO 

conversion and % CO2 yield at all reaction temperatures. An obvious improvement in 

conversion and yield using the O3@200 catalyst was found when reaction temperature 

increased from 50 to 100 °C resulting in increase of CO conversion from 44 ± 2 to 56 ± 2 % 

and CO2 yield from 46 ± 1 to 53 ± 2 %. While further temperature increased to 200 °C showed 

incrementally smaller enhancement in the catalytic performance - CO conversion of 65 ± 7 % 

and CO2 yield of 57 ± 4 % (Figure 6.16, orange). A similar trend was observed in the case 

of the O3@300 sample, but with lower conversion and yield (Figure 6.16, purple). According 

to the UV-vis DRS of O3-treated samples before the catalytic test shown in Figure 6.17, the 

existence of LSPR-Au NPs could not be clearly confirmed in the case of O3@150 and 

O3@200 samples, but is evident for O3@300 sample. This larger number of Au NPs formed 

during the O3 treatment at 300 °C might be a reason for its lower catalytic performance 

compared to the O3@200 sample. According to this hypothesis, O3@150 and O3@200 

samples should then show similar catalytic activity. However, much lower catalytic activity 

was found using O3@150 sample, especially at low reaction temperatures of 50 and 100 °C. 

The low catalytic performance in O3@150 sample was likely to be attributed to an inadequate 

ligand removal instead of the formation of larger Au NPs, as evidenced by a nearly unchanged 

UV-vis DR spectrum of the sample after O3 treatment at 150 °C (Figure 6.17 (a)).  
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Figure 6.16 (a) % CO conversion and (b) % CO2 yield in CO oxidation catalysed by 

Au9mersil-LTA samples treated under O3 flow at 150, 200 and 300 °C. Reaction conditions: 

GHSV of 3,000 mL g-1 h-1, 200 mg catalyst (0.75 wt% Au), 50 - 200 ºC. 

 

 

Figure 6.17 UV-vis DRS of as-made and O3-treated Au9mersil-LTA at different 

temperatures of (a) 150, (b) 200 and (c) 300 °C before and after the catalytic test. 
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 The TEM image of the most promising sample, O3@200 Au9mersil-LTA, was 

shown in Figure 6.18 (b). It must be pointed out that even though the LSRP band could not 

be clearly observed in the UV-vis DRS of the O3@200 sample, the existence of relatively 

small numbers of plasmonic Au NPs in such sample could be revealed by the TEM 

(Figure 6.18 (b)). This could be due to aggregation of the minority of Au species which were 

located on the external surface of zeolite crystallite. Noteworthy, the absence of Au particles 

in the TEM image of the as-made sample (Figure 6.18 (a)) indicated that the Au species were 

too small to be imaged implying that either the size of Au9 clusters remained unchanged 

during the hydrothermal synthesis or the change of Au MCs size was negligible, as previously 

discussed in Section 6.2.2.1.  

 

Figure 6.18 TEM images of (a) as-made, (b) O3@200, (c) used-O3@150, (d) used-O3@200 

and (e) used-O3@300 Au9mersil-LTA samples. Au NPs are highlighted in red circles. 
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 The samples recovered after the catalytic test denoted as “used” were characterised 

by UV-vis DRS and TEM. The O3@150 sample showed a spectrum with slightly higher 

absorbance after the catalytic test. Based on UV-vis DRS, the Au agglomeration during the 

catalytic test could not be clearly confirmed. The TEM image of the sample reveals the 

presence of Au NPs with a diameter smaller than ~ 2 nm (Figure 6.18 (c)). It is worth noting 

that the image was taken at a higher magnification of 155,000X compared to others which 

were taken at 50,000X. Unfortunately, due to the limitations of the electron microscope used 

as well as the thickness of zeolite particles, the size of Au NPs could be only roughly 

estimated. However, it could be concluded that aggregation of Au MCs took place during the 

catalytic test even in the O3@150 sample, but the specific temperature during with this 

occurred could not be verified at this stage. It could also be implied that the further ligand 

removal in the case of the O3@150 sample took place during the catalytic test opening Au 

active sites for the CO oxidation at 200 °C (Figure 6.16, blue), which coincided with onset 

of catalytic activity. While the UV-vis DRS of O3@200 and O3@300 samples after catalytic 

test, Figure 6.17 (b) and (c), exhibited a significantly broader absorption band with much 

higher intensity than that of O3@150, Figure 6.17 (a). The presence of larger Au NPs in these 

two samples was further confirmed by the larger number Au NPs and their wide size 

distribution in TEM images, Figure 6.18 (d) and (e), especially in used-O3@300 sample 

where the particles were found gathering at the edge of zeolite crystallites. 

 According to UV-vis DRS and TEM, it was confirmed that Au sintering took place 

during the catalytic test (Tmax 200 °C, total reaction time of 12 hours) of all O3-treated samples. 

The higher temperature of O3 treatment, the greater degree of cluster aggregation during the 

catalytic test was found. This was likely due to the greater number of MPTMS ligands which 

were removed during the O3 treatment as the treatment temperature increased. The size of 

majority of Au NPs in the post-reaction samples observed in TEM images was in the range of 

2 - 5 nm. While a minority of Au NPs with a diameter larger than 10 nm was found only in 

the O3@300 post-reaction sample. The existence of surviving Au9 could not be confirmed by 

TEM and UV-vis DRS, but HAADF HR-STEM while EXAFS analysis could not be 

performed in the time available.  

 Since the O3-treated samples, possessed the same total Au loading of 0.75 wt%, the 

relative ratio of surviving Au MCs to sintered Au NPs in the post-reaction samples could be 
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deduced as O3@150 > O3@200 > O3@300, based on TEM and UV-vis DRS results. The 

O3@200 sample with a higher ratio of surviving Au MCs gave superior performance 

compared to that of the O3@300 sample, therefore the surviving Au MCs were likely the main 

active species driving CO oxidation in this case. This assumption was further supported by 

the lower increase in CO2 yield using O3@200 and O3@300 catalysts when the reaction 

temperature increased from 100 °C to 200 °C. This could be attributed to a faster Au sintering 

rate at higher reaction temperature due to exothermic nature of CO oxidation leading to 

gradual aggregation of Au MCs and hence slowing down of the CO oxidation catalytic 

activity. Importantly, O3 treatment at moderate temperature of 200 °C was required to 

sufficiently remove ligands as can be seen from comparison of catalytic activity of poorly 

active O3@150 with best performing O3@200 sample. 

6.2.3.2 Effect of remaining NaOH from LTA zeolite synthesis  

 Typically, zeolites are synthesised in a strong alkaline solution (pH ~ 14) to allow 

dissolution of SiO2 and Al2O3 sources prior to the formation of the zeolite framework during 

the hydrothermal crystallization. Typically, the zeolite product is separated from reaction 

media and washed several times by water to remove the excess of organic structure-directing 

agent prior to calcination at high temperature eliminating all of the organics.370 In this work, 

the zeolite synthesis was performed in the absence of an organic template. Without several 

washes, relatively high basicity should remain within the zeolite product. Therefore, the 

effects of basicity on the catalytic CO oxidation performance of the Au9mersil-LTA sample 

could be studied by comparing that of washed- and unwashed-samples. 

 To isolate effect of basicity and prevent mixing with the effects of other synthesis 

parameters, the single batch Au9mersil-LTA was separated into two portions (e.g. exact same 

material in both portions). The first portion was washed with Milli-Q water several times 

(8 - 10 times) until the pH of the filtrate was ~ 8 - 9. The second portion was washed with 

Milli-Q water once then soaked in methanol overnight allowing the solvent exchange to occur. 

Both samples were then dried at 100 °C overnight to obtain materials denoted  

as “MQ-Au9mersil-LTA” and “MeOH-Au9mersil-LTA”, respectively. As shown in 

Figure 6.19 (a), these two samples exhibited the characteristic PXRD pattern of LTA zeolite 

with a similar intensity. This result suggested that not performing numerous washes by water 
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and the additional methanol soak did not affect the zeolite framework and its crystallinity. 

As expected, the difference in washing method did not affect the final Au content in both 

samples as almost similar final Au content of 1.08 ± 0.01 wt% and 1.11 ± 0.03 wt% was found 

in MQ-Au9mersil-LTA and MeOH-Au9mersil-LTA, respectively. A slightly higher Au 

loading in MeOH-Au9mersil-LTA might be attributed to lower amount of trapped solvent 

residues in such sample as a result of methanol solvent exchange.  

 UV-vis DR spectra of the as-made and O3@200-Au9mersil-LTA washed by the two 

methods are shown in Figure 6.19 (b). Identical absorption spectra of Milli-Q washed and 

methanol washed samples were observed both before and after O3@200 treatment. Thus, a 

similar degree of cluster agglomeration in these samples could be implied. Thus, the only 

significant difference between these samples was their basicity. Of note, the more obvious 

absorption features of Au9mersil-LTA (two broad bands at λmax of ~ 440 and ~ 720 nm) found 

in these two samples compared to those reported in Section 6.2.3.1 were likely due to their 

higher Au loading. O3@200-treated samples were tested for their catalytic CO oxidation 

performance under a similar condition to those reported in Section 6.2.3.1, but at a lower 

temperature range of 30 – 100 °C. 

 

Figure 6.19 (a) PXRD and (b) UV-vis DRS of MQ-Au9mersil-LTA and 

 MeOH-Au9mersil-LTA. 
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 In agreement with the earlier findings, the higher basicity effectively promoted 

CO oxidation performance of supported Au catalysts.118, 377, 379-384 Impressively, 100 % 

conversion was achieved at 30 °C - the lowest temperature used in this study! Conversion 

remained the same at 50 and 100 °C using the MeOH-Au9mersil-LTA catalyst, as shown in 

Figure 6.20. Moreover, the MeOH-Au9mersil-LTA catalyst exhibited a 100 % conversion 

even after 12 hours of the catalytic test which points to rather good stability of this catalyst. 

A 100 % CO2 yield was expected in all temperature range using the MeOH-Au9mersil-LTA 

catalyst. However, only 73 ± 3 % was obtained at 30 °C, while a slightly higher yields of 

85 ± 2 and 88 ± 2 % were achieved at 50 and 100 °C, respectively.  

  

Figure 6.20 (a) % CO conversion and (b) % CO2 yield in CO oxidation catalysed by 

O3@200-MQ-Au9mersil-LTA and O3@200-MeOH-Au9mersil-LTA. Reaction conditions: 

GHSV of 3,000 mL g-1 h-1, 200 mg catalyst (~ 1.0 wt% Au), 30 - 100 ºC. 

 The basicity presented in the supported Au catalytic systems, either from the 

catalyst preparation,111, 385-392
  the catalyst post-treatment377, 118 or the reaction media 

(in gas-aqueous phase system)393, 394 have been reported to improve the catalytic CO oxidation 

in different aspects. In the catalyst preparation, a basic solution such as NaOH was claimed 

to remove the excess chloride in the chloride-rich supported Au catalysts (such as Au/FAU111, 

Au/Al2O3
385, Au/TiO2

386, 387) by replacing of Cl- with OH-. Such substitution led to a 
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significantly lower oxygen dissociation energy promoting O2 chemisorption and dissociation, 

hence, resulting in improvement in catalytic CO oxidation. Besides, the alkaline solution was 

claimed to provide negatively charged sites on the support surface encouraging the binding 

with Au cation species likes [Au(en)2]3+ complex and, therefore, resulting in a higher Au 

loading in such supported Au catalysts.388 However, those reasons cannot be applied to our 

case since the Au9mersil-LTA catalyst was prepared in the absence of chloride species. And 

even though the catalyst was prepared in highly alkaline media, such negative charges from 

NaOH were unlikely to affect the Au loading in our case since the Au content of MeOH-

Au9mersil-LTA was similar to that of MQ-Au9mersil-LTA. Moreover, the siloxane bridges 

between the silane groups of pre-made Au9mersil clusters and the zeolite framework were 

earlier proposed to be responsible for better incorporation the mersil-Au MCs and zeolite. 

 Another hypothesis is that NaOH could change the structure of Au active sites.118 

For example, in the case of AuNPs/SiO2 (3.8 wt% Au), the NaOH post-treatment followed by 

re-calcination was reported to significantly enhance CO oxidation activity. The authors 

proposed that the structural change of Au active sites due to the NaOH treatment was 

responsible for such improvement, however, the clear evidence for such assumption was not 

reported in the paper. The important influence of Au particle shapes on the activity of gold 

catalysts was previously shown by both Haruta et al.395 and Goodman et al.186 However, the 

link between such treatment and change of the structure of gold active sites have not been 

directly supported by the experimental evidence provided by the authors. With respect to our 

case, it can be speculated that the NaOH remaining in the MeOH-Au9mersil-LTA sample 

played a role in tuning the fine structure of Au active sites during the ozonolysis. 

 Besides, NaOH was proposed to tune the surface basicity of solid supports.118 

Under this hypothesis, the OH groups on the surface of solid supports (TiO2
377, 379, 380, SiO2

381) 

were proposed to provide Au NPs better stability against sintering, therefore, smaller Au NPs 

could be obtained.382 The decrease in Au NPs size could increase the Au-support perimeter 

interface and hence promote the catalytic activity assuming the interface reaction 

mechanism.396 The presence of abundant low-coordinated Au atoms could also be a reason 

for such a promotional effect in our case. Finally, good stability of MeOH-Au9mersil-LTA 

catalyst (100 % conversion over 12 hr) could be due to presence of OH groups at the surface 

of support. 
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 UV-vis DRS of both O3-treated samples did not show a district difference in 

plasmonic peak intensity (Figure 6.21). Both samples exhibited a barely detectable 

broad band at λmax of 550 nm corresponding to very small populations of plasmonic Au 

species. However, the TEM image of the MQ-Au9mersil-LTA sample after ozonolysis 

(Figure 6.22 (a)) showed a small number of visible Au NPs, while in MeOH-Au9mersil-LTA 

sample, none of visible in TEM Au NPs could be found (Figure 6.22 (b)). Similar to the 

hypothesis discussed in Section 6.2.3.1, the higher ratio of surviving Au MCs to Au NPs 

formed due to cluster sintering may contribute on such higher catalytic activity due to the 

more abundant low-coordinated Au atoms in the MeOH-Au9mersil-LTA sample after 

ozonolysis. Since the size of incorporated Au species could not be established based on 

UV-vis DRS and TEM, further characterization, for instance, by HAADF HR-STEM and 

EXAFS analysis are required to confirm this hypothesis. 

 Agglomerated Au NPs were found in both samples after the catalytic test as 

evidenced by the black dots of large Au NPs in TEM images (Figure 6.22 (c) and (d)). 

The existence of Au NPs was further confirmed by rather broad Au plasmonic bands in 

UV-vis DRS (Figure 6.21, purple), where a slightly less pronounced plasmonic band was 

observed in the post-reaction sample of MeOH-Au9mersil-LTA compared to that of 

MQ-Au9mersil-LTA sample. 

 

Figure 6.21 UV-vis DRS of as-made and O3@200-treated (a) MQ-Au9mersil-LTA and 

(b) MeOH-Au9mersil-LTA before and after the catalytic test. 
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Figure 6.22 TEM images of O3-treated Au9mersil-LTA samples (a, b) before and 

(c, d) after the catalytic test. Au NPs are highlighted in red circles. 

 Apart from influencing on Au size, the surface hydroxyls were also proposed to 

mediate the activation/binding of CO molecules by trapping the CO and allowing them to 

diffuse to Au/support interface where the O2 cleavage takes place.383 This hypothesis was also 

supported by the density functional theory (DFT) calculations. 384 In the case of Au/TiO2,  

the addition of OH to rutile TiO2 surface increased the binding energy of both CO and O2 by 

~ 0.75 and ~ 0.50 eV, respectively. Moreover, the existence of surface OH reduced the 

activation energy barrier for CO oxidation by about 0.2 eV compared to a surface without 

OH. However, detailed DFT studies of contributions of hydroxyl groups on CO oxidation 

using zeolite supported Au catalysts have not been reported.  

 In addition, the hydroxyl from NaOH additive was proved to boost the catalytic 

activity of Au/SiO2 at the temperature below 150 °C.381 The hydroxyls on Au NPs were 

claimed to induce the activation of O2 at room temperature. Without such species, Au/SiO2 
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with a similar Au particle size and the electronic structure was found to be completely inactive 

under the same catalytic conditions. It is worth mentioning that the Na(I) cation cannot 

promote the CO oxidation activity of supported Au catalysts, while the inert SiO2 support 

does not participate in the catalytic reaction, therefore, the promotion effect was proposed to 

come from hydroxyl groups. Of note, the DFT calculations were performed on adsorbed OH-

covered Au (1 1 1) planar model. It was proposed that CO initially reacted with adsorbed OH 

to form COOH intermediate on Au (1 1 1). Such COOH could further decompose to CO2 and 

H which was proposed to be the rate-determining step.  

  As shown in Figure 6.20, % CO2 yield was ~ 12 – 27 % lower than % CO 

conversion in the temperature range of 30 - 100 ºC using the MeOH-Au9mersil-LTA sample. 

Of note, the greater difference in conversion and yield was found at lower temperatures (by 

27 % at 30 ºC, and by 12 % at 100 ºC). This might be due to the molecular adsorption of CO 

on zeolite counter ions and on the Au active sites as previously reported in the literature.92, 117  

 In order to estimate effects of CO and CO2 adsorption within zeolite on gas 

composition detected by GC. The control experiment was performed under the same 

conditions as the catalytic test using O3-treated metal-free methanol washed LTA sample 

which was synthesised in the presence of MPTMS, “O3@200-MeOH-mersil-LTA”. 

A 4 - 7 % lower concentration of CO (at 30 – 100 ºC) after passing through the sample 

suggested the molecular adsorption of CO by zeolite. As expected, without the Au active sites, 

the catalytic reaction could not take place as no evidence of CO2 formation could be detected 

throughout the test. While the CO chemisorption on the Au surface (along with that on zeolite) 

was suggested by 10 - 14 % lower concentration of CO after introducing of 1.0 % CO in Ar 

to the O3@200-MeOH-Au9mersil-LTA sample under similar conditions. Therefore, the 

carbon balance issue can be partially explained by the molecular adsorption of CO. Another 

possible explanation could be the adsorption of produced CO2 on the catalyst surface which 

then led to a lower CO2 signal detected in the reaction mixture. The further experiment on 

CO2 adsorption of the catalyst is required to confirm this hypothesis.  
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6.2.3.3 Effect of in situ and post-incorporation of Au MCs within LTA 

 The aim of the in situ incorporation approach was to encapsulate the Au MCs within 

the zeolite voids which was proposed to offer Au MCs greater stability against sintering 

during the catalyst activation and catalytic reaction. However, as discussed in Section 6.2.2.1, 

the successful Au MCs encapsulation cannot be easily confirmed based on the direct 

characterization of the zeolite-supported Au samples due to the two main challenges: 

the ultra-small size of the Au MCs and the thickness of zeolite particles. Therefore, the 

catalytic CO oxidation was utilised to indirectly indicate the success of Au MCs encapsulation 

using the in situ incorporation approach. Since the catalytic performance of supported Au 

catalysts in low temperature CO oxidation is known to strongly depend on the Au particle 

size,66, 184, 187-189, 358-361 sintering of the Au species, in this case, was proposed to reduce the 

catalytic performance (further discussed in Section 6.2.3.5). With the higher stabilisation 

offered by the zeolite framework matrix, the confined Au MCs were proposed to maintain 

their ultra-small size and be resilient against metal sintering and, hence, show high catalytic 

CO oxidation activity. At the same time, it was hypothesised that if Au MCs were located 

exclusively at the surface their sintering would be more pronounced due to poorer 

stabilisation. Thus, the catalytic activity of the Au MCs confined in the zeolite framework 

made using in situ incorporation approach and Au MCs immobilized exclusively on the 

external surface of zeolite in low temperature CO oxidation was investigated. 

 The metal-free LTA zeolite was synthesised under the same conditions as the 

Au9mersil-LTA sample but in the absence of Au9mersil ligand exchange product. The final 

zeolite was collected and washed with Milli-Q water once prior to soaking in methanol 

overnight and drying at 100 °C. The methanol-washed LTA was suspended in a methanol 

solution of Au9mersil with the initial Au content of 1.2 wt%, similar to that used in the in situ 

incorporation of Au9mersil within LTA. The suspension was stirred overnight allowing 

Au9mersil to anchor onto the LTA surface. This is because Au9mersil clusters are larger 

(> 0.8 nm) than the pore opening of LTA (0.42 nm), such thiol-protected clusters could only 

sit on the outer surface of zeolite crystallite. 
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 The difference between the two samples could be clearly noticed after 

centrifugation. The mother liquor in the post-impregnation was transparent yellow-brown 

whereas that of the in situ incorporated was colourless or transparent pale-yellow 

(Figure 6.23 (a cf. c)), indicating the lower incorporation efficiency of Au MCs and LTA 

zeolite using the post-impregnation approach. After drying at 100 °C overnight, colour of the 

post-impregnated sample was slightly more intense compared to the in situ incorporated 

sample (Figure 6.23 (b cf. d)). Such intense red-brown colour indirectly confirmed that 

Au9mersil clusters in the post-impregnated sample (denoted as “imp-Au9mersil-LTA”) were 

located exclusively on the external surface, compared to the case of the in situ incorporated 

sample (denoted as “inst-Au9mersil-LTA”). The as-prepared imp-Au9mersil-LTA was 

post-treated by NaOH (~ 0.012 mol NaOH per 1.0 gram of sample, a similar ratio to that used 

in the zeolite synthesis) prior to washing once with Milli-Q water and soaking in methanol 

overnight. After drying at 100 °C overnight, the imp-Au9mersil-LTA was treated under ozone 

at 200 °C prior to the testing of its catalytic performance. 

 

Figure 6.23 Au9mersil-LTA samples prepared by (a, b) post-impregnation and 

(c, d) in situ incorporation methods after centrifugation and after drying. 

 The framework of LTA zeolite was not affected by the post-impregnation 

procedure as there was no difference in the PXRD pattern and the peak intensity before and 

after the impregnation. Au content of imp-Au9mersil-LTA was established by MP-AES 

analysis in a similar fashion as was done for inst-Au9mersil-LTA. As expected, 

imp-Au9mersil-LTA exhibited much lower Au loading (0.75 ± 0.03 wt%) compared to 

inst-Au9mersil-LTA (1.11 ± 0.03 wt%) when the same Au content of 1.2 wt% was added to 

the synthesis gel. The result indicated that the in situ incorporation approach allows Au MCs 

to incorporate with LTA zeolite better than using post-impregnation.  
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 Comparison of UV-vis DRS data of as-prepared inst-Au9mersil-LTA and 

as-prepared imp-Au9mersil-LTA revealed a much more obvious absorption features of thiol-

protected Au9 cluster at ~ 440 and ~ 720 nm observed in the latter case (Figure 6.25, blue). 

This result correlated with the more intense colour of the imp-Au9mersil-LTA as shown in 

Figure 6.23 (b) implying that Au MCs in imp-Au9mersil-LTA were likely to be located on 

the outer surface of LTA. Similar to inst-Au9mersil-LTA, the imp-Au9mersil-LTA sample 

was activated under O3 at 200 °C. The formation of Au NPs in both samples during the 

activation step cannot be clearly supported by appearance of plasmonic peaks in UV-vis DRS 

(Figure 6.25, orange). But TEM images revealed numerous dark spots corresponding to 

Au NPs, especially in the case of O3@200-imp-Au9mersil-LTA sample (Figure 6.26 (c)). 

 The O3@200-imp-Au9mersil-LTA sample was tested for its catalytic CO oxidation 

in the same fashion as that of O3@200-inst-Au9mersil-LTA. Since the imp-Au9mersil-LTA 

has lower Au content compared to that of inst-Au9mersil-LTA, a higher catalyst loading of 

~ 290 mg (instead of ~ 200 mg) was used to keep the total Au content the same. Of note, the 

GHSV in the catalytic test of imp-Au9mersil-LTA (~ 2,030 mL g-1 h-1) was lower than that of 

inst-Au9mersil-LTA (~ 3,000 mL g-1 h-1). As shown in Figure 6.24, the imp-Au9mersil-LTA 

gave significantly lower CO conversion and CO2 yield compared to the inst-Au9mersil-LTA 

catalyst at all reaction temperatures. At 30 °C, the imp-Au9mersil-LTA catalyst gave 

30 ± 1 % conversion and 31 ± 3 % yield. CO conversion and CO2 yield gradually increased 

with the increase of reaction temperature. The highest CO conversion of 49 ± 2 % and 

CO2 yield of 52 ± 2 % using the imp-Au9mersil-LTA catalyst was achieved only at 100 °C. 

 The higher degree of Au sintering during the catalytic test in the case of the imp-

Au9mersil-LTA sample was likely responsible for its lower catalytic activity compared to that 

of inst-Au9mersil-LTA sample. Even though Au MCs on external surfaces are more easily 

accessed by CO and O2 than the ones inside the LTA framework, they also likely to sinter 

more rapidly without the confinement of the LTA framework. 
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Figure 6.24 (a) % CO conversion and (b) % CO2 yield in CO oxidation catalysed by 

O3@200-imp-Au9mersil-LTA and O3@200-inst-Au9mersil-LTA. Reaction conditions: 

GHSV of 2,030- or 3,000-mL g-1 h-1, total Au loading of 2.2 mg, 30 - 100 ºC. 

 The above mentioned hypothesis was supported by the UV-vis DRS results of 

post-reaction samples where imp-Au9mersil-LTA featured a more pronounced plasmonic 

band at λmax of 530 nm due to Au NPs (Figure 6.25 (b), purple) compared to that of 

int-Au9mersil-LTA (Figure 6.25 (a), purple). The development of plasmonic Au NPs during 

the catalytic test in both samples was further confirmed by TEM images shown in 

Figure 6.26 (b) and (d). In agreement with UV-DRS results, an obviously higher degree of 

cluster agglomeration and wider Au NPs size distribution were found in imp-Au9mersil-LTA 

compared to the case of inst-Au9mersil-LTA (Figure 6.26 (d cf. b)). The majority Au NPs 

present in the inst-Au9mersil-LTA sample were smaller than those in imp-Au9mersil-LTA. 

Of note, a high population of visible in TEM Au NPs in the post-reaction sample of imp-

Au9mersil-LTA were present exactly on the edge of zeolite and some even detached from the 

zeolite. This could occur during TEM sample preparation since the samples were dispersed 

in methanol with sonication prior to drop-casting onto copper holey carbon grids. While no 
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dislodged from support Au NPs could be found in inst-Au9mersil-LTA. Most of the Au NPs 

visible in the TEM image of inst-Au9mersil-LTA were found within the zeolite crystallite. 

 TEM and UV-vis DRS results suggested that Au MCs on zeolite-supported 

Au catalysts prepared by the in situ incorporation method possess greater stability during the 

CO oxidation compared to that prepared by post-impregnation. The naked Au MCs in the 

latter case were located on the external surface and agglomerated to form larger Au NPs 

during catalytic test resulting in lower catalytic performance. While that in the former case, 

Au species were confined mainly within the zeolite framework resulting in somewhat 

suppressed Au sintering. The greater Au MCs stability led to the superior catalytic 

performance and excellent stability as the catalyst maintained 100 % CO conversion and 

73 – 88 % CO2 yield up to 12 hours of the catalytic test. Hence, it could be concluded that the 

in situ incorporation approach could offer Au MCs higher stability against agglomeration 

during the catalytic reaction in contrast to the post-impregnation approach. 

 

Figure 6.25 UV-vis DRS of as-made, O3@200-treated and post-reaction samples of 

(a) inst-Au9mersil-LTA and (b) imp-Au9mersil-LTA. 
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Figure 6.26 TEM images of O3-treated (a, b) inst-Au9mersil-LTA and (c, d) imp-

Au9mersil-LTA before and after the catalytic test. Au NPs are highlighted in red circles. 

6.2.3.4 Effect of zeolite framework types: LTA and FAU 

 Since FAU and LTA possess the same maximum cavity diameter of ~ 1.1 nm, the 

incorporation of Au9mersil into both frameworks was performed using a similar in situ 

incorporation strategy. The major difference between the two zeolites is in the size of their 

cavity apertures: FAU has larger apertures of 0.74 nm, while LTA has smaller apertures of 

0.42 nm. Due to the larger pore opening, FAU should provide better access for O3 during the 

activation step resulting in a higher degree of ligand removal, and, additionally, better access 

for CO (kinetic diameter of ~ 0.38 nm) and O2 (kinetic diameter of ~ 0.35 nm) to the 

encapsulated Au active sites and better mass transfer of the produced CO2 (kinetic diameter 

of ~ 0.33 nm) out of the framework.98, 99 Based on this assumption the greater CO oxidation 

rate could be expected using FAU-based catalysts. Therefore, the catalytic activity of 

Au9mersil-FAU in comparison with that of Au9mersil-LTA was investigated in CO oxidation. 
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 Both samples were prepared using the in situ incorporation approach, analogues to 

the methanol washed sample. However, as described in Section 6.2.2.3, adding the same 

Au content of 1.2 wt% to the synthesis gel resulted in a much lower Au loading of 

Au9mersil-FAU compared to Au9mersil-LTA. To achieve Au9mersil-FAU with target Au 

content of 1.0 wt%, at least two-fold higher amount Au (~ 2.4 wt%) compared to that used in 

Au9mersil-LTA synthesis must be introduced into the synthesis gel. Interestingly, 

UV-vis DRS of as-made Au9mersil-FAU with 0.96 ± 0.05 wt% Au (Figure 6.28 (b), blue) 

showed two obvious absorption bands at ~ 440 and ~ 740 nm which were attributed to the 

thiol-protected Au9 clusters, similar to the case of as-prepared imp-Au9mersil-LTA 

(Figure 6.25 (b), blue). This observation may imply that the higher number of Au MCs was 

located at the outer surface or at the top layer of FAU zeolite crystallite. After activation under 

O3 at 200 °C, both samples were tested for their performance in catalytic CO oxidation under 

the same conditions. 

 The catalytic test was performed under slightly different conditions compared to 

those reported in the earlier sections. Only ~ 40 mg of catalyst was used for each catalytic 

test. Of note, the total amount of catalyst was slightly adjusted between the samples 

to maintain the total Au amount of 0.4 mg. The GHSV was increased from ~ 3,000 to 

 ~ 30,000 mL g-1 h-1. These changes were introduced to ensure that 100 % conversion of CO 

is not easily achieved in order to better compare these catalysts. These conditions are similar 

to ones used by Zhu et al.118 A total gas flow rate was maintained at 20 mL min-1 throughout 

the tests. Each catalytic test was performed separately at 30, 50, 100 and 200 °C for 2 hours. 

The graphs representing catalytic performance of Au9mersil-LTA and Au9mersil-FAU are 

shown in Figure 6.27. The O3@200-Au9mersil-LTA showed 31 ± 3 % conversion of CO and 

33 ± 2 % yield of CO2 at 30 °C. The conversion and yield increased with the increase of 

reaction temperature from 30 to 50 °C, where 44 ± 5 % conversion and 43 ± 3 % yield 

were observed. The further increase in reaction temperature from 50 to 100 and 200 °C did 

not lead to a significant change in CO oxidation performance. Surprisingly, the 

O3@200-Au9mersil-FAU did not show any catalytic CO oxidation activity under these 

conditions. A lower CO concentration detected at 30 °C was likely due to the adsorption rather 

than the conversion since no CO2 product could be detected up to 200 °C as shown in 

Figure 6.27.  
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Figure 6.27 (a) % CO conversion and (b) % CO2 yield in CO oxidation catalysed by 

O3@200-Au9mersil-LTA (1.11 ± 0.03 wt% Au) and O3@200-Au9mersil-FAU  

(0.96 ± 0.05 wt% Au). Reaction conditions: GHSV of 30,000 mL g-1 h-1, 

catalyst loading of ~ 40 mg, total Au loading of 0.4 mg, 30 - 200 ºC. 

 The severe sintering of Au MCs to form larger Au NPs might be responsible for 

the inactivity of the Au9mersil-FAU sample since a broad plasmonic band was found in 

UV-vis DRS of such sample, even after O3 treatment (Figure 6.28 (b), orange). Such intense 

plasmonic band after the O3 treatment at 200 °C was not found in any other samples reported 

in this work, not even in the imp-Au9mersil-LTA sample, which was prepared by  

the post-impregnation method. Thus, the FAU zeolite framework must, indeed, have a strong 

influence on this phenomenon 

 This might be due to the fact that the larger pore opening of FAU could not only 

allow O3 to easily diffuse into the cavity and oxidize the organic ligands during the activation 

step, but also allow Au MCs species to easily migrate out of the cavities and sinter with 

another Au particles. Therefore, a higher degree of Au agglomeration and lower catalyst 

performance were observed. In fact, the lower treatment temperature during ozonolysis may 

allow the MPTMS ligands to be removed from the Au9mersil-FAU without the severe 
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sintering of Au MCs. However, the effect of activation conditions on the stability of FAU-

incorporated Au MCs was not established due to time constraints. 

 As discussed in Section 6.2.2.3, apart from pore opening, the FAU prepared in this 

work has a significantly higher Si/Al ratio compared to LTA (at least that in the synthesis 

gel). The greater number of alumina sites in LTA might contribute on stabilisation of the 

encapsulated Au MCs.397 However, it is worth noting that the LTA and FAU zeolites were in 

the Na+ form, not H+ from. Thus, the different ratio Si/Al in the zeolite may not be the only 

factor influencing stability of the Au MCs. Therefore, the effect of the zeolite framework 

geometry on Au MCs stability and performance of such materials in catalytic CO oxidation 

should be investigated further using zeolites with similar Si/Al ratio. 

 The other possibility is that the majority of Au species in Au9mersil-FAU sample 

were not encapsulated within the FAU framework, but instead located on the external surface 

zeolite crystallites. Therefore, Au MCs in such sample showed low stability undergoing 

severe agglomeration even during catalyst activation. Furthermore, significant numbers of 

Au NPs must be present in the post-reaction samples of Au9mersil-FAU as evidenced by the 

rather pronounced plasmonic band of LSPR-Au NPs at λmax of ~ 550 nm. Even the 

catalytic test at a low reaction temperature of 30 ºC caused an obvious plasmonic band 

(Figure 6.28 (b), purple). The higher the reaction temperature, the more intense and wider 

Au plasmonic bands were observed indicating the more severe Au sintering and the wider 

size distribution of the sintered Au NPs. While an obvious plasmonic band of Au9mersil-LTA 

was not observed until after the catalytic test at 200 ºC (Figure 6.28 (a), green). Intensity of 

plasmonic bands in case of Au9mersil-FAU samples after catalytic test was even greater than 

in the case of imp-Au9mersil-LTA after reaction, implying that the sintering is facilitated by 

the chemical nature of the surface of FAU.  

 TEM images of Au9mersil-LTA before and after the catalytic test at 30, 50, 100 

and 200 ºC are shown in Figure 6.29.  Unfortunately, the TEM study of Au9mersil-FAU could 

not be performed within the time available. In agreement with the UV-vis DRS result, the 

higher reaction temperature, the greater the degree of cluster sintering could be observed. 

As expected, the TEM of a post-reaction sample of the 200 ºC catalytic test (Figure 6.29 (e)) 

showed the highest numbers of sintered Au NPs among all used catalysts. 
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Figure 6.28 UV-vis DRS of as-made, O3@200-treated and post-reaction samples of 

(a) Au9mersil-LTA and (b) Au9mersil-FAU. 

 

Figure 6.29 TEM images of (a) O3-treated Au9mersil-LTA and post-reaction samples tested 

at (b) 30, (c) 50, (d) 100 and (e) 200 ºC. Au NPs are highlighted in red circles. 
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6.2.3.5 Effect of incorporated Au MCs and Au NPs  

 In all earlier sections it was proposed that the formation of larger Au NPs as a result 

of Au MCs agglomeration was responsible for the lower catalytic activity or inactivity of the 

zeolite-supported Au catalysts. Under this hypothesis, the zeolite-supported ultra-small 

Au MCs, in this case, Au9 and Au11, were proposed to be the majority active species 

responsible for the CO oxidation at low temperature, while it was speculated that the larger 

Au NPs were less active or inactive in CO oxidation under such conditions. However, the 

existence of Au NPs in all samples was a result of Au MCs decomposition/aggregation during 

the catalyst preparation and/or the catalyst activation and/or the catalytic test. To directly 

compare the CO oxidation performance of zeolite-supported Au catalyst with different size 

of incorporated Au species, the “AuNPsmersil-LTA” was prepared following the procedure 

established by Iglesia et al.92 With a similar in situ incorporation strategy, same LTA zeolite 

host (Si/Al in the synthesis gel of ~ 0.8) and similar final Au content, the Au particle size was 

considered as the only different parameter influencing the catalytic performance of the two 

samples. 

 AuNPsmersil-LTA sample was prepared by the addition of colloidal SiO2 and 

NaAlO2 to an aqueous solution of HAuCl4 and MPTMS. The Au-containing aluminosilicate 

gel was aged at ambient temperature for 2 hours prior to hydrothermal treatment at 100 ºC 

under the autogenous pressure with stirring (750 rpm) for 14 hours. The AuNPsmersil-LTA 

zeolite product was collected by centrifugation, washed with Mill-Q water once and soaked 

in methanol overnight prior to drying at 100 ºC. The AuNPsmersil-LTA was obtained with 

98 ± 2 % yield based on SiO2, which is comparable to yield reported in the literature92 and 

that of the Au9mersil-LTA sample. 

 In accordance with the literature, the presence of MPTMS and HAuCl4 in the 

zeolite synthesis gel did not interfere with the formation of the LTA zeolite framework as 

confirmed by PXRD of AuNPsmersil-LTA sample which showed characteristic pattern of 

LTA zeolite (Figure 6.30). The PXRD peak intensity of the AuNPsmersil-LTA sample was 

comparable to that of the Au9mersil-LTA suggesting a similar crystallinity of the LTA zeolite. 

The Au content in the AuNPsmersil-LTA sample was established by MP-AES analysis in the 

same fashion as for the Au9mersil-LTA sample. With 1.3 wt% Au loading in the synthesis gel 
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(assuming 100 % yield of zeolite), AuNPsmersil-LTA sample with final loading of 

1.16 ± 0.02 wt% Au was obtained. Of note, the final Au content in AuNPsmersil-LTA was 

close to that of Au9mersil-LTA (1.11 ± 0.03 wt% Au). 

 

Figure 6.30 PXRD of AuNPsmersil-LTA and Au9mersil-LTA with 1.0 wt% target 

Au loading. 

 Prior to testing of the catalytic performance, the AuNPsmersil-LTA was treated in 

the reactor under flowing air (4.25 mL min-1) at 350 ºC for 2 hours. The sample was then 

cooled down to ambient temperature prior to further heating to 350 ºC under flowing H2 

(4.25 mL min-1) and held for 2 hours to obtain the pink-purple powder of H2@350-air@350-

AuNPsmersil-LTA. It should be noted that before the air/H2 treatment, the AuNPsmersil-LTA 

sample was white powder and did not exhibit detectable LSPR or LMCT bands in its 

UV-vis DR spectrum (Figure 6.31 (b), blue). These results indicated that Au NPs were not 

initially present in the as-prepared AuNPsmersil-LTA sample as MPTMS ligands can 

effectively protect Au3+ complexes during the hydrothermal synthesis.92 As expected, Au 

plasmonic band emerged after the thermal treatment in the air (Figure 6.31 (b), light blue) 

according to the removal of MPTMS ligands along with the partial reduction of Au3+ to Au0, 

which is consistent with the earlier report. A further thermal treatment under H2 resulted in a 

sharp increase of the plasmonic band intensity with λmax of 510 nm, similar to that reported in 

the literature, (Figure 6.31 (b), orange) indicating formation of Au NPs. Based on the 

position of LSPR band maximum, size of Au NPs could be estimated to be 2 - 2.5 nm347 or 

comprising close to 279 Au core atoms (2.25 nm).41 Such hypothesis relies on the LSPR band 

position of the Au279(SR)84 which was reported to appear at 506 nm, close to our case. 
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However, the LSPR band position reported derived from UV-vis spectrum of Au279(SR)84 

clusters in CH2Cl2, not the supported Au MCs.41 

 The PXRD of H2@350-air@350-AuNPsmersil-LTA sample did not show Au metal 

diffraction peaks at 2θ of 38.1, 44.3, 64.5 and 77.7 suggesting the absence of Au particles 

with a diameter larger than 10 nm. As mentioned earlier in Section 6.2.2.1, the low Au loading 

might be lower than the detection limit of PXRD. The report by Iglesia et al. claimed that the 

average size of Au NPs prepared using this approach was 1.3 nm according to their TEM 

study.92 However, the LSPR (at 506 nm in their case and 510 nm in our case) indirectly 

suggested the presence of small plasmonic Au NPs with a diameter of 2 – 2.5 nm.92 It should 

be emphasized that the temperature of H2 treatment was proven to strongly affect the size of 

Au NPs. The increase of the treatment temperature, for instance, from 350 ºC to 400 ºC caused 

the formation of 2.3 nm Au NPs (i.e. 1.0 nm larger in diameter). 

 Comparing the UV-vis DRS data of the two activated samples with a similar Au 

loading, H2@350-air@350-AuNPsmersil-LTA showed an obvious plasmonic peak 

confirming the presence of larger Au NPs, while O3@200-Au9mersil-LTA exhibited a rather 

broad band across wide part of the spectrum with a barely detectable plasmonic band 

suggesting that majority of Au species were in the cluster form (Figure 6.31 (b cf. a), orange).  

 

Figure 6.31 UV-vis DRS of as-made, activated and post-reaction samples of 

(a) Au9mersil-LTA and (b) AuNPsmersil-LTA. 
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 The catalytic test was performed in the same fashion as the tests reported in 

Section 6.2.3.4. Each catalytic test was performed separately at 30, 50, 100 and 200 °C for 

2 hours with GHSV of 30,000 mL g-1 h-1. It is worth mentioning that after the in situ activation 

under H2, the reactor was flushed with Ar flow of 20 mL min-1 for ~ 20 min prior to starting 

the catalytic test. Surprisingly, the H2@350-air@350-AuNPsmersil-LTA sample did not 

show any CO2 production up to 200 °C, only 20 - 30 % lower in CO concentration was found 

(Figure 6.32). The lower concentration of CO after passing through the H2@350-air@350-

AuNPsmersil-LTA sample might be attributed to CO molecular adsorption of such sample, 

as discussed in Section 6.2.3.2. Therefore, the hypothesis that Au MCs, not Au NPs, acted as 

the active site in the low temperature CO oxidation using this zeolite supported Au catalysts 

was supported by these results. 

 

Figure 6.32 (a) % CO conversion and (b) % CO2 yield in CO oxidation catalysed by 

O3@200-AuNPsmersil-LTA (1.16 ± 0.02 wt% Au) and O3@200-Au9mersil-LTA  

(1.11 ± 0.03 wt% Au). Reaction conditions: GHSV of 30,000 mL g-1 h-1, 

catalyst loading of ~ 40 mg, total Au loading of 0.4 mg, 30 - 200 ºC. 

 In fact, the size-dependent catalytic performance of supported Au catalyst in the 

low temperature CO oxidation has been widely investigated since 1993 when Haruta et al. 

discovered that the catalytic performance of Au NPs supported on metal oxides dramatically 
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increases when their diameter decreases to below 5 nm.66 Smaller Au particles on a variety of 

oxide supports have been shown as species with higher activity. In particular, Au NPs with 

2 - 4 nm diameter are two orders of magnitude more active (at 0 ºC) than the larger Au NPs 

with 20 - 40 nm diameter, independently of the type of oxide supports.184 The higher numbers 

of low-coordinated Au atoms in supported smaller Au NPs was proposed as the origin of their 

superior activity over larger Au NPs since such Au atoms are capable of acting as O2 binding 

or dissociation sites.184, 187-189 Moreover, the adsorption energies of both CO and O atoms on 

Au were reported to depend strongly on the coordination number of the Au atom to which 

they bind.184 Specifically, the theoretical calculations showed that both O and CO adsorption 

energies are lowered by up to 1 eV when the coordination number of Au atom is reduced from 

9 in case of Au (1 1 1) to 4 in case of Au10 clusters.  

 This hypothesis could be applied to our work where the Au MCs in Au9mersil-LTA 

were likely to possess a higher proportion of low-coordinated Au atoms than in the case of 

Au NPs in AuNPsmersil-LTA sample; hence, the higher catalytic activity of Au9mersil-LTA. 

However, the fact that the LTA-supported Au NPs with an average diameter of ~ 1.3 nm 

(as reported by Iglesia et al.92) or 2.0 – 2.5 nm (as estimated form LSPR band position) did 

not show any CO oxidation at 30 - 200 ºC remains inexplicable. Paper by Iglesia et al.92 did 

not report any data on CO oxidation, only study of the catalytic activity of obtained materials 

in alkanol oxidative dehydrogenation reaction. The possible explanations for the inactivity of 

such supported Au NPs are (1) the reductive activation conditions, which were previously 

claimed to lead to a lower CO oxidation rate, however, such conclusion was derived from 

Au/TiO2 catalytic system where Au oxide species were proposed to be more active than the 

metallic ones201 and (2) the different thresholds of active Au size on the different oxide 

supports. 

 Even though it has been generally agreed that ultra-small Au NPs are more active 

in CO oxidation than the larger ones, the specific size-regime of the most active Au species 

varied depending on type of oxide support. For instance, on SiO2 support, only Au NPs with 

a mean diameter of 3.0 - 4.5 nm were reported to be active in room temperature CO 

oxidation.358 According to the study, the larger supported Au NPs did not catalyse CO 

oxidation due to lack of low-coordinated Au atoms, while the non-metallic electronic structure 

(resulting from the quantum-size effect) of the smaller species, including single Au atoms, 
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was claimed as a reason for their lower catalytic performance. The catalytic activity of fumed 

SiO2- and SBA-15-supported Au catalysts in low temperature CO oxidation was also reported 

by Dai et al.118, 389 AuNPs/SBA-15 catalyst with Au NPs size of 2.9 ± 0.6 nm showed  

a 100 % CO conversion at a very low temperature of -23 °C. However, during the reaction, 

the Au NPs sintered to form larger Au NPs with a diameter of 4.9 ± 1.0 nm, thus the size of 

active Au species could not be clearly identified. More recently, Au particles with sub-2 nm 

size deposited on SBA-15 were proposed to be an active species in low temperature CO 

oxidation as the catalyst with 3.8 wt% Au loading showed 100 % conversion at 25 °C.390 

However, the thermal treatment used for catalyst activation resulted in the formation of larger 

Au NPs. Therefore, the conclusion that sub-2 nm Au species were responsible for the catalytic 

performance is suspicious. Finally, AuNPs/FAU catalysts with Au NPs diameters of 10 to 

39 nm were reported to be active in CO oxidation at 30 °C (Au loading of 1.2 - 1.8 wt%).111 

However, the Au/FAU sample was prepared by ion exchange of HAuCl4 and counterion of 

FAU and it was claimed that most of Au species were located in the zeolite pores/cavities, but 

this was confirmed by TEM. Under such hypothesis, the size of active Au species in the 

Au/FAU catalytic system cannot be clearly identified. It is worth noting that the Au/FAU 

prepared by ion exchange approach showed 100 % CO conversion at 30 °C, but the catalytic 

activity was found to decrease rapidly due to Au sintering.  

 Atomicity or nuclearity of metal clusters has a significant influence on their 

catalytic performance, yet it is quite strange that sub-5 nm particles expected to exist in 

AuNPsmersil-LTA didn’t show any CO2 yield despite some loss of CO from the gas stream. 

Such CO loss is smaller than in the case of control experiment of CO adsorption onto LTA 

discussed in Section 6.2.3.2. However, the detailed characterization of AuNPsmersil-LTA 

using TEM was not performed due to lack of time and there is a chance that due to differences 

in set-up during treatments etc. Au NPs in our material could be greater than ca. 1.3 nm 

(as reported by Iglesia et al.92). In fact, our UV-vis DRS data suggests that particles in 

AuNPsmersil-LTA should in the range of 2.0 to 2.5 nm as per discussion above. 
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6.2.3.6 Effect of cation-exchange and thiophene exposure 

 As reported in Section 6.2.3.4, the attempt to expand the aperture of zeolite host by 

incorporating the Au9mersil with FAU, instead of LTA did not lead to the enhancement of 

catalytic CO oxidation, in contrast, the Au9mersil-FAU was found inactive. The other 

approach to enlarge the pore aperture is to exchange the cations balancing framework charge 

with the smaller cations. In this work, NaAlO2 and NaOH were used as alumina source and 

base in the LTA zeolite synthesis, Na+ thus was present as balancing cation of the LTA-based 

samples. By replacing Na+ with Ca2+, pore opening of LTA was expected to increase from 

0.42 nm to 0.50 nm.364 The larger pore aperture of Ca-exchanged LTA should then facilitate 

diffusion of O3 within the framework resulting in more efficient removal of ligands. Similarly, 

CO and O2 should also easily access the encapsulated Au MCs active sites leading to the 

improvement in catalytic CO oxidation. In addition, it was previously reported that the cation-

exchange of LTA from Na+ to Ca2+ did not affect the size of encapsulated Au NPs.92 

Therefore, the Ca2+ ion-exchange was performed before the ozonolysis and catalytic test of 

the Au9mersil-LTA sample. 

 The Ca2+ion-exchange was performed by adding Au9mersil-LTA to an aqueous 

1.0 M solution of CaCl2·2H2O (1.0 g MeOH-Au9mersil-LTA per 100 mL) following the 

method reported by Otto et al. with modifications.92 The suspension was stirred at ambient 

temperature for 12 hours. The exchange was repeated five times. The Ca-Au9mersil-LTA 

product was washed with Milli-Q water prior to subjecting to NaOH solution (~ 0.012 mol 

NaOH per 1.0 gram of sample). After stirring for an hour, the sample was washed with 

Milli-Q water once, soaked in methanol overnight and dried at 100 ºC in the same fashion as 

the Na-Au9mersil-LTA sample.  

 As expected the cation-exchange did not affect the PXRD and Au content of the 

Au9mersil-LTA sample. As discussed in Section 6.2.3.2, several washes with Milli-Q water 

and methanol soaking did not affect the Au content of the final products as evidenced by 

a similar Au loading of MQ-Au9mersil-LTA and MeOH-Au9mersil-LTA of 1.08 ± 0.01 wt% 

and 1.11 ± 0.03 wt%, respectively. Similarly, the Ca2+ ion exchange and the following 

washing did not lead to a significant change of Au content as 1.13 ± 0.02 wt% Au was 

observed. The Ca-Au9mersil-LTA was then treated under O3 at 200 ºC prior to the catalytic 
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test. No significant difference in UV-vis DRS of O3@200-Au9mersil-LTA was found before 

and after Ca2+ ion-exchange (Figure 6.33, (a cf. b), orange). The catalytic test of 

the O3@200-Ca-Au9mersil-LTA sample was performed in the same manner as that of 

O3@200-Na-Au9mersil-LTA reported in Section 6.2.3.5, but only at 50 ºC. Improvement of 

catalytic performance was achieved after the Ca2+ ion-exchange. CO conversion and CO2 

yield increased from 44 ± 5 to 52 ± 2 %, and from 43 ± 3 to 48 ± 4 %, respectively, as shown 

in Figure 6.34. This result supported the hypothesis that the Ca2+ ion-exchange could expand 

the LTA pore aperture which was likely to improve the access of diffusing molecules 

(O3, CO, O2 and CO2) through the zeolite framework leading to the effective removal of the 

organic ligand and hence slightly higher catalytic CO oxidation activity. A slightly less 

pronounced plasmonic band was observed in the UV-vis DR spectrum Ca-Au9mersil-LTA 

compared to that of Na-Au9mersil-LTA after catalytic tests (Figure 6.33, b cf. a), purple). 

 As discussed in Section 6.2.2.1, the location of Au active species could not be 

simply identified from the conventional TEM image while the further characterizations by 

HAADF HR-STEM could not be performed within time available. Thus, bulky thiophene 

exposure experiment was performed to indirectly estimate the fraction of Au MCs those 

encapsulated within the framework and those immobilized on the external surface. 

 

Figure 6.33 UV-vis DRS of as-made, treated, and post-reaction samples of  

(a) Na-Au9mersil-LTA and those of (b) Ca-Au9mersil-LTA before and after exposure to 

thiophene. 
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Figure 6.34 % CO conversion and % CO2 yield in CO oxidation catalysed by 

O3@200-Na-Au9mersil-LTA (1.11 ± 0.03 wt% Au), O3@200-Ca-Au9mersil-LTA 

(1.13 ± 0.02 wt% Au) and S-O3@200-Ca-Au9mersil-LTA. Reaction conditions: 

GHSV of 30,000 mL g-1 h-1, 40 mg catalyst (~ 1.0 wt% Au), 50 ºC. 

 It was hypothesised that after ozonolysis at 200 ºC, MPTMS ligands and other 

organic residues were mostly removed from Au MCs surfaces opening the active sites for CO 

oxidation. Therefore, both Au active species located inside and outside the zeolite framework 

was responsible for the overall catalytic performance of the O3@200-Ca-Au9mersil-LTA 

sample (52 ± 2 % CO conversion and 48 ± 4 % CO2 yield at 50 ºC). During exposure to 

dibenzothiophene (DBT) this bulky thiophene would strongly bind to the accessible Au 

surfaces via the Au-S bond. The DBT bound onto the Au surfaces would then block the access 

of CO and O2 to the Au active sites rendering catalysts inactive.398 According to the molecular 

sieve properties of zeolite, it will only allow appropriate molecules to diffuse inside the 

framework. This phenomenon is based on the fit of the shape and size of such molecules 

within pore aperture of specific sizes. DBT with a kinetic diameter of ~ 0.9 nm cannot enter 

the super-cavity of Ca-LTA (where active Au species were proposed to be located) through 

the small pore aperture of 0.50 nm.92 Therefore, the catalytic CO oxidation by Au species on 

the external surface would be suppressed by DBT, while the encapsulated Au species would 

maintain their performance in CO oxidation. In other words, after exposure to DBT, only 

encapsulated Au species would contribute to the overall catalytic performance. The higher the 

fraction of encapsulated Au species, the less significant drop in CO oxidation catalytic activity 

compared to the non-poisoned sample could be expected. 
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 The O3@200-Ca-Au9mersil-LTA sample was suspended in 0.1 M of DBT in 

toluene (0.1 g O3@200-Ca-Au9mersil-LTA per 15 mL) with sonication at 50 ºC for 20 min. 

The thiophene-exposed sample, S-O3@200-Ca -Au9mersil-LTA, was then collected by 

centrifugation, washed with methanol twice and dried at 100 ºC overnight. No significant 

difference in UV-vis DRS of the sample after thiophene exposure was observed, as shown in 

Figure 6.33 (b), yellow. The catalytic test was performed in the same manner as in the case 

of the non-poisoned sample. Surprisingly, the S-O3@200-Ca-Au9mersil-LTA sample did not 

show any CO2 production, but 41 ± 3 % lower CO concentration compared to the initial CO 

fed (Figure 6.34). There are two possible explanations: (1) the ~ 41 % of CO was adsorbed 

within the zeolite framework and no CO2 was produced since the Au active sites were 

completely poisoned by DBT (2) the ~ 41 % of CO was oxidized to CO2, but CO2 cannot be 

liberated out of the framework.  

 The first explanation is based on the assumption that all Au species present in this 

sample were located on the external surface since DBT cannot pass through the pore aperture 

of LTA. Since all Au sites at the external surface of zeolite crystallites were poisoned 

by DBT, no catalytic CO oxidation could take place. However, such hypothesis could not 

explain a significantly lower concentration of CO (~ 41 %) after passing through the 

O3@200-Ca-Au9mersil-LTA. As reported in Section 6.2.3.2, O3@200-Na-Au9mersil-LTA 

did not show such high CO adsorption capacity (10 - 14 %) even with 5-times higher catalyst 

loading and 10-times lower GHSV. Although Ca2+ balancing cations resulted in wider pore 

apertures, it was unlikely a reason for almost 4 times higher CO adsorption found in this case. 

The second explanation relies on the hypothesis that there were some Au active species 

located inside the LTA framework and the CO oxidation did take place resulting in the ~ 41% 

CO conversion, however, the CO2 produced was strongly adsorbed to the active site and/or 

stuck within the zeolite framework. However, there are no prompt evidence supporting those 

hypotheses. The reason behind this lower amount of CO left in the gas stream after passing 

through the bed of S-O3@200-Ca-Au9mersil-LTA sample and the absence of CO2 signal after 

thiophene exposure could not be clearly identified.  

 Alternatively, the very high DBT to Au molar ratio of 295:1 along with the large 

size of the solvent molecule may cause such an issue. Large excess DBT, ideally, should not 

affect the activity of encapsulated Au since such bulky molecules cannot contact the encaged 
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Au species. However, due to a very high DBT content, such bulky molecule may cover all of 

the zeolite crystallite external surface blocking off all the access to the encapsulated Au active 

species. The two methanol washes and 100 ºC-drying were unlikely to remove such excess 

DBT from the zeolite surface. The remaining DBT, therefore, rendered the inactivity of the 

catalyst. By using the lower molar ration of DBT to Au (such as 6:1)92, such blockage due to 

the physisorption of DBT may be suppressed. Apart from the excess amount of DBT, 

the toluene used as a solvent may also lead to a similar issue. By treating the 

O3@200-Ca-Au9mersil-LTA with an analogous procedure without DBT and testing for its 

CO oxidation, the effects of toluene adsorption on the activity could be distinguished from 

the effects of DBT. Besides, more volatile solvents like methanol, ethanol should be used 

instead of toluene, thus the removal of such solvent could be easily performed at low 

temperature without desorption/decomposition of DBT.92 However, this hypothesis could 

only explain complete loss of the catalytic activity of Au MCs, but cannot explain observed 

loss of CO. 

6.3 Conclusions 

 The ligand exchange of phosphine-protected Au MCs including Au9(PPh3)8(NO3)3 and 

Au11(PPh3)7-8Cl3 with the target mercapto-ligands including MPTMS and 3-MPA resulted in the 

formation of thiol-protected Au MCs, Auxmersil and Auxmercar. The success of ligand exchange 

could be implied from the NMR, MS and UV-vis results of the crude products, however, the 

presence of target thiol-stabilised Au MCs of the same nuclearity as starting clusters could not be 

100 % confirmed. Besides, the slight Au MCs decomposition was found in all cases as evidenced 

by NMR and MS. Since the Au MCs product with high purity and high yield could not be obtained 

despite numerous purification efforts, the crude ligand exchange product mixtures were introduced 

into the zeolite synthesis gel or the SiO2 source suspension without further purification. 

 By adding the crude ligand exchange products, Au11mersil and Au11mercar, to the zeolite 

synthesis gel prior to hydrothermal synthesis of LTA at 100 °C for 16 hours, Au11mersil-LTA and 

Au11mercar-LTA could be obtained. The presence of either Au11mersil or Au11mercar did not 

interfere with hydrothermal crystallization of the LTA zeolite as evidenced by the characteristic 

PXRD pattern of LTA zeolite with relatively high peak intensity. However, a significantly higher 

incorporated Au content was found in the final Au11mersil-LTA sample (2.5 ± 0.1 wt%) compared 
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to that of Au11mercar-LTA sample (1.1 ± 0.5 wt%). Besides, Au11mersil-LTA sample showed 

better homogeneity. Thus, it could be concluded that the MPTMS ligand provided Au11 higher 

stability and greater ability to incorporate with zeolite building block during the hydrothermal 

synthesis. This is because the silane group of MPTMS ligand allows formation of the covalent Si-

O-Si or Si-O-Al bonds with the nuclei of the zeolite framework promoting the condensation of 

aluminosilicate structure around the ligated Au MCs. Moreover, the absence of bulk Au peaks in 

PXRD and the absence of detectable plasmonic Au NPs band in UV-vis DRS confirmed that the 

MPTMS ligand could provide Au MCs sufficient stability against premature precipitation and Au 

sintering at pH and temperature of the LTA hydrothermal synthesis. 

 By employing a similar in situ incorporation approach as that of Au11mersil-LTA, a uniform 

Au9mersil-LTA sample with high yield and crystallinity was obtained. With the lower target Au 

loading of 1.0 wt%, Au11mersil-LTA with final 0.65 ± 0.01 wt% Au and Au9mersil-LTA with final 

0.75 ± 0.01 wt% Au were obtained. The slightly lower Au content in the former sample was 

proposed to be due to the poor solubility of Au11mersil compared to Au9mersil and/or the higher 

degree of Au11 decomposition during the ligand exchange. Comparing with Au11mersil-LTA, 

Au9mersil-LTA exhibited a significantly higher catalytic activity in low temperature CO oxidation 

at 50 and 100 °C. The lower catalytic activity of Au11mersil-LTA could be attributed to 

(1) the strong size-dependent catalytic behaviour of the Au MCs or (2) a greater number of 

MPTMS ligands bound to the Au11 core which could cause the Au11mersil to occupy more than 

a single LTA cavity at the time leading to a high degree of agglomeration during the activation 

step. However, further characterization to confirm the size and location of the Au species 

(such as EXAFS and HAADF HR-STEM analysis) are required to support this hypothesis. 

Alternatively, the crystal structures of Au9mersil and Au11mersil clusters must be obtained.  

 A similar approach of incorporation of Au9mersil within LTA zeolite was applied to 

incorporation of Au9mersil within FAU zeolite. However, with a lower average yield and 

a significantly lower final Au loading of 0.19 ± 0.02 wt% (target Au content of 1.0 wt%). 

Pore aperture size and Si/Al ratio were the only different factors in FAU- and LTA-incorporated 

Au MCs samples. However, the contribution of pore aperture size and Si/Al ratio on in situ 

incorporation of Au MCs within zeolites cannot be clarified based on the current dataset. 

The Au9mersil-FAU with 0.96 ± 0.05 wt% Au could be obtained by adding ~ 2.4 wt% Au to the 

synthesis gel. Nevertheless, it was suspected that Au9mersil-FAU comprised a higher ratio of Au 
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MCs located on the external surface of zeolite to the internal Au MCs as evidenced by the obvious 

absorption feature of Au9mersil and the presence of the Au plasmonic band in the UV-vis DRS. 

This might be attributed to the larger pore opening of FAU which allowed Au MCs species to 

migrate out of its cavities than the smaller pore opening of LTA. A higher degree of Au 

agglomeration during the catalyst activation and catalytic test even at 30 °C has observed 

explaining the inactivity of the catalyst. 

 The pre-mixing of Auxmersil with SiO2 source prior to zeolite synthesis did not result in a 

higher degree of Au MCs’ incorporation in the case of Auxmersil-FAU, but did in the case of 

Auxmersil-LTA. This could be due to the different types of SiO2 sources used in LTA 

(fumed SiO2) and FAU (colloidal SiO2) synthesis. However, using fumed SiO2, instead of colloid 

SiO2, in FAU-based sample preparation did not lead to the formation of the FAU framework. Since 

Au9mersil-LTA prepared with the pre-mixing step using initial Au loading of 1.2 wt% could be 

achieved with great consistency in Au content (1.08 ± 0.04 wt%), total yield (96 ± 2 %), zeolite 

crystallinity and, more importantly, with highest Au MCs stability against sintering among zeolite-

supported Au MCs samples, the catalytic CO oxidation study was mainly focused on this sample. 

 The successful activation of Au9mersil-LTA catalyst could not be achieved using the 

conventional thermal treatment under air, but thermal treatment at 200 °C under O3 flow proved 

to be sufficient. The ozonolysis along with thermal treatment at 200 °C resulted in an adequate 

ligand removal as indicated by 44 ± 2 % CO conversion and 46 ± 1 % CO2 yield at ~ 50 °C without 

severe Au sintering as evidenced by the barely detectable plasmonic band in UV-vis DRS and 

a small visible Au NPs in TEM images. However, the Au sintering to form 2 - 5 nm Au NPs during 

the catalytic test was confirmed by both UV-vis DRS and TEM study of the post-reaction samples 

after 12 hours of CO oxidation with Tmax of ~ 200 °C. It was proposed that the higher 

catalytic activity was due to the higher ratio of surviving Au MCs to sintered Au NPs in the 

O3@200-Au9mersil-LTA compared to that in the O3@300-Au9mersil-LTA. The overall results 

suggested that Au MCs are likely to be the major active species driving the low temperature 

CO oxidation of this catalytic system, however, further detailed characterization is required to 

confirm such hypothesis. 

 The effects of Au9mersil-LTA catalyst basicity on its performance in catalytic CO oxidation 

were studied by comparing performance of washed- and unwashed-Au9mersil-LTA samples 
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(MQ-Au9mersil-LTA and MeOH-Au9mersil-LTA). Impressively, the MeOH-Au9mersil-LTA 

showed a complete CO conversion with 73 ± 3 % CO2 yield at the lowest temperature of 30 °C 

used in this study. Moreover, the catalyst retained its superior activity after 12 hours of the catalytic 

test. Since the MQ-Au9mersil-LTA and MeOH-Au9mersil-LTA showed similar crystallinity, same 

incorporated Au content (~ 1.0 wt%) and a similar degree of cluster agglomeration (both before 

and after O3@200 treatment based on UV-vis DRS), the only different parameter is likely to 

contribute to the significant difference in the catalytic performance of the two samples was the 

basicity. However, the underlying explanation for such contribution of basicity on performance of 

these Au-based materials in catalytic CO oxidation has not been established. The examples of 

possible explanations are that the remaining NaOH: (1) tuned the structure of Au active sites during 

the ozonolysis, (2) tuned the surface basicity of solid supports which provided Au NPs better 

stability against sintering leading to higher abundance of low-coordinated Au atoms and higher 

Au-support perimeter interface, (3) increased number of the surface hydroxyl groups which could 

mediate the activation/binding of CO molecules allowing them to diffuse to Au/support interface 

where the O2 cleavage occurs and (4) resulted in the formation of hydroxyls on Au surface inducing 

the activation of O2 at room temperature. 

 The advantages of in situ incorporation over the post-impregnation, in particular, by offering 

the incorporated Au MCs greater stability against sintering during the catalytic test was illustrated. 

The restrictive framework of LTA zeolite somewhat suppressed Au sintering leading to the better 

performance of confined Au MCs in catalytic CO oxidation compared to Au MCs immobilized on 

the external surface. Such results also indirectly indicated that by using in situ incorporation 

approach, Au MCs incorporated within LTA zeolite better than using the post-impregnation as 

evidenced by (1) the Au loading closer to the target value, (2) the greater consistency/ 

reproducibility of Au content of the samples from different batches and (3) the higher stability of 

Au MCs due to zeolite confinement. 

 All the above mentioned results draw to the conclusion that the zeolite-incorporated Au 

catalysts with a higher ratio of surviving Au MCs to sintered Au NPs would show a higher catalytic 

CO oxidation activity. Based on such conclusion, the incorporated Au MCs were, therefore, 

proposed to be the major contributors to the catalytic performance. However, it could not be 

concluded that the sintered Au NPs did not have any contribution to the activity since such Au 

species were present in all active catalysts (due to at least partial Au sintering). Thus, the sample 
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of LTA zeolite-incorporated Au NPs (AuNPsmersil-LTA) was prepared and investigated in the 

catalytic CO oxidation under the same conditions as LTA zeolite-incorporated Au MCs 

(Au9mersil-LTA). The formation of Au NPs was confirmed after the thermal treatment under air 

and under H2 as evidenced by a sharp increase of the Au plasmonic band. Based on that reported 

by Iglesia et al., the size of Au NPs was expected to be around 1.3 nm but based on our 

UV-vis DRS data we could estimate size of Au NPs to be within 2.0 to 2.5 nm. The activated 

AuNPsmersil-LTA did not show any CO2 production (but some CO loss) up to 200 °C supporting 

the hypothesis that Au MCs, not Au NPs, acted as the major active species for the low temperature 

CO oxidation of the zeolite supported Au catalysts. However, the possible reasons for the inactivity 

of AuNPsmersil-LTA remain inexplicable. It could be due to (1) the strongly reducing activation 

step required for the formation of Au NPs in this sample, which was claimed to suppress the 

catalytic performance and/or (2) the different thresholds of active Au size on LTA zeolite 

compared to the other oxide supports reported in the literature. It was shown that size-dependent 

properties of supported Au on one solid support cannot be simply extended to that of supported 

Au on other supports. Therefore, more detailed characterization of Au9mersil-LTA and 

AuNPsmersil-LTA is required to establish the size-activity relationship of this catalyst system. 

 Improvement of Au9mersil-LTA catalytic performance was achieved after the Ca2+ 

ion-exchange. Such observation supported the hypothesis that enlarging zeolite pore opening could 

promote access for diffusing molecules to the encapsulated Au active sites. Since all direct 

characterizations mentioned above could only confirm the successful synthesis of zeolite  

(PXRD and SEM) and the existence of incorporated Au MCs with a diameter smaller than 2 nm 

(MP-AES analysis along with UV-vis DRS and TEM), the encapsulation efficiency of Au MCs 

via the in situ incorporation was indirectly determined by monitoring the catalytic CO oxidation 

activity of the sample before and after exposure to DBT. Unexpectedly, the DBT-exposed 

Au9mersil-LTA sample did not show any CO2 production, but 41 ± 3 % lower CO concentration 

(~ 11 % lower than that of the non-poisoned sample). The solid explanation for such observation 

has not been established. The possible explanations are (1) the DBT used in large excess 

(molar ratio of 295 DBT: 1 Au) covered all external surface of the catalyst blocking the access to 

the encapsulated Au active sites and/or (2) the same issue but caused by toluene which was 

employed as a solvent for the DBT. To prove such hypotheses, the DBT exposure experiment 

should be performed in a more volatile solvent and using a lower ratio of DBT to Au.  
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CHAPTER 7 

Conclusions 

7.1 Summary of this work 

 In this thesis, a series of atomically precise Au- and Ru-containing clusters were synthesised 

following the established protocols reported earlier in the literature. The atomically precise Au and 

Ru clusters were deposited onto TiO2 via impregnation and within zeolite (LTA and FAU) via the 

in situ incorporation approaches. In particular, it was hoped that the use of atomically precise 

clusters would allow a better understanding of the effect of metal core size and composition on the 

catalytic performance of obtained materials. 

 In the first part, a range of phosphine stabilised Ru-containing clusters including Ru3 Ru4 and 

Ru3Au were employed as precursors in synthesis of TiO2-supported metal catalysts. The study of 

their catalytic behaviour was performed in both photocatalytic and thermal catalytic reactions: 

photodegradation of methylene blue dye, photooxidation of benzylamine and thermal 

hydrogenation of CO2. Without any catalyst treatment, the Ru3Au cluster used for the 

photocatalytic degradation of methylene blue was found to promote the dye conversion of TiO2 

under visible light irradiation (green light), but not under UV irradiation, which was interpreted in 

the light of the unique electronic structure of this cluster. The untreated Au9 and untreated Au NPs 

were found to show inferior performance compared to the Ru3Au clusters. Similarly, the 

Ru-containing clusters were shown to enhance the oxidation of benzylamine under visible light 

irradiation compared to pure TiO2. Both atomicity (Ru3 cf. Ru4) and composition (Ru4 cf. Ru3Au) 

of the cluster core were shown to influence the catalytic activity and product distributions in the 

photooxidation of benzylamine. The extra single gold atom added to Ru3 improved the production 

rate and shifted the product selectivity towards benzonitrile, while the extra ruthenium atom 

reduced the benzonitrile selectivity. The possible mechanism of photocatalytic conversion of 

benzylamine over Ru3Au/TiO2 was proposed involving the formation of H2O2 as an intermediate 

oxidizing agent. The unique absorption properties of bimetallic Ru3Au and its coordination with 

TiO2 was proposed to be responsible for the higher benzonitrile production rate at the ambient 

temperature using water as a solvent, in contrast to other photocatalysts previously reported where 

only N-benzylidene benzylamine was observed as a product (with exception of the RuO2/TiO2 
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catalyst reported by our group). Unfortunately, the poor interaction between Ru3Au clusters and 

TiO2 resulted in severe metal leaching and decomposition of the clusters to form ruthenium oxide 

(and possibly larger Au NPs) during catalytic reaction which then lowered the absorption ability 

under the visible light leading to lower photocatalytic efficiency. The low catalyst stability and 

poor metal-support interaction were two main challenges that were not resolved during this study.  

 Considering the performance of TiO2 supported Ru clusters in thermal CO2 hydrogenation, 

the Ru3Au cluster showed the highest methanol production rate out of the three deposited clusters. 

This is likely to be due to the unique electronic structure of Ru3Au and its stronger binding to the 

support due to the extra Au atom and/or the phosphine ligands. The decomposition of Ru3Au to 

RuOx species and large bulk-like Au NPs during the catalytic test was confirmed by UV-vis DRS, 

TEM and XPS studies. The methanol production rate was found to be proportional to the ratio of 

surviving clusters to RuOx species and large bulk-like Au NPs after the catalytic test. For this 

reason, the Ru3Au cluster was suggested to be the main contributor to the overall methanol 

production. The metal leaching and metal sintering during the catalytic reaction were somewhat 

suppressed by the sulfuric acid pre-treatment of titania and calcination of the Ru3Au/H2SO4-TiO2 

sample indicated by the 64 % lower metal leaching and 45 % higher methanol production rate 

compared to untreated Ru3Au/TiO2 sample. Moreover, the obtained here rate was twice higher 

than that reported earlier for non-supported Ru3 clusters achieved under harsher conditions. 

 In the final part of the thesis, the fabrication of zeolite-incorporated Au MCs-based catalysts 

via the in situ incorporation strategy was presented. The MPTMS ligand was shown to offer 

Au MCs sufficient stability against premature precipitation and metal aggregation during the 

hydrothermal synthesis of LTA and FAU zeolites. The silane group was proposed to promote the 

condensation of aluminosilicate structure around the ligated Au MCs via the formation of the 

covalent Si-O-Si or Si-O-Al bonds with the nuclei of the zeolite. The LTA-incorporated MPTMS-

protected Au9 was demonstrated to be the most promising catalyst, which could be obtained with 

great consistency in Au content, high yield, high zeolite crystallinity and, more importantly, with 

the highest Au MCs stability. It was established that activation protocol by means of ozonolysis at 

200 °C can sufficiently remove the protecting ligands while somewhat suppressing gold sintering.  

 The catalytic behaviour of the LTA zeolite-incorporated gold clusters in low temperature CO 

oxidation was investigated. The in situ incorporation approach was shown to offer the incorporated 
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Au MCs greater stability against sintering during the catalytic test compared to the 

post-impregnation, which was a reason for the higher catalytic performance. The basicity of the 

catalyst was shown to strongly contribute to the higher CO conversion and CO2 yield as evidenced 

by a 100 % CO conversion at the lowest temperature of 30 °C. Moreover, the catalyst retained its 

superior activity even after 12 hours of the catalytic test. Even though an agglomeration of 

Au MCs was observed during the catalytic test, it could be concluded that surviving Au MCs were 

the major contributors to the catalytic performance. This is because a higher catalytic CO oxidation 

activity was observed with a higher ratio of surviving Au MCs to sintered Au NPs in all cases. 

This hypothesis was confirmed by further study, which revealed that LTA-encapsulated larger 

Au NPs (2.0 - 2.5 nm) were inactive in the low temperature CO oxidation under the same catalytic 

conditions. Enlarging the zeolite pore opening via Ca2+ ion exchange was found to promote the 

overall catalytic performance by improving the access for diffusing molecules to the encapsulated 

Au active sites. Unexpectedly, the exposure of thiophene resulted in the complete absence of CO2 

production while slightly lower loss of CO compared to the non-poisoned sample was observed. 

7.2 Future work 

 Advanced characterisation of the catalysts would provide a better understanding of the nature 

of metal species on the catalyst surface and their contribution to the catalytic performance. It was 

shown that XPS is a very useful technique for the in-depth surface study, in this case, monitoring 

the change of metal state and environment after the catalytic test. Conducting XPS studies on the 

post-photocatalytic samples would give more conclusive evidence of state of Ru and Au after the 

photocatalysis offering a better chance to identify the active metal species. It would be of interest 

to use in situ EXAFS analysis for monitoring the catalyst evolution during the reaction, ideally, 

under operando conditions, especially when the change of metal state upon the reaction was 

confirmed by XPS. Such in situ investigation may allow a better understanding of the contribution 

of different metal species on the TiO2 surface to the catalytic processes. Besides, the detailed 

kinetic study of the catalytic reactions and the corresponding changes of the catalyst surface is 

another direction that should be explored. 

 Another potential prospect that is worth looking into is to improve the cluster-support 

interactions of Ru3Au and TiO2. It was shown that the low catalytic stability of supported Ru3Au 

on TiO2 (e.g. leaching, sintering and decomposition during catalytic tests) was a major issue which 
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lowered down their catalytic performance. Even though the sulfuric acid treatment of TiO2 

following by deposition of Ru3Au and calcination was found to suppress the metal leaching, the 

clusters agglomeration issue has not been completely resolved. Employing mesoporous TiO2, 

instead of TiO2 nanoparticles as a support may offer a chance to disperse Ru3Au clusters with 

lower surface density. The confinement within the mesopores was claimed to offer Ru NPs high 

stability.399, 400 Similarly, mesoporous TiO2 was reported to accommodate very small Ag clusters 

suppressing metal agglomeration and also facilitating the photogenerated electron-hole pair 

separation.401, 402 

 Although it was confirmed by this study that the in situ incorporation of Au MCs within 

zeolite could offer Au MCs greater stability against sintering compared to the catalyst fabrication 

by post-impregnation, the exact size and position of the Au MCs within zeolite framework are two 

important pieces of information that have not been conclusively elucidated. EXAFS analysis is a 

powerful method widely used for establishing the size of zeolite-confined metal species.90, 115, 371 

While the position of Au MCs within the zeolite framework can be directly confirmed by the 

HAADF HR-STEM study using an aberration-corrected microscope.109, 371 It would be of interest 

to further investigate the zeolite-incorporated Au MCs samples using those techniques. The 

encapsulation of other smaller Au MCs is also a potential area of further interest, particularly Au6 

with phosphine protecting ligand, which can possibly undergo the ligand exchange with MPTMS 

or even smaller mercaptosilane ligand. The smaller Au MCs with less sterically bulky ligands 

might have a better chance to be encapsulated within the LTA and/or FAU zeolite cavities.  

 The other interesting direction is to employ the zeolite encapsulated Au MCs as zeolite seeds 

allowing a crystalline zeolite to form a sheath around the cluster-containing seeds. This strategy 

was reported to offer an extraordinary sinter resistance to the platinum nanoparticles upon catalyst 

activation and catalytic reaction up to 600 – 700 °C.403 With the control over the thickness of the 

newly formed zeolite shell, all of the Au MCs including those located on the external surface of 

zeolite seeds may be fixed inside the zeolite shell while retaining their atomically precise size. 
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