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Popular Science Summary  

“Catalysis” is a field of science that relates to the increase of the rate of a chemical 
reaction through the involvement of an additional substance, known as “catalyst”, 
which acts without being consumed. Among all known types, heterogeneous 
catalysis, where the catalyst is in different phase than the reactants, plays a pivotal 
role in the sustainable development of the modern society with its dominance 
through catalysing more than 80% of industrial chemical processes.  

Recently, “supported gold nanoparticles”, inorganic composite materials in which 
nano-sized gold particles are carried on solid carriers such as metal oxides, have 
emerged as an important class of catalysts enabling to attain superior selectivities 
and yields of the desired products compared to previously known systems. One of 
the key features of gold catalysts involve its adaptable properties, tuned through 
the application of modern synthesis tools, carriers of different natures, and/or 
combining gold with other metals, making them suitable to catalyse a number of 
important organic reactions. 

In this thesis, supported gold nanoparticle catalysts are investigated for organic 
reactions, viz. Sonogashira cross coupling, styrene oxidation, ethylbenzene 
oxidation, and oxidative cross coupling, which are useful in pharmaceutical, 
perfume, polymer, and cosmetics industries. Through the precision synthesis, 
advanced characterisation, and catalytic evaluations, synthesis-structure-activity 
relationships are established, which helped to develop a fundamental 
understanding of gold catalysis in these reactions and enabled to design superior 
gold-based catalysts leading to better performance than those reported previously. 
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General Introduction 

Background 

Human beings have recognised the existence of gold for about 7000 years. Gold is 
one of the metal, which is naturally present in the metallic form. Pure gold is a soft 
metal and due to its softness it can be used in making jewellery, coins, and 
decorative objects. For more than a century, bulk gold was considered to be a 
catalytically inert material. The only known chemistry of gold was associated with 
the wine red colour of colloids in stained glass windows of cathedrals and 
churches. One of the earliest attempts to prepare very small gold particles was by 
Michael Faraday in 1857.1 He prepared ‘‘finely divided’’ gold particles and nearly 
a century later by electron microscopy characterisation it was found that these 
particles are ‘‘nanoparticles’’ having size in the range of 6±2 nm.1 Later it was 
found that, when gold is present in nanometre scale (i.e gold nanoparticles) it leads 
to the highly effective catalyst, generating a popular research topic in the frontier 
between homogeneous and heterogeneous catalysis.2,3 In this respect, the 
pioneering work by Haruta et al.4 on CO oxidation with gold nanoparticles (he 
entitled them ‘gold crystallites’) supported on base metal oxides and by Hutchings 
et al.5,6 on hydrochlorination of ethylene with gold chloride supported on activated 
carbon paved the way for discovering important catalytic applications of gold 
nanoparticles. The latter included studies of supported gold nanoparticles in 
organic transformations such as the aerobic oxidation of methanol to methyl 
formate, the bulk production of vinyl acetate, hydroamination of olefin, oxidation 
of olefins, C-C coupling, silane oxidation, alkyne activation, reduction via transfer 
hydrogenation, and basic raw chemicals for the synthesis of polymers.7-15  

In gold catalysis two aspects play a crucial role in controlling catalyst activity and 
selectivity, namely: (i) the nature of the gold species and (ii) the size of the gold 
nanoparticles. For instance Wu et al. reported Au(0) as the active species in 
cyclohexane oxidation,16 while Corma et al. reported Au(I) as the active species in 
the Sonogashira coupling.17 Thus, for some reactions Au(0) is the active species, 
while others are catalysed by ionic gold. With regard to the particle size it is 
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believed that the smaller the particle size the better is the performance. These key 
features of supported gold catalyst can be tuned by the nature of the support as 
well as by the applied preparation route. Besides, an appropriate support plays a 
key role in stabilising the formed nanoparticles by reducing their mobility due to 
strong interactions and thus, suppressing agglomeration or sintering of gold 
nanoparticles. Moreover, redox active supports, such as TiO2, CeO2, Fe3O4, and 
MnO2 could participate in the reaction mechanism by redox cycling.18 Among 
different known supports, metal oxides e.g. TiO2, CeO2, Fe3O4, MgO, etc. are the 
most widely used. The catalytic activity of gold is directly related to the particle 
size in the nanometre length scale and it vanishes completely as the particle size 
grows into the micrometric scale. Therefore, for the attainment of smaller Au 
particles different synthesis methods have been used, for instance impregnation, 
co-precipitation, deposition precipitation, deposition-reduction, and sol-
immobilization.19-25  

Apart from the nature of gold species, the type of support, and the size of the gold 
nanoparticles the fourth factor that can play a crucial role in controlling activity 
and selectivity is alloying of gold with different metals. In this regard, bimetallic 
and trimetallic gold-bearing nanoalloys26, 27 are being heavily studied. It has been 
observed that the properties of bimetallic catalysts are different from their 
monometallic analogues because of ‘‘synergistic’’ effects between the two metals. 
Due to this effect it is possible to achieve high selectivity for desired product. 
There are different methods used in synthesis of bimetallic catalyst such as  

 

 

 

 

 

 

Figure. 1 Some possible mixing patterns in bimetallic systems: (a) core–shell alloys, (b) sub-cluster segregated alloys, 
(c) ordered and random homogeneous alloys, and (d) multishell alloys. Figure modified from ref 29. 

(a) (b) (c) (d)
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chemical reduction, thermal decomposition of appropriate precursors, 
electrochemical synthesis, radiolysis, sonochemical synthesis, and template 
synthesis. Among these methods, the chemical reduction method can be further 
sub-classified into (i) co-reduction, (ii) reduction of bimetallic metal complexes 
and (iii) successive reduction.28 Ferrando et al. have reported four possible types 
of mixing patterns between the two metals, which are shown in Figure 1.29 
Among these the most commonly observed mixing is core shell (a) and random 
nanoalloys (c). The relative strength of the bond, the surface energy, and relative 
atomic sizes between the two metals decide the type of mixing pattern that will be 
obtained.  

Thus, understanding the science of supported gold nanoparticle catalyst through in 
depth study of the impact of synthesis route, nature of support, and alloying of 
gold with a second metal is highly relevant to design suitable catalysts, attaining 
the best performance in important organic transformations for example, 
Sonogashira coupling of phenylacetylene and iodobenzene, oxidative cross 
coupling of non-activated arenes, and oxidation of styrene and ethylbenzene. 

Aim of the thesis 

The principal aim of this thesis was to develop suitable monometallic and 
bimetallic Au NP catalysts supported on metal oxides and mesoporous materials to 
achieve better activity and selectivity in coupling and oxidation reactions. To 
accomplish this aim different catalyst synthesis method and different supports 
were studied. Catalysts were characterised using a battery of techniques viz. XRF, 
PXRD, N2 sorption, TEM, EDX, and XPS and catalytic testing in either coupling 
or in oxidation reaction was performed. 

Outline of the thesis 

The thesis contains five chapters. Chapter 1 gives a description about the 
synthesis method and characterisation techniques used in this work. The lack of a 
comparative study of different supports and synthesis method for Au NPs 
supported on metal oxides (Au/CeO2, Au/TiO2, and Au/Al2O3) in Sonogashira 
coupling, encouraged us to shed light on this issue and the obtained results are 
presented in Chapter 2. In addition, the study of gas phase Sonogashira coupling 
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on Au(111) surface unravel the key aspect of the mechanism involved in 
Sonogashira coupling reaction and the results are included in Chapter 2 . 

Chapter 3 describes the synthesis, characterisation of Au NPs supported on 
mesoporous materials (MCM-41, SBA-15, KIT-6, SiO2). All the synthesised 
catalyst were used in styrene epoxidation using TBHP as an oxidant. The best 
catalyst system has been used in optimising reaction parameters. 

Chapter 4 investigates the use of Au/ZrO2 as a catalyst in the oxidative coupling 
of Br-anisole and benzene. It starts with the synthesis of Au/ZrO2 catalyst and its 
characterisation by XRF, PXRD, N2 sorption, TEM, and XPS. The results from the 
oxidative coupling reaction shows that the catalyst is selective for the desired 
heterocoupling product over the homocoupling product. 

The application of bimetallic Au-Pd supported on TiO2 as a catalyst in styrene and 
ethylbenzene oxidation is presented in Chapter 5, followed by the comparison of 
bimetallic Au-Pd/TiO2, with the monometallic counterparts. The best catalyst i.e 
Au-Pd/TiO2 was used in optimisation of styrene epoxidation reaction parameters.  

 

Each chapter in this thesis was written based on one or more separate 
publications and can be read independently. Accordingly, some overlap cannot be 
avoided 
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Chapter 1. Catalyst Synthesis and 
Characterisation Techniques 

1.1 Catalyst synthesis  

In this thesis three synthesis methods are used to synthesise the catalyst, namely: 
deposition-precipitation (DP), incipient wetness impregnation (IMP), and sol-
immobilisation. 

Deposition-precipitation (DP) 
In the deposition-precipitation route (Scheme 1.1), an aqueous solution of gold 
salt was prepared and the pH of the solution was brought to 7 using a 1 M NaOH 
solution. Once the pH was stable the carrier oxide was added to the aqueous 
solution of gold salt and stirred for 3 h at 80°C, followed by filtration and 
thorough washing with water until no traces of Cl- ions were detected by the 
AgNO3 test. This is an important treatment since traces of Cl- that remain strongly 
bonded to gold are highly detrimental for the overall activity. The obtained solid 
was dried at 60°C for 12 h and calcined in static air at 400°C for 5 h.  

 

 

 

 

Scheme 1.1 Schematic showing the DP synthesis route. 

Incipient wetness impregnation 
In the incipient wetness impregnation method, the carrier metal oxide powder was 
added to the aq. gold salt solution and stirred to obtain a homogeneous just-wet 
solid. The latter was dried at 60°C for 12 h and calcined at 400°C for 5 h in static 
air. This method gives bigger gold particles because of agglomeration, which is 
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caused by chlorine species present in the gold salt and are not removed by washing 
unlike, in the DP method where all the chlorine species are remove by washing. 
These chlorine species deposit on the carrier during preparation and induces the 
migration of gold species during calcination generating larger gold agglomerates 
(Scheme 1.2).1 

 

 

 

 

Scheme 1.2 Proposed schematic showing role of chlorine on the formation/agglomeration of gold 
nanoparticles on the solid support. 

Sol-immobilisation  
To a required amount of polyvinyl alcohol (PVA) solution an aqueous solution of 
metal (of the desired concentration) was added, after stirring for 10 min a freshly 
prepared solution of 0.1 M NaBH4 was added. After 30 min of stirring, the support 
was added to this solution under vigorous stirring and continued stirring for 20 h. 
The obtained slurry was filtered and washed with copious amount of distilled 
water. The obtained solid was dried at 120°C for 16 h and calcined at 400°C for 2 
h. 

1.2 Characterisation techniques 

Different characterisation techniques were used to know the properties of the 
synthesised materials. Primarily Powder X-ray diffraction (PXRD), N2 sorption, 
and XRF were used. After optimisation, the best catalyst was further characterised 
by TEM and XPS. PXRD was used to obtain information about the phase of the 
metal and particle size. Metal content was analysed by XRF. The specific surface 
area of the catalyst is of interest and it is acquired by N2 adsorption/desorption 
measurements. TEM was mainly used for calculation of particle size and lattice 
fringe distance was calculated to confirm the presence of gold particles, and 
chemical composition of the catalyst was gained by X-ray energy dispersive 
spectroscopy (EDX). The oxidation state of the metal was evaluated by an 
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invaluable tool i.e XPS. All of these acquired data are of importance to understand 
the properties of the synthesised catalysts. 

1.2.1 X-ray Fluorescence (XRF)  

Introduction 

X-ray fluorescence (XRF) spectrometry is an analytical technique used for 
elemental analysis of solids, liquids, and thin-film samples. Both major and trace 
(ppm-level) components can be analysed. The analysis is rapid and usually sample 
preparation is minimal or not required at all. Henry Moseley was perhaps the 
father of this technique. However, until 1940’s the techniques was not practical 
and in 1950’s the first commercial X-ray spectrometers were produced. 2-5 

Theory 

When a high-energy electron beam interacts with matter two things happen which 
are shown in Figure 1.1: (i) emission of photoelectron and (ii) ejection of 
photoelectrons from the inner shells of the atoms leaves a “hole” in the electronic 
structure of the atom, and an electron from a higher energy shell fills the hole. 
During this the atom undergoes fluorescence, or the emission of an X-ray photon 
whose energy is equal to the difference in energies of the initial and final states. 
Detecting this photon and measuring its energy allows determining the element 
and specific electronic transition from which it originated. 6,7 

 

  

 

 

 

Figure 1.1 Interaction of electron beam with matter. 
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Instrumentation 

There are two types of XRF instruments: wavelength dispersive (WD) and energy 
dispersive (ED) spectrometer. Their schematic representation is shown in Figure 
1.2 and 1.3. Further, these two spectrometer differs in detection system. EDXRF 
systems depend on semiconductor-type detectors. WDXRF spectrometers, 
however, use an analysing crystal to disperse the emitted photons based on their 
wavelength and place the detector in the correct physical location to receive X-
rays of a given energy. Instrument which has used for the present work is a 
Thermo Scientific Niton XL3t XRF Analyser GOLDD+ instrument with a Ag 
anode and is EDXRF. 

 

 

 
 

 

Figure 1.2 Schematic represenation of wavelength dispersive XRF (WDXRF). 

 

 
 

 

 

Figure 1.3 Schematic represenation of energy dispersive XRF (EDXRF). 

1.2.2 Nitrogen adsorption-desorption 

Introduction 

There are two important physical properties; surface area and porosity which 
determines the quality and utility of solid catalyst. It also determines how much 
bulk material is accessible to reactant molecules. It is observed that most of the 
catalysts which are highly porous and possess large specific surface areas are 
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active. But this catalytic activity may be only indirectly related to this “total” 
surface, still the determination of surface area is generally considered to be an 
important requirement in catalyst characterisation8. In addition, information about 
pore structure is usually necessary since this may control the transport of the 
reactants and products of a catalytic reaction.  

Theory 
Gas adsorption methods are most often used to determine the surface area and 
pore size distribution of catalysts. In most of the measurements nitrogen is used as 
adsorption gas and to calculate surface area, pore volumes, and pore size 
distributions of porous solids from N2 physisorption isotherm data, Brunauer-
Emmett-Teller (BET) method is used. The BET equation can be represented as:  

p/V(po-p) = 1/cVm + [(c-1)/cVm] (p/po)  

where, p is adsorption equilibrium pressure, 

po is saturation vapour pressure of the adsorbate at the experimental temperature,  

V is volume of N2 adsorbed at pressure p,  

Vm is volume of adsorbate required for monolayer coverage 

and c is a constant that is related to the heat of adsorption and liquefaction. 

A linear relationship between p/V(po-p) and p/po is required to obtain the quantity 
of nitrogen adsorbed.  

The monolayer volume, Vm is given by 1/(S+I)  

where S is the slope and is equal to (c-1)/cVm and 

 I is the intercept equal to 1/cVm.  

The surface area of the catalyst (SBET) is related to Vm, by the equation, SBET = 
(Vm/22414) Naσ, where Na is Avogadro number and σ is mean cross sectional area 
covered by one adsorbate molecule. The σ value generally accepted for N2 is 0.162 
nm2. 

Six types of physisorption isotherms are found which are shown in Figure 1.4.9 
Type I to V classified by Brunauer, Denning, and Teller and type VI by Adamson.  

Type I isotherms are given by microporous catalysts such as molecular sieve 
zeolites and many activated carbon supports. 
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Type II isotherms shows monolayer-multilayer adsorption on a heterogeneous 
non-porous substrate. 

Type III and V are rare in that adsorbate interactions are weak, typical for vapours. 

Type IV is for system showing the presence of narrow pores. The ’’hysteresis 
loop’’ is characteristic of type IV system and is result of capillary condensation. 

Type VI is readily obtained with nobel gas adsorption on well-defined uniform 
solids. 

 

 

 

 

 
 

Figure 1.4 Six types of gas physisorption isotherms. 

Several computational procedures are available for the derivation of pore size 
distribution of samples from physisorption isotherms. Most popular among them is 
the Barrett-Joyner-Halenda (BJH) model, which was introduced in 1951. This is a 
procedure for calculating pore size distributions from experimental isotherms 
using the Kelvin model of pore filling. It applies only to the mesopore and small 
macropore size range. The mesopores size distribution is usually expressed as a 
plot of ΔVp/Δrp versus rp, where Vp = mesopore volume, and rp = pore radius. It is 
assumed that the mesopores volume is completely filled at high p/p0. 

Instrumentation 

The BET surface area of samples was measured under liquid N2 temperature, 
using N2 as an adsorbent. In this thesis the N2 sorption was measured using a 
Micromeritics ASAP 2400 V3.06 instrument, where all samples were de-gassed at 
423 K for 24 h prior to the analysis. The isotherms were analysed in a 
conventional manner in the region of the relative pressure, p/p0 = 0.05 to 0.3. The 
BJH method was used to determine the area of the pore walls and uses the Kelvin 
equation to correlate the partial pressure of nitrogen in equilibrium with the porous 
solid to the size of the pores where capillary condensation takes place. The pore 
size distribution is obtained by analysis of the desorption isotherm. 10,11 
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1.2.3 Powder X-ray Diffraction (PXRD) 

Introduction 
In heterogeneous catalysis the active sites are usually located on the solid surface, 
but the bulk structure plays an important role, because many of the catalyst 
characteristics depend on it. X-ray diffraction is main technique to investigate the 
bulk structure of catalyst. Till the end of 1970s, single crystal X-ray diffraction has 
been mainly used for structure analysis. However, from 1990s it is possible to use 
powder X-ray diffraction (PXRD) for structure analysis. This evolution has solved 
the problem of analysing heterogeneous catalyst because in most cases it is hard to 
grow crystal of the catalyst used in reaction.12 

Theory 
The XRD method involves the interaction between the incident monochromatized 
X-rays (like Cu Kα or Mo Kα source) with the atoms of a periodic lattice. X-rays 
scattered by atoms in an ordered lattice interfere constructively in directions given 
by Bragg’s law: nλ = 2d sinθ, where, λ is the wavelength of the X-rays, d is the 
distance between two lattice planes, θ is the angle between the incoming X-rays 
and the normal to the reflecting lattice plane and n is an integer known as the order 
of reflection.13 PXRD can be used for identification of phase. The identification of 
phase is based on the comparison of the set of reflections of the sample with that 
of pure reference phases distributed by International Center for Diffraction Data 
(ICDD). 

For Characterisation of supported metal crystallites X-Ray diffraction line 
broadening analysis (LBA) has been widely used. Line broadening analysis can be 
carried out, either at an elementary level, or a more sophisticated level. At the 
simplest level, the application of the Scherrer formula leads to an estimate of the 
mean crystallite size.  

Debye-Scherrer formula: Dhkl = kλ/βcosθ  

where Dhkl, is the volume averaged particle diameter 

λ is X-ray wavelength 

β is full width at half maximum (FWHM) 

θ is diffraction angle, respectively, 

and k is a constant, often taken as 1. 
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Instrumentation 
The XRD pattern of a powdered sample is measured with a stationary X-ray 
source (usually Cu Kα) and a movable detector, which scans the intensity of the 
diffracted radiation as a function of the angle 2θ between the incoming and the 
diffracted beams. The schematic diagram of a diffractometer system is shown in 
Figure 1.5. When working with powdered samples, an image of diffraction lines 
occurs because a small fraction of the powder particles will be oriented such that 
by chance a certain plane (hkl) is at the right angle with the incident beam of 
constructive interference. Synthesised catalysts were characterised by Powder X-
ray diffraction (PXRD) patterns, which were recorded on a STOE & CIE GmbH 
diffractometer using Cu Kα radiation and Bragg-Brentano geometry with a curved 
Ge-monochromator. Samples were scanned in a 2θ range of 10-100°.  

 

 

 

 

 

 
 

 

Figure 1.5 Schematic diagram of diffractometer system. 

1.2.4 Transmission Electron Microscopy (TEM) 

Introduction 
Transmission electron microscopy is typically used for high resolution imaging of 
thin films of a solid sample for micro structural and compositional analysis. 
Particle size is also calculated from TEM images. TEM is similar to an optical 
microscope. Most of the TEMs are constructed in the same way regardless of the 
manufacturer. The first TEM was built by Max Knoll and Ernst Ruska in 1931, 
and the first commercial TEM was built in 1939. In 1986, Ruska was awarded the 
Nobel Prize in physics for the development of transmission electron microscopy. 
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Theory 
The TEM involves: (i) irradiation of a very thin sample by a high-energy electron 
beam, which is diffracted by the lattices of a crystalline or semi crystalline 
material and propagated along different directions, (ii) imaging and angular 
distribution analysis of the forward scattered electrons (unlike SEM where 
backscattered electrons are detected) and (iii) energy analysis of the emitted X-
rays.14 In detail, a primary electron beam of high energy and high intensity passes 
through a condenser to produce parallel rays, which impinge on the sample. The 
transmitted electrons form a two-dimensional projection of the sample mass, 
which is subsequently magnified by the electron optics to produce the so-called 
bright field image. The contrast in bright field image will depend upon the 
intensity scattered by the particle and the most contrasted images will be obtained 
on thin supports with light atoms. Second type of image is dark field image, which 
is obtained by centering the objective aperture on a diffracted beam, thus 
excluding the unscattered beam. Then, the image of the particle is bright against a 
dark background. In dark field image only those particles oriented to give the 
selected diffracted beam will be imaged.15-22  

Instrumentation 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Optical components in basic TEM (image taken from wikipedia). 
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It is easy to understand when the instrument is divided into three components: the 
illuminating system, the objective lens, and the imaging system. The illuminating 
system comprises the gun and the condenser lenses. It can be operated in two 
modes: parallel beam and convergent beam. Figure 1.6 shows the optical 
components in TEM. The objective lens and the specimen holder is the main 
component of TEM. Here the beam-specimen interaction takes place which creates 
various images and DPs. The imaging system uses several lenses to magnify the 
image or Dp produced by objective lens and to focus these on the viewing screen 
or computer display via a detector, CCD, or TV camera. 

1.2.5 X-ray Absorption Spectroscopy (XAS) 

Introduction 
To determine the unoccupied orbital structure of a molecular material as well as its 
geometric orientation e.g. with respect to a surface XAS is a widely used method. 
XAS measurements can be performed with samples that are in the gas phase, 
liquid, and solids. However, one has to consider the fact that interpreting/analysing 
the XAS data is complicated. 

Theory 
In XAS, the absorption of X-rays causes the excitation of electrons from a low-
energy orbital (a core level) to an unoccupied orbital or into the vacuum. This 
implies that the energy of the unoccupied orbitals of a compound can be measured 
by XAS by varying the photon energy and measuring the intensity of the 
absorption. Moreover, the intensity of the absorption depends on the relative 
orientation of the X-rays’ electric field vector (i.e. the polarisation, which in 
synchrotron experiments typically is linear) with respect to the orientation of the 
unoccupied orbitals, and by varying the angle of this electric field vector one can 
determine the orientation of a molecule in a material. 

A typical absorption spectrum shows three regions: The pre-edge region below the 
absorption edge, the region near to the absorption edge and the region above 
absorption edge. The region near to the absorption edge is called the near-edge X-
ray absorption fine structure (NEXAFS) region and that above the absorption edge 
is called the Extended X-ray absorption fine structure (EXAFS) region. In this 
thesis NEXAFS Spectroscopy is used. 
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Here, the NEXAFS spectrum was measured in electron yield. The absorption 
event generates a hole in the core level. The hole in core level will eventually be 
filled either in a fluorescence process or an Auger processes.23 Since the decay 
necessarily takes place, measuring the photon energy-dependent intensity of either 
process implies a measurement of the XAS spectrum. When this is done by 
measurement of the Auger electron, one says that the spectrum is measured in 
electron yield.  

Instrumentation 
In the present study all the X-ray absorption spectra were recorded at beamline 
D1011 of the MAX II ring of the Swedish national synchrotron radiation facility 
MAX IV Laboratory in Lund.24,25 In our experiments we have measured the C 
Kedge in electron yield. This is very effect, since the yield of Auger electron is 
much higher as compared to the fluorescence yield for low-Z atoms. Here, use was 
made of a partial yield detector.  

1.2.6 X-ray Photoelectron Spectroscopy (XPS) 

Introduction 
X-ray photoelectron spectroscopy, also known as ESCA (Electron Spectroscopy 
for Chemical Analysis), is the most widely used non-destructive surface analysis 
technique based upon the fundamental interactions of photons with matter viz., the 
photoelectric effect.26,27 It provides the possibility to obtain information about the 
elemental composition, empirical formula, chemical state, and electronic state of 
the elements which are present within the material. The photoelectric effect was 
first discovered by Hertz in 188728 and later explained by Einstein in 1905.29 After 
many years, Kai Siegbahn and his research group in Uppsala (Sweden) in 1954 
recorded the first high-energy-resolution XPS spectrum of cleaved sodium 
chloride (NaCl), revealing the potential of XPS.30 In 1969 some engineers together 
with Siegbahn produced the first commercial XPS instrument.  

Theory 
XPS is based on the photoelectric effect (Figure 1.7) in which a sample surface is 
irradiated with X-rays and photoelectrons are emitted. When an atom absorbs a 
photon of energy hν, a core or valence electron with binding energy Eb is ejected 
with kinetic energy Ek. Ek = hν- Eb-ϕ, where h is Planck’s constant, ν is the 
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frequency of the exciting radiation, Eb is the binding energy of the photoelectron 
relative to the Fermi level of the sample and ϕ is the work function of the 

 

 

 

 

 

 

 

Figure 1.7 Illustration of photoelectric effect. 

spectrometer. In XPS both core and valance electrons of the solid are emitted by 
using in-house laboratory X-ray sources (Al Kα (1486.6 eV) or Mg Kα (1253.6 
eV)) or synchrotron radiation (produced by high-energy accelerated electrons). 
These X-ray sources have photon energies which are high enough to reach at least 
one core level of any element. Typically, the XPS spectrum is a plot of the 
intensity of photoelectrons versus binding energy. XP spectra allow an excellent 
elemental analysis of the target sample. This technique is surface sensitive since, 
the electrons whose energies are analysed in XPS arise from a depth of not greater 
than about 5 nm because the emitted photoelectrons have kinetic energy in the 
range of 50-100 eV and at this energy the value for inelastic mean free path for an 
electron is minimum.  Each element has a characteristic set of binding energies 
and hence XPS can be used to analyse the composition of the samples. 

Instrumentation 
In the present study both laboratory instruments i.e where Al Kα radiation was 
used and a synchrotron-based light source of MAX-II ring of the MAX IV 
Laboratory were used. In the laboratory setup, X-ray photoelectron spectroscopy 
(XPS) was performed using a Physical Electronics Quantum 2000, which employs 
monochromatic Al Kα radiation, and was conducted under constant neutralization 
using an electron flood gun and very low energy Ar+ ions (10 eV). This makes 
charge reference necessary. Thus, in the present work adventitious carbon was 
chosen and the binding energy of C 1s peak was referenced to 284.8 eV. Spectra 
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were obtained from the untreated surface of powder pressed into indium foil. The 
measurement spot had a diameter of 200 µm. 
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Chapter 2. Sonogashira Coupling 
over Supported Gold Nanoparticles 
and Au (111) Surface 

2.1 Introduction 

Sonogashira cross-coupling is a unique method for the coupling between sp and 
sp2 or sp3 carbon atoms under mild reaction conditions.1-4 In 1975 Sonogashira5 
discovered it and it attracted great interests from polymer and pharmaceutical 
industries.6,7 For example, the Terbinafine drug, which is used as an antifungal 
agent is synthesised by the Sonogashira coupling reaction.8 

In homogeneous reaction conditions palladium complexes are used to catalyze the 
Sonogashira reaction. The original Sonogashira catalyst was composed of 
Pd(PPh3)2Cl2 with CuI as a co-catalyst, and leading to high conversion and 
selectivity to the cross-coupled product.5 The use of copper salts as co-catalysts 
has an advantage in that it allows an increase in reaction rate, but on the other 
hand, its presence in the reaction also has a few disadvantages. First, it gives 
alkyne dimers, which upon oxidation generate the homocoupling product of the 
alkyne making it necessary to run the reaction in an inert atmosphere. Second, in 
standard conditions a high loading of palladium is required. Therefore, to 
overcome these problems, research has been focused on using homogeneous, Cu-
free palladium catalysts with reduced Pd-loading. In this regard, several Pd 
complexes have been reported.9-12 Nevertheless, the general issues associated with 
homogeneous catalysis such as recycling and separation are present and, thus, it 
would be advantageous to develop a heterogeneous catalyst. In this direction, 
different molecular complexes of palladium as well as other metals have been 
heterogenized on suitable carriers (Pd-NHC/γ-Fe2O3, Pd(OAc)2/MCM-41, 
Pd/MOF, Au(I) and Au(III)/MCM-41, Rh/γ-alumina and nano CuO) and evaluated 
in the Sonogashira coupling reaction.13-19 However, these catalysts usually suffer 



 34 

from excessive leaching of the active metal, low conversion and poor selectivity 
for the desired hetero-coupled product. 

Recently, supported gold nanoparticles have been shown as highly selective and 
superior catalysts for various important organic transformations20-26 including the 
Sonogashira coupling reaction.27-29 There are different suggestions regarding the 
active species involved in the Sonogashira coupling reaction.27,30 It is well known 
that the size of gold nanoparticles has an influential role on their performance in 
various organic reactions.20 In supported gold nanoparticles, the type of synthetic 
route chosen for the preparation of the catalyst and the nature of the support 
employed as the carrier can affect the particle size of the gold and the nature of the 
Au species. Therefore, we have investigated the impact of preparation methods 
and carriers on the characteristics and performance of supported gold 
nanoparticles for the Sonogashira cross coupling. In addition, to shed light on the 
mechanism involved in Sonogashira reaction we have performed XPS and XAS 
studies over Au(111).  

2.2 Synthesis of CeO2, TiO2, and Al2O3 supported Au nanoparticles  

The gold precursor, HAuCl4·xH2O, and carriers (CeO2, TiO2, and Al2O3) with 
different properties such as redox and non-redox character were employed. 
Supported gold nanoparticles were prepared by two different synthesis methods: 
(i) deposition-precipitation (DP) and (ii) incipient wetness impregnation (IMP) 
(Chapter 1). The nominal gold content in all preparations was constant (3 wt.%). 
Hereafter, the catalyst obtained after calcination, are denoted by adding DP (for 
deposition-precipitation) or IMP (for incipient wetness impregnation) to their 
names, for e.g., Au/CeO2 prepared by DP and IMP routes will be designated as 
Au/CeO2-DP and Au/CeO2-IMP, respectively.  

2.3 Characterisation of CeO2, TiO2, and Al2O3 supported Au 
nanoparticles 

The synthesised catalysts were thoroughly characterised using X-ray fluorescence 
(XRF), N2-sorption, X-ray diffraction (XRD), X-ray photoelectron spectroscopy 
(XPS), high-resolution transmission electron microscopy (HRTEM), and energy 
dispersive X-ray spectroscopy (EDX) techniques, which are described in Chapter 
1. 
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XRF analysis revealed that the gold loading was in the range of 2.7-2.9 wt.% 
(Table 1), in all the samples that is close to the nominal gold loadings of 3 wt.%. 
The specific surface area (SBET) of all the catalysts was similar to their 
corresponding pristine carriers, which indicates that the gold is deposited on the 
surface of the metal oxide. 

Tabel 1 Characterisation data of catalysts. 
 

Catalyst Au contenta 
(Wt.%) 

Au contentb (Wt.%) SBET (m2g-1) Average Au 
sized (nm) 

Au/CeO2-DP 2.8 0.62 53(57) 4.4 

Au/TiO2-DP 2.7 0.58 50(54) 13.7 

Au/Al2O3-DP 2.8 0.39 189(190) 4.4[4]e 

Au/CeO2-IMP 2.8 0.54 45(57) 50[115] 

Au/TiO2-IMP 2.8 0.55 49(54) 55[113] 

Au/Al2O3-IMP 2.9 0.38 181(190) 96[98] 
 

a Au content in as-prepared catalysts determined by XRF. 
b Au content after 160 h catalytic run determined by XRF.  
c Surface area of pristine supports in round brackets. 
d Determined from HRTEM/TEM images. 
e Au crystallite size estimated applying Scherrer equation to X-ray diffractograms in square bracket. 

Powder X-ray diffractogram of samples prepared by the DP method shows very 
weak reflections belonging to the gold species for Au/CeO2-DP and Au/TiO2-DP 
compared to Au/Al2O3-DP. Furthermore, the position of Au reflections matched 
well with the reference lines specific for metallic gold (ICSD 44362), indicating 
that metallic gold is formed on all of the three carriers.31,32 The powder X-ray 
diffractograms for the catalysts prepared by incipient wetness impregnation shows 
sharp reflections corresponding to metallic gold for all of the three systems, 
Au/CeO2-IMP, Au/TiO2-IMP, and Au/Al2O3-IMP.31,32 The sharp reflections due to 
gold indicates that the impregnation preparation route led to much larger gold 
particles as compared to the deposition-precipitation (see details in Chapter 1). 

XPS study indicates the presence of metallic Au(0) species also at the surface 
level. However, the peaks are slightly shifted to lower value by ca. 0.5 eV 
compared to those reported for metallic Au in the literature.30,33 This shift could be 
a result of metal particle quantum size effect, which can lead to a shift in the range 
of 0.6-1 eV.30,34 Moreover, the two components in the Au 4f XP spectra are 
separated by 3.7 eV which is in very good agreement with the reported value for 
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metallic Au and not 2.5 eV which is reported for Au(I) and Au(III) molecular 
compounds.33,35 

From HRTEM the morphology and textural properties of supported gold 
nanoparticles were investigated. Au/CeO2-DP show small gold nanoparticles with 
mean particle size of 4.4 nm (±1.5 nm), Au/TiO2-DP shows Au nanoparticles with 
mean particle size of 13.7 nm (±2.8 nm), and in the case of Au/Al2O3-DP gold 
nanoparticles have an average particle size of 4.4 nm (± 2 nm). The impregnated 
samples display gold particles in the broad range of 20-200 nm, with average 
particle size of 50, 55, and 96 nm, respectively. This indicates substantial 
agglomeration of gold in the IMP route, in line with the XRD results.  

2.4 Catalytic activity in Sonogashira coupling reaction over supported 
Au catalyst 

Sonogashira coupling of PA and IB was carried out with supported gold catalyst 
synthesised by both DP and IMP method. In a typical reaction run PA (0.5 mmol), 
IB (0.5 mmol), and K2CO3 (0.3 mmol) was added to the solvent (DMF) and kept  

 

 

 

 

 

 

 

Figure 2.1. Iodobenzene conversion (XIB) and selectivity (S) in Sonogashira coupling reaction between 
PA and IB over supported gold nanoparticles. a) Catalysts synthesised by DP and b) catalysts 
synthesised by IMP. Reaction conditions are detailed in the section 2.4. 

for stirring at 145°C for 160 h. The obtained results are shown in Figure 2.1a,b. 

Catalysts synthesised by the DP method i.e Au/CeO2-DP, Au/TiO2-DP, and 
Au/Al2O3-DP show high conversion (76%, 73%, and 66%) and selectivity for 
DPA (76%, 68%, and 57%) as compared to catalysts synthesised by the IMP 
method. In addition, IMP synthesised catalysts show IB conversion of ca. 18%. 
These results clearly suggest that the deposition-precipitation method is highly 
superior to the incipient wetness impregnation as the catalysts prepared with the 
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former route provide the highest conversion and selectivity. Among all the 
synthesised catalysts Au/CeO2-DP gives the highest IB conversion and selectivity 
for DPA.  

If we compare the influence of the carriers on catalyst performance it is noticed 
that the Au nanoparticles supported on carriers with redox properties (CeO2 and 
TiO2) lead to higher conversion and selectivity compared to the non-redox Al2O3 
carrier. This is particularly distinct for the catalysts synthesised by the DP route. 
Au/CeO2-DP and Au/Al2O3-DP feature Au nanoparticles of 4.4 nm, but the former 
displays a significantly better IB conversion and DPA selectivity than the latter 
(Figure 2.1a). However, Au/CeO2-DP and Au/TiO2-DP possess Au nanoparticles 
of different size (4.4 versus 13.7 nm) but lead to similar activities and a slightly 
lower DPA selectivity for the latter. Overall, these results indicate that for redox 
supports the Au particle size effect on the catalyst performance is not noticeable in 
the range of 4-14 nm. In case of the catalyst synthesised by the IMP route they 
have bigger particles (~100 nm) and they all lead to similar IB conversion and 
DPA selectivity (Figure 2.1b).  

To know the effect of particle size on activity of catalysts, we plotted a graph of 
IB conversion and DPA selectivity versus the particle size of gold for Au/CeO2 
samples, selected as an example (Figure 2.2). It can be seen that the catalyst with  

 

 

 

 

 

 

 

 

Figure 2.2. Influence of Au particle size on IB conversion (XIB, solid lines) and DPA selectivity (SDPA, 
dashed lines) for Au/CeO2 samples. Circles represent catalysts prepared by DP route, while squares 
denotes samples obtained by IMP method. Lines are only intended as guides to the eye. Reaction 
conditions are detailed in the Section 2.4. 
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smaller particles, providing higher number of active sites for the reaction to take 
place. Likewise, the DPA selectivity is similar and higher until 14 nm but 
afterwards it drops. If we compare the Au particle size data in Table 1 and 
reaction results in Figure 2.1a,b for Au/TiO2 and Au/Al2O3 similar results can be 
obtained. Hence, it can be concluded that the gold nanoparticles supported on 
redox supports with the Au particle size in the range of 3-15 nm show similar 
reactivity, while bigger nanoparticles (>15 nm) lead to inferior performance. 

A gold leaching study was performed with all the catalyst and the extent of gold 
leaching was determined by XRF of the used catalyst after 160 h catalytic run and 
shown in Table 1. Similar Au leaching (78-80%) was observed with Au/CeO2 and 
Au/TiO2 samples, prepared by DP and IMP, while Au/Al2O3 (DP and IMP) 
showed slightly higher gold leaching of 86%. These results suggest a severe gold 
loss during catalysis, in accordance with previous results in DMF solvent.27,28 
Thus, it seems that in the leaching process catalyst synthesis route and particle size 
play no significant role. Regardless, of the extensive leaching the conversion 
follows first order behaviour during the whole reaction and the reaction is clearly 
heterogeneous as the conversion ceases in the solution after hot filtration. 

2.5 Insights into Sonogashira coupling via in-situ surface studies over 
Au(111) 

All the experiments i.e XPS and XAS measurements were performed at beamline 
D1011 of the MAX-II ring of the Swedish synchrotron radiation facility at the 
MAX IV Laboratory. 

To understand the mechanism of Sonogashira coupling reaction, dosing of 
halogenated benzene (iodobenzene, chlorobenzene, and bromobenzene) and 
phenylacetylene (PA) on a Au(111) crystal was performed. The halogenated 
benzenes and phenylacetylene were cleaned by freeze-pump-thaw cycles prior to 
dosing upon the cleaned Au(111) crystal.  

Adsorption of the three different halogenated benzene (Cl-, Br-, and I-benzene) 
and phenylacetylene shows that iodobenzene and chlorobenzene dissociate and 
hence, Sonogashira coupling is possible. On the other hand, bromobenzene does 
not dissociate and also gave no coupling product.  
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2.6 Conclusions 

Gold nanoparticles on supports of different nature (redox: CeO2, TiO2 and non-
redox: Al2O3) have been synthesised using deposition-precipitation and incipient 
wetness impregnation. XRD and XPS study revealed that the catalyst synthesized 
by both methods incorporate gold on all the carrier and in all the samples gold is 
present in metallic state. Small Au nanoparticles were obtained with the DP route, 
while the IMP method leads to larger agglomerates, an agglomeration that is most 
likely caused by the presence of chlorine species during calcination. The catalysts 
synthesized by DP route shows better conversion and cross-coupling selectivity in 
the Sonogashira coupling between phenylacetylene and iodobenzene due to the 
formation of highly dispersed and smaller Au nanoparticles. Especially CeO2 and 
TiO2 supported samples showed better performance than Al2O3 supported ones. 
On the other hand, catalysts synthesised by IMP route shows no difference in the 
reactivity. The catalyst performance is not dependent on the average gold particle 
size in the range of 3-15 nm, but above this range the catalyst performance 
changes, as demonstrated for the case of Au/CeO2 system. Moreover, the leaching 
of gold is independent of gold particle size and preparation method. Adsorption of 
halo benzenes (chloro-, bromo-, and iodobenzene) with phenylacetylene on 
Au(111) surface shows that iodobenzene and chlorobenzene desorb after 
dissociation and gave homocoupling product (biphenyl), however, bromobenzene 
doesn’t show any dissociation and that is why no coupling product is observed. 
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Chapter 3. Styrene Epoxidation over 
Gold Nanoparticles Supported on 
Mesoporous Materials 

3.1 Introduction 

Epoxides are very useful intermediates for synthesis of fine chemicals. They are 
obtained by olefin epoxidation using H2O2, dioxygen, and commercially available 
peroxyacids.1-3 Peroxyacids are very hazardous to handle and generate a lot of 
liquid waste.4,5 On the contrary, H2O2 and dioxygen are green oxidant but they 
usually suffer from low alkene conversion and poor control of selectivity which 
results in a low yield of desired epoxide.1-3 These problems associated with 
peroxyacids, H2O2, and dioxygen can be reduced by replacing them with organic 
hydroperoxides.6 

Olefin epoxidation especially styrene epoxidation is of great interest because it 
generates styrene oxide which has numerous application, in the production of 
styrene glycol and its derivatives, as a raw material for the production of phenethyl 
alcohol used in perfumes, and as a chemical intermediate for cosmetics.7 Various 
catalysts (Ti/SiO2, Si-Ti/SiO2, Ts-1, Au/alumina and Au/TiO2) have been used in 
styrene epoxidation.8-11 However, they are unable to give high activity with low 
metal loadings. Therefore, it is of great interest to investigate new class of 
catalysts. 

In this context, Choudhary et al. and Dumbre et al. have reported that nano-gold 
supported on metal oxides synthesised by the homogeneous deposition-
precipitation method are promising catalysts for the epoxidation of styrene by 
using TBHP as an oxidant.12,13 Jin et al. have synthesised a periodic mesoporous 
organosilica incorporated with bridging disulfide-imidazolium units loaded with 
gold.14 So far, the best catalyst has been obtained by Liu et al. which is, Au25 
clusters supported on hydroxyapatite.15 It gives full styrene conversion by using 
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TBHP as an oxidant with 92% selectivity for styrene oxide in 12 h and selectivity 
drops after 12 h.  

Periodic mesoporous silica materials, such as SBA-15 and MCM-41, have been 
used as supports for gold, in styrene oxidation using dioxygen or H2O2 as oxidant. 
These supports have significantly improved the performance of the gold-based 
catalysts.16-18 Noteworthy is that this types of periodic mesoporous silica carriers 
have not been thoroughly studied for epoxidation of styrene using TBHP as 
oxidant, which, potentially offers a better control on the epoxide selectivity.  

3.2 Synthesis of mesoporous material supported gold nanoparticles 

Gold nanoparticles supported on porous materials (MCM-41, SBA-15, KIT-6, and 
SiO2) were synthesised by the deposition-precipitation method (DP) (Chapter 1). 
Hereafter, the catalysts are denoted by adding the support name to Au for e.g., 
Au/MCM-41, Au/SBA-15, Au/KIT-6, and Au/SiO2. 

3.3 Characterisation of catalysts  

All the synthesised catalysts were characterised by XRF, PXRD, N2 sorption, and 
High angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) (Chapter 1) 

To confirm the mesoporous characteristics of supports, the supports were calcined 
and characterised by N2 sorption. MCM-41, SBA-15, and KIT-6 show type IV 
isotherms characteristic of mesoporous material.19 On the other hand, fumed silica  

Table 1. Characterisation data of the catalysts. 

Catalyst Au contenta 
(Wt.%) 

Porous propertiesb 

  SBET
c (m2g-1) Vpore

d (cm3g-1) 

Au/MCM-41 1.0 774 (840)e 0.82 (0.91)f 

Au/SBA-15 0.9 449 (512) 0.86 (0.95) 

Au/KIT-6 1.1 540 (753) 0.88 (0.95) 

Au/SiO2 1.0 193 (195) 0.61 (0.62) 
  aDetermined by XRF. 
  bDetermined by N2 sorption. 
  cTotal surface area determined using BET method. 
  dTotal pore volume, e & f Porous properties of corresponding supports in brackets. 
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used for comparative purposes, shows the isotherm which might fit to type II that 
is typical for nonporous materials. In addition, the surface area for fumed silica is 
much lower than for the other three carriers (Table 1). Supported gold catalysts 
were also characterised by N2 sorption. In case of Au/MCM-41, Au/SBA-15, and 
Au/KIT-6 there is a decrease in surface area after gold deposition which indicates 
that gold might have deposited inside the pores. This is in accordance with the 
drop in the total pore volume (Vpore) of these catalysts compared to their 
corresponding carriers (Table 1). However, there is no considerable change in 
SBET and Vpore of SiO2 upon gold loading, suggesting that the gold deposition is on 
its surface. The gold loading determined by XRF for all the catalyst is in the range 
of 0.9-1.1 wt.%. The powder X-ray diffractograms of Au/MCM-41, Au/SBA-15, 
Au/KIT-6, and Au/SiO2 showed reflections due to gold which are matched well 
with the reference line for Au(0) (ICSD 44362). 

HAADF-STEM of Au/MCM-41 showed gold particles size in the range of 2-5 
nm. However, HAADF-STEM of Au/SBA-15, Au/KIT-6, and Au/SiO2 displayed 
larger Au particles in the range of 10-30 nm. Therefore, it seems that MCM-41 
with the largest surface area, enables the highest dispersion and stabilises the small 
Au nanoparticles on its surface better than other carriers of this study. 

3.4 Catalytic activity in epoxidation of styrene 

The catalytic activity of periodic mesoporous material supported gold 
nanoparticles was evaluated in styrene epoxidation at 80°C using TBHP as an 
oxidant and acetonitrile as a solvent. Two products were obtained namely: the 
desired styrene oxide (SO) and the side product benzaldehyde (BZ). The catalytic 
activity performances of all the catalysts are shown in Figure 3.1a. Au/MCM-41 
led to the highest styrene conversion (XStyrene) of 41% and selectivity to styrene 
oxide (SSO) of 96%, followed by Au/SBA-15 (XStyrene = 30%, SSO = 90%), Au/KIT-
6 (XStyrene = 25%, SSO= 86%), and SiO2  (XStyrene = 30%, SSO = 95%).  

To elucidate the difference in catalytic activity, different properties were 
considered such as gold content, surface area, and the nature of gold species. 
However, none could explain the difference in activity. However, the particle size 
determined by HAADF-STEM places the materials in two classes: one with 
particle size in the range of 2-5 nm (Au/MCM-41), and other with particle size in 
the range of 10-30 nm (other three catalyst). Therefore, we have plotted gold mean 
particle size versus styrene conversion and styrene oxide selectivity (Figure 3.1b). 
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The smallest Au particle size catalyst (Au/MCM-41) shows the highest activity 
and the highest Au particle size catalyst (Au/KIT-6) shows the lowest activity. 
Thus, the control of gold particle size is a key to achieve the best performance in  

 

 

 

 

 

 

 

Figure 3.1 (a) Styrene conversion (XStyrene) and selectivity (S) in styrene epoxidation over different 
mesoporous material supported gold catalysts. (b) Correlation of XStyrene and styrene oxide selectivity 
(SSO) with mean particle size of gold nanoparticles in different catalysts, determined from HAADF-
STEM analysis. SSO = selectivity to styrene oxide and SBZ = selectivity to benzaldehyde.  

the selective styrene oxidation. The best catalyst i.e Au/MCM-41 was used in 
optimisation of reaction parameters such as: influence of temperature, influence of 
time, influence of solvent, influence of oxidant, and the effect of TBHP:Styrene 
ratio. 

3.5 Conclusions 

Mesoporous material (MCM-41, SBA-15, KIT-6, and SiO2) supported gold 
nanoparticles were synthesised by the deposition-precipitation method. The 
catalysts were characterised by XRF, PXRD, N2 sorption, and HAADF-STEM. 
Furthermore, the catalytic activity was evaluated in the styrene epoxidation at 
80°C using TBHP as oxidant and acetonitrile as solvent. N2 sorption and XRF 
confirms the incorporation of gold (ca. 1 wt.%) onto all mesoporous carriers and 
the presence of gold in metallic form in all the catalysts. Because of its lowest gold 
nanoparticles size, Au/MCM-41 gives the highest styrene conversion (41%) and 
styrene oxide selectivity (96%) just after 1 h of reaction. The optimisation of 
reaction parameters such as temperature reveals that conversion and selectivity 
increases with increase in temperature from 60-80°C and further increase in 
temperature is detrimental, the time study shows there is an induction period as the 
rate of the reaction in the first 0.5 h is very slow, but increases abruptly in the next 
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0.5 h. The induction time is attributed to the time needed for the generation of 
peroxide radical from TBHP, however, no positive improvement is observed by 
using different oxidants and solvents, but TBHP:styrene ratio shows that 1-1.6 is 
good to achieve a high styrene conversion and high styrene oxide selectivity.  
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Chapter 4. Oxidative Cross-Coupling 
Reaction Catalysed by Au/ZrO2 

4.1 Introduction 

Transition metal catalysed, oxidative C-C coupling reaction to form biaryls have 
attracted researchers, because biaryls are important structural motifs in natural 
products, pharmaceuticals, agrochemicals and materials.1-4 The standard method 
for synthesis of biaryls is metal-mediated coupling reactions of the pre-activated 
aryl substrate.5-7 However, this standard procedure has a few disadvantages for 
example: (i) pre-activation such as halogenation or sulfonate formation increases 
the number of synthesis steps in formation of the final product, (ii) difficulty in the 
availability of activating group, and (iii) preactivation step generates a lot of waste 
from solvents, reagents, and chromatographic purification of the products. 
Therefore, to prevail over these drawbacks one possibility could be a direct 
arylation process, which involves direct coupling of non-activated C-H bonds with 
activated or non-activated arenes. 

There has been growing interest in oxidative coupling of non-activated arenes 
through direct arylation.8 In reference to this, Pd, Rh, and Ru metal complexes are 
the most frequently used catalysts.9-11 Oxidative coupling catalysed by Lewis acid 
has also been studied and addition of Lewis acid has been shown to increase the 
selectivity.12 However, the direct arylation of non-activated arenes has not reached 
its optimum level because practically the catalytic systems should be less 
expensive, highly efficient, and environmentally friendly. Many recent studies 
have focused on the development of arylation of arenes such as: coupling of 
indoles (functionalised and unfunctionalised), benzofuran, pentafluorobenzene 
with benzene in presence of oxidant,13-15 and microwave assisted coupling of 
indoles with benzene.16 However, all these reactions require inert atmosphere, 
harsh reaction conditions, and special metal additives to enhance reactivity and 
selectivity. Therefore, there is a need of suitable catalyst that can clear up all the 
pointed issues.  
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The catalysis with gold has been extensively studied after the discovery of its 
activity in different chemical reactions.17,18 Recently, gold salts (homogenous 
catalyst) and supported gold nanoparticles (heterogeneous catalyst) have shown 
activity in oxidative coupling of non-activated arenes for example: Kar et al. have 
shown that catalytic amount of soluble gold salts can catalyse the coupling of non-
activated arenes to biaryl by using hypervalent iodine compounds as an oxidant.19 
Very recently, Serana and Corma have reported intramolecular coupling of non-
activated arenes by supported gold nanoparticles.20 However, there are no studies 
with heterogeneous catalyst on intermolecular oxidative cross coupling reaction of 
non-activated arenes to obtain heterocoupled product selectively. Therefore, it 
encouraged us to explore the catalytic activity of supported gold nanoparticles in 
this reaction.  

4.2 Synthesis of catalysts 

The catalysts were synthesised by deposition-precipitation method described in 
Chapter 1. The nominal gold loading was fixed to 3 wt.%. HAuCl4·xH2O is the 
gold precursor used in preparation and supports ZrO2, TiO2, and Al2O3 were used 
as received. Henceforth, the catalysts will be denoted as Au/ZrO2, Au/TiO2, and 
Au/Al2O3. Au/TiO2, and Au/Al2O3 have been used for comparison purpose. 

 

4.3 Characterisation of Au/ZrO2 

To study the surface and bulk properties of the catalysts all the catalysts were 
characterised by different techniques like, XRF, Powder X-ray diffraction, N2 
sorption, XPS, and TEM.  

The gold loading obtained by XRF is same for all the catalysts i.e 2.7 and 2.8 wt% 
which is close to nominal gold loading of 3 wt%. Supported gold catalysts showed 
decrease in surface area, which indicates the successful deposition of gold on 
support.  

Powder X-ray diffraction patterns for Au/ZrO2 and Au/TiO2 show small and broad 
reflections due to gold. However, Au/Al2O3 shows broad reflections due to gold 
and they are clearly visible because of the low crystallinity of the Al2O3 carrier. 
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Presence of small and broad reflections due to gold hints to the presence of gold as 
small nanoparticles. All reflections are matched well with Au(0). 

The XPS spectra for the Au 4f shows two peaks at 83.4 eV and 87.1 eV for Au 
4f7/2 and Au 4f5/2 which is due to Au(0) species. 

Representative TEM micrographs were acquired in order to measure the particle 
size distributions which is in the range of 4-14 nm. The average particle size for 
Au/ZrO2, Au/TiO2, and Au/Al2O3 is 4 nm, 13.7 nm, and 4.4 nm. 

4.4 Oxidative cross-coupling of non-activated arenes 

The generalised scheme for oxidative coupling is shown in Scheme 4.1. To 
examine the catalytic activity of catalysts the oxidative cross-coupling of 4-
bromoanisole (10 mmol) with benzene (5mmol) was carried out at 100°C for 24 h 
by using PhI(OAc)2 (1mmol), acetic acid (2 ml) as oxidant and solvent. Blank 
reaction shows no activity which shows the importance of the catalyst. By using  

 

 

 

 

 

 

 

 

Scheme 4.1 Generalized scheme for Oxidative cross coupling of non-activated arenes. 

our reaction conditions three products were formed, P1 the heterocoupling 
product, P2 (biphenyl), P3 homocoupling product of halo-anisole. Screening of the 
catalysts show that Au/ZrO2 is the best catalyst giving 4-bromoanisole conversion 
(XBA) = 18% and ratio for the products are P1:P2:P3= 58:40:2 as compared to 
Au/TiO2 (XBA= 11%, P1:P2:P3= 49:49:2) and Au/Al2O3 (XBA=2%, P1:P2:P3= 
45:54:1). However, we noted that with the reaction conditions used in this study 
theoretically the maximum bromoanisole conversion which we can get is 10% at 
full oxidant conversion. But we are getting 18% and 11% for Au/ZrO2 and 
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Au/TiO2 that is more than 100% and this issue could be solved either by using a 
different oxidant such as Mes-I(OAc)2 or by calculating oxidant (PhI(OAc)2) 
conversion. However, it is not possible to calculate oxidant conversion from GC 
and this oxidant is exceptional because other oxidants like TBHP, H2O2, K2S2O8, 
and Oxone® gave no activity. Further, it has been observed in our previous work 
that phenyl iodide (obtained after dissociation of oxidant) can couple with itself in 
the presence of supported gold catalyst to give homocoupling product i.e biphenyl.   

Different halo-anisoles (Cl-anisole and I-anisole) have been tried to see the effect 
of the halogen group. Cl-anisole gave the least conversion and selectivity to 
heterocoupled product (P1). On the other hand, I-anisole gave lower conversion 
than Br-anisole but the highest selectivity for product P1. This indicates that 
halogen with lower electronegativity gives high selectivity. 

4.5 Conclusions 

In this work we have shown that Au/ZrO2 catalyst is best as compared to Au/TiO2 
and Au/Al2O3 in the oxidative coupling of bromoanisole with benzene. This is 
probably due to the redox nature of ZrO2 support and small gold particle size. All 
the catalysts were synthesised by deposition-precipitation method. XPS for all the 
catalysts confirm the presence of gold in metallic state. The average particle size 
for Au/ZrO2, Au/TiO2, and Au/Al2O3 determined by TEM images is 4, 13.7, and 
4.4 nm, respectively. Furthermore, the effect of different halogen group showed 
that the halogen with lowest electronegativity gives highest selectivity for 
heterocoupled product.  
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Chapter 5. Bimetallic Gold Catalysts 
for Oxidation Reaction 

5.1 Introduction 

Supported bimetallic catalysts have gained lot of interest in the field of catalysis 
because they act as catalysts in many important reactions such as: NO reduction,1 
ethane hydrogenolysis,2 methanol oxidation in so-called “direct methanol fuel 
cells”,3,4 olefin hydrogenation,5,6 and conversion of cellulose to hexitols.7 Apart 
from catalysis, bimetallic nanoparticles have also been used in technologically 
important areas like optoelectronic and magnetic.8 There are two possible reasons 
for the interest in bimetallic nanoparticles: (i) they may show a difference in 
catalytic activity compared to their monometallic counterparts and (ii) it is 
possible to tune the chemical and physical properties of bimetallic nanoparticles 
by changing the composition. Various bimetallic nanoparticles have been studied 
for example, Ag–Au, Cu–Ag, Pd–Ag, Au-Co, Pt–Ag, Pd–Au, Pt–Au, Cu–Pd and 
Ni–Pt.9-11 However, only Au-Pd combination has attracted much attention, since 
alloying of gold with some other metal has resulted in an increase of the catalytic 
activity and has significantly influenced the selectivity of the catalyst. Supported 
Au-Pd nanoalloys have been used in various reactions for example, direct 
synthesis of H2O2 from its elements,12 hydrogenation of hex-2-yne to cis-hex-2-
ene epoxidation of alkenes,13,14 oxidation of alcohols, polyols,15,16 and oxidation of 
toluene.17 Nevertheless, styrene epoxidation and ethylbenzene oxidation have not 
been studied with supported Au-Pd nanoalloys.  

Epoxidation of styrene is a commercially important reaction because it produces 
styrene oxide, an important organic intermediate in the synthesis of fine chemicals 
and pharmaceuticals. Very few bimetallic nanoalloys have been studied in styrene 
epoxidation. However, it has been observed that conversion is optimum but 
selectivity for styrene oxide is low. For instance Xinhong et al. have shown 
AuPt@SiO2 hollow sub microsphere as the best catalyst with styrene conversion 
of 74% and styrene oxide selectivity of 85% after 12 h.18 Very recently, Xiangcun 
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et al. have synthesised AuPt nanoalloy yolk@shell hollow particles and observed 
good catalytic performance for styrene epoxidation with the styrene conversion 
and styrene oxide selectivity of 85% and 87% in 12 h, respectively.19 Both have 
shown that the unique mesoporous hollow spherical structure as well as presence 
of platinum is responsible for the activity of the catalyst. But there are no reports 
with Au-Pd nanoalloy catalyst. 

Ethylbenzene oxidation is important because it produces acetophenone, which is 
used as a component of perfumes and as an intermediate for the manufacture of 
pharmaceuticals, resins, alcohols, and aldehydes.20 Earlier, acetophenone was 
synthesised by using oxidants such as KMnO4 or K2Cr2O7 or Friedel−Crafts 
acylation employing acid halides or acid anhydrides as reagents and AlCl3 as 
catalyst.20 Presently, oxidants such as H2O2 and O2 are used as an oxidant but this 
needs preparation of highly active and selective, O2-activating heterogeneous 
catalysts.21 

5.2 Synthesis of mono- and bimetallic catalysts 

Bimetallic catalysts were prepared by the sol-immobilisation method, described in 
Chapter 1. The nominal metal loading in case of the bimetallic catalyst was fixed 
to 1 wt.% for each metal and in the monometallic the metal loading was fixed to 2 
wt.%. The gold and palladium precursors are, HAuCl4·xH2O and PdCl2 were used 
in preparation. Stabiliser PVA (Polyvinyl alcohol) and carrier TiO2 were used as 
received. Hereafter, bimetallic Au-Pd catalyst and its monometallic counterparts 
will be denoted as Au-Pd/TiO2, Au/TiO2, Pd/TiO2. 

5.3 Catalysts characterisation 

To study the structural and textural properties, all the catalysts were characterised 
with different characterisation techniques such as XRF, powder X-ray diffraction, 
N2 sorption, XPS, and TEM.  

XRF confirms the successful loading of metals on support. The surface area (SBET) 
of the supported catalyst is similar to the carrier which indicates that metals are 
deposited on the surface of the support. The powder X-ray diffractograms show no 
reflections due to Au and Pd which could be due to the very low loading of metal 
and presence of tiny metal particles (<5 nm) on the support. 
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Average particle size calculated for Pd/TiO2, Au/TiO2, and Au-Pd/TiO2, from 
either STEM-HAADF or HRTEM image shows particle size of 2.3, 2.2, and 2.3 
nm. This result clearly support the second conclusion (presence of tiny metal 
particles on support) obtained from the analysis of XRD patterns. To know the 
nature of Au and Pd distribution in the bimetallic system areas in HAADF-STEM 
image of Au-Pd/TiO2 were subjected to elemental mapping and thus, confirms the 
formation of a nanoalloy. 

Surface sensitive XPS study was done to know the nature of Au and Pd, and the 
interaction between Au and Pd in bimetallic system. In the monometallic catalyst 
the binding energy of Au 4f and Pd 3d indicates the presence of Au(0) and Pd(0). 
However, these binding energies are slightly shifted to lower binding energy 
which could be due to the strong interactions between Au and Pd that leads to the 
change in electronic properties of both Au and Pd, which again confirms the 
formation of the alloy nanostructures.22,23 However, the shift is not towards higher 
binding energies which means that Au and Pd do not form any ionic species and 
maintain their metallic nature also in their alloy.  

5.4 Catalytic activity in styrene and ethylbenzene oxidation 

The oxidation of styrene to styrene oxide was investigated with Au-Pd/TiO2, 
Au/TiO2, and Pd/TiO2 at 80°C using TBHP as an oxidant and acetonitrile as a 
solvent (Figure 5.1). No activity was observed without catalyst and with support 
only signifying the importance of catalyst in styrene epoxidation. Three different 
products were obtained namely: styrene oxide (SO) the desired one, acetophenone 
(ACP) (not obtained with Au/TiO2), and benzaldehyde (BZ). The overall 
performance can be ranked as follows: Au-Pd/TiO2 > Au/TiO2 > Pd/TiO2. 

To explain the eminent behaviour of the Au-Pd/TiO2 catalyst different 
characterisation parameters were considered. Metal loading, surface area, and 
particle size are similar in all the catalysts and therefore, it cannot explain the 
difference in performance. This undoubtedly guides us to conclude that it is due to 
the interaction present between Au and Pd in their nanoalloy form. The 
performance of the best catalyst (Au-Pd/TiO2) was further optimised by varying 
the reaction parameters such as temperature, time, solvent, oxidant, and 
TBHP:styrene ratio. Increase in temperature till 80°C increases the conversion. As 
time increases the conversion increases steadily and reaches to 100% and 99% 
selectivity to styrene oxide which is the best selectivity obtained so far. 
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Acetonitrile and TBHP are the best solvent and oxidant. There is no marked 
difference with different TBHP:styrene ratios.  

 

 

 

 

 

 

 

 

 
Figure 5.1 Styrene conversion and selectivity to products in styrene oxidation over the catalysts. 
Conditions: Catalyst = 0.06 g, T = 80°C, t = 6 h, TBHP:styrene = 1.6, and solvent = acetonitrile. Xstyrene 
= styrene conversion, SSO = selectivity to styrene oxide, SACP = selectivity to acetophenone, SBZ = 
selectivity to benzaldehyde. 

The catalytic activities of Au-Pd/TiO2, Au/TiO2, and Pd/TiO2 were also tested in 
ethylbenzene oxidation at 80°C for 24 h, with TBHP, acetonitrile as oxidant and  

 

 

 

 

 

 

 

 

 

Figure 5.2 Ethylbenzene conversion and selectivity to products in ethylbenzene oxidation over the 
catalysts. Conditions: Catalyst = 0.06 g, T = 80°C, t = 24 h, TBHP:styrene = 1, and solvent = 
acetonitrile. XEB = ethylbenzene conversion, SACP = selectivity to acetophenone, SBZ = selectivity to 
benzaldehyde. 
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solvent, the results are displayed in Figure 5.2. Two products are obtained, 
acetophenone the major one and benzaldehyde as a side product. This reaction 
also shows that the bimetallic catalyst i.e Au-Pd/TiO2 is best as compared to the 
monometallic systems. 

5.5 Conclusions 

This study demonstrates the synthesis of TiO2 supported Au-Pd bimetallic and its 
monometallic counterparts by sol-immobilisation method. The catalytic activity of 
all the catalysts was evaluated in styrene epoxidation. XRF, TEM and surface area 
concluded the successful deposition of metal on carrier. Particles in all the 
catalysts are <5 nm as confirmed by TEM images. In both monometallic and 
bimetallic catalysts XPS showed the formation of Au(0) and Pd(0) species on the 
catalyst. Catalytic activity in styrene epoxidation identified Au-Pd/TiO2 to be the 
best system with high conversion and highest selectivity. Optimisation of reaction 
parameters revealed that styrene conversion increases as temperature increases till 
80°C after which it drops. Similarly, as time increases the conversion increases 
and reaches to 100% at 12 h with 99% of selectivity for styrene oxide, which is the 
highest selectivity, obtained so far. Among solvents and oxidants, acetonitrile and 
TBHP shows a positive effect on activity. However, the TBHP:styrene ratio has no 
prominent effect. In ethylbenzene oxidation again Au-Pd/TiO2 has shown the best 
performance. 
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