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Abstract

Single metal site heterogeneous catalysts (SMSHCs) are catalysts that have efficient
use of metal as (nearly) every metal atom is involved during a reaction. The synthesis of these materials can be quite challenging as single metal species tend to
agglomerate and form nanoparticles. An example of a SMSHC is the Au/C catalyst
that is used in the acetylene hydrochlorination reaction. This catalyst is synthesised using a wet impregnation with aqua regia. In this study, an alternative method
to synthesise a Au/C SMSHC has been developed. This catalyst, prepared using
dry acetone as a solvent, is more environmentally friendly and has the potential to
be scaled-up. It is demonstrated that this method can be used to prepare other
precious-metal-based SMSHCs such as platinum, palladium and ruthenium catalysts.
The state of gold in the two Au/C catalysts are very comparable; both consist
of well-dispersed cationic gold species. However, the two catalysts have significantly
different surface functionalities which are a result of the impregnation solvent. The
influence of these surface functionalities was studied by testing the catalysts in a
Suzuki-type homocoupling reaction. Chlorine bound to carbon (C-Cl), which was
generated by the aqua regia solvent, was vital for the reaction to take place, and
results indicate that C-Cl is consumed during the reaction.
The last part of the thesis contains an XPS study on the distribution and oxidation state of palladium and gold in catalysts that are used for the gas phase
direct synthesis of hydrogen peroxide. The presence of gold in the bimetallic catalyst altered the degree of palladium oxidation after calcination compared to that of
the monometallic catalyst. In addition, gas phase hydrogen peroxide synthesis had
an overall reducing effect on the metal in the catalysts. Complete reduction was
observed for monometallic catalysts, whereas only partial reduction was observed
for bimetallic catalysts. This indicates that the presence of gold alters the electronic
properties of palladium.
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1
Introduction

This chapter will provide a general introduction to catalysis. Advantages of homogeneous and heterogeneous catalysts are combined in catalysts with high metal
utilisation. The subclasses of these type of catalysts, their preparation, characterisation and examples of reactions they are used in, are discussed. Furthermore, a
background on the following two reactions will be given; the gas phase direct hydrochlorination of acetylene and the liquid phase oxidative homocoupling of phenylboronic acid. The final part of this introduction will focus on the use of bimetallic
palladium and gold nanoparticle catalysts supported on titania for direct synthesis
of hydrogen peroxide synthesis from H2 and O2 .

1.1

Introduction to catalysis

1.1.1

General principles of catalysis

A chemical reaction involves the breaking and formation of chemical bonds to transform chemical substances into others. Reactions can be spontaneous and will proceed without the input of free energy, or they can be non-spontaneous and require
the input of free energy to proceed. They evolve at a certain reaction rate and one
can increase the rate of a reaction in several ways. For example, by increasing the
concentration of reactants, increasing the temperature of the reaction or by using a
catalyst. The IUPAC definition of a catalyst is:
A substance that increases the rate of a reaction without modifying
the overall standard Gibbs energy change in the reaction; the process is
called catalysis.[1]
How a catalyst increases the rate of a reaction can be explained by the potential
energy diagram of an uncatalysed versus the diagram of a catalysed reaction (Figure
1.1). The difference in potential energy of reactants A, B and the product C is the
change in Gibbs free energy (∆G) of the reaction. One can see that this stays the
same for the uncatalysed (black line) and catalysed (red line) reaction. The profile
of the two reactions is very different; a catalyst provides an alternative reaction
profile with a lower energy barrier then the uncatalysed reaction. This alternative
pathway is more complex as it can include multiple steps and intermediates to arrive
at product C but is energetically much more favourable.
1
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Figure 1.1: Potential energy diagram of an uncatalysed reaction (black

line) and a catalysed reaction (red line). A catalyst provides an
alternative reaction pathway with a lower activation energy than an
uncatalysed reaction.
Figure 1.2 explains how a general catalysed reaction works. The catalytic cycle
starts with the bonding of reactants A and B to the catalyst. While anchored to the
catalyst, reactant A and B can convert and yield product C. Product C can leave
the surface of the catalyst and the original state of the catalyst is recovered and the
catalytic cycle can be repeated.

Figure 1.2: Catalytic cycle of the conversion of reactants A and B to

form product C.
Catalysis plays a major role in many industrial processes and it is estimated
that about 90% of chemical processes use a catalyst in at least one of the processing
steps.[2] As catalysts are so widely used and essential in chemical processes, scientists are always looking for ways to optimise catalysts such as increasing the activity,
selectivity, lifetime and to decrease the synthesis costs.[3]

2
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Catalysis can be classified as homogeneous, in which the catalyst and the reactant
are in the same phase, or heterogeneous, in which the catalyst is not in the same
phase as the reactants and the reaction, therefore, occurs at or near an interface
between phases.[4] The two classes of catalysts are more extensively discussed in
sections 1.1.2 & 1.1.3 below.

1.1.2

Homogeneous catalysis

In homogeneous catalytic processes, the catalyst and the reactants are in the same
phase. Most homogeneous reactions are performed in the liquid phase, gas phase
processes are not very common. Homogeneous catalysts are often referred to as
organometallic complexes, but other examples are Brønsted and Lewis acids, and
biocatalysts such as enzymes or artificial enzymes.[5] An example of a homogeneous
organometallic catalyst is the rhodium-based, benzene soluble catalyst that is industrially used for the hydroformylation of alkenes with CO and H2 to form aldehydes
(Figure 1.3).[6] Organometallic catalysts are often based on expensive noble metals
such as rhodium, palladium, ruthenium and iridium. Ligands surrounding the metal
centre, often coordinated via oxygen, nitrogen, sulphur or phosphorus-based groups,
stabilise the metal centre and can influence the reactivity of the complex.[7]

Figure 1.3: Tris(triphenylphosphine)rhodium carbonyl hydride

(RhH(CO)(PPh3 )3 ) is a homogeneous catalyst that is
industrially used for the hydroformylation of alkenes to
aldehydes.
Homogeneous catalysts offer several benefits over heterogeneous catalysts. Firstly,
they are intrinsically more active and selective then heterogeneous catalysts as every
individual catalyst complex can act as an active catalytic site. An active site is
defined as the atoms where the reaction actually occurs.[8] There is a low risk of
diffusion limitations between reactants, products and catalysts in homogeneously
catalysed reactions as they are all in the same phase. In addition to this, catalytic
properties can easily be tuned by modification of, for example, the ligands surrounding the metal centre in the case of organometallic complexes. Nevertheless, most
industrial catalytic processes operate with heterogeneous catalysts. This can be explained by the more costly and challenging recyclability of homogeneous catalysts
compared to heterogeneous catalysts. Recovery typically involves precipitating the
catalysts out of the phase of reaction and subsequently removing the counter-ion
that was used for the precipitation. Another method is to distill all the reactants
from the reaction mixture. However, this is very energy-intensive and can lead to
catalyst deactivation at high temperatures.[5]

3
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1.1.3

Heterogeneous catalysis

A heterogeneous catalyst is usually a solid material, dispersed in a liquid or gas
phase that contains the reactants. Common heterogeneous catalysts are based on
metals, metal oxides or materials such as zeolites.[5] Nobel metals are very effective
catalysts for many reactions. They are often used in the form of nanoparticles that
are supported on a porous material such as carbon or metal oxides like titania, silica
and alumina. The performance of this type of catalyst depends on parameters such
as composition, size and shape of the metal nanoparticles, nature of the support
and the metal-support interaction.[9] Gold nanoparticles supported on titania are
an example of a metal nanoparticle catalyst (Figure 1.4).

Figure 1.4: A micrograph of a gold nanoparticle catalyst supported on a

TiO2 support. The gold nanoparticles have a mean size of 6 nm.

Reactions catalysed by heterogeneous catalysts can be limited by the diffusion
of reactants through the porous catalyst to the catalytic site. Additionally, heat
transfer limitations are possible, which in the case of an exothermic reaction can
increase the reaction temperature above the optimum temperature or the reaction
temperature can be too low in case of an endothermic reaction. Compared to homogeneous catalysts, heterogeneous catalysts have a poorly defined active site, the
reaction mechanisms are often not that well understood, and it is more complicated
to modify the active site.[4] However, the main benefit of heterogeneous catalysts is
their recyclability. A solid catalyst can be separated from the reaction media by easy
and economical methods such as filtration or centrifugation. Besides this, reactions
can often be conducted at higher temperatures than with homogeneous catalysts
due to heterogeneous catalysts generally have a much higher thermal stability. As a
result of these advantages, the majority of catalysts applied in industry, estimated
to be around 85%, are heterogeneous.[2]
4
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1.2
1.2.1

Catalysts with high metal utilisation
Combining the advantages of heterogeneous and homogeneous catalysts

Researchers have been looking for ways to combine the benefits of homogeneous
catalysts, such as their activity and selectivity, and the recyclability of heterogeneous
catalysts.[10] These catalysts should have well dispersed uniform metal centres to
have the potential to achieve high selectivity. As well as have a uniform active
site, the catalysts should be immobilised on a solid support for straightforward
separation. Such catalysts can be classified as catalysts with high metal utilisation,
in which (nearly) every metal atom is involved in the reaction. There are several
types within this class of catalyst which are discussed in section 1.2.1.2
1.2.1.1

Size matters

An ideal heterogeneous catalyst contains metal nanoparticles with a narrow particle
size distribution. A change in nanoparticle size can lead to a different particle
morphology and exposure of other crystal surfaces.[11] As a consequence, this can
influence the activity and selectivity of the nanoparticle. Therefore, the size, the
size distribution and shape of the metal nanoparticles is of great importance in
heterogeneous catalysts. Small nanoparticles contain a relatively high amount of
low-coordinated metal atoms such as the atoms on the edges and corners of the
nanoparticles. These atoms have fewer nearest neighbours and therefore often bind
absorbates more strongly. Recent studies have shown that some catalysts with subnanometre particles exhibit better activity than their nanoparticle counterpart.[12]
For example, for the CO oxidation reaction, a correlation between catalyst activity and particle size has been found.[13] The relation between size and activity is
illustrated in Figure 1.5, which shows that gold nanoparticles are only active for
CO oxidation reaction when they are under 5 nm, and their activity increases with
decreasing particle size.
Recently Qiao et al. have been able to synthesise a CO oxidation catalyst that
does not contain any nanoparticles, but only contains single gold atoms dispersed
on a support. This catalyst exhibits a higher specific activity, which is calculated
based on the total metal mass, than any previously reported gold clusters and nanoparticles.[15] This catalyst can be classified as a catalyst with high metal utilisation,
a catalyst that combines properties of both homogeneous and heterogeneous catalysts.[16] High metal utilisation catalysts have very efficient use of metal, as the
atoms are present as single metal species or small clusters the majority of metal
atoms are involved in the reaction. The metal is the most expensive component of
a catalyst, and therefore, these types of catalyst are industrially very interesting as
well. However, the synthesis of these materials has proven to be quite challenging
as single metal species tend to agglomerate and form nanoparticles in order to decrease their overall free energy. The following paragraph discusses the definition and
classification of types of catalysts with high metal utilisation.

5
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Figure 1.5: Activity of gold-based catalysts for CO oxidation at room

temperature as a function of average particle size.[14]
1.2.1.2

Definition and classification of catalysts with high metal utilisation

There are a few types of catalysts that can be classified as a catalyst with high metal
utilisation. Namely, single metal site heterogeneous catalysts (SMSHCs), singleatom catalysts (SACs), atomically dispersed supported metal catalysts (ADSMCs)
and site isolated heterogeneous catalysts (SIHCs).
 Single metal site heterogeneous catalysts (SMSHCs) are catalysts with many
identically active catalytic sites stabilised across its support.[16] The single
metal sites can consist of one or more metal atoms, they are spatially isolated
from one another, and there is no interaction between them. Each metal site
has the same catalytic behaviour, as the energy of interaction between the
metal site and a reactant is the same across all metal sites present.[17]
 Single-atom catalysts (SACs) are defined as catalysts in which all of the active
metal species exist as isolated single atomic species stabilised by the support
or by alloying with another metal.[18] SACs can consist of immediate neighbouring atoms of the support surface or surface functional groups but are free
of organic ligands.[16] The catalytic properties of individual active sites within
a catalyst can be different depending on the interaction of the metal site and
neighbouring atoms.[19] For example, a metal atom anchored to a surface defect, such as an edge, on the support can exhibit a different catalytic activity
than a metal atom anchored to a different type of surface structure, such as a
surface functional group. When all the active sites in a SAC all have the same
catalytic activity, the SAC can be considered as a SMSHC as well.[16] SAC is,

6
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at the moment, a trendy term in the literature and is occasionally misused to
describe a SMSHC.
 Atomically dispersed supported metal catalysts (ADSMCs) contain metal sites
that are 100% dispersed on the support, likewise as SACs. In contrast to
SACs, the catalytic sites are not as defined and can contain multiple atoms
and be of multiple shapes such as small clusters, dimers, trimers and small
two-dimensional rafts.[19]
 Site isolated heterogeneous catalysts (SIHCs) are organometallic complexes
that are anchored to an heterogeneous support. The active site can contain
multiple metal atoms and they do not necessarily have to be atomically dispersed. A SIHC with only one type of active site can classify as a SMSHC as
well and one will find that these terms are often used in literature.[19] A SIHC
can, for example, be made by anchoring ligands of organo-metallic complexes
to a support such as a polystyrene skeleton or via grafting to oxygen-containing
groups on a metal oxide surface.[20]

Figure 1.6: Schematic representation of the types of catalysts that

classify as high metal utilisation catalysts. a) A single-atom
catalyst, b) an atomically dispersed supported metal catalyst, c) an
extreme example of a single metal site heterogeneous catalyst and d)
a site isolated heterogeneous catalyst.[19]
Figure 1.6 shows a schematic representation of the different classes of catalysts
that were discussed above. The atomically dispersed carbon-supported catalysts
that are reported in Chapter 3 & 4 of this thesis are classified as SMSHCs. They
contain spatially isolated active metal sites that all exhibit the same catalytic behaviour. The majority of the active metal sites are made up of a single metal ion
surrounded by stabilising counter ions, the occasional dimer and small cluster can
be found as well.
7
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1.2.2

Synthesis of catalysts with high metal utilisation

Catalysts with high metal utilisation contain active sites that consist of metal atoms,
dimers, trimers or small clusters depending on their classification. These small active sites have a large surface area to volume ratio, which results in a large surface
contribution to the total free energy of the metal particles.[21] As a consequence,
these small active sites will thermodynamically tend to agglomerate and form larger nanoparticles to lower the surface contribution to their total free energy. This
thermodynamic drive for particle growth makes the synthesis of stable materials a
challenge. Small active sites are more stable when they are further apart from each
other as it will require more energy for a metal species to travel a larger distance
towards another metal site. For this reason, catalysts with high metal utilisation
are often synthesised with a low density of metal sites or strong anchoring to the
support. A low density of metal sites can be achieved by using high surface area
supports such as metal oxides and activated carbons. Another approach is to lower
the metal loading of the catalyst. For example, many SMSHCs with a metal loading
below 0.2 wt% have been reported in the literature.[18, 22, 23]. However, the latter
approach is likely to yield a catalyst with a low space-time yield (product yield per
volume of catalyst per unit time) and is, therefore, less desirable from an industrial
point of view.
The synthesis of SMSHCs, ADSMCs and SACs all follow the same approach and
they have been prepared using a variety of different methods such as; the massselected soft-landing method, atomic layer deposition, the metal leaching method,
wet chemistry methods and the high vapour transport method. These methods are
discussed in the following paragraphs. The synthesis of SIHCs will not be further
discussed.
Mass-selected soft-landing method
Mass-selected soft-landing can be used to deposit small metal clusters with a precisely controlled amount of atoms on a support material. A high energy laser is used
to generate metal ions, which are then mass-selected by a quadrupole mass filter and
deposited on a flat support inside an ultra-high vacuum chamber.[24] Some excellent
model catalysts that were used to study the effect of cluster size on catalytic activity
have been prepared with this technique. [25, 26] However, due to the high costs and
low yields, this method is only suitable for laboratory scale synthesis and unsuited
for industrial applications.[19]
Atomic layer deposition
Atomic layer deposition (ALD) is another method that gives precise control of the
number of metal atoms or clusters that are deposited on a support.[27] The ALD
process consists of several 4-step cycles and the number of repeated cycles determines the thickness and amount of metal that is deposited. Figure 1.7a shows the
steps involved in the ALD process, which are, 1) exposure to the metal precursors,
2) evacuation or purging to remove precursors and any by-products from the chamber, 3) exposure of the reactant species, typically oxidants or reagents (2nd dose
reagent) and 4) evacuation or purging of the reactant and by-product molecules
8
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from the chamber.[28] In the first step, the precursor reacts with anchoring sites
such as functional groups or defects on the support. A reactant, such as oxygen, is
introduced in step 3, which will react with the absorbed precursor, stripping it from
unwanted ligands and leaving the target material behind.[29]
Cheng et al. prepared a platinum catalyst supported on nitrogen-doped graphene
nanosheets by ALD. A micrograph of this catalyst can be seen in Figure 1.7b.[30]
The size and density of platinum species were precisely controlled by the number
of ALD cycles. This synthesis method is very suitable for preparing catalysts with
well-controlled metal cluster size and metal density for fundamental studies, it is,
however, unsuitable for scale-up for commercial catalyst production due to the complexity and cost associated.[19]

(a)

(b)

Figure 1.7: Schematic drawing of the ALD process and AC-STEM image

of a Pt/NGNs catalyst prepared by ALD. a) Schematics
showing the four steps in a growth cycle of ALD [31] , b) an
aberration-corrected scanning transmission electron
microscopy (AC-STEM) image of Pt supported on nitrogen-doped
graphene nanosheets synthesised by 50 ALD cycles, the scale bar is 5
nm.[30]

The metal leaching method
Flytzani-Stephanopoulus’ group have used a metal leaching method to make a variety of SMSHCs that are active in CO oxidation and the water gas shift (WGS)
reaction.[32, 33] They synthesised conventional nanoparticle catalysts which they
subsequently treated with an aqueous 2% NaCN solution. This treatment selectively leaches away the nanoparticles in the catalysts, leaving only metal cations
behind on the support surface. These cationic metal species were found to be highly
9
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active in the WGS reaction, whereas their nanoparticle counterparts were inactive. It was demonstrated that this leaching method works for platinum and gold
catalysts, and it may work for other metals and supports as well. However, as the
leaching agent in this process is environmentally unfriendly, it is not likely that this
method will be applied to make catalysts on a large scale.
Wet chemistry methods
Most conventional wet chemistry methods have been used to synthesise SMSHCs
& SACs. In all wet chemistry approaches, the metal precursor is introduced as a
single metal atom species which is then anchored to the support. This anchoring
needs to be sufficiently strong to prevent aggregation of the metal species during
synthesis and post-treatments. Anchoring sites can be functional groups on the surface of the support such as oxygen or sulphur-moieties, defects in the crystal lattice
of the support material or support surfaces with unsaturated coordinated atoms.[34]
The benefit of wet chemistry methods is that they can simply be performed in a
laboratory without the need for costly equipment. Wet chemistry methods are also
preferred for large scale applications.
The synthesis of catalysts using wet chemistry methods generally involves the
following steps:[35]
1. Introduction of the metal precursor on the support by impregnation, coprecipitation or deposition precipitation.
2. Drying.
3. Calcination and/or reduction.[19]
The interaction between metal precursors and the support is critical when using impregnation methods to synthesise SMSHCs or SACs. This interaction can be
optimised by treating the support prior to metal deposition to introduce specific
anchoring sites. An example is given in Figure 1.8, where multi-walled carbon nanotubes (MWCNT) are treated with nitric acid to partially oxidise the surface.[36]
After this, sodium is introduced via an ion-exchange. These sodium-containing
groups serve as anchoring sites for the platinum species that are deposited via incipient wetness impregnation.

Figure 1.8: Schematic of the preparation of an alkali promoted

Pt/MWCNT catalyst.[36]
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High-temperature vapour transport
High-temperature vapour transport has been used to create a very stable and sintering resistant Pt/CeO2 SAC. Figure 1.9 shows the synthesis process of this catalyst.
First, a platinum nanoparticle on λ-Al2 O3 catalyst was synthesised and subsequently
heated to high temperatures at which volatile PtO2 species were emitted. These
platinum species travelled through the gas phase to the nearby ceria support and
anchored to stabilising sites on the ceria. As the volatile platinum species only anchor to the most stable sites at these elevated temperatures, the resulting catalyst
was thermally very stable. This technique has not been used yet to produce other
SACs, but it is expected that this technique could be applied to synthesise other
SACs as well.

Figure 1.9: Illustration of the synthesis of a Pt/CeO2 SAC by

high-temperature vapour transport.[37]

1.2.3

Characterisation of catalysts with high metal utilisation

To study the distribution of metal sites in catalysts with high metal utilisation,
one needs characterisation instruments that can obtain atomic resolutions. This
resolution is needed to be able to distinguish between single atoms on the support
and sub-nanometre particles.[38] Imaging of the spatial distribution of metal species
in catalysts is best done with scanning tunnelling microscopy (STM) or aberrationcorrected scanning transmission electron microscopy (AC-STEM) and supplemented
with X-ray absorption spectroscopy (XAS) measurements. Ideally, one would not
only study the fresh catalyst, but also study the catalyst under working conditions
using operando techniques such as XAS, Fourier-transform infrared spectroscopy
(FT-IR) and STM to get an idea of the active site during a reaction. The benefits
and limitations of the different characterisation techniques that can be used for
characterising SACs and SMSHCs are discussed in the following paragraphs.
1.2.3.1

Aberration-corrected scanning transmission electron microscopy

Electron microscopy is a widely applied technique to image the structure of nanoparticle catalysts. An electron beam, which is focussed by electromagnetic lenses,
is used to study the surface of a material. Imperfections in these electromagnetic
lenses, called spherical aberrations, limit the resolution that can be achieved in conventional electron microscopes to about 1nm.[39] However, due to the development
of so-called aberration correctors, which can counteract spherical aberrations, the
resolution of this technique has improved so that it is possible to image single metal
atoms on a support and study their distribution.[40] More information on how this
11
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works can be found in Section: 2.2.8.4 in the Experimental.
An example of atomic resolution imaging of a Pt1 /Fe2 O3 SMSHC achieved by
AC-STEM can be seen in Figure 1.10. Contrast in this type of microscopy is created
by the difference in the atomic number of different elements in the sample. Therefore,
the platinum species in Figure 1.10, with a higher atomic number than the iron
oxide support, can be seen as bright dots on a dark support. AC-STEM can also be
coupled with spectroscopic techniques such as energy-dispersive X-ray spectroscopy
(EDXS) to provide chemical information about the sample. This technique is further
discussed in Section 2.2.8.5 in the Experimental.

Figure 1.10: AC-STEM micrograph of a highly loaded Pt1 /Fe2 O3

SMSHC. The bright spots represent the single platinum species.[19]
The use of electron microscopy for the characterisation of SACs & SMSHCs has a
few drawbacks. Principally, it only provides local information and lacks broader bulk
information. Moreover, one mainly studies the sample’s surface. However, catalysts
are often prepared on a porous support and the active metal species can be situated
inside pores as well as on the surface of the support.[40] One other drawback for
the characterisation of SACs and SMSHCs specifically is that aberration-corrected
microscopes are very expensive and therefore not that common. One will often need
to travel and apply for access time to use such an instrument.
1.2.3.2

Scanning tunnelling microscopy

Scanning tunnelling microscopy (STM) is particularly well suited to study model
SACs and can provide valuable information about the reaction mechanisms and the
identity of anchoring sites for the metal species. STM works by scanning a surface
of a sample with an atomically sharp metallic tip. The tip is only a few nanometres
from the sample surface. By applying an electrical voltage to the tip, electrons
can tunnel into, or out of the sample. This results in a tunnelling current that is
exponentially dependant on the distance between the sample and the tip.[38] An
image is created by scanning the tip along the sample’s surface and recording the
movements of the tip that are necessary to maintain a constant tunnelling current.
An example of a STM image can be seen in Figure 1.11. The samples that can be
studied using STM need to have an extremely flat surface and need to be conductive,
but most metal-oxide supports are semiconductors. For these reasons, this technique
is mostly limited to study model catalysts only.
12
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Figure 1.11: STM image showing isolated palladium atoms on a Cu(111)

surface.[41]
1.2.3.3

X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is an element-specific technique that provides
information about the electronic and structural properties of a target element, such
as oxidation state, coordination chemistry, coordination number and interatomic
distances.[42] It requires a high flux of X-rays generated by a synchrotron. More
information on how this technique works can be found in Section: 2.2.3. The extended X-ray absorption fine structure (EXAFS) region of the recorded spectrum
contains information about the distances between absorbing atoms and their nearest
neighbours and the identity and number of these nearby atoms. SACs do not have a
metal-metal peak in the Fourier transform (the R space) of the EXAFS, indicating
that the metal is present as single atoms.[43] Information obtained via XAS is an average of all the species of the target element in the sample. Therefore, this technique
is most valuable when it is complemented with atomic resolution microscopy.
1.2.3.4

Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FT-IR) is an often-applied method to monitor the interaction between a probe molecule and the metal species in catalysts.
Carbon monoxide can be used as a probe molecule and it will display a peak at a
different wavelength depending on if it is coordinated to a single metal site or atom,
a metal cluster or a metal nanoparticle. This technique has good sensitivity and
offers the possibility to quantify the amount of a particular species in a catalyst.
FT-IR studies for the characterisation of SMSHCs and SACs are best supported by
atomic resolution microscopy and XAS analysis.

1.2.4

Reactions catalysed by catalysts with high metal utilisation

SMSHCs and SACs are active in many types of reactions such as oxidation, hydrogenation reactions and electrocatalysis.[19, 44–49] A few examples are discussed
below to illustrate the broad applications of these type of catalysts. Pioneering
work in 2003 by Flytzani-Stephanopoulus’ group showed that a Au/ceria catalyst
had similar catalytic activity in the WGS reaction when the nanoparticles were
leached away.[33] They identified firmly bound ionic gold species as the active cata13
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lytic site for the reaction. Since then, they have demonstrated that other cationic
metal species (Pt, Cu) supported on a reducible oxide (iron oxide and titania) are
also active in the WGS reaction.[50]
Zhang et al. first introduced the term SAC in 2011 to describe a Pt/FeOx catalysts that showed 2-3 times higher activity than their nanoparticle counterpart in
the CO oxidation reaction.[18] Also, single gold atoms stabilised on FeOx had a
turnover frequency (TOF) in CO oxidation comparable to the best-supported gold
nanoparticle catalyst.[23] Single atoms have since then be found to be active in
many oxidation reactions such as oxidation of methanol, formic acid, benzene and
alcohols.[19]
Cationic Au3+ ions dispersed on a ZrO2 support were tested for their activity
in selective hydrogenation of 1,3-butadiene by Xu et al.[48] The activity of these
catalysts were orders of magnitude higher than those of gold nanoparticle catalysts.
Many SMSHCs and SACs have found to be active in a variety of other hydrogenation reactions such as the hydrogenation of nitroarenes, styrene, acetylene and
1-hexyne.[44–47]
SMSHCs containing cationic gold ions have been identified as the active site in
other reactions as well. For example, in the acetylene hydrochlorination reaction,
which produces vinyl chloride monomer (VCM), the monomer that is used to make
PVC.[51] All SMSHCs made in the scope of this thesis are tested in this specific
reaction. Further background information on this reaction is given in the following
paragraph 1.3.

1.3

Au/carbon SMSHC for the direct acetylene
hydrochlorination reaction

The acetylene hydrochlorination reaction produces VCM, which is the monomer
that is used for the production of PVC. PVC is one of the worlds most-produced
plastics, with an annual consumption of 40 million tons per year.[52] Its versatile
properties make it suitable for a variety of applications such as flexible films, pipes,
upholstery, window frames and coatings of for example electrical cables.

1.3.1

Production of the vinyl chloride monomer

The greater part of VCM production outside of China uses ethylene, an oil-based
feedstock. Ethylene is converted to VCM in a 3-step process, catalysed by FeCl3
and CuCl2 , which is known as the balanced process. The overall reaction equation
is visible in equation 1.1.
1
(1.1)
2C2 H4 + Cl2 + O2 −→ 2C2 H3 Cl + H2 O
2
However, in China, VCM is mainly produced with acetylene as feedstock using
the direct acetylene hydrochlorination reaction. The primary reason for this is that
acetylene is a coal-derived feedstock that is widely abundant in China. Around
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13 million tons of VCM are annually produced in China via this method.[53] The
overall reaction equation can be seen in equation 1.2.
C2 H2 + HCl −→ C2 H3 Cl

(1.2)

The direct acetylene hydrochlorination reaction is traditionally catalysed by a
carbon-supported mercury chloride catalyst. However, there are several major disadvantages to this catalyst. Most importantly, mercury is volatile at reaction temperature (180-220 ◦ C) and can desorb from the catalyst surface. It is estimated
that 0.6 kg of mercury is released from the catalyst per ton of VCM produced.[52]
This limits the lifetime of the catalyst, but more importantly, due to a lack of
efficient trapping methods, the mercury escapes from the production units and pollutes the environment.[53] Mercury is highly toxic and causes Minamata disease,
a neurological syndrome caused by mercury poisoning. For this reason, the use of
mercury-based catalysts for the production of VCM has been included in the Minamata Convention on Mercury. This is an agreement, signed by 140 countries,
that is designed to protect human health and the environment from anthropogenic
emissions and releases of mercury and mercury compounds.[54] VCM production
plants are mentioned specifically in the agreement, it states that from 2017 onwards
all newly built VCM production plants have to be mercury-free and from 2022 all
existing VCM plants need to be mercury-free.[52]

1.3.2

Gold, an alternative for a mercury-based catalyst

The activity of other metal chloride-based catalysts in the acetylene hydrochlorination reaction have been explored by Shinona et al. [55]. They tried to correlate the
productivity of the catalyst to the electron affinity of the metal cations divided by
their valence (Figure 1.12a). Two different trends were observed, a linear increase in
activity over increasing electron affinity for the upper series but a decreasing trend
for the lower series. Figure 1.12a shows that two metal chlorides with similar electron
affinity can have a completely different activity, and therefore it is clear that electron
affinity does not correlate with activity. The data from Figure 1.12a was replotted
against the standard electrode potential as can be seen in 1.12b. An increase in
activity was observed with increasing electrode potential, this suggests that the reaction happens via a redox mechanism. Subsequently, Hutchings predicted and later
proved, that gold-based catalysts have good activity in the acetylene hydrochlorination reaction because of gold’s high electrode potential.[56] Other metal chlorides
such as silver, platinum, palladium, rhodium, iridium, copper and ruthenium were
explored as catalysts for the acetylene hydrochlorination reaction, but gold-based
catalysts have superior stability and selectivity.[52, 53, 56–59]
Bimetallic and trimetallic gold-based catalysts, such as AuCu, AuLa, AuBa,
AuNi, AuCs, AuBi and AuCoCu-based catalysts have demonstrated to have enhanced stability compared to a monometallic gold catalyst.[60] The AuCoCu/C
catalyst had the best performance of these catalysts. This was attributed to the
ability of Co(III) and Cu(II) to stabilise the gold cation and prevent reduction to
Au(0). Additionally, the promoters increase hydrogen chloride adsorption in the
catalyst, which leads to less coke deposition and enhanced catalyst stability.[61]
However, the addition of metallic promoters might not be a good prospect for in15

Chapter 1
dustrial applications as it will increase the recovery costs of the spent gold in the
catalysts significantly.[60]

(a)

(b)

Figure 1.12: Correlation of acetylene hydrochlorination activity of metal

chloride catalysts with the electron affinity and with
standard electron potential. a) Correlation of acetylene
hydrochlorination activity of metal chlorides supported on carbon
with the electron affinity of the metal cation divided by the metal
valence. b) Correlation of hydrochlorination of activity of metal
chlorides supported on carbon with the standard electrode
potential.[62]
Cationic metal species are believed to be the active site for this reaction. Based
on this assumption, catalyst manufacturer Johnston Matthey and collaborators started developing a Au/C catalyst, which is now commercialised and used as an alternative for the mercury catalysts in many VCM plants in China.[53] This catalyst
contains cationic gold species that are stabilised by a thiosulphate ligand. Other
cationic gold catalysts have also been investigated for this reaction, such as Au(III)Schiff base complexes and Au-thiocyanate complexes in which the ligands enhanced
the stability of the catalysts by preventing reduction to Au(0).[60, 63, 64]

1.3.3

The active site of the Au/carbon catalyst

The first Au/C catalysts for the acetylene hydrochlorination reaction were prepared
using aqua regia to ensure proper dissolution of the gold chloride precursor.[52] Activated carbon was used as support as it is stable under the harsh reaction conditions
and exhibits a high surface area so it can maintain a high gold dispersion. Conte
et al. studied the effect of the role of the solvent on a catalyst prepared by a wet
impregnation with aqua regia. They found that the high activity of this catalyst can
16
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Figure 1.13: Correlation of acetylene hydrochlorination activity of

supported metal chloride catalysts with the standard
electrode potential. Potentials for a 2e− reduction of the following
chloride salts are used, (RhCl6 )3− , (RuCl5 )2− , PdCl2 , (PtCl6 )2− ,
(IrCl6 )3− and (AuCl4 )− .[65]
be attributed to the oxidising effect of the HNO3 and the nucleating effect of HCl,
a combination that keeps the gold in a highly dispersed state.[66] There is a consensus in the literature that highly dispersed cationic gold species are the active site
in the reaction. However, the real active form of gold in working catalysts was not
fully understood until recently. Ex situ characterisation techniques such as Mössbauer spectroscopy, temperature-programmed reduction (TPR) and XPS suggested
the presence of cationic gold alongside metallic gold in the fresh catalyst.[52] The
degree of metallic gold in the spent catalyst could be correlated to the deactivation
of the catalyst and reactivation of the catalyst by post-treatment with aqua regia
or online treatment with HCl, Cl2 , NO and N2 O, let to an increase in cationic gold
species. One of the drawbacks of using XPS for the characterisation of cationic gold
species is the photo-reduction of Au-Cl species to Au(0). This will overstate the
metallic content in the catalysts.[51]
Recently, an operando XAS study in combination with ex situ AC-STEM imaging gave insight into the state of gold in a working catalyst for the acetylene hydrochlorination reaction. Photo-reduction of Au-Cl species does not occur when
synchrotron radiation is used to study the sample because of the higher photon incident energy, which results in a lower adsorption cross-section compared to XPS.[51]
This operando XAS study revealed that this catalyst is, in fact, a SMSHC with isolated cationic Au species that are stabilised by chlorine ligands distributed on the
carbon support.[51] The activity of the catalysts correlates with the ratio of Au(I)
: Au(III) present. The ratio of Au(I) : Au(III) is derived by linear combination
fitting (LCF) of the X-ray absorption near-edge structure (XANES) spectrum, the
region below and around the absorption edge of a XAS spectrum. XANES spectra
of metal L3 edges can have a white line feature and the normalised height of this
feature correlates with the oxidation state of the target metal. More information
on this can be read in Section 2.2.3 in the experimental. In Figure 1.14a one can
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see the VCM productivity of a Au/C catalyst prepared using aqua regia as solvent
as a function of time online and the changes in the normalised white line-height
recorded. As the productivity of the catalysts increases at the start of the reaction,
a decreasing trend in the white line-height can be observed. The white line-height
stabilises after a similar period as the productivity at a normalised height of 0.7.
Figure 1.14b shows the productivity versus normalised white line intensity of three
different active catalysts and a clear linear correlation can be observed. A white
line-height between 0.6 and 1.1 suggest a distribution of both Au(I) and Au(III)
species suggesting that the activity is related to the Au(I)-Au(III) redox couple.

(a)

(b)

Figure 1.14: VCM productivity and in situ characterisation of the

catalysts as a function of time online. a) The productivity of a
Au/C catalyst prepared using aqua regia (black) and the change in
the height of the normalised white line (blue) as a function of time.
b) Productivity versus the normalised white line intensity of three
active catalysts.[52]
The spent catalyst was also studied and the majority of the Au species are
still dispersed cationic AuClx species after the reaction. All evidence suggests that
this catalyst is a SMSHC containing both Au(I) and Au(III). The catalyst that is
prepared using wet impregnation with aqua regia is referred to as the ’standard
catalyst’ for this reaction to which all catalysts prepared with novel methods are
compared. It is worth mentioning that the catalyst that is commercialised and
patented by Johnston Matthey is not prepared in this way. Instead, this catalyst
uses a thiosulfate ligand rather than chlorine to stabilise the cationic gold species.

1.4

The homocoupling reaction of arylboronic acids
by gold-based catalysts

This section will give a short introduction into coupling reactions as several Au/C
SMSHCs were tested in such a reaction in the research in Chapter 4. Cross-coupling
reactions, such as Suzuki coupling, are a widely applied method for the formation
of carbon-carbon bonds. The reaction mechanism is generally believed to proceed
through a Pd(0)-Pd(II) redox cycle. Since Au(I) and Au(III) are isoelectronic with
Pd(0) and Pd(II), respectively, cationic gold catalysts were predicted to be a cata18
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lyst for coupling reactions. This section discusses the use of gold catalysts for the
homocoupling, also referred to as self-coupling reaction of arylboronic acids.

1.4.1

Cross-coupling reactions by palladium-based catalysts

Carbon–carbon bond-formation reactions are important steps in industrial processes
as they are key steps in the synthesis of complex, bioactive molecules such as
medicines and agrochemicals.[67] A breakthrough in carbon-carbon bond formations came from the discovery of using palladium catalysts to couple aryl halides,
aryl-pseudo halides or vinyl halides with organometallic compounds (B, Si, Mg, Zn,
Sn) or with alkenes.[68] The founders of this work, Richard F. Heck, Ei-ichi Negishi
and Akira Suzuki, were rewarded with the Nobel prize for Chemistry in 2010 for
their contributions to this field.[67] The Suzuki coupling reaction is the most patented of all the coupling reactions and is applied in industrial applications such as the
production of the fungicide Boscalid and the production of the drug Losartan.[68]
This reaction uses an organoboron compound that is coupled with an arylhalide in
the presence of a base and can be seen in Figure 1.15.

Figure 1.15: Schematic representation of a Suzuki cross-coupling

reaction, a palladium-catalysed coupling reaction between
an organoboron compound and an aryl halide. (X = Cl, Br,
I, F)
Homogeneous palladium catalysts with phosphate-based ligands, such as PdCl2 (PPh3 )2 ,
are frequently used catalysts for the Suzuki coupling reaction. The main issue in industrial processes with these type of catalyst is the presence of palladium in the crude
product and the difficulty to re-use the catalyst.[68] Heterogeneous Suzuki coupling
palladium catalysts have been developed to overcome these problems. However, the
leaching of palladium remains a reoccurring issue.
The general reaction mechanism of the Suzuki cross-coupling can be seen in
Figure 1.16. The first step is an oxidative addition of the arylhalide to the Pd(0)
complex to form a Pd(II) intermediate. This is followed by a transmetallation where
the halide ligand from the palladium complex is exchanged by the ligand from the
boron complex. The last step in the mechanism is a reductive elimination where
the Pd(II) complex eliminates the product and regenerates the Pd(0) catalyst.[69]
The exact mechanism of the transmetallation step is still unknown, but it is generally believed that the boron compound needs to be activated, in most cases by
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a base. This is illustrated in Figure 1.17. Coordination of a base to a trivalent
boron compound changes the character of the boron compound from electrophilic
to nucleophilic which can then facilitate the transmetallation step.[70]

Figure 1.16: Proposed reaction mechanism of the Suzuki cross-coupling

reaction.[69]

Figure 1.17: Electrophilic and nucleophilic organoboron compounds.[70]

1.4.2

The homocoupling reaction of boronic acids

Besides palladium-based catalysts, several other metals, for example, nickel, have
been proposed to be active catalysts for coupling reactions.[71] Corma et al. postulated and subsequently demonstrated that Au(III) could be active as a coupling
catalyst because Au(III) is isoelectronic with Pd(II) and able to undergo the redox
cycle Au(III) – Au(I).[72] Under Suzuki coupling conditions, Au(III) was found to be
selective to the homocoupling, sometimes referred to as self-coupling, of the boronic
acids. This homocoupling reaction is a convenient method for synthesising a variety
of C2-symmetric biaryls, which could have halide substituents. A general reaction
equation can be seen in Figure 1.18.[73] Symmetric biaryl compounds have found
interesting applications, for example as precursors of rigid liquid crystals, semiconducting complexes and in the pharmaceutical and agrochemical industry.[74]
The reaction mechanism for the homocoupling reaction of arylboronic acids is
not fully understood yet and may be different for different catalysts and reaction
conditions. In many cases, an oxidant, such as molecular oxygen, is needed for the
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Figure 1.18: Schematic representation of a homocoupling reaction of

arylboronic acid to form symmetric biaryl compounds. The
reaction is catalysed by a palladium or gold catalyst.
reaction to proceed. A possible general mechanism for such an oxidative homocoupling is shown in Figure 1.19. Two nucleophilic arylboron compounds (Ar-M’) can
undergo transmetallation with the aid of a higher valent metal (Mn+2 ). This is followed by reductive elimination to release the biaryl product for the low valent metal
species (Mn ). Reoxidation of the low valent metal species is necessary to restart the
catalytic cycle.[70]

Figure 1.19: Simplified tentative catalytic cycle for metal-catalysed

oxidative homocoupling of organoboron compounds
(Ar-M’).[70]

1.4.3

The homocoupling of arylboronic acids by gold-based
catalysts

1.4.3.1

Cationic gold as a catalyst for the homocoupling of arylboronic
acids

Corma et al. tested a Au/CeO2 catalyst with cationic gold species for the coupling
of p-iodobenzophenone and phenylboronic acid. They found that the catalyst was
nearly 100% selective towards biphenyl, the homocoupling product.[72] Blank experiments without catalyst or using gold-free nanocrystalline ceria gave no conversion.
This implied that the catalytically active sites are associated with cationic gold.[72]
They were able to find a correlation between the turn over number (TON) in the
homocoupling reaction and the ratio of Au(III) : Au(0) which was determined by IR
spectroscopy using CO as a probe molecule, this can be seen in Figure 1.20. TON
increased with increasing ratio of Au(III) : Au(0).
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Figure 1.20: Correlation between Au(III) and Au(0) species on

Au/CeO2 catalysts and TON for the homocoupling
reaction. The ratio Au(III)/Au(0) was determined by IR
spectroscopy using CO as a probe molecule.[72]

In a subsequent study, they tested a series of Au(III) homogeneous and heterogenised Schiffs base complexes on a silica support.[75] The homogeneous and
heterogeneous catalysts had very similar catalytic activity, and when tested in a
cross-coupling reaction, the catalysts were nearly 100% selective to the homocoupling product.
Matsuda et al. tested catalytic amounts of gold salts for their activity in the
homocoupling of aryl boronic acids.[76] NaAuCl4 .2H2 O and AuCl were found to have
good activity when the tests were performed in aerobic conditions. The observation
that cationic gold is an active catalyst for the homocoupling of arylboronic acids
is supported by a study by Willis et al.[77] The performance of gold nanoparticle
catalysts supported on conventional metal oxides (CeO2 , ZrO2 , TiO2 and SiO2 )
were compared to the equivalent catalysts that were supported on nanocrystalline
metal oxides. The latter catalysts demonstrated superior activity compared to the
catalysts supported on conventional metal oxides. Nanocrystalline metal oxides have
a higher concentration of oxygen defect, which gives them the ability to stabilise
cationic gold species better than conventional metal oxides. In addition to this,
they also found that the activity of supported gold catalysts increased as the size of
the crystalline support particles decreased. This is explained by smaller crystalline
support particles having a higher coverage of oxygen groups on the surface which
can stabilise the cationic gold species.
In addition to supported gold, colloidal gold has also been reported to be an
active catalyst for the homocoupling reaction. For example, small gold nanoparticles
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(1 nm) stabilised by chitosan microspheres that, according to XPS analysis, consist
of nearly 30% cationic gold, had good activity in the homocoupling of arylboronic
acids.[78]
1.4.3.2

Metallic gold nanoparticles as catalyst for the homocoupling of
boronic acids

All results shown above that suggest that cationic gold catalyses the homocoupling reaction. In contrast to this, there are also a few studies that claim that gold
nanoparticle catalysts that consist entirely of metallic gold are also active as homocoupling catalysts. They claim that metallic gold is, in fact, the active site for this
reaction. The most credible example is the study by Liu et al.[79] They prepared a
gold catalyst supported on ceria mixed with SBA-15. They tested an unreduced and
reduced catalyst in a base-free homocoupling reaction and found that the reduced
catalyst had much better activity than the unreduced catalyst. XAS was used to
study the fresh catalysts and the catalysts taken out of the reaction after 30, 60 and
180 minutes (Figure 1.21). The XANES region of the gold foil, the fresh and the
catalyst during reaction look very similar, and therefore the authors concluded that
the gold is in a metallic state throughout the reaction. However, as this reaction
was able to proceed without the aid of a base, the reaction mechanism could differ
from the homocoupling reactions that require the presence of a base.

Figure 1.21: Au L3 -edge XANES spectra of the Ce-Au-350 catalyst

during the reaction.[79]
Gold nanoparticles supported on a mixed Mg-Al oxide have demonstrated to
be active in a base-free homocoupling of arylboronic acids. The catalysts consisted
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entirely of metallic gold according to XPS.[80, 81] Colloidal metallic gold particles
stabilised by polyvinylpyrrolidone (PVP) were reported to catalyse the homocoupling under aerobic reaction conditions. These small, sub 2 nanometre colloids, were
studied using XAS and XPS, which indicated the colloids were entirely metallic.[82]
Other recent reports on the use of gold nanoparticles for the homocoupling of
arylboronic acid do not provide any insight into the gold oxidation state of the
catalysts.[83, 84] In addition to this, there are some studies published that show
inadequate characterisation of the gold oxidation state.[85, 86] To summarise, it
remains unclear in what oxidation state gold is active as homocoupling catalyst and
what mechanism is involved. Gold nanoparticles have been used in credible studies
to catalyse a base-free homocoupling reaction of arylboronic acids as well as in the
presence of a base. Multiple reliable studies indicate that cationic gold catalyses
this reaction.
In Chapter 4 of this thesis, two Au/C SMSHCs are tested and compared for their
performance in the homocoupling reaction. The two catalysts have different surface
functional groups, which are introduced during the catalyst preparation.

1.5

Palladium and bimetallic palladium and gold
nanoparticle catalysts for the direct synthesis
of hydrogen peroxide

This following section steps away from the topic of SMSHCs. It describes a background on the use of palladium and bimetallic palladium and gold nanoparticle
catalysts for the synthesis of hydrogen peroxide from H2 and O2 .

1.5.1

The direct synthesis of hydrogen peroxide

Hydrogen peroxide is an efficient and green oxidising agent that procedures only water as a by-product.[87] Bleaching of paper and textiles are major industrial uses for
hydrogen peroxide. In addition to this, it is also used for the purification of water,
where it is used to destroy chemicals such as thiocyanate, nitrate and hypochlorite.
It is also used in the mining industry for the extraction of gold and uranium.[88] Figure 1.22 shows the different applications that utilise hydrogen peroxide. Hydrogen
peroxide is also used as an oxidant in the synthesis of fine chemicals. It has a high
active oxygen content unlike many other stoichiometric oxidants such as tBuOOH
or permanganate and produces only water as the by-product.[89]
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Figure 1.22: Applications of H2 O2 in 2015.[90]

Large scale synthesis of hydrogen peroxide is currently conducted via the indirect
anthraquinone process. This involves the hydrogenation of anthraquinonen and
subsequent oxidation to produce H2 O2 and the original anthraquinone. A scheme of
this process is given in Figure 1.23.[87, 91, 92] H2 O2 is extracted from the process
using water. This process yields a 1 to 2 wt% H2 O2 solution which is concentrated
for transport purpose up to 70 wt% using column distillation. However, many H2 O2
applications require concentrations between 2 - 8 wt%, which means the H2 O2 needs
to be diluted before use and the energy used in concentrating the H2 O2 by column
distillation is essentially wasted.

Figure 1.23: Scheme of the anthraquinone process.[93]

A greener alternative for the production of H2 O2 is the direct H2 O2 synthesis by
a reaction of H2 and O2 . This reaction can be carried at the point of use and eliminate the need for concentrating the H2 O2 solution for transportation purposes.[91]
The direct H2 O2 synthesis process has known to be catalysed by palladium catalysts
since 1914.[89] Palladium-based catalysts have been extensively studied for this reaction and are often highly active. However, the selectivity of these catalysts remains
a challenge as most palladium-based catalysts simultaneously catalyse the degradation of hydrogen peroxide via hydrogenation or decomposition to water.[89, 94] All
potential reactions that can occur during H2 O2 synthesis can be seen in Figure 1.24.
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Direct synthesis of hydrogen peroxide requires a catalyst that has a delicate balance
between activity and selectivity.[95] The addition of acid and halide promoters to the
reaction can improve the hydrogen selectivity by suppressing the H2 O2 hydrogenation and decomposition.[96] A drawback of the addition of acid and halide-based
stabilisers is the requirement of purification of the H2 O2 solution before it can be
used industrially.[91] Besides this, acids can also cause corrosion to the reactor setup.

Figure 1.24: The potential reactions that can occur during direct

synthesis of H2 O2 . i) H2 O2 synthesis. ii) competing direct H2 O
synthesis, iii) H2 O2 hydrogenation and iv) decomposition of
H2 O2 .[97]

1.5.2

Bimetallic palladium and gold catalysts for hydrogen
peroxide synthesis

Other metals such as gold have also been studied for the direct hydrogen peroxide
synthesis reaction.[98] A significant discovery was made when a bimetallic catalyst
with gold and palladium was studied for the reaction. Alloyed gold and palladium
catalysts demonstrated significantly better performance, with enhanced activity and
selectivity than either palladium or gold monometallic catalysts for the synthesis of
H2 O2 in the absence of stabilisers(Figure 1.25).[93, 99] The synergy effect observed
with alloyed gold and palladium catalysts is likely caused by a combination of electronic, structural and isolation effects. Han et al. demonstrated using XPS and
CO-diffuse reflectance infrared spectroscopy (DRIFTS) that there is an electron energy transfer between palladium and gold atoms in the surface of the alloys (Figure
1.26). Lower binding energies were observed for Pd3d3/2 and Au4f7/2 peaks in alloyed catalysts which indicates a net charge flow into gold (higher gold s or p electron
densities) and palladium (gaining d electrons from gold). This electronic influence
was confirmed by CO-DRIFTS, in which a shift of the linear CO band was observed
from 2090 cm−1 in solely palladium to 2080 −1 in a PdAu alloy. This lower binding
energy is consistent with an increase in d orbital density in surface palladium atoms,
which indicates that the electronic structure of palladium atoms on the surface can
be modified by alloying with gold.[100] This electronic influence could affect the hydrogenation activity of the catalyst.[101] Te addition of gold to palladium catalysts
also changes the size and morphology of the nanoparticles which are referred to as
structural effects.[102] Other density functional theory (DFT) studies suggested that
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palladium monomers are surrounded by less active gold atoms play a significant role
in the enhancement of selectivity of bimetallic catalysts. Such isolation effects could
also be part of the synergy observed in palladium and gold alloyed catalysts.[103,
104] The performance of the bimetallic catalysts changes with the ratio of gold to
palladium and exhibits a maximum at Au/Pd = 1:2 molar ratio.[95]

Figure 1.25: Synergistic effect of palladium and gold alloys supported on

TiO2 for the direct synthesis of H2 O2 . Bars are the
productivity and the red line the H2 selectivity, catalysts are calcined
at 400 ◦ C and the selectivity of 5% Au/TiO2 was not determined.[91]

Uncalcined oxide supported bimetallic palladium and gold catalysts were found
to be highly active but leach significant amounts of metal. Leaching leads to major
loss in activity when the catalysts are reused.[93] An electron microscopy study revealed that calcination of oxide supported palladium and gold random alloy catalysts
leads to core-shell morphologies, consisting of a gold-rich core and a palladium-rich
shell with increased stability (Figure 1.27).[88, 105–107] The phase separation of the
palladium and gold random alloy might be driven by the tendency of the palladium
to form palladium oxide at higher calcination temperatures.[89]
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(a)

(b)

(c)

Figure 1.26: The electronic effect of alloying palladium and gold

demonstrated by XPS and in situ DRIFTS. a) Pd 3d XPS
region, b) Au 4f XPS region and c) in situ DRIFTS of CO
adsorption on/of alloyed PdAu/SiO2 catalysts with changing Au :
Pd ratio. (a) Pure Pd, (b) Pd16 Au, (c) Pd8 Au1 , (d) Pd4 Au1 , (e)
Pd2 Au1 , (f) Pd1 1Au1.6 , (g) Pd1 1Au3.4 and (h) pure Au.[100]

Figure 1.27: High-angle annular dark-field - scanning transmission

electron microscopy (HAADF-STEM) micrographs showing
the formation of the core-shell structure of calcined
PdAu/Al2 O3 catalyst. The RGB image in the last column
combines the individual gold (green) and palladium (blue) maps.[106]
The importance of the oxidation state of palladium on the performance of the
catalysts was demonstrated by bimetallic palladium and gold catalysts supported
on activated carbon. Acid pre-treatment of the activated carbon support resulted in
a catalyst that did not decompose or hydrogenate any H2 O2 at high H2 O2 concentrations and 30 bar of 5% H2 /CO2 .[97] The excellent performance of this catalyst
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was associated with a higher surface concentration of palladium which was present
mainly as Pd(II). Hydrogen selectivity of the catalysts was correlated to the surface
ratio of Pd(0) : Pd(II) (Figure 1.28). These reduction and subsequent reoxidation
experiments of the catalyst indicates that stable Pd(II) is key for highly selective
bimetallic palladium and gold catalysts.

Figure 1.28: Effect of surface Pd(0) concentration on the synthesis and

hydrogenation of H2 O2 of a acid pretreated PdAu catalyst
which is reduced and re-oxidised at different
temperatures.[97]
Characterisation of the oxidation state of the active site in such catalysts is
mainly done by XPS.[97] Typically, the oxidation state of palladium is studied pre
and post-reaction using lab-based XPS systems, and correlations between activity
and selectivity are made. A drawback of this method is that the oxidation state of
palladium can change when the catalyst is separated from the reaction mixture at
the end of the reaction and is transported for analysis. Additionally, the presence of
O2 and H2 during hydrogen peroxide synthesis can cause continuous reduction and
oxidation of the catalyst during the reaction. Therefore, the state of metal in the
fresh catalyst might not remain throughout the reaction.[108]

1.5.3

Gas-phase production of hydrogen peroxide

Direct hydrogen peroxide synthesis using bimetallic palladium and gold catalysts
is generally performed at low temperature (2 ◦ C) in an autoclave using a methanol/water mixture and pressurised with 5% H2 /CO2 and 25% O2 /CO2 to a total
pressure of 4 MPa. Akram et al. recently showed that it is also possible to generate
hydrogen peroxide in a gas phase reaction at elevated temperatures and atmospheric
pressure.[109] Furthermore, they demonstrated that H2 O2 could desorb from the
catalysts surface into the gas phase. A gas-phase reaction for the synthesis of H2 O2
enables the possibility to study the catalyst with operando characterisation methods
such as near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS).
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1.5.4

Synthesis of well-defined palladium and gold titania
supported catalysts for hydrogen peroxide production

Colloidal synthesis methods have been developed for making PdAu/TiO2 catalysts
with well-controlled particle sizes and particle morphology.[110] Metal colloids can
be synthesised by reduction of a metal precursor, such as PdCl2 and HAuCl4 . Reduction of the metal precursor can be achieved by photoreduction, electrochemical
reduction, thermal decomposition or chemical reduction by for example NaBH4 , sodium citrate or tannic acid.[111] Surfactants and polymers can be used as stabilising
agents to keep the formed metal colloids in a sol state with a uniform and controlled
particle size.[110] Polymers such as polyvinyl alcohol (PVA) and PVP are frequently
used and are often referred to as steric stabilisers.[105] Electrostatic stabilisers by
ionic molecules such as citrate can also be used.[110] The generated metal sol can
then be immobilised on a support material to create a heterogeneous catalyst. Bimetallic catalysts with different morphologies can be synthesised by modifying the
reduction step. For example, in the scope of Chapter 5 of this thesis, PdAu/TiO2
catalysts are synthesised using aqueous HAuCl4 and PdCl2 solutions, NaBH4 is
used as a reducing agent and PVA as a stabilising agent. A palladium and gold
random alloy catalyst is generated by simultaneous reduction of palladium and gold
by addition of the NaBH4 to a solution that contains both the gold and palladium
precursor. Alternatively, core-shell structures can be achieved by reducing the metal
salts sequentially instead of simultaneously.[105]

1.6

Aims of the work

The aims of this thesis are outlined below.
1. The synthesis of novel carbon-supported precious metal SMSHCs
In the first part of this thesis, an alternative method to prepare a SMSHC
containing AuClx species is investigated. As an alternative to using aqua regia
as the impregnation solvent, which is environmentally very unfriendly and
challenging for scale-up, this new method makes use of the low boiling point
solvent acetone. The performance of the catalyst made by this new method
is compared to the ’standard’ catalyst prepared using aqua regia. In addition
to this, we have investigated if this alternative preparation method can be
extended to make other carbon-supported precious metal SMSHCs as well.
2. Application of Au/C SMSHCs for the homocoupling reaction of phenylboronic
acid
Many studies suggest that the homocoupling of arylboronic acids is catalysed
by cationic gold species that can undergo the Au(I) : Au(III) redox cycle.
Two Au/C SMSHCs that consist of cationic Au species, one prepared using
a wet impregnation with aqua regia and one prepared using dry acetone as
impregnation solvent, are tested in the oxidative homocoupling reaction of
phenylboronic acid. The influence of oxygen-containing groups and chlorine
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moieties on the carbon support, which are introduced depending on the impregnation solvent, is studied.
3. The nature of palladium and bimetallic palladium and gold nanoparticles for
gas-phase hydrogen peroxide synthesis studied by NAP-XPS
Bimetallic palladium and gold nanoparticle catalysts have been demonstrated
to be highly active in the formation of hydrogen peroxide from H2 and O2 , even
in a gas-phase reaction. With gas-phase reactions, it is possible to study the
catalysts under reaction conditions using operando characterisation techniques
such as NAP-XPS. Palladium and bimetallic palladium and gold nanoparticle
catalysts supported on titania with a narrow particle size distribution are
synthesised using a sol immobilisation technique. The influence of 1-hour gasphase hydrogen peroxide synthesis on the oxidation state of the metal and
the distribution of palladium and gold in a metal particle is studied using
NAP-XPS at the ISISS beamline at Bessy II in Berlin.
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Experimental

This chapter describes all experiments carried out for this thesis. It contains details
on the catalyst preparation, testing and characterisation, theoretical descriptions of
all the analysis and characterisation techniques that were used and a list of chemicals
and suppliers.

2.1

Catalyst preparation

The preparation of supported catalysts is a delicate procedure that will, often via a
multi-step process, lead to a catalyst with a unique composition and structure. Catalyst characteristics such as activity, selectivity and deactivation behaviour depend
on the catalysts parameters such as metal particle size and dispersion of the metal
particles on the support. There are many different methods to prepare supported
catalysts, for example, impregnation, deposition precipitation, co-precipitation and
immobilisation of metallic sols.[1] For the work in this thesis, a sol-immobilisation
method was used to synthesise carbon-supported gold nanoparticle catalysts and
titania supported Pd and AuPd catalysts. A simple wet impregnation method was
used to prepare carbon-supported gold SMSHCs.

2.1.1

Sol-immobilisation

Gold catalysts with high metal dispersion and narrow size distributions were synthesised by the sol-immobilisation method.[2] With this method, a metallic sol of
gold nanoparticles is first formed in solution before it is immobilised on a support
material. A metallic sol is a suspension of solid metallic particles in a liquid phase
with specific dimensions that can be well controlled by choosing specific stabilising
and reducing agents. One benefit of this method of catalyst synthesis is that a gasphase reduction step is not required as already metallic particles are deposited on
the support. Therefore, morphological changes to the material during a reduction
and or calcination step are avoided.[3]
Sol-immobilisation to synthesise carbon-supported gold catalysts
Sol-immobilisation was used to prepare various carbon-supported gold nanoparticle
catalysts. For a typical synthesis of 1 gram catalyst with a theoretical weight loading
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of a 1wt%, an aqueous solution of chloroauric acid (HAuCl4 .3H2 O) (12.25 mg/L)
and a PVA solution (1wt%) were prepared. The chloroauric acid solution (0.815
mL) was added to a beaker containing 400 mL deionised water as well as the PVA
solution (PVA/Au wt/wt=0.65), the obtained yellow solution was stirred. A fresh
solution of the reducing agent, 0.1 M sodium borohydride NaBH4 , was prepared
and the required amount (mol NaBH4 /mol Au = 5/1) was added to the beaker that
contained the aqueous chloroauric acid and PVA solution. A colour change from
yellow to red was observed upon addition of the reductant due to reduction of the
cationic gold precursor. The obtained solution was stirred for 30 minutes to allow
the sol to generate. The formed sol was then immobilised by adding the activated
carbon support (0.99 g, 100 - 140 mesh, Norit ROX 0.8) and 8 drops of H2 SO4 until
a pH of 1 was reached. A low pH ensures optimum interaction of the sol and the
support. After 1 hour of stirring the mixture was filtered, washed thoroughly with
2L of distilled water to remove any traces of H2 SO4 , and left to dry for 16 h at 110
◦
C. The catalyst obtained following this procedure is labelled Au/C-PVA. Variations
of on this catalyst have been synthesised by the addition of a PVP solution instead
of PVA or without the presence of any stabilising polymer.

Sol-immobilisation to synthesise titania supported Pd and PdAu catalysts
Pd/TiO2 and PdAu/TiO2 nanoparticle catalysts for the direct synthesis of hydrogen peroxide were prepared using the sol-immobilisation method. The standard
procedure, as was described in the previous section, was mainly followed with a
few differences. Firstly, two stock solutions were prepared of the metal precursors,
an aqueous chloroauric acid (HAuCl4 .3H2 O) (12.25 mg/L) solution and an aqueous
acidified (0.58 M HCl) palladium chloride (PdCl2 ) (6.1 mg/L) solution. Next to
this also a PVA solution (1 wt%) was prepared. The monometallic 5 wt% Pd/TiO2
catalyst was prepared by the addition of the palladium chloride solution (1.600 mL)
to 400 mL of deionised water. The PVA solution (PVA/Pd wt/wt=0.65) was added
to this as well. A fresh solution of the reducing agent, 0.1 M sodium borohydride
NaBH4 , was prepared and the required amount (mol NaBH4 /mol Pd = 5/1) was
added to the beaker that contained the palladium chloride and PVA solution. The
obtained solution was stirred for 30 minutes to allow the sol to generate. The formed
sol was then immobilised by adding the titania support (0.190 g, P25) and 8 drops
of H2 SO4 until a pH of 1 was reached. A low pH ensures optimum interaction of
the sol and the support. After 1 hour of stirring the mixture was filtered, washed
thoroughly with 2L of distilled water to remove any traces of H2 SO4 , and left to dry
for 16 h at 110 ◦ C. The bimetallic catalysts were prepared as a random alloy with
2.5 wt% Pd and 2.5 wt% Au. This was achieved by adding the palladium (0.800
mL) and gold (0.408 mL) stock solutions simultaneously to 400 mL of deionised
water. The PVA solution (PVA/metal wt/wt=1.2) was added to this as well. The
rest of the steps were the same as for the monometallic catalysts.
After synthesis of the catalysts were subjected to a calcination or heat treatment
to remove the polymer from the metal surface and increase the metal particle size
in the catalysts. Heat-treatment was performed in a flow furnace under flowing
N2 . The catalyst was heated to 500 ◦ C with a ramp of 5◦ C/min and kept at that
temperature for 3 hours. The bimetallic catalyst that was heat-treated is referred
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to as PdAu/TiO2 -N2 . Calcination was performed by heating the catalysts to 500 ◦ C
with a ramp of 5◦ C/min in static air and was kept at that temperature for 3 hours.
The catalysts that were calcined are referred to as Pd/TiO2 -SA and PdAu/TiO2 -SA.

2.1.2

Wet impregnation

Catalysts are frequently prepared by an impregnation method as this easy to carry
out and produces limited waste.[4] A simple impregnation method involves the dissolution of the metal precursors, such as metal salts or organic metal complexes, in
a solvent in which the precursor has high solubility. The two main impregnation
methods are wet impregnation and incipient wetness impregnation. The latter is
also known as dry impregnation or pore volume impregnation. A wet impregnation
method uses an excess of solvent and therefore it is possible also to deposit metal
outside the pores of the support. In an incipient wetness impregnation solely the
pores are filled with solvent to prevent metal deposition outside of the pores. In the
research for this thesis, wet impregnation is used to synthesise carbon-supported
gold SMSHCs. A wet impregnation using aqua regia as the solvent for the metal
precursor has been used previously in our group to synthesise Au/C SMSHCs.[5] In
the scope of this thesis, a novel wet impregnation method to synthesise SMSHCs
using dry acetone as a solvent has been developed.
Wet impregnation with aqua regia
Carbon supported SMSHCs gold catalysts were prepared by a wet impregnation
with aqua regia. Activated carbon ( 100 - 140 mesh, Norit ROX 0.8) was used as
support. Chloroauric acid was dissolved in 5.4 mL aqua regia (HCl/HNO3 vol./vol.
= 3) and added dropwise to the activated carbon while being stirred continuously.
The mixture was left to stir for 1 hour at room temperature until the NOx formation
subsided. It was then transferred to a furnace to dry at 140 ◦ C for 16h under a N2
flow. The catalyst made by this method is referred to as Au/C-AR and has a
theoretical weight loading of 1wt% unless otherwise noted.
Wet impregnation with extra dry acetone
A wet impregnation with extra dry acetone was developed as a new synthesis method
for Au/C SMSHCs. The catalysts were prepared by dissolving the metal precursor
into 5.4 mL extra-dry acetone. Chloroauric acid was used to synthesise the gold
catalysts. Palladium, platinum and ruthenium-based SMSHCs were synthesised
using palladium (II) acetyleacetonate, platinum (II) acetyleacetonate and ruthenium
(III) acetyleacetonate. The metal precursor solution was added dropwise to the
activated carbon support (100 - 140 mesh, Norit ROX 0.8) and left to stir for 1 hour
at room temperature with a covered top. Subsequently, the catalysts were dried in
a furnace at 45 ◦ C for 16h under a N2 flow.
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2.2

Characterisation

Catalytic performance is determined by to composition and structure of the catalysts on an atomic level.[6] Characterisation of catalysts is needed to find relations
between activity and for example catalysts composition, particle size and particle
shape. This section describes the characterisation techniques that were used in this
study.

2.2.1

Powder X-ray diffraction

Powder X-ray diffraction (XRD) is a non-destructive technique used for characterising crystalline materials. It provides information about the crystallinity of the
material, the identity of the crystalline phases present and structural parameters
such as the grain size of the material.[7] A crystalline powder will contain small
crystallites that are all orientated randomly to another. When the powder gets irradiated with a monochromatic X-ray beam, diffraction occurs from planes in these
crystallites that have the right angle to fulfil the Bragg’s condition. Bragg’s law
(equation 2.1) describes the relation between wavelength of radiation, angle of the
X-rays and internal spacing in the crystal:
nλ = 2dsinθ

(2.1)

Where n is an integer called the order of reflection, λ is the wavelength of the
incident X-rays, d is the lattice spacing in a crystalline material and θ is the diffraction angle. A schematic representation of Bragg’s diffraction can be seen in Figure
2.1

Figure 2.1: Schematic representation of diffraction of X-rays by a crystal

lattice. Where θ is the diffraction angle, d is the lattice spacing in
the material and λ is the wavelength of the incident X-rays.[6]
The diffracted X-rays are detected and counted and yield an interference pattern
that contains structural information about the sample. A schematic diagram of a
typical diffractometer can be seen in Figure 2.2. The X-ray detector can rotate
above the sample to collect X-rays at a range of 2θ orientations. The distances
between adjacent planes, the d lattice spacing, can be calculated from the collected
diffractograms according to Bragg’s law, which can, in turn, be used to identify the
crystalline compounds as there are characteristic d spacing’s for specific crystalline
phases. The size of the crystallites can also be estimated using the Scherrer equation:
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τ=

Kλ
βcosθ

(2.2)

where τ is the mean size of the crystallites, K is and dimensionless shape factor,
λ is the wavelength of the X-ray source, β is the full-width half maximum of the
peak in radians and θ is the Bragg angle.

Figure 2.2: Schematic diagram of a diffractometer system.[8]

Experimental details
Ex situ X-ray diffractograms were collected using a X’Pert Pro PAN Analytical
powder diffractometer. A Cu Kα with a nickel filter was used as an X-ray source
operating at 40 KeV and 40 mA. The data was analysed using X’Pert Highscore
Plus software. Peaks were allocated by direct comparison with the ICDD cards.
The Scherrer equation was used to calculate the mean crystallite size using 0.9 as a
value for K and a silicon standard as reference.
In situ X-ray diffractograms were collected using an X’Pert Pro PAN Analytical
powder diffractometer fitted with an Anton Paar XRX900 reaction chamber. Data
was collected at pre-determined temperatures (5◦ C/min) under a 5 mL/min nitrogen
flow. There was a 5 minutes stabilisation period between reaching the required
temperature and the measurements.

2.2.2

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique that is used
to gain information about the composition and oxidation state of the elements in the
surface of a sample. The technique is based on the photoelectric effect; irradiation
of a sample with X-rays of specific energy can cause the emission of photoelectrons
from the core levels of the irradiated atoms. The kinetic energy of the emitted
photoelectrons depends on the incident photon energy and the binding energy of
the emitted electron, as is described in equation 2.3.
hv = Ekin + EB + φSP

(2.3)
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Where hv is the incident photon energy, Ekin is the kinetic energy of the photoelectron and EB is the binding energy relative to the Fermi level and φSP the work
function of the spectrometer.[9]

Figure 2.3: Schematic representation of the photoelectric effect in which

a photoelectron is emitted from a core level of an atom by
X-ray radiation. Closed circles represent electrons and the open
circle represents an electron vacancy.
An X-ray spectrometer measures the kinetic energy of expelled photoelectrons
and creates a spectrum of intensity versus binding energy of these expelled photoelectrons. The binding energy provides information on what atomic element it was
expelled from and the chemical environment of that atom.
A basic X-ray photoelectron spectrometer layout is given in Figure 2.4. A XPS
system contains an X-ray source, vacuum specimen chamber, electron analyser and
a detector. Photoelectrons that are coming off the sample surface are separated
according to their kinetic energy in the electron analyser. This allows the detector
to count photoelectrons of specific energies.
Usually, a lab-based XPS system contains a Mg Kα or Al Kα X-ray source and
generates X-rays with a fixed energy (hv ) of respectively 1253.6 eV and 1486.3 eV.
Synchrotron radiation can also be used for X-ray photoelectron spectroscopy. The
main benefits of using synchrotron radiation are the high intensity and the tunable
energy. High intensities can shorten acquisition times and the energy tunability
allows for study of the sample at different depths.
A XPS system is operated under vacuum conditions to prevent scattering of
electrons by molecules in the atmosphere. There are XPS systems that allow a
few millibars of gas to flow over the sample surface; they are referred to as nearambient pressure X-ray photoelectron spectroscopy (NAP-XPS) or high-pressure
X-ray photoelectron spectroscopy (HP-XPS) systems .
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Figure 2.4: Schematic representation of an X-ray spectrometer.[10]

Dispersion of supported metal particles
Dispersion in heterogeneous catalysts is defined as the fraction of atoms of a metal
exposed to the surface as can be seen in equation 2.4:
D=

Ns
Nt

(2.4)

where D is the dispersion, Ns is the number of surface atoms and Nt is the total
amount of atoms of the metal. XPS can be used to estimate the dispersion of metal
in a catalyst.[6]

Figure 2.5: The ratio between the intensity of the signal from the metal

particles (Iparticle )and the signal between the support (Isupport )
reflects the dispersion of the particles over the support.[6]
Figure 2.5 is a drawing of two catalysts with the same amount of metal particles
but one with low dispersion, one with high. The catalyst with high dispersion
contains small particles that have a high fraction of atoms at the surface, and these
particles cover the support to a large extent. Therefore the XPS signal arising from
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the particles (Ip ) has a high intensity, whereas the signal from the support (Is ) will
be relatively low. The ratio between Ip and Is reflects the dispersion in the catalyst
as the ratio is high for well-dispersed catalysts and low for catalysts containing low
dispersion.[6]

Experimental details
XPS was carried out on a Thermo K-alpha XPS system, equipped with a Al Kα
source of 1486 eV. Data was elaborated with CasaXPS software using Scofield sensitivity factors and an energy dependence of -0.6, after removal of a Shirley background.
The spectra were all calibrated to the adventitious C1s peak at 284.8 eV.

2.2.2.1

NAP-XPS at the ISISS beamline at Bessy II

The NAP-XPS setup it the ISISS beamline at Bessy II in Berlin was used to study
Pd/TiO2 and PdAu/TiO2 catalysts. These catalysts are active in the gas-phase
direct hydrogen peroxide synthesis reaction. With the NAP-XPS setup, it is possible
to study materials in a gas environment of a few mbars. A range of different energies
was used to excite the Au and Pd in the catalysts to study the distribution of the
two metals within the nanoparticles. More information on this technique and the
experiment can be found in section 5.2 of Chapter 5.

Experimental details
A schematic representation of the NAP-XPS setup at Bessy II can be seen in Figure
2.6. Mass flow controllers control the gas supply to the reaction chamber and a
Prisma Quadruple Mass Spectrometer is coupled to the setup for analysis of the gas
flow leaving the reaction chamber. Figure 2.6 d1 and d2 show the sapphire sample
holder. The sample was prepared by pressing (2 ton) of catalyst (10 mg) onto a fine
TiO2 mesh and was mounted on the sample folder. This holder was positioned on a
precision motion stage which position was adjusted in x, y and z-direction until an
optimum signal was achieved.
Gas-phase direct synthesis of hydrogen peroxide reaction was performed in situ
using a diluted H2 /O2 mixture (4 vol.% H2 , 20 vol.% O2 , 76 vol.% He), well below
the explosive limit, with a combined flow of 27 mL/min. The catalyst and gases
were heated to 50 ◦ C at a rate of 5 ◦ C per minute by an infrared laser.
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Figure 2.6: Schematic representation of the NAP-XPS set-up at the

ISISS beamline at Bessy II. a) Overall apparatus. b) Mass flow
controllers that regulate the gas supply. c) Main-reaction chamber.
d1) Gas cell inlay including d2) its cross-section.[11]
A sequence of spectra was recorded on the catalysts at the different stages and
conditions that are outlined below and the excitation energies that were used in
recording the spectra are given in Table 2.1.
 The fresh catalyst - at 20 ◦ C under a He flow (27 mL/min).
 The catalyst under reaction conditions - at 50 ◦ C under a diluted O2 /H2 flow
(27 mL/min).
 The catalyst after 1 hour of reaction - at 20 ◦ C under a He flow (27 mL/min).

Peak shapes were fitted with a U2 Tougard background in the acquired spectra
using CasaXPS software. The spectra were all calibrated to the adventitious C1s
peak at 284.8 eV and the following line shapes were used for the fitting of the gold
and palladium components:
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 Pd 3d metallic LF(0.7,1.4,45,50)
 Pd 3d oxide LF(0.7,1.4,45,50)
 Pd 3d satellite LF(0.75,1.4,45,50)
 Au 4d GL(90)
 Au 4f metallic LF(1,1,525,280,4)
Table 2.1: Excitation energies used for each XPS region

Region
Survey
O1s
Ti2p
Pd3d
Pd3d
Pd3d
Pd3d
C1s
Au4f
Au4f
Au4f
Au4f

2.2.3

Excitation energya / eV
1486
680
610
935
785
365
535
430
684
534
384
284

X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a technique that uses single wavelength
high-intensity X-rays to probe the local atomic geometry and chemical state of the
atoms of a specific element in a sample.[12] These high-intensity X-rays are often
produced by a synchrotron and are absorbed by atoms at energies near and above
the core level binding energies of that atom.[13] It is a short-range technique, meaning that the element studied does not need to be part of an ordered crystalline
phase.[14] The analysis of the X-ray absorption spectrum can provide information
about, for example; the oxidation state, coordination chemistry, coordination number and interatomic distances.[13]
X-rays can be absorbed by an atom when the energy of the X-ray is higher than
the binding energy of its core electrons. The core electron can then be exited to an
unoccupied state or the continuum. This is called the photoelectric effect; the same
phenomena XPS is based on and can be seen in Figure 2.3. When this happens, a
”jump” in the absorption profile is observed, this is a so-called absorption edge. The
edges are named according to which core electron of the targeted atom gets excited.
An edge generated by excitation of the strongly bound 1s electron is called the Kedge. More loosely bound electrons excited from the 2s, 2p1/2 and 2p3/2 orbitals are
named the L1 , L2 and L3 edge, respectively.
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In a typical XAS experiment, operated in transmission mode, the intensity of
the X-ray beam is monitored before and after the sample. The probability that an
X-ray gets absorbed can be described by the Lambert-Beer law (Equation 2.5):
It = I0 e−µt

(2.5)

where It is the X-ray intensity transmitted through the sample, I0 is the incident
intensity, µ is the absorption coefficient and t is the sample thickness.

Figure 2.7: Schematic presentation of the setup of a XAS measurement.

I0 is the ionisation chamber where the intensity of the initial
X-ray beam is measured. I1 is the ionisation chamber where the
intensity of the X-ray beam after the sample is measured and I2
measures the intensity after the reference foil.
By comparing I with I0 while increasing energy around the absorption edge,
one can measure the energy dependence of µ(E) and generate an X-ray absorption
spectrum.[15] An X-ray absorption spectrum can be divided into two distinct regions
(Figure 2.8). The region below and around the absorption edge, E0 , is called the
X-ray absorption near-edge structure (XANES) region and the oscillating part of
the spectra from around 50 eV from the edge is called the extended X-ray absorption
fine structure (EXAFS) region.
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Figure 2.8: A typical X-ray absorption spectroscopy spectrum of the L3

edge of metallic gold depicting the absorption edge (E0 ) and
the XANES and EXAFS regions.
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2.2.3.1

The extended X-ray absorption fine structure region

The oscillations that characterise the EXAFS region originate from interactions of
the outgoing photoelectron with the local environment of the target element. This
part of the spectrum contains information on, for example, the distances between
absorbing atoms and its nearest neighbours and the identity and number of these
nearby atoms.[14] The behaviour of the outgoing photoelectron can be described as
an expanding spherical wave, with a wavelength (λ):
λ = 2π/k
with k is

(2.6)

r

8π 2 m
)(hv + E0 − Eedge )
(2.7)
h2 n
where k is the wave vector, m is the electron’s mass, h is Planck’s constant, Eedge
is the edge energy and E0 is the zero-point energy.
A generated photoelectron wave can scatter off neighbouring atoms. This backscattered wave can then interfere with the outgoing wave as demonstrated in Figure
2.9, where the absorber is the blue atom and the outgoing spherical wave is backscattered by its nearest neighbouring atoms (red).[12] When the backscattered and
the outgoing wave are in phase, constructive interference will increase the amplitude
of the final wave. At different excitation energies, the outgoing wave will have a different wavelength and phase, and destructive interference with the backscattered
wave is possible. These interactions result in the energy-dependent oscillations in
the EXAFS region of the spectrum.
k=

(

Figure 2.9: Schematic representation of backscattering of the spherical

photoelectron wave, originating from the blue absorber, by
its red nearest neighbours. [14]
Analysis programs such as Artemis and Athena are used to model the oscillations
in the EXAFS region using the EXAFS equation and provides the possibility to
calculate the number of nearest neighbours, the distance to neighbouring atoms
and the disorder in the neighbour distance.[13] Furthermore, the EXAFS will also
provide information about the identity of the nearest neighbour.
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2.2.3.2

The X-ray absorption near-edge structure region

The XANES region starts slightly before the absorption edge and stretches until
around 50 eV from the edge. This near to the absorption edge one cannot describe
the wavefunction by an equation as can be done for the EXAFS region, but it is
still possible to extract semi-quantitative information on for example the oxidation
state and different phases of metal present.[14] The XANES region can contain the
following characteristics, an absorption edge E0 and a pre-edge.
1. The absorption edge is caused by the excitation of a core electron towards the
continuum and is the most prominent feature in the XANES region. The edge
position can shift towards higher energy with an increase in the oxidation state
of the analysed metal as the core electrons of an element with a higher oxidation state are more strongly attached to the nucleus and excitation requires
more energy.[16, 17]
XANES spectra of the L2 or L3 edges of transition metals can contain a very
distinctive feature that is called the white line. In the case of the Au L3 edge,
the white line arises from the excitation of a 2p3/2 core electron to unoccupied
5d states. As the number of unoccupied d states increases, there is a corresponding increase in the intensity of the white line and therefore analysis of the
intensity of the white line can be used to identify gold oxidation states.[18–20]
Normalised XANES spectra of 3 gold reference materials with the following
oxidation states, Au0 , Au+ and Au3+ can be seen in Figure 2.10. One can see
that the spectrum of the Au0 reference does not contain a normalised white
line-height, whereas the spectra of Au+ and Au3+ exhibit a normalised white
line-height of 0.6 and 1.1, respectively.
2. Pre-edge features can arise about 15 eV before the edge in the spectra as a
result of transitions of core electron to empty bound states near the Fermi
level. These transitions are forbidden by the dipole selection rules but can be
observed due to the hybridisation of orbitals. Therefore the pre-edge features
contain symmetry information and electronic and structural information of
local geometry around the absorbing atom.[21]
The analysis of gold oxidation states of the gold catalysts studied in this thesis
was performed by LCF of the XANES region with the following know standards,
gold foil, [AuCl2 ]− and[AuCl4 ]− , with an oxidation state of Au0 , Au+ and Au3+
respectively.
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Figure 2.10: Gold L3 edge XANES region of gold foil, [AuCl2 ]− and

[AuCl4 ]− gold standards with an oxidation state of Au0 ,
Au+ and Au3+ , respectively. The dotted line is positioned at the
white line, which is absent for Au0 and has a normalised height of
0.6 for Au+ and 1.1 for Au3+ .

53

Chapter 2
2.2.3.3

Ligand K-edge XAS

Ligand K-edge XAS, such as Cl and S K-edge, can provide complementary information to the XAS data of the main metal edge.[22] The ligands 3p orbitals are directly
involved in bonding with the transition metal ions and therefore ligand K-edge XAS
can be used to study the electronic structure of transition metal complexes.[23–
28] A typical K-edge absorption spectrum for a chloride ligand bound to a d9 copper complex can be seen in Figure 2.11a. The pre-edge feature in the spectrum is
only present when the d-orbitals of the transition metal are partially filled. Figure
2.11b depicts the orbital energy diagram of the transition that results in the preedge feature in the Cl K-edge XANES of a Cu(II) d9 complex. This is an electric
dipole-allowed transition from the Cl1s orbital to a partially filled antibonding wave
function (ψ*HOMO) which is formed by covalent bonding of the Cl3p and the dorbital from the transition metal. The position of the pre-edge is, among others,
affected by the effective charge on the ligand, the geometry of the ligand field of the
complex and the energy of the metal d-orbitals.[24] The intensity of the pre-edge
peak increases with ψ*HOM O having more Cl3p character. Therefore the pre-peak
intensity can provide an estimate of the covalency between the metal and the ligand.[26] The main edge arises from a Cl1s → np transition and its position shifts to
higher energy as the oxidation state of chlorine increases.[29, 30]

(a)

(b)

Figure 2.11: a) Pre-edge and edge regions of a typical Cl K-edge

absorption spectrum for a Cl bound to an open shell metal
ion, in this case, Cs2 CuCl4 .[25] b) Orbital energy diagram
showing the ligand pre-edge transition for a Cu(II) d9
complex.[24]

Experimental details
The XAS measurements were carried out at B18 beamline at the Diamond Light
Source, the UK’s national synchrotron facility. The B18 beamline allows for performing experiments with an energy range of 2.05 - 35 keV and uses a beam size
of 200 µm x 250 µm. The measurements were performed using a QEXAFS set-up
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with a fast-scanning Si (111) double crystal monochromator and a 36 element Ge
fluorescence detector. The catalysts (90 mg) were loaded up in a Kapton tube with
polytetrafluoroethylene (PTFE) stoppers at either end. The tube would be placed
upright in front of the beam for the measurements. Reference samples were made
by diluting the material with cellulose and pressing them into pellets. A metallic
reference foil was measured simultaneously to the sample during the experiment.
Data analysis was performed using ATHENA, part of the DERMETER package,
which uses IFEFFIT for the calculations.[31] Table 2.2 lists the edges and the corresponding core energies that were used for the catalysts characterisation for this
thesis. Fitting of the EXAFS region of the Au, Pd, Pt and Ru SMSHCs reported
in Chapter 3 was performed by Dr. Simon Kondrat.
Table 2.2: List of edges and corresponding edge energies used in the

XAS experiments
Element
Au
Pd
Pt
Ru
Cl

2.2.4

Edge
L3
K
L3
K
K

Edge energy (keV)
11.918
24.350
11.564
22.117
2.8224

Nitrogen physisorption

Gas physisorption measurements are generally used to determine the surface area
and pore size distribution in solid materials.[32, 33] Physisorption is a phenomenon
that occurs when an adsorbable gas, the adsorptive, is brought into contact with
the surface of a solid, the adsorbent. [34] The density of the gas increases at the
interface of the surface, as a result of the Van der Waals force between a solid surface
and the gas.[35] In gas physisorption measurements, the amount of adsorbed gas is
recorded as a function of the pressure of the adsorptive at a constant temperature.
The relation between the adsorption amount and equilibrium pressure of the gas
is known as the adsorption isotherms, which are classified in six different shapes
depending on the properties on the solid. The IUPAC classified isotherms can be
seen in Figure 2.12.[36]
A mathematical model that describes the experimentally obtained isotherm can
then be used to calculate material characteristics such as the surface area and
pore size distribution.[37] The Langmuir theory for monolayer adsorption, or Brunauer–Emmett–Teller (BET) theory for multilayer adsorption can be used to describe
all isotherms of macroporous materials. Alternative theoretical methods such as
Monte Carlo simulations, DFT and empirical methods such as the t-method can be
used to describe microporous materials.
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Figure 2.12: The IUPAC classification of adsorption isotherms showing

both the adsorption and desorption pathways. Type I is
associated with microporous materials, Type IV with mesoporous,
Type II, III with non-porous or macroporous materials, Type V with
layer-by-layer adsorption and Type VI with multilayer adsorption on
a highly uniform non-porous surface.[36]

Experimental details
Nitrogen physisorption measurements were performed on a 3Flex version 4.00 from
Micromeritics. Samples were degassed for 16 hours at 110 ◦ C to ensure removal of
all physically adsorbed material from the sample’s surface before analysis. Sample
mass was remeasured after analysis and the sample weight was adjusted in the
calculations. BET theory was used to calculate the surface area of the materials.
DFT and the following model N2@77-Carb Finite Pores, As=4, 2D-NLDFT was
consistently used to calculate the pore sizes in the carbon support materials.

2.2.5

Thermogravimetric analysis

A thermogravimetric analysis (TGA) instrument consists of an analytical balance
inside a furnace and a data acquisition system (Figure 2.13). It measures the mass of
the sample in a specific atmosphere while increasing temperature. The mass of the
sample can change due to several thermal events such as decomposition, oxidation,
evaporation, desorption and absorption. This technique could also be coupled to a
mass spectrometer to analyse the species that are released during the measurement.

Experimental details
Thermogravimetric analysis was performed using a Perkin Elmer IGA 4000 under a
constant airflow of 50 mL/min and a heating range of 30-900 ◦ C and a heating rate
of 5 ◦ C/min.
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Figure 2.13: Schematic representation of a typical thermogravimetric

analysis setup [38]

2.2.6

FT-IR spectroscopy

The nature of oxygen functional groups on carbon materials was investigated using
FT-IR spectroscopy. FT-IR spectroscopy is a versatile analysis technique that can
be used to quantitatively and qualitatively analyse solids, liquids and gases.[39]
It is based on the fact that IR radiation can be selectivity absorbed at specific
wavelengths when passing through a sample depending on the nature of the sample.
Infrared energy is absorbed at specific frequencies related to the vibrational bond
energies of covalent bonds in a sample. In a typical FT-IR measurement, a beam
of mid-infrared energy is directed at a sample and the absorption of the sample is
measured over a range of different frequencies of light. This results in a spectrum
that has a characteristic pattern of absorption bands, unique to a specific molecule.
The concentration of a sample is related to the absorption and can be calculated
using Lambert-Beer’s law.
I
= −log10 T = εLc
(2.8)
I0
where A is the absorbance, the relative amount of radiation absorbed by the sample,
I and I0 is the intensity of the transmitted and incident radiation, respectively, ε is
the molar absorptivity, L is the path length and c is the molar concentration.
A = −log10

FT-IR is used in Chapter 4 to analyse the oxygen functional groups on several
activated carbon materials. Different oxygen functional groups, such as anhydrides,
phenols and carbonyls, decompose at different temperatures. They can be identified
by monitoring the evolution of CO and CO2 by FT-IR while a sample is heated
under a nitrogen atmosphere.[40]
Experimental details
The activated carbon support samples were heated in a fixed-bed flow reactor. The
sample (150 mg) was fixed in a quarts tube (7 mm i.d.) between two pieces of quartz
wool. The sample was heated from 25 ◦ C to 600 ◦ C in 10 ◦ C steps under a constant
nitrogen flow (100 mL/min). Analysis of the effluent gasses was carried out by a
Gasmet FT-IR with a 0.4 L sample cell. For analysis of oxygen functional groups
on carbons, one would ideally heat the sample up to 1100 ◦ C. However, this piece
of equipment was limited to 600 ◦ C maximum.
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(a)

(b)

Figure 2.14: Temperature ranges of decomposition of various types of

oxygen functional groups on carbon to the evolution of a)
CO and b) CO2 .[40]

2.2.7

Inductively coupled plasma mass spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) is a type of mass spectroscopy that uses an inductively coupled plasma to ionise a sample and subsequently
measure its elemental composition. A plasma is a neutral ionised gas that has equal
numbers of positive and negative ions and is generated by directing high-frequency
energy on a gas such as argon, helium or nitrogen. When a sample gets introduced
in an ICP it is gasified and then ionised. The ions then enter the mass spectrometer, where they are separated according to their mass to charge ratio (m/z) and
detected.[41] The result is a graph of the abundance of produced ions versus m/z
ratio.
Experimental details
The metal content of solutions after the coupling reactions was determined by
ICP-MS and was carried out by the analytical department at Cardiff University
using an Agilent 7900 ICP-MS. Samples were diluted by the operator if required.

2.2.8

Electron microscopy

Electron microscopy covers a range of microscope techniques that use an electron
beam to study a sample. It has a higher image resolution than visible-light microscopy due to the much shorter wavelength of electrons compared to the wavelength
of photons in visible light. Electron microscopes use an electron beam that is focused
on a sample using a system of electromagnetic lenses. The inside of a microscope is
under high vacuum, so the electrons travel from the electron gun at the top where
there are generated, to the sample unimpeded. Interaction of the electron beam with
the specimen produces different signals that can be used to obtain information about
the topography, structure and chemical composition of the sample. The two main
electron microscope techniques are transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). The major difference between the two techniques is that with a TEM an image is created using electrons that are transmitted
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through the sample. In contrast, SEM creates an image by collecting electrons that
are emitted from the surface of the sample.[9]
When the electron beam hits the surface of the sample, the electrons of the beam
can interact with the atoms in the sample and result in a range of signals (Figure
2.15). These signals can be divided into two groups, the ones that are generated when
an electron travels through the sample which are used for image formation in TEM
and the ones that are generated at the surface of a sample which are used in image
formation in SEM. Electrons can only travel through a sample when the sample
is sufficiently thin. They can travel through without any interaction, these are the
unscattered electrons, or they can undergo inelastic or elastic scattering. The signals
that can be emitted from the surface of the sample are generally used for image
formation in scanning electron microscopy. The main two signals are backscattered
and secondary electrons. Backscattered electrons are high energy electrons that
are generated when electrons from the incident electron beam are back-scattered
by elastic scattering interaction with atoms in the sample. Secondary electrons are
generated when the incident electron beam ejects loosely bound electrons out of
the conduction band of atoms in the sample. They have a low energy (<50 eV)
and therefore only escape from a thin subsurface layer or the sample (10 nm).[42]
Furthermore, X-rays and heat also result from these interactions.

Figure 2.15: Simplified image of the detectable signals generated by

interactions of the incident electron beam with a sample.

2.2.8.1

Transmission electron microscopy

A typical TEM instrument contains the following components: an electron gun,
electron column, electromagnetic lens system, detectors, chilling system, specimen
chamber and an image capturing system (Figure 2.16).
The electron gun or electron source generates and accelerates electrons and sits
at the top of the instrument column. They can be classed into two different types,
namely thermionic and field emission guns. In the first type, electrons are generated by a hot cathode, typically a heated tungsten or lantanum hexaboride (LaB6 )
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filament which generates electrons via thermionic emission. The electrons are then
accelerated by a voltage difference towards an anode. Field emission electrons are
generated by a non-heated pointed crystal, of which electrons get pulled out by a
strong electrostatic field. The electron beam generated by a field emission gun (FEG)
is more coherent, smaller, and higher brightness can be achieved than with a thermionic emission gun.
The generated electrons then travel through the electron column. This column
contains electromagnetic lenses to align the electron beam, apertures that can be
moved in the path of the beam, the sample chamber and at the end of the column
is a phosphorescent screen and a charge-coupled device (CCD) camera.
Bright field, dark field and diffraction imaging
Different types of images can be generated via TEM, namely bright field, dark
field and diffraction images. Bright field images are the most common ones; they
are generated when the direct beam of the travelled unscattered electrons through
the specimen is selected. This creates an image that is brighter where electrons
are transmitted and darker where electrons are scattered. Heavier elements scatter
electrons more and appear darker in a bright field imaging. Dark field images can
be obtained by excluding the direct, unscattered electrons. The darker parts of
the image correspond to the areas where not much scattering occurs, whereas the
brighter parts correspond to the areas where the scattering phenomena is more
prominent. Diffraction images can be taken from crystalline specimens and display
a series bright of rings or dots. These diffraction patterns are created when Braggs
diffraction occurs when electron travel through the sample. These patterns contain
crystallographic information about small areas of the sample.[43]
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Figure 2.16: Schematic drawing of the components of a typical

transmission electron microscope.[44]
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Experimental details
A JEOL 2100 TEM operating at 200 kV was used to study the particle size distribution of the Au/C-sol, Pd/TiO2 , PdAu/TiO2 -SA, PdAu/TiO2 -N2 and the spent
Au/C-AR and Au/C-acetone catalysts. These samples were dispersed in ethanol,
sonicated and a drop of the solution was applied onto a 300 mesh copper TEM grid
with a holey carbon film. The ethanol was allowed to evaporate overnight before
the sample was studied. The program ImageJ was used to measure the size of the
metal nanoparticles in the catalysts.
2.2.8.2

Scanning electron microscopy

A SEM image is formed by collecting signals that are emitted from the sample’s
surface when an electron beam irradiates it. An SEM consists of an electron gun, a
column containing electromagnetic lenses, a specimen chamber and an image capturing system (Figure 2.17). Electromagnetic lenses focus the electrons that are
generated by the electron gun travel down the column. In an SEM there are scanning coils positioned above the objector lens, which makes it possible to scan the
specimen surface with the electron beam in a raster like fashion and collect the
signals that are emitted from the surface. Interaction of the electron beam with a
sample surface can create several signals which have already been discussed in the
section above. An SEM can contain several detectors that can collect the different
signals such as the backscattered electrons, secondary electrons and element-specific
X-rays. In a back-scattered electron image, contrast is created by variation in atomic
number (Z) of the elements present in the specimen. Particles that are composed
of a higher atomic number component will backscatter electron more than particles
composed of a lower atomic number element. In the image, the higher atomic component will appear brighter. Secondary electron imaging, created by inelastically
scattered electrons that are emitted from the subsurface of the sample, displays
topographical information of the specimen.
Experimental details
A Tescan MAIA3 Triglav FEG-SEM equipped with a secondary electron (SE) detector, a NordlysNano backscattered electron (BSE) detector, a STEM detector and
a Oxford Instruments X -MaxN Silicon Drift EDXS detector was used to study the
catalysts. Aztec was used to analyse the EDXS data. Samples were prepared by dry
dispersing the materials onto a 300 mesh copper grid covered with a holey carbon
film.
2.2.8.3

Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) combines the principles of SEM
and TEM. Like in SEM the specimen is scanned by a fine electron beam in a raster
like fashion, but instead of collecting information from electrons coming off the
sample’s surface, transmitted electrons are collected.[45] Figure 2.18 is a schematic
drawing of a STEM and one can see that it can be operated in bright field mode
and dark field mode. One of the main advantages of the STEM technique is the
improved spatial resolution compared to conventional SEM.
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Figure 2.17: Schematic drawing of the components of a typical scanning

electron microscope.[44]

Figure 2.18: Schematic drawing of the components of a typical scanning

transmission electron microscope.[9]
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2.2.8.4

Aberration correcting in electron microscopes

Spherical aberrations limit the resolution that can be achieved in conventional electron microscopes. [46] They are caused by imperfectness of the magnetic lenses in
the electron microscopes, and as a consequence, the electron beam is slightly blurred
and increased in spot size when it hits the sample.[47] Figure 2.19a illustrates the
effect of spherical aberration of a lens; it causes electrons that are coming in the lens
from higher angles to have a slightly different plane of focus compared to electrons
coming from lower angles.[48]

(a)

(b)

Figure 2.19: Illustration of spherical aberrations in lenses and the use of

aspherical lenses. a) Spherical aberrations of the lenses causes
electrons coming in the lens to focus in a different point which causes
a slight blur of the image. b) Aspherical lenses can be used to
counteract the spherical aberrations. Images modified from [49].
The design of non-spherical lenses such as octopole, quadrupole and hexapole
lenses can be used to generate negative spherical aberrations that can cancel out the
positive spherical aberrations caused by the objective lens (Figure 2.19b).[46] These
non-spherical lenses are so-called aberration correctors and they have decreased
the resolution limit of TEMs from 1 nm to around 0.1 nm. Aberration corrected
microscopes are now used for high-resolution imaging such as the imaging of single
metal atoms on a support material.
Experimental details
All SMSHCs described in this thesis were examined using the HAADF-STEM imaging mode on an aberration-corrected JEOL ARM-200CF STEM operating at 200kV
by Dr. Qian He. The specimens were prepared by dry dispersing the powders onto
a 300 mesh copper grid covered with a holey carbon film.
2.2.8.5

Energy Dispersive X-ray Spectroscopy

X-rays are generated when the electron beam interacts with atoms on the surface of
the specimen. Most electron microscopes can be equipped with an EDXS detector to
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examine these emitted X-rays. Electrons from the primary electron beam can excite
core electrons of atoms in the specimen which results in an ionised and unstable
atom. An electron in a higher shell can relax and fill the vacancy that the excite
core electron left. The energy difference is emitted as an X-ray with an element
characteristic energy. The X-ray intensity and energy can be measured by an EDXS
detector and allows one to identify the different elements that are present in the
specimen.

Figure 2.20: The generation of X-rays by the interaction of the electron

beam with atoms in a sample. A core electron from an atom in
the sample is excited by the electron beam leaving behind a core
hole (1). The core hole is filled by an electron from a higher shell (2)
and the difference in energy of the shells is emitted as an X-ray.

2.3

Catalytic testing

The SMSHCs made by a facile wet impregnation with dry acetone were evaluated
for the acetylene hydrochlorination reaction. The performance of the Au/C-acetone
catalysts is compared to the Au/C-AR catalyst, which is often used as a standard in
our laboratory. Both Au/C catalysts have also been tested a liquid phase reaction,
namely the Suzuki-type homocoupling reaction of phenylboronic acid. The influence
of surface functional groups on the catalyst support on the performance in the Suzuki
type homocoupling reaction was studied.

2.3.1

Homocoupling reaction of phenylboronic acid

The homocoupling reaction of phenylboronic acid (PBA) was performed using a
Radley carousel reactor station with 50 mL Radley flasks with the possibility to
connect different gases to the setup to work under mild pressures of up to 3 bar
(Figure 2.21). In a typical catalytic test, a solution was prepared with a concentration of 0.06 mmol/mL of PBA in methanol. Potassium carbonate (0.4 mmol) and
the catalyst (100 mg of 1wt% catalyst or equivalent amounts of gold for homogeneous catalysts) were added to the Radley flasks as well as 5mL of the PBA solution.
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The flasks were closed and transferred to the Radley carousel that was preheated
to 45 ◦ C. The flasks were not connected to the gas manifold and contained only
atmospheric pressure of air unless otherwise specified. The reaction started when
the stirring reached the desired 800 rpm. The Radley flask would be cooled in an
ice bath to stop a reaction. The reaction mixture would then be centrifuged and
subsequently filtered with a 45 µm siring filter to remove the catalyst from the
solution. The reaction mixture was analysed using high-performance liquid chromatography (HPLC). The details of this method are described in section 2.4.2,
mesitylene (20 µL) was used as an external standard.

Figure 2.21: Photo of the Radley carousel reactor station setup. In this

case, the Radley flasks are not connected to the gas manifold and the
reactions are performed in air at 45 ◦ C with continuous stirring at
800 rpm.

2.3.2

Acetylene hydrochlorination reaction

Acetylene hydrochlorination reactions were performed in an automated purposebuilt rig, with online-GC analysis of the outgoing reaction gasses. The schematic diagram of the reactor can be seen in Figure 2.22. The incoming gasses, 5%
HCl/argon, 5% acetylene/argon and argon first go through moisture traps to minimise the presence of water in the rig. The flows of these gasses are controlled by mass
flow controllers (Brooks instruments, thermal mass flow controllers, GF series). The
gas lines are made of stainless steel and perfluoroalkoxy (PFA) tube fittings where
possible. For a typical reaction, the catalyst (90 mg) was contained in a quartz tube
(230 x 6 mm) and was located in the middle of the tube with approximately 1cm
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of glass wool on either side of the catalyst, this tube was placed in a furnace and
connected to the gas lines. An external thermocouple was placed inside the catalyst
bed. The catalyst could be heated (5◦ C/min) to the reaction temperature under
an argon flow (50 mL/min). The HCl and acetylene gas mixture that bypassed the
reactor while it is heated were analysed by gas chromatography (GC) and serve as
blanks. When the catalysts reached the reaction temperature, the HCl and acetylene gas mixture was diverted and flowed through the catalysts bed (total flow of
50 mL/min, acetylene:HCl ratio of 1:1.02). Post reaction, the catalysts is cooled
down under an argon flow to room temperature. Reaction parameters such as the
gas flow through the MFCs and the furnace temperature and heating rate could
be remotely controlled by LAB Interface software (IGI Systems Ltd). Outgoing
gasses were analysed using an on-line fitted gas chromatograph, further details are
discussed in section 2.4.1. .

Figure 2.22: Schematic diagram of the acetylene hydrochlorination

reactor setup. The acronyms are the following: NRV - non-return
valve, MFC - mass flow controller, SOV - solenoid valve, PT pressure transducer, mass spec - mass spectrometer and GC - gas
chromatograph

2.4

Analysis of reaction products

Chromatography is used to separate, identify and quantify components of a liquid
or a gas mixture.[50] All chromatographic techniques use a stationary phase and a
mobile phase. [38] Separation of the components in a sample is a result of different
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interactions of each component with the mobile and stationary phase. [41] The
chromatography methods used in this study for analysis of the products of the
acetylene hydrochlorination reaction and homocoupling reaction of phenylboronic
acid are gas chromatography (GC) and high-performance liquid chromatography
(HPLC) , respectively.

2.4.1

Gas chromatography

In GC the mobile phase is an inert gas. It solely functions as carrier gas as the components in the sample do not have any interaction with it. A schematic drawing of
the components of a GC is shown in Figure 2.23. A microsyringe injects the sample
into a sample port, which is heated to make sure the sample is in the gas phase.[41]
The sample is then injected into the column and mixed with the carrier gas. Separation of the compounds in a sample happens in the heated column. Separation
is the result of the difference in affinity of the compounds for the stationary phase.
As the compounds exit the column, they go to the detector. A flame-ionisation
detector (FID) and a thermal conductivity detector (TCD) are the most frequently
used detectors. An FID detector can be used to detect organic compounds and was
used to analyse the reaction products of the acetylene hydrochlorination reaction.
Inside the detector, the components of the sample are combusted by a hydrogen
flame. Combustion creates ionic species that are detected as they change the conductivity between two electric plates inside the detector. This result in a peak on
the chromatograph of which the area is proportional to the amount of compound
present and can, therefore, be used for quantitative analysis.[38]

Figure 2.23: Schematic structure of a typical gas chromatograph.[38]

Experimental details
Analysis of the products of the acetylene hydrochlorination reaction was done using
a Varian CP-3800 GC that is connected to the reactor setup for online analysis. It
is fitted with a Poropak-N packed column and an FID detector. The GC sequence
was repeated continuously to gather time-on-line data. The temperature of the GC
injector was set to 100 ◦ C, the initial column temperature was set to 130 ◦ C and
kept at that temperature for 2.5 minutes. The column was then heated to 150 ◦ C
at 10 ◦ C/min and held for 2 minutes. The detector temperature was 180 ◦ C.

68

Experimental
Typically two peaks were detected in the chromatograms, acetylene at 0.8 min
and VCM at 2.55 min. A typical chromatogram is shown in Figure 2.24. Catalytic
activity is expressed in acetylene conversion which is calculated using equation 2.9

Acetylene conversion(%) =

inital acetylene peak area − f inal aceteylene peak area
∗100%
inital acetylene peak area
(2.9)

Figure 2.24: Typical chromatogram acquired during an acetylene

hydrochlorination reaction test. The acetylene peak appears at
0.8 min and the VCM peak at 2.55 minutes.
VCM is a carcinogenic gas and therefore, it is not possible to calibrate the GC
for it. VCM conversion was calculated using the formula: VCM conversion (%) =
VCM peak area /12209. This correlation was determined by creating a plot of the
intensity of the VCM peak versus acetylene conversion of a series of catalysts with
>99% selectivity (R2 =0.995).

2.4.2

High-performance liquid chromatography

HPLC is a technique used to separate, identify and quantify components in a solution. The mobile phase is a solvent or a mixture of solvents that flows at a certain
flow rate. The sample is injected with a syringe into the mobile phase and is pumped
through a column, the stationary phase, to a detector. Separation of the different
components in the sample takes place in this column and is based on the different affinity of each compound for the stationary phase as well as for the mobile
phase.[38] HPLC detectors can be classified into two groups, bulk-property detectors and analyte property detector.[51] The first one detects changes in the properties
of the mobile phase with and without the sample. An example is a refractive index
detector. Analyte property detectors measure characteristics that are unique to an
analyte such as the absorption of UV light at a particular wavelength. This can de
be measured by a diode array detector (DAD) diode array detector.[41]
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Figure 2.25: Schematic drawing of a typical HPLC setup.[38]

Experimental details
HPLC was used to analyse the reaction products of the homocoupling reaction of
phenylboronic acid (PBA), an Agilent Technologies 1200 series HPLC was used, it
is equipped with two reverse phase columns (Agilent Poroshell 120, SB-C18, 4.6x150
mm, 2.7 µm) connected in series and a DAD detector (G1315D - 1260 DAD VL).
The mobile phase was made up of a mixture of acetonitrile and water. Biphenyl
and phenylboronic acid were both detected at a wavelength of 225 nm and phenol
was detected at a wavelength of 230 nm.
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Figure 2.26: A typical chromatogram of the reaction mixture of the

homocoupling reaction of phenylboronic acid acquired at
225 nm with a DAD detector. The peak corresponding to
phenylboronic acid can be seen at 23 min and the peak of biphenyl
at 38 minutes. Mesitylene, the external standard is visible at 42
minutes and at 28 minutes a small peak from the by-product phenol
is seen.
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2.5

List of chemicals and suppliers

Table 2.3 contains a list of all the chemicals that have been used for the synthesis
and experiments that are described in this thesis.
Table 2.3: List of chemicals and suppliers that have been used in the synthesis

and experiments described in this thesis
Chemical name
5 % Acetylene/argon
5 % Hydrogen chloride/argon
Argon
Hydrochloric acid
Nitric acid
Sulfuric acid
Chloroauric acid
Activated carbon, Norit ROX 0.8
Acetone extra dry ACRO seal
Methanol HPLC grade
Acetonitrile HPLC grade
Water HPLC grade
Phenylboronic acid
Biphenyl
Iodobenzene
Potassium carbonate
Mesitylene
Phenol
Oxygen
Platinum (II) acetyleacetonate
Palladium (II) acetyleacetonate
Ruthenium (III) acetyleacetonate
Platinum (II) chloride
Platinum (IV) chloride
Palladium (II) chloride
Ruthenium (III) chloride hydride
Cellulose
Sodium borohydride
PVA MW 9000-10000, 80% hydrolysed
PVP
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Formula
C2 H2 /Ar
HCl/Ar
Ar
HCl
HNO3
H2 SO4
HAuCl4 .3H2 O
(CH3 )2 CO
MeOH
CH3 CN
H2 O
C6 H5 B(OH)2
(C6 H5 )2
C 6 H5 I
K2 CO3
C6 H2 (CH3 )3
C6 H5 OH
O2
Pt(C5 H7 O2 )2
Pd(C5 H7 O2 )2
Ru(C5 H7 O2 )3
Pt(Cl)2
Pt(Cl)4
Pd(Cl)2
Ru(Cl)3
(C6 H10 O5 )n
NaBH4
(CH2 CH(OH))n
(C6 H9 NO)n

Supplier
BOC
BOC
BIP
Fisher
Fisher
Fisher
Alfa Aesar
Johnson Matthey
Acros Organics
Fisher
Fisher
Fisher
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich

Purity (%)
95
95
99.9999
37
70
95
99.99
99.8
> 99.5
≥ 99.9
≥ 97.0
99.5
99.5
≥ 99.0
98.0
≥ 99.0
97.0
99
97
99.99
99.99
99.999
99.9
99+
99+
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3
A facile method for the preparation of SMSHCs
for the acetylene hydrochlorination reaction

This chapter describes a new facile method for the preparation of SMSHCs that are
supported on activated carbon. The prepared catalysts (gold, palladium, platinum
and ruthenium-based) were tested in the acetylene hydrochlorination reaction and
their performance was compared to that of catalysts reported in the literature that
were prepared using a strong oxidising solvent. Furthermore, the state of metal in
each catalyst at several stages of the reaction was investigated.

3.1

Introduction

Carbon-supported gold catalysts have replaced environmentally unfriendly mercurybased catalysts in the industrial production of the vinyl chloride monomer (VCM)
via the direct acetylene hydrochlorination reaction.[1] The Au/C catalysts that are
used for laboratory studies on the acetylene hydrochlorination reaction are often
prepared with aqua regia as the impregnation solvent (Au/C-AR). This method
produces a cationic gold single metal site heterogeneous catalyst (SMSHC) that is
comprised of Au(I) and Au(III) species.[2] The oxidising power of the nitric acid
and a stabilising effect from hydrochloric acid facilitates the preservation of the gold
oxidation states during the catalyst preparation. However, the use of strong acids in
the catalyst preparation can be considered environmentally unfriendly. Therefore,
alternative impregnation solvents to synthesise Au/C SMSHC were investigated in
our research group by Xi et al. and those results are discussed in this introduction.[3, 4] A series of catalysts were prepared via wet impregnation using a range of
different solvents, including alcohols with varying chain lengths between C1 -C4 and
with corresponding polarity differences. The activity of these catalysts in the acetylene hydrochlorination reaction increased with decreasing solvent polarity (Figure
3.1a). The catalysts prepared using alcohols are indicated by a red circle. Ketones
(light blue triangles) and ethers (dark blue diamonds), with an even lower polarity,
were also used as impregnation solvent. The activity of these catalysts is slightly
higher compared to the most active catalyst prepared with alcohol. The ’standard’
catalyst, Au/C-AR, has a steady-state activity of 18 %, which is not as high as the
catalysts prepared by low polarity solvents.
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X-ray diffractograms of the catalysts that were prepared with high polarity
solvents contain reflections from gold nanoparticles (Figure 3.1b). These reflections are absent for the catalysts prepared by low polarity solvents. This indicates
that a high polarity solvent leads to the formation of gold nanoparticles, whereas
a low polarity solvent leads to a more dispersed catalyst. This could arise from a
higher wetting capability of the support of lower polarity solvents, which could lead
to more effective anchoring of the gold species. The presence of water in the solvents
also plays a role in the dispersion of the gold species. Figures 3.1c and 3.1d show
that activity is correlated with the water content of the impregnation solvent for
Au/C catalysts prepared using acetone. A higher water content of the impregnation
solvent leads to more gold nanoparticles formation.
The stability of the catalyst prepared using extra-dry acetone (Au/C-acetone)
was compared to the standard Au/C-AR catalyst in a two-day long test reaction
(Figure 3.2a). Both catalysts were tested in a 4 hour long reaction, cooled down to
room temperature under a flow of argon, left sealed inside the reactor for 16 hours
and subsequently re-heated in an argon flow to 200 ◦ C and tested for an additional
3 hours of reaction. One can see that the Au/C-acetone catalyst displays a modest
increase in conversion at the start of the reaction, followed by a stable conversion.
The Au/C-AR catalyst has a longer induction period, which is caused by changes in
the gold oxidation state.[2] X-ray diffractograms of the Au/C-acetone catalyst after
4 hours and 7 hours of reaction revealed the formation of some gold nanoparticles
in the spent catalyst (Figure 3.2b). As the acetylene conversion does not decline
during the reaction, sintering is likely to happen during heating or initial stages of
reaction before stabilisation.
In this chapter, the stability and the nature of the gold species in the Au/Cacetone catalyst are studied. Furthermore, additional ruthenium, platinum and
palladium-based SMSHCs are prepared using the same method. This indicates that
the preparation method with dry acetone can be used as a facile and general method
for the synthesis of carbon-supported precious metal-based SMSHCs. The prepared
catalysts were evaluated for the acetylene hydrochlorination reaction and the state
of the metal was investigated at several stages of reaction.
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(a)

(b)

(c)

(d)

Figure 3.1: Characterisation and testing of a series of Au/C catalysts

prepared by impregnation of the metal precursor dissolved in
different solvents. a) Steady-state acetylene conversion in the
acetylene hydrochlorination reaction versus solvent polarity of several
1wt% Au/C catalysts prepared by impregnation of a HAuCl4 solution
of various solvents. The ET (30) parameter is defined as the molar
absorption energy in kcal/mol of Reichardt’s betaine B30.[5] Alcohols
are indicated by pink circles, ketones by light blue triangles, ethers by
dark blue diamonds and water by a yellow square. b) X-ray
diffractograms of the Au/C catalysts prepared by various solvents of
different polarity. c) Performance versus water content in the
preparation solvent of various Au/C catalysts synthesised using
acetone and water as impregnation solvent. d) X-ray diffractograms of
the fresh Au/C catalysts prepared using a mixture of acetone/water
during impregnation.[3, 4]
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(a)

(b)

Figure 3.2: Catalytic performance of the Au/C-acetone catalyst

compared to the ’standard’ Au/C-AR catalyst and
characterisation after the reaction. a) Two-day time-on-line in
the acetylene hydrochlorination reaction performed at 200 ◦ C of the
Au/C-acetone catalyst (blue squares) and the Au/C-AR catalyst (red
triangles) b) X-ray diffractograms of the fresh Au/C-acetone catalyst
(light blue) and the catalyst after 4 hours of acetylene
hydrochlorination reaction (yellow) and after a further 3 hours of
reaction (dark blue).
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3.2
3.2.1

Results
Comparison between the Au/C-acetone and the Au/CAR catalyst

The thermal stability of both Au/C catalysts was investigated using in situ XRD.
The catalysts were heated under a N2 flow to set temperatures and X-ray diffractograms were collected when the catalyst reached pre-determined temperatures. One
can see that for the Au/C-AR catalyst, the characteristic diffraction pattern from
gold nanoparticles is observed from 330 ◦ C. These peaks become visible due to the
sintering of the gold species (Figure 3.3a). The diffractograms of Au/C-acetone
catalyst, (Figure 3.3b), have quite a few additional small peaks which should be
ignored as they arise from the ceramic sample holder after repair. These peaks are
also visible in the diffractograms of the empty sample holder and of the bare carbon
support which were recorded using the same equipment (Figures 1 and 2 in the Appendix). In the case of the Au/C-acetone catalyst, no gold reflections are observed
up to 180 ◦ C. Subsequently, clear gold peaks are visible as a result of the formation of
gold nanoparticles. The Au/C-acetone catalyst has a lower thermal stability under
an inert atmosphere compared to the Au/C-AR catalysts. Gold nanoparticles were
present in the spent Au/C-acetone catalyst, but no deactivation was observed in the
time-on-line activity measurements (Figures 3.2b & 3.2a). Therefore, nanoparticle
formation is likely to happen during the heating of the catalyst under argon to the
reaction temperature (200 ◦ C).
The fresh Au/C-acetone catalyst was studied using XAS and STEM. The results were compared to that of the Au/C-AR catalyst, which has been extensively
studied.[2, 6] In the micrograph of the fresh Au/C-acetone catalyst, one can see that
the gold is predominately present as single metallic species and a minor number of
clusters can be observed (Figure 3.4a). The micrograph is comparable to that of the
Au/C-AR catalysts which also shows mainly well dispersed single gold species and
an occasional gold cluster (Figure 3.4b).
XAS was used to examine the fresh and the spent Au/C-acetone catalyst that
had been used for 4 hours in the acetylene hydrochlorination reaction. The XANES
and EXAFS spectra were compared to that of the Au/C-AR catalyst (Figures 3.4c
and 3.4d). The shape of the XANES spectra of both fresh catalysts is comparable,
except for the height of the peak around 11920.5 eV. As detailed in Section 2.2.3.2,
this spectral feature is called the ”white line” which arises from the excitation of a
2p3/2 core electron to unoccupied 5d states. Analysis of the white line, using LCF
of gold standards with known oxidation states, is used to identify the oxidation
states present in the catalysts. The LCF results of both Au/C catalysts is visible in
Figure 3.5. Both fresh catalysts comprise exclusively of cationic gold species, with
the Au/C-acetone containing a slightly higher amount of gold species in a higher
oxidation state then the Au/C-AR catalyst. Some metallic gold is present in the
spent Au/C-acetone catalyst, which is supported by the X-ray diffractogram of the
spent catalyst (Figure 3.2b).
The EXAFS region of both catalysts display a large peak at 1.8 Å, which is
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(a)

(b)

Figure 3.3: Thermal stability of the Au/C catalysts in a nitrogen

atmosphere by in situ XRD. a) X-ray diffractograms of the
Au/C-AR catalyst heated to different temperatures under a nitrogen
flow. b) X-ray diffractograms of the Au/C-acetone catalyst heated to
different temperatures under a nitrogen flow.
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consistent with the bond length of Au-Cl. The black line, from the gold reference
foil, has a dominant peak at 2.5 Å consistent with Au-Au bonds. One can see that
the spent Au/C-acetone catalyst compared to the fresh one, has additional small
peaks at 2.5 Å , which indicates the presence of some Au(0) in the spent catalyst.
This is in agreement with the LCF results. From the XAS and STEM results, the
gold speciation in the fresh Au/C-acetone catalyst is comparable to the Au/C-AR
catalyst; both contain isolated cationic gold species that are stabilised by chlorine
ligands.
The performance of the Au/C-acetone catalyst for the acetylene hydrochlorination reaction is comparable to the ’standard’ Au/C-AR catalyst. However, the
Au/C-acetone catalyst does not exhibit an induction period (Figure 3.2a). The comparable performance suggests that an active Au/C SMSHC for this reaction can be
prepared via a facile impregnation method, which avoids the need for harsh solvents
such as aqua regia. The synthesis of SMSHCs is often not straightforward, many
synthesis methods such as the mass-selected soft-landing method, the metal leaching method and atomic layer deposition either need expensive equipment or harsh
chemicals which make scale-up for industrial purposes challenging. However, a facile
wet impregnation with dry acetone can be performed in any laboratory without the
need for expensive equipment, and has the potential for scale-up. Therefore, the
application of this technology was extended to the preparation of other preciousmetal-based SMSHCs. In the next section, the synthesis of palladium, platinum and
ruthenium carbon-supported SMSHCs by a wet impregnation with dry acetone is
discussed.
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(a)

(c)

(b)

(d)

Figure 3.4: Characterisation of the Au/C-acetone and Au/C-AR

catalyst a) HAADF-STEM micrograph of the fresh Au/C-acetone
catalyst and b) the fresh Au/C-AR catalyst. c) Au L3
edge–normalised XANES spectra of the fresh Au/C-acetone catalyst
(light blue), the catalyst after 4 hours of reaction at 200 ◦ C (orange),
the fresh Au/C-AR catalyst (pink) and metallic and metallic Au foil
(black). d) Fourier transform of the k3 -weighted χ-EXAFS of the
fresh Au/C-acetone catalyst (light blue), the catalyst after 4 hours of
reaction at 200 ◦ C (orange), the fresh Au/C-AR catalysts (pink) and
metallic and metallic Au foil (black)
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Figure 3.5: Linear combination fitting of the XANES region of the fresh

the Au/C-acetone, the Au/C-AR catalyst and the
Au/C-acetone catalyst after 4 hours of reaction at 200 ◦ C.
[AuCl4 ]− , [AuCl2 ]− and Au foil were used as a reference for Au(III),
Au(I) and Au(0), respectively.
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3.2.2

A general method for the synthesis of carbon-supported
SMSHCs

The synthesis of SMSHCs is often a complicated process that requires high precision
and expensive equipment or hazardous chemicals which are challenging for industrial
scale-up. [7–11] The wet impregnation method with dry acetone has the benefit of
ambient drying temperature which makes it a low energy-intensive process and can
be performed in any laboratory without the need for expensive equipment and has
the potential for scale-up. In this part of the study, this new synthesis method will be
applied for the preparation of palladium, platinum and ruthenium carbon-supported
SMSHCs. The metal precursors must be soluble in acetone and therefore metal
acetylacetonates were used instead of metal chlorides. The Au/C-acetone catalyst,
as discussed in the precious section, was made using HAuCl4 , as the acetylacetonate
gold precursor is not commercially available.
3.2.2.1

The synthesis of a Pd/C SMSHC

Palladium-based SMSHCs are active in many reactions such as the heterogeneous
Suzuki coupling reaction, formic acid decomposition and the hydrogenation acetylene. [12–17] The Pd/C-acetone SMSHC was synthesised using Pd(acac)2 as the
metal precursor and the wet impregnation completed with dry acetone. The fresh
catalyst was studied with XAS, STEM, XRD and XPS (Figure 3.6). The XAS spectrum of the catalysts was compared to that of the Pd(acac)2 metal precursor and a
Pd(0) reference foil. One can see that the XANES (Figure 3.6a) and EXAFS (Figure
3.6b) region of the catalyst is nearly identical to that of the metal precursor. Fitting
of the EXAFS data (Table 2 in the Appendix) resulted in comparable Pd-O and
Pd-C coordination number and path lengths of the catalyst and metal precursor.
This suggests that the Pd(acac)2 species are deposited intact on the carbon support.
HAADF-STEM imaging of the catalyst (Figures 3.6c & 3.6d) showed that the
palladium is predominantly present as isolated single species, but a few clusters were
found as well. No nanoparticles were observed in the micrographs taken at lower
magnification. The diffractogram of the catalyst (Figure 3.6e) does not show any
reflections caused by palladium, suggesting that there are no nanoparticles (≥ 4nm)
present in the catalyst. Furthermore, the Pd (3d5/2 ) XPS region of the catalyst
indicates that palladium is present as Pd(II) which also implies that the Pd(acac)2
precursor is still intact (Figure 3.6f).
The thermal stability of the catalyst was investigated using in situ XRD(Figure
3.7). The catalyst was heated under a nitrogen flow and X-ray diffractograms were
collected when the catalyst reached pre-determined temperatures. No reflections
from palladium nanoparticles were visible in any of the diffractograms which indicates that this catalyst has a high thermal stability in nitrogen.
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(a)

(b)

(c)

(e)

(d)

(f )

Figure 3.6: Characterisation of the fresh Pd/C-acetone catalyst. a) Pd

K-edge normalised XANES spectra and b) Fourier transform of the
k2 -weighted χ-EXAFS of the fresh Pd/C-acetone catalyst (pink),
Pd(acac)2 precursor (green) and Pd(0) foil (black). HAADF-STEM
micrograph of the catalyst at c) high magnification and d) low
magnification. e) X-ray diffractogram and f) Pd3d5/2 XPS region of
the fresh Pd/C-acetone catalyst.
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Figure 3.7: X-ray diffractograms of the Pd/C-acetone catalyst heated to

different temperatures under a nitrogen flow.
3.2.2.2

The synthesis of a Ru/C SMSHC

Ruthenium-based SMSHCs have been used as catalysts, for example for the hydrogen evolution reaction [18, 19] and the decomposition of ammonia.[20] The wet
impregnation method with dry acetone and Ru(acac)3 was used to prepare a Ru/C
SMSHC. The XANES and EXAFS spectra (Figures 3.8a & 3.8b) of the catalyst
are nearly identical to that of the Ru(acac)3 precursor. Fitting of the EXAFS data
(Table 4 in the Appendix) shows that the catalyst and the Ru(acac)3 precursor
have nearly identical Ru-O and Ru-C path lengths and coordination number. This
suggests that the ruthenium in the catalysts is still in a Ru(acac)3 form. This is
supported by the Ru 3d5/2 XPS region of the catalyst which can be seen in Figure 3.8f. A small shoulder, which is marked with an ∗, indicates the presence of a
Ru(acac)3 species.[21]
STEM micrographs of the catalyst (Figures 3.8c & 3.8d) revealed the presence of
single ruthenium species as well as the presence of a few ruthenium clusters. No large
nanoparticles were observed, which is in agreement with the X-ray diffractogram of
the catalyst (Figure 3.8e), which does not show any reflections caused by ruthenium.
The synthesised catalyst has a high relative thermal stability in an inert atmosphere. This was demonstrated by in situ XRD measurements collected at various
temperatures under nitrogen (Figure 3.9).
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(a)

(b)

(c)

(e)

(d)

(f )

Figure 3.8: Characterisation of the fresh Ru/C-acetone catalyst. a) Ru

K-edge normalised XANES spectra and b) Fourier transform of the
k2 -weighted χ-EXAFS of the fresh Ru/C-acetone catalyst (pink),
Ru(acac)3 precursor (green) and Ru(0) foil (black). HAADF-STEM
micrograph of the catalyst at c) high magnification and d) low
magnification. e) X-ray diffractogram and f) Ru3d5/2 XPS region of
the fresh Ru/C-acetone catalyst.
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Figure 3.9: X-ray diffractograms of the Ru/C-acetone catalyst heated to

different temperatures under a nitrogen flow.
3.2.2.3

The synthesis of a Pt/C SMSHC

Platinum-based SMSHCs are reported to be effective catalysts for many reactions
such as the CO oxidation reaction [22, 23], CO2 reduction [24] and hydrogenation reactions of for example nitroarenes [25]. Platinum has been used as a catalyst for the
acetylene hydrochlorination reaction but not extensively as it is not nearly as active
as gold-based catalysts.[26, 27] In the scope of this research, a Pt/C-acetone SMSHC
was made using the wet impregnation method with dry acetone and Pt(acac)2 as
the metal precursor. This catalyst contains no large platinum nanoparticles as can
be seen from the X-ray diffractogram (Figure 3.10e) and the HAADF-STEM micrograph at low magnification (Figure 3.10d) of the fresh catalyst. Studying the
catalyst using higher magnification revealed that the platinum is predominately
present as well dispersed single platinum species (Figure 3.10c). As with the Pd/Cacetone and Ru/C-acetone catalysts, the Pt(acac)2 precursor species are deposited
intact onto the support. This is demonstrated by both the XAS and XPS results.
The XANES and the EXAFS spectra of the fresh catalyst (Figures 3.10a & 3.10b)
are comparable to that of the Pt(acac)2 precursor species. When fitting the EXAFS
data of the catalyst and the metal precursor (Table 3 in the Appendix), path lengths
and coordination number of the Pt-O and the Pt-C paths are very similar. Next to
that, the Pt 4f7/2 XPS spectrum (Figure 3.10f) shows that the platinum in the fresh
catalyst is in a Pt(II) oxidation state.
The thermal stability of the catalysts was investigated using in situ XRD, while
heating the fresh catalysts under a nitrogen flow. The X-ray diffractograms, recor90
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(a)

(b)

(c)

(e)

(d)

(f )

Figure 3.10: Characterisation of the fresh Pt/C-acetone catalyst. a) Pt

L3 -edge normalised XANES spectra and b) Fourier transform of the
k3 -weighted χ-EXAFS of the fresh Pt/C-acetone catalyst (pink),
Pt(acac)2 precursor (green) and Pt(0) foil (black). HAADF-STEM
micrograph of the catalyst at c) high magnification and d) low
magnification. e) X-ray diffractogram and f) Pt4f7/2 XPS region of
the fresh Pt/C-acetone catalyst.
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ded at pre-determined temperatures, can be seen in Figure 3.11. No nanoparticle
formation is observed up to 150 ◦ C, after which clear reflections from platinum
nanoparticles are seen.

Figure 3.11: X-ray diffractograms of the Pt/C-acetone catalyst heated to

different temperatures under a nitrogen flow.

3.2.3

Acetylene hydrochlorination reaction catalysed by the
Ru, Pt, Pd and Au SMSHCs.

Catalysis for the acetylene hydrochlorination reaction focusses predominantly on
gold-based catalysts. However, there are a few studies that report the use of palladium, platinum and ruthenium-based catalysts for this reaction.[26–33] The reason
that mainly gold is used to catalyse this reaction is because of its high electrode
potential. A high metal standard electrode potential is correlated with high activity
in the acetylene hydrochlorination reaction, as was first shown by Nkosi et al. (Figure 3.12).[1, 34, 35] These catalysts were prepared from metal chloride precursors
using aqua regia as a solvent and were evaluated for their activity in the acetylene
hydrochlorination reaction, which resulted in a linear relation with their standard
electrode potential. The two electron reduction potential for (AuCl4 )− , a Au(III)
to a Au(I) species, has been used. These gold oxidation states reflect the oxidation
states of gold present in the working catalyst, as was shown by the in situ XAS
study by Malta et al. and discussed in the introduction (1.3.3).[2] A platinum chloride species with an initial oxidation state of IV, and the reduction from Pt(IV) to
Pt(II) was used as the authors found a reduction to metal unlikely. However, in
Figure 3.12, the activity of the platinum catalyst is much lower then is expected
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which was attributed to a very rapid deactivation of the catalyst.

Figure 3.12: Correlation of acetylene hydrochlorination activity of metal

chlorides supported on carbon prepared using aqua regia
with the standard electrode potential. Potentials for a 2e−
reduction of the following chloride salts were used, (RhCl6 )3− ,
(RuCl5 )2− , PdCl2 , (PtCl6 )2− , (IrCl6 )3− and (AuCl4 )− .[36]
The synthesised gold, platinum, palladium and ruthenium SMSHCs prepared by
the novel impregnation method with dry acetone were tested in the acetylene hydrochlorination reaction at 180 ◦ C. This temperature was used to compare it to the data
in Figure 3.12, which was recorded at 180 ◦ C. The steady-state VCM productivity,
at 100 minutes of reaction, was plotted against the standard electro potentials which
were taken from reference [36](Figure 3.13). A comparable relation was observed
with an increase in productivity with increasing standard electrode potential which
demonstrates the generality of this novel preparation method. However, the productivity values for the SMSHCs prepared by the wet impregnation with dry acetone
are lower then the values in Figure 3.12. Nowadays higher safety regulations are in
place which means that the reaction gases are diluted in argon (5 vol.%), whereas
the reaction used to be performed with concentrated gases. Gold is known to have a
high selectivity towards VCM, however, TEM imaging revealed that acetylene polymerisation took place in the case of the palladium and ruthenium based catalysts
(Figure 3 in the Appendix) and therefore the productivity is given in mmol VCM
rather than mmol acetylene.
The relation between increasing productivity with an increase in standard electrode potential reiterates the finding that cationic gold based catalysts will probably
yield the most productive catalyst for the acetylene hydrochlorination reaction.
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Figure 3.13: Correlation between the steady-state productivity of the

with acetone prepared SMSHCs in the acetylene
hydrochlorination at 100 minutes of reaction and the
standard electrode potential of the constituent catalyst
metals. The standard electrode potentials of the metal chloride
salts are as sourced from ref.[36]. The straight line is added to guide
the eye only.
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3.2.4

The state of the metal in the catalysts during reaction
conditions

The supported metal in each of the fresh SMSHCs are well dispersed cationic species. Transformations in the catalysts, such as particle growth, change of metal
oxidation state or ligand exchange could occur during catalysis. The catalysts were
studied during several stages of reaction to explore if the working catalysts remain
as SMSHCs during catalysis. Namely, after heating the catalyst in argon to 180
◦
C, at the start of the reaction and after 240 minutes of reaction. At these stages,
the catalyst had been cooled back down to room temperature under an argon flow,
taken out of the reactor and studied ex situ.
3.2.4.1

Evolution of supported gold during the acetylene hydrochlorination reaction

The Au/C-acetone SMSHC was studied ex situ at several stages of the reaction as
explained above. This reaction was carried out at 180 ◦ C, whereas, the spent Au/C
catalyst that was discussed in section 3.2.1 was used in a reaction at 200 ◦ C. From
the XANES spectra one can see that the ”white-line-height” changes between the
different stages of reaction (Figure 3.14a). Linear combination fitting of the XANES
spectra (Figure 3.15) shows the changes in gold oxidation state at each stage. There
is a minor change in the ratio between Au(I) : Au(III) compared to the fresh catalyst after heating the catalyst in argon to 180 ◦ C. This change suggests that in the
absence of reactant gases, there is only a minor change in the gold oxidation state.
Introduction of HCl increases the amount of Au(III) in the catalyst. This same
effect occurred at the start of the reaction. After the reaction, the ratio between
Au(I):Au(III) has significantly changed compared to the fresh catalyst and a small
contribution of Au(0) is observed. The EXAFS spectra (Figure 3.14b) shows that
Au-Cl ligands remain present throughout the reaction. Fitting of the EXAFS spectra (Table 5 in the Appendix) is in agreement with the XANES results as the Au-Cl
coordination number increases with an increasing presence of Au(III).
HAADF-STEM micrographs of the catalyst at different stages of reaction can be
seen in Figure 3.16. After heating the catalyst to 180 ◦ C in argon, the gold remains
present as isolated single species. However, at the start of the reaction and after
240 minutes of reaction, a few gold nanoparticles are visible. This is in agreement
with the LCF results, which showed a minor presence of Au(0) after 240 minutes
of reaction. Despite this, the majority of gold in the catalyst stays atomically dispersed. The X-ray diffractogram of the catalyst taken after 240 minutes of reaction
does not show any gold reflections (Figure 3.14c) which supports the idea that only
a minor fraction of gold is present as nanoparticles at the end of the reaction.
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(a)

(b)

(c)

Figure 3.14: Characterisation of the Au/C-acetone catalyst after several

stages of reaction. a) Au L3 edge normalised XANES spectra and
b) Fourier transform of the k3 -weighted Au L3 EXAFS of the fresh
Au/C-acetone catalyst (orange), the catalyst heated to 180 ◦ C under
argon (dark blue), the catalyst heated to 180 ◦ C in HCl, the catalyst
at the start of the reaction (pink), after 240 min of reaction (light
blue) and the Au(0) foil (black). c) X-ray diffractogram of the
catalyst after 240 minutes of reaction.
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Figure 3.15: LCF analysis of the gold speciation from the Au L3 -edge

XANES data of the Au/C-acetone catalyst at different
stages in the reaction.
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(a)

(b)

(c)

(d)

(e)

(f )

Figure 3.16: HAADF-STEM micrographs of the Au/C-acetone catalyst

at several stages of reaction. a, d) after heating the catalyst in
argon to 180 ◦ C. b, e) after 5 min of reaction and e,f) after 240 min
of reaction.
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3.2.4.2

Evolution of supported palladium during the acetylene hydrochlorination reaction

The Pd/C-acetone catalyst was studied ex situ with among others XAS and STEM
at several stages of the reaction. The XANES spectra of the catalyst can be seen in
Figure 3.17a. One can see that the spectrum of the fresh catalyst and the catalysts
heated to 180 ◦ C in argon are comparable to each other. However, the spectrum
at the start of the reaction and after 240 minutes of reaction changes significantly
compared to the fresh catalyst and its shape resembles more of the PdCl2 standard.
The EXAFS spectra (Figure 3.17b) of the fresh catalyst and the catalyst heated to
180 ◦ C in argon show clear Pd-O contributions at 1.5 Å from the acetylacetonate
ligand. This peak is absent in the samples at the start of the reaction and after
240 minutes of reaction, instead, there is a peak at 1.8 Å which corresponds to a
Pd-Cl bond. EXAFS fitting results of the 1st shell are given in Table 6 in the Appendix. These EXAFS results suggest that the acetylacetonate ligand gets replaced
for a Cl-containing ligand, generating palladium chloride species during the reaction.
The HAADF-STEM micrographs (Figure 3.18) show the formation of a few subnanometre clusters during the reaction. However, the majority of the palladium is
still present as isolated single species and no large nanoparticles are observed. This
is supported by the X-ray diffractogram of the spent catalyst (Figure 3.17c), which
does not show any reflections from palladium nanoparticles.
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(a)

(b)

(c)

Figure 3.17: Characterisation of the Pd/C-acetone catalyst after several

stages of reaction. Pd K-edge–normalised XANES spectra and b)
Fourier transform of the k2 -weighted χ-EXAFS of the fresh
Pd/C-acetone catalyst (orange), the catalysts heated to 180 ◦ C (dark
blue), the catalyst at the start of the reaction (pink), after 240
minutes of reaction (light blue), the PdCl2 standard (green) and the
Pd(0) foil (black). c) X-ray diffractogram of the catalyst after 240
minutes of reaction.
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(a)

(b)

(c)

(d)

(e)

(f )

Figure 3.18: HAADF-STEM micrographs of the Pd/C-acetone catalyst

at several stages of reaction. a, d) after heating the catalyst in
argon to 180 ◦ C. b, e) after 5 min of reaction and e,f) after 240 min
of reaction. Several sub-nanometre clusters are observed in the
micrographs of the catalyst after the reaction.
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3.2.4.3

Evolution of supported platinum during the acetylene hydrochlorination reaction

The Pt/C-acetone catalyst undergoes a similar change as the Pd/C-acetone catalyst
upon introduction to the reaction mixture. One can see the XANES spectra of the
catalyst at the start of the reaction and after 240 minutes of reaction change shape
compared to the fresh catalyst (Figure 3.19a). The peak in the EXAFS spectrum
at the start of the reaction (pink line) is quite broad, from about 1 to 2.3Å, which
suggest that at this stage there is a mixture of platinum acetylacetonate and platinum chloride species present (Figure 3.17b). After the reaction, there is one main
peak at 1.9 Å, which corresponds to a Pt-Cl distance. This indicates that after the
reaction, the catalyst has transformed into a platinum chloride species.
HAADF-STEM micrographs of the catalyst at the different stages of reaction
(Figure 3.20) show that the catalyst remains predominately as isolated single species.
Occasional dimers and small clusters are formed after 240 minutes of reaction, but
most importantly, no large nanoparticles were observed. The X-ray diffractogram of
the catalyst after the reaction confirms that there are no large nanoparticles formed
during the reaction (Figure 3.19c).
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(a)

(b)

(c)

Figure 3.19: Characterisation of the Pt/C-acetone catalyst after several

stages of reaction. Pt L3 -edge–normalised XANES spectra and b)
Fourier transform of the k2 -weighted χ-EXAFS of fresh the
Pt/C-acetone catalyst (orange), the catalysts heated to 180 ◦ C (dark
blue), the catalyst at the start of the reaction (pink), after 240
minutes of reaction (light blue), PtCl4 (green dots), PtCl2 (green
dash) and the Pt(0) foil (black). c) X-ray diffractogram of the
catalyst after 240 minutes of reaction.
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(a)

(b)

(c)

(d)

(e)

(f )

Figure 3.20: HAADF-STEM micrographs of the Pt/C-acetone catalyst

at several stages of the reaction. a, d) after heating the catalyst
in argon to 180 ◦ C. b, e) after 5 min of reaction and e,f) after 240
min of reaction.
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3.2.4.4

Evolution of supported ruthenium during the acetylene hydrochlorination reaction

Lastly, the Ru/C-acetone SMSHC was also studied at several stages of the reaction
using, among others, XAS and STEM. The XANES spectra (Figure 3.21a) of the
fresh catalyst and the catalyst heated to 180 ◦ C in argon are comparable. However,
like the Pd/C-acetone catalyst, the shape of the XANES spectrum changes significantly when the reaction mixture is introduced at the start of the reaction. In the
EXAFS spectra (Figure 3.21b) of the catalyst at the start of the reaction and after
240 minutes of reaction, a clear peak consistent with a Ru-Cl distance is observed.
These results indicate that also this catalyst undergoes a ligand exchange when the
reaction mixture is introduced and ruthenium chloride species are generated.
STEM micrographs (Figure 3.22) show that the catalyst remains predominantly
well dispersed during the reaction. A few sub-nanometre clusters are formed but
no large nanoparticles are generated, which is supported by the X-ray diffractogram
of the catalyst after the reaction, which does not contain any peaks caused by
ruthenium nanoparticles (Figure 3.21c).
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(a)

(b)

(c)

Figure 3.21: Characterisation of the Ru/C-acetone catalyst after several

stages of reaction. Ru K-edge–normalised XANES spectra and b)
Fourier transform of the k2 -weighted χ-EXAFS of fresh the
Ru/C-acetone catalyst (orange), the catalyst heated to 180 ◦ C (dark
blue), the catalyst at the start of the reaction (pink), after 240
minutes of reaction (light blue), RuCl3 (green) and the Ru(0) foil
(black). c) X-ray diffractogram of the catalyst after 240 minutes of
reaction.
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(a)

(b)

(c)

(d)

(e)

(f )

Figure 3.22: HAADF-STEM micrographs of the Ru/C-acetone catalyst

at several stages of reaction. a, d) after heating the catalyst in
argon to 180 ◦ C b, e) after 5 min of reaction and e,f) after 240 min
of reaction.
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3.3

Discussion

The in situ XAS study by Malta et al. has shown that cationic gold species are
the active site for the acetylene hydrochlorination reaction.[2] The deactivation of
Au/C catalysts in lab-based applications has been attributed to the reduction of
gold to metallic gold nanoparticles.[37, 38] Next to this, in industrial applications
after long reaction periods the formation of carbon nanofibres on the catalyst surface
is observed.[39] Malta et al. studied the standard Au/C-AR catalysts using inelastic
neutron scattering and XAS under the reaction mixture and after that under solely
HCl and solely C2 H2 . They found that exposure to HCl resulted in a very slight
reduction of gold, which did not affect the productivity of the catalyst. Excess C2 H2
resulted in the polymerisation of acetylene which leads to the formation of carbon
nanofibres, and therefore, standard reactions are always performed in slight excess
of HCl. By correlating the normalised white line-height of the gold in the catalysts
with the VCM productivity they showed that deactivation after prolonged reaction
times was associated with the formation of metallic gold particles. On the other
hand, there is also one study by Connell et al. that shows that HCl is responsible
for the deactivation of the catalysts by reduction to metallic gold.[40]
In this study, the Au/C-acetone catalyst was studied with XAS and AC-STEM
at several stages of reaction and the effect of an HCl atmosphere was investigated by
heating the catalyst in 5% HCl/Ar to 180 ◦ C. When comparing the XANES spectra
of the fresh catalyst, the catalyst heated in argon and the catalyst heated in HCl
it is clear that the white line-height in the XANES doesn’t change much between
the fresh catalysts and the heated in argon but some clear changes are visible in the
sample that was heated in HCl. LCF results confirm this, the fresh and the catalyst
heated in argon have a comparable distribution of gold oxidation states, whereas
there is a clear increase in Au(III) in the catalyst that is heated in HCl (Figure 3.15.
This observed oxidation is in line with the proposed reaction mechanism, namely
that the AuCl species undergo an oxidative addition by HCl, followed addition of
C2 H2 and then a reductive elimination to releases VCM.[2] Next to this, it also
confirms that HCl is not responsible for deactivation by reduction to metallic gold
as Connell et al. claimed.
The sample at the start of the reaction has similar gold speciation as the catalyst
heated in HCl, which indicate that introduction to HCl and C2 H2 simultaneously
has a comparable oxidising effect on the gold oxidation states as exposure to solely
HCl. LCF results at the end of the reaction suggest the presence of a small percentage of metallic gold. Although there is no clear peak of a Au-Au distance visible
in the EXAFS spectrum after reaction, electron microscopy did reveal the presence
of a few dimers and trimers (Figure 3.16). This could be the result of prolonged
exposure to elevated temperatures as the in situ XRD of the fresh catalyst showed
nanoparticles formation at 190 ◦ C.
Palladium-based SMSHCs are known to be more active in the acetylene hydrochlorination reaction than catalysts that contain palladium nanoparticles or
clusters.[41] However, loss of palladium after reaction and carbon surface deposition is a major problem when a palladium catalyst is used for this reaction.[42]
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In this study, AC-STEM imaging, XAS and XPS results show that the Pd(acac)2
complex is deposited intact on the carbon support in the fresh catalyst (Figure 3.6).
There are no large nanoparticles visible in the micrographs and there are no reflections from palladium observed in the diffractogram of the fresh catalyst. The
XANES and the EXAFS spectra of the fresh catalyst and the catalyst heated to 180
◦
C in argon are nearly identical (Figure 3.17). Next to this, the micrograph of the
catalyst taken after heating in argon is comparable to the fresh one, which suggests
that no changes in the catalyst take place during the initial heating to reaction
temperature. However, in the sample from the start of the reaction and after 240
minutes of reaction some major changes are visible in both the XANES and EXAFS
spectra as a result of the replacement of the acetylacetonate ligand with chlorine. In
the micrographs of the catalyst after 240 minutes of reaction (Figure 3.18) one can
see the formation of several palladium clusters. The fresh Pd(acac)2 catalyst showed
high thermal stability in nitrogen, however, PdCl2 based catalysts are known to be
volatile during acetylene hydrochlorination reaction conditions.[43] Volatile PdCl2
species could have contributed to the generation of these small clusters.
Platinum-based catalysts have not had much attention for the acetylene hydrochlorination reaction because of the lower catalytic activity compared to gold
catalysts, which was reconfirmed in this study. In the fresh catalyst Pt(acac)2 species are well dispersed over the carbon support and the EXAFS spectrum of the
fresh catalyst is comparable to that of the Pt(acac)2 precursor. At the start of the
reaction, the main peak in the EXAFS is broadened and after 240 minutes of reaction, the only peak present corresponds to a Pt-Cl distance. This suggests that the
acetylacetonate ligand is exchanged for a chlorine ligand during the reaction while
retaining the Pt(II) oxidation state according to XPS (Figure 4b in the Appendix).
Pt(II)-Cl species have been identified as the active site for this reaction, being three
times more active than platinum nanoparticles.[44] In this study by Kaiser et al.,
they also discovered that polymerisation of acetylene was the main deactivation
mechanism for their catalyst and it was related to the N-heterocyclic moieties on
the carbon support. In our case the amount of VCM produced during the reaction
corresponded with the amount acetylene consumed, the nitrogen content of the carbon support is negligible (not observed with XPS) and no tube-like structures were
observed in the micrographs of the catalyst after reaction. We can, therefore, assume
that polymerisation was not an issue. In the micrograph of the catalyst at the start
of the reaction, there are a few platinum dimers visible and after reaction even a few
small clusters are observed. The formation of these platinum clusters is probably the
result of prolonged exposure to the elevated temperature, as the in situ XRD result showed that the formation of nanoparticles at 200 ◦ C under an inert atmosphere.
Gold-based systems have inferior activity and stability for the acetylene hydrochlorination reaction compared to ruthenium-based systems, but despite this, there
have been a few studies recently on ruthenium-based catalysts as this metal is approximately 4 times cheaper than gold.[31] RuCl3 species have been identified as
active species for the reaction.[45] The fresh Ru/C-acetone catalyst consists predominantly of single metallic species that are well dispersed on the activated carbon
support according to the XAS and AC-STEM results. At the start of the reaction, a
similar ligand replacement is observed as for the palladium and platinum catalysts.
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There are clear changes in the XANES region of the catalysts at the start of the
reaction compared to the fresh catalyst and the catalyst heated in argon to the reaction temperature. Additionally, the main peak in the EXAFS region changes from
1.5 Å for the fresh catalyst to 1.9 Å in the catalysts at the start of the reaction and
after reaction, which corresponds to a chlorine distance suggesting the formation of
RuClx species.In the micrographs of the catalyst at the start of the reaction, a few
ruthenium clusters are visible. These are also seen in the micrograph of the catalyst after the reaction. Additionally, in this micrograph, one can see clear evidence
of acetylene polymerisation, especially near the centre of the micrograph-tube like
structures are seen. Nanofibre formation is a known problem in ruthenium-based
catalysts in the acetylene hydrochlorination reaction and is related to the high Lewis
acidity of ruthenium.[45]
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3.4

Conclusions and future work

Synthesis of SMSHCs often involves complex preparation techniques such as ALD or
the mass-selected soft-landing method. Wet-chemistry methods are preferred methods because they do not require any expensive equipment and can usually easily be
scaled up. The Au/C-AR SMSHC that is often used in studying the gold-catalysed
acetylene hydrochlorination reaction is prepared with a wet-chemistry method that
uses aqua regia as the impregnation solvent. Unfortunately, aqua regia is a strong oxidising acid which makes this preparation method environmentally unfriendly and
challenging for scale-up. This study has shown that Au, Pd, Pt and Ru carbonsupported SMSHC with relatively high metal loading (1wt%) can be prepared with
the newly-developed wet impregnation method using dry acetone and can likely
be used to prepare other precious metal catalysts as well. All prepared catalysts
were evaluated for the acetylene hydrochlorination reaction and their productivity
was found to correlate, in a linear fashion, to the standard electrode potential, as
was previously shown for carbon-supported precious metal catalysts prepared using aqua regia. Studying the catalysts at several stages of reaction revealed that
in the case of the platinum, palladium and ruthenium catalyst, the acetylacetonate
ligands are exchanged with chloride-containing ligands during the reaction. Complimentary microscopy studies showed that the metal species in the catalysts remain
predominantly well dispersed during the reaction but a few sub-nanometre clusters
are observed as well.
Future work includes investigating if these SMSHCs can be used to catalyse other
reactions as well, for example, in hydrogenation reactions, electrochemistry and the
CO oxidation reaction. Future work on the Au/C-acetone catalyst for the acetylene
hydrochlorination reaction should focus on scaling up the preparation method to
determine if it could be utilised in industrial applications.
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4
The influence of surface functionalities of Au/C
catalyst on the performance in a Suzuki type
homocoupling reaction.

4.1

Introduction

Cross-coupling reactions, such as the Suzuki coupling, are widely applied processes
for the formation of carbon-carbon bonds, particularly for the synthesis of medicines
and agrochemicals.[1] Palladium based catalysts are highly active in the Suzuki type
cross-coupling reaction, which is a coupling between an arylhalide and arylboronic
acid. The reaction is believed to proceed through a Pd(0)-Pd(II) redox cycle. Since
Au(I) and Au(III) is isoelectric with Pd(0) and Pd(II), respectively, cationic gold
catalysts have been investigated for their activity in Suzuki type coupling reactions.
Gold was found to catalyse the homocoupling, also referred to as self-coupling reaction of boronic acids, rather than the cross-coupling. This reaction yields symmetric
biaryl compounds with possible halide substitutes which can have interesting applications, for example as precursors of rigid liquid crystals, semiconducting complexes
and in the pharmaceutical and agrochemical industry.[2]
Among the first reported gold catalysts for the Suzuki type homocoupling reaction was cationic gold species stabilised on ceria.[3] Subsequently, there have been
other reports using cationic gold catalysts for the Suzuki type homocoupling. For
example, simple gold salts (NaAuCl4 .2H2 O and AuCl), homogeneous and heterogenised gold Schiff-base complexes and metal oxide supported gold catalysts.[3–7]
It remains unclear what the actual active site of gold is during the reaction because
next to the mentioned cationic gold catalysts also metallic gold catalysts have been
reported to be active homocoupling catalysts. For example, Liu et al. reported a
gold nanoparticle catalyst supported on a mixture of ceria and SBA-15 that was
active in a base-free homocoupling reaction.[8]
The gold-based carbon-supported SMSHCs that were discussed in Chapter 3 are
the ’standard’ catalyst prepared using a wet impregnation with aqua regia (Au/CAR) and the catalyst prepared using the novel method with extra dry acetone
(Au/C-acetone). Both contain a mixture of Au(I) and Au(III) species stabilised by
chlorine ligands.[9, 10] These cationic Au species can undergo the Au(I) : Au(III)
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redox cycle, which was demonstrated in Chapter 3 by their activity in the acetylene
hydrochlorination reaction. These catalysts are active for the two-electron process
of direct hydrochlorination of acetylene. The tentative mechanism for the oxidative
homocoupling of arylboronic acids, as illustrated in Figure 4.1, involves a similar
Mn : Mn+2 redox cycle. Therefore, it is expected that the Au/C SMSHCs will also
have activity for a Suzuki type homocoupling reaction.

Figure 4.1: Proposed catalytic cycle for metal-catalysed oxidative

homocoupling of organoboron compounds (Ar-M’).[11]
In this chapter, the activity of the Au/C SMSHCs for the oxidative homocoupling reaction of phenylboronic acid was investigated (Figure 4.2). The two Au/C
SMSHCs were prepared using different solvents, aqua regia and dry acetone. This
results in different carbon surface functionalities in both catalysts. XPS, FT-IR
spectroscopy and Cl-edge XAS are used to study these functionalities on the catalysts and their influence on the performance of the catalysts was investigated.

Figure 4.2: Schematic of the homocoupling reaction of PBA to form

biphenyl. Reaction conditions: 0.3 mmol PBA, 0.4 mmol K2 CO3 ,
100 mg of 1wt% Au catalyst, MeOH (5 mL) at 45◦ C, 800 rpm.

4.2

Results and discussion

Firstly, analysis of the state of the gold in the fresh catalysts is discussed. Following
this, XPS and FT-IR were used to characterise the type of functional groups on the
two SMSHCs. Their performance in the Suzuki type homocoupling of phenylboronic
acid is compared. Subsequently, the influence of oxygen and chlorine on the support
and subsequent catalytic activity is discussed.
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4.2.1

State of the gold in the fresh Au/C SMSHCs

Two Au/C SMSHCs were prepared for the purpose of this study. Firstly, Au/Cacetone, was prepared by the method that was developed and discussed in Chapter 3.
This method uses extra dry acetone as a solvent for the metal precursor (HAuCl4 ).
This gold solution is then used to perform a wet impregnation on the activated
carbon support. The other catalyst (Au/C-AR) was prepared via the ’standard’
method that uses aqua regia as a solvent for the metal precursor.
XRD patterns were recorded to rule out the presence of large nanoparticles in the
two catalysts (Figure 4.3). All diffractograms show two distinctive broad peaks from
the carbon confirming its graphitic nature, around 24◦ and 44◦ , which correspond to
C(002) and C(100), respectively. In the diffractogram of Au/C-acetone, four sharp
peaks that are caused by the presence of NaCl can be seen as well. The carbon
support has some impurities by nature, among others trace of sodium and chloride
(traces of sulphur are present as well and small traces of iron and cobalt have been
detected in this carbon). Chlorine and sodium can dissolve in the acetone during
the catalyst preparation process and crystallise during the drying step, which can be
seen in the diffractogram. Typical gold reflections are not observed in either of the
catalysts and therefore the presence of large nanoparticles (≥ 4 nm) can be ruled out.

Figure 4.3: XRD diffractograms of the untreated carbon support

(orange), Au/C-AR (pink) and Au/C-acetone (blue). No gold
reflections are observed in either of the catalysts. In the case of the
Au/C-acetone catalyst, reflections caused by NaCl are detected.
The state of gold in both fresh catalysts was studied using XAS and AC-STEM
119

Chapter 4
(Figure 4.4). This was discussed before in Section 3.2.1, and therefore, only a brief
summary is given. The XANES region of both catalysts is comparable (Figures 4.4a
and 4.4b), except for the height of the so-called ”white line”. LCF of the white lineheight was used to identify the distribution of oxidation states in the catalysts. The
fitting demonstrated that both catalysts are exclusively compromised of cationic gold
species, with the Au/C-acetone containing a slightly higher amount of gold species
in a higher oxidation state than the Au/C-AR catalyst (Figure 4.5). Similarly, the
Fourier transform of the EXAFS region of both catalysts is comparable, in both
a clear peak associated with a chlorine distance is present and Au-Au distances
cannot be observed (Figures 4.4c and 4.4d). This indicates that, in both catalysts,
the cationic gold species are stabilised by chlorine ligands. Furthermore, AC-STEM
imaging shows that in both cases, the gold in the catalysts is well dispersed and the
majority of species are present as single atomic species (Figures 4.4e and 4.4f).
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(a)

(b)

(c)

(d)

(e)

(f )

Figure 4.4: XAS and AC-STEM characterisation of the Au/C SMSHCs.

Au L3 edge–normalised XANES spectra of (a) the Au/C-acetone
catalyst (blue, squares) and metallic Au foil (black, spheres) and (b)
the Au/C-AR catalyst (pink, triangle) and metallic Au foil (black,
spheres). Fourier transform of the k3 -weighted Au L3 EXAFS of (c)
the Au/C-acetone catalyst (blue, squares) and metallic Au foil (black,
spheres), (d) the Au/C-AR catalyst (pink, triangle) and metallic gold
foil (black, spheres. Representative HAADF-STEM image of (e) the
Au/C-acetone catalyst and (f ) the Au/C-AR catalyst.
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Figure 4.5: Linear combination fitting of the XANES region of the fresh

the Au/C-acetone and Au/C-AR catalyst using [AuCl4 ]− ,
[AuCl2 ]− and Au foil as reference for Au(III), Au(I) and
Au(0), respectively.
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4.2.2

Surface functionalities introduced by the impregnation solvent

The gold in both fresh SMSHCs is present in a very similar state, and therefore, these
catalysts can have similar performance in a reaction, such as shown for the direct
hydrochlorination of acetylene in Chapter 3. However, other factors such as surface
functionality of the support can affect the performance of a catalyst. Oxygencontaining groups can, for example, affect the stability of a catalyst, the metal
dispersion and absorption of reaction species.[12] The different types of oxygencontaining functional groups that can be present on the surface of carbon can be
seen in Figure 4.6.

Figure 4.6: Representative types of oxygen-containing groups that can

be present on the surface of a carbon support.[13]
Functional groups are introduced on the support during the impregnation step
in the synthesis of the SMSHCs. Thermal FT-IR and XPS have been used to study
and identify the functional groups that were created during the impregnation with
dry acetone and with aqua regia. Figure 4.7 illustrates the thermal FT-IR results
for the untreated carbon support, the carbon support that is impregnated with dry
acetone and subsequently dried at 45 ◦ C under flowing N2 and the carbon support
that is impregnated with aqua regia and dried at 140 ◦ C under flowing N2 . During
these measurements, the carbon supports are heated under a N2 flow and FT-IR is
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used to monitor the concentration of gasses coming from the heated sample. The
temperature range at which CO and CO2 are released can be correlated to a specific
type of oxygen functional group on the carbon surface.[13] Due to limitation of the
equipment, the samples were only heated to 600 ◦ C. Gas evolution that is observed
in this temperature range corresponds to the following functional groups: carboxylic
acids (CO2 evolution in a range of 95 to 460 ◦ C), anhydrides (CO evolution from
380 ◦ C and CO2 evolution from 380 ◦ C) and phenols (CO evolution from 480 ◦ C).
Figure 4.7a shows the thermal FT-IR results for the untreated carbon support,
one can see some CO2 evolution in the carboxylic acid range. At higher temperatures, from 380 ◦ C, there is a small number of CO and CO2 evolution, which indicates
the presence of anhydrides and phenols on the untreated support. The carbon support that was impregnated with dry acetone, Figure 4.7b, shows a very similar CO
evolution profile as to the untreated support. The CO2 evolution in the carboxylic
acid range is slightly higher, this demonstrates that the impregnation of acetone
has led to the creation of a modest concentration of carboxylic acid groups. In the
case of the aqua regia treated support, there seems to be a significant increase in
the number of oxygen-containing groups. Especially in the region of carboxylic acid
evolution, there is a large increase in signal compared to the untreated carbon support. This is most likely caused by the oxidising properties of the nitric acid in the
impregnation solvent.
XPS was used to determine the elemental composition of the surface of both
catalysts. The oxygen and chlorine content, based on O1s and Cl2p XPS, of the untreated carbon support and both SMSHC, can be seen in Table 4.1. The untreated
support naturally contains already some oxygen-containing groups and some traces
of chlorine. One can see that there is a slight increase in the oxygen content and
chlorine content for the catalysts made with dry acetone. On the other hand, in the
catalysts made with aqua regia, the oxygen and chlorine content increased significantly. Fitting and quantification of the O1s and Cl2p spectra were used to obtain
information about the nature and type of functional groups on the surface of the
materials. In Figure 4.8, one can see the distribution of oxygen and chlorine type
groups on the surface of the bare carbon and the catalysts. The untreated carbon
support has a low concentration of carbonyl and ether groups on the surface and only
small traces of chlorine are present. Impregnation with acetone increases the number of ether groups on the surface, whereas impregnation with aqua regia increases
the overall concentration of all oxygen-containing functional groups, particularly the
concentration of carbonyl and ether type groups. Similarly, a significant increase in
chlorine after the aqua regia treatment was observed, specifically in chlorine that is
anchored to the carbon surface (C-Cl).
The state of gold on the catalysts prepared by dry acetone and by aqua regia
is comparable, however, the surface functionalities introduced during the impregnation step are different. Impregnation with aqua regia has an oxidising effect on
the carbon surface, resulting in a higher concentration of oxygen-containing groups,
present as carbonyl and ether groups. As well as the incorporation of oxygen groups,
there is also a significant increase in the number of chlorine groups that are anchored
to the carbon. Impregnation with acetone, on the other hand, does not create many
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(a)

(b)

(c)

Figure 4.7: Temperature ranges of decomposition of various types of

oxygen functional groups on carbon supports to the
evolution of CO (black squares) and CO2 (blue circles). (a)
the untreated carbon support, (b) carbon support that was
impregnated with extra dry acetone and (c) carbon support that
underwent an impregnation with aqua regia.[13]

Table 4.1: The surface composition of the untreated carbon support and

the Au/C-acetone and Au/C-AR catalysts as determined
from the O1s and Cl2p XPS region.
Catalyst
untreated carbon support
Au/C-acetone
Au/C-AR

Oxygen wt%
5
6
9

Chlorine wt%
0.3
0.8
6
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Figure 4.8: Distribution of oxygen and chlorine type groups present on

the surface of untreated carbon (black), the Au/C-acetone
catalyst (blue) and the Au/C-AR catalyst (pink) as
determined by XPS.
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carbonyl groups on the surface but does lead to a slight increase in the concentration of ether groups. The chlorine content does not change significantly during
impregnation with acetone when compared to the untreated support.

4.2.3

Performance of Au/C SMSHCs in the homocoupling
reaction

The Au/C SMSHCs were evaluated as catalysts for the oxidative homocoupling of
phenylboronic acid in the presence of a base (K2 CO3 ). Blanks tests with no catalyst
led to no product formation (Table 4.2). For comparison, a homogeneous catalyst,
a simple gold salt (HAuCl4 ), was tested as well. All catalysts were tested in five
individual reactions of different periods, namely 30, 60, 120, 180 and 240 minutes.
Each of these tests makes up one point in the time-on-line of the catalyst, which
can be seen in Figure 4.9.
In the case of the homogeneous catalysts, a colour change from yellow to purple
to black was observed during the reaction as a result of the reduction of part of the
gold species (Figure 6 in the Appendix). The homogeneous catalyst was less active
in the reaction than the Au/C-AR catalyst (Figure 4.9). The reduction observed for
HAuCl4 can explain this lower activity of the homogeneous catalyst. The catalyst
prepared using aqua regia shows good activity, with biphenyl formation rate of 0.017
mmol×h−1 , in the coupling reaction with the yield of biphenyl linearly increasing
over time. This reaction rate is in the same other of magnitude that other gold based
catalyst have achieved for this reaction.[6, 14] On the other hand, the catalyst made
using dry acetone was found to be not active.

Table 4.2: Blank reactions, one without a catalyst, one with the support

material and one with the Au/C-AR catalyst but without a
base, under standard reaction conditions.
Catalyst
Untreated carbon support
Au/C-AR

Reaction conditions
Standard
Standard
No K2 CO3

BP yield / %
0
0
0

Microscopy studies of the spent heterogeneous catalysts indicate that in both
cases, nanoparticles form after 30 minutes of reaction (Figure 4.10). Nanoparticle
formation occurs on both catalysts as soon as they are submerged into the reaction
solvent, methanol (Figure 7 in the Appendix).
Spent catalysts were studied with XAS to understand the state of gold species
present on the catalysts after the reaction. Figure 4.10c illustrates the Fourier transform of the EXAFS region of a spent Au/C-AR catalyst (pink triangles) compared
to a Au(0) reference foil (black squares). One can see that both these spectra are
comparable and the Au-Cl contribution that was observed in the fresh catalysts,
at 1.85 Å, is absent in the spent catalyst. LCF of the XANES region, shown in
Figure 4.10d, reveals that the gold in the spent catalyst in predominantly metallic
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Figure 4.9: Performance of the SMSHCs, Au/C-AR and Au/C-acetone,

in the homocoupling reaction of phenylboronic acid,
compared to HAuCl4 , a homogeneous catalyst.
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gold. Additionally, the Cl K-edge spectra of the fresh and spent Au/C-AR catalyst is compared in Figure 4.10e. A pre-edge peak, marked with a , is visible in
the Cl K-edge XANES of the fresh Au/C-AR catalyst (pink line). This pre-edge
peak arises from a transition from the Cl1s orbital to a partially filled anti bonding
orbital formed by covalent bonding of the Cl3p and the d-orbital of the gold. In
the spent catalyst (black line), this peak is absent, and this indicates that there the
gold in the spent catalyst is not bound to chlorine any more and contains solely gold
nanoparticles.
The activity of the Au/C-AR catalyst was compared to two Au/C nanoparticle
catalysts. Firstly, a nanoparticle catalyst was synthesised by heat-treating the
Au/C-AR at 250 ◦ C for 3 hours under a N2 flow. This catalyst (Au/-AR-250◦ C),
has ca. 60 nm nanoparticles, which was determined using XRD (Figure 8 in the
Appendix) and shows activity in the homocoupling reaction, but is not as active
as the non-heat treated catalyst (Figure 4.11). Secondly, a catalyst was made by
using the sol-immobilisation method in the absence of a stabiliser. This catalyst is
referred to as Au/C-sol and it was found to be inactive in the homocoupling reaction.
The Au/C-AR catalyst was active in the homocoupling reaction of phenylboronic
acid, whereas the Au/C-acetone catalyst was inactive. Both fresh catalysts comprise of isolated cationic gold species. However, these species agglomerate to form
nanoparticles when they are dispersed into the reaction solvent. XAS was used to
study the spent Au/C-AR catalyst, Au L-edge and Cl K-edge measurements confirmed that the spent catalyst consists solely of metallic gold nanoparticles. Two
gold nanoparticle catalysts were synthesised for comparison, the first one, Au/Csol, had no activity for the homocoupling reaction. The second Au nanoparticle
catalyst was made following heat-treatment of a fresh Au/C-AR catalyst at 250 ◦ C.
This catalyst exhibited modest activity in the homocoupling reaction compared to
the original Au/C-AR catalyst.
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(a)

(b)

(c)

(d)

(e)

Figure 4.10: SEM and XAS characterisation of the spent Au/C-AR

catalyst. Representative SEM images of a) the Au/C-acetone
catalyst and b) the Au/C-AR catalyst after 30 minutes of reaction.
c) The EXAFS spectra and d) LCF of the XANES region of the
spent Au/C-AR catalyst which was used for 360 minutes of reaction.
e) Cl K-edge XANES spectrum of the fresh (pink) and spent
Au/C-AR catalyst after 240 minutes of reaction (black). The
pre-peak is marked with a  and the main absorption peak is
marked with an ♠.
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Figure 4.11: Performance of the Au/C-AR catalyst compared to two

Au/C catalysts that contain gold nanoparticles. One gold
nanoparticle catalyst was synthesised by heat-treating the Au/C-AR
catalysts (Au/C-AR-250◦ C) and one was synthesised using the
sol-immobilisation method in the absence of a stabiliser (Au/C-sol).
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4.2.4

Influence of the impregnation with aqua regia

In the previous section, only two catalysts were found active for the homocoupling
reaction; the original Au/C-AR catalysts and the heat-treated Au/C-AR-250◦ C. To
study if impregnation with aqua regia is essential in creating an active catalyst for
this reaction, a carbon support was treated with aqua regia and this support was
then used to synthesise various catalysts. For the treatment with aqua regia, the
same procedure was followed as for the synthesis of the Au/C-AR catalysts, except
the gold precursor (HAuCl4 ) was not added to the solvent. Two different catalysts
were prepared using this aqua regia treated support (C-AR), one by impregnation
of HAuCl4 in dry acetone (Au/(C-AR)-acetone) and one by sol-immobilisation in
the absence of a stabiliser (Au/(C-AR)-sol). These catalysts were tested and their
activity was compared to the catalyst analogues prepared using the untreated carbon
support (Figure 4.12). From these results, it is evident that the impregnation with
aqua regia plays an essential role in the homocoupling reaction as catalysts prepared
using the aqua regia treated support all show good biphenyl yields whereas catalysts
made on the untreated support are inactive.

Figure 4.12: Performance of catalysts prepared on an aqua regia treated

support (C-AR).
The difference in reaction between the Au/C-acetone and Au/C-AR catalyst was
studied in more detail by monitoring the concentration of leached gold species, pH
of the reaction mixture and particle size at certain stages of reaction (Table 4.3
and Table 4.4). There is a clear difference in the concentration of leached gold in
the reaction mixtures of the catalysts, the Au/C-AR catalyst has meagre amounts
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of leached gold species at the start of the reaction and during the reaction, no
gold is detected in the liquid phase. This confirms that the Au/C-AR catalyst
works as a real heterogeneous catalyst, unlike many heterogeneous palladium Suzuki
cross-coupling catalysts where leached palladium species are often the actual active
species in the reaction.[15] On the other hand, the Au/C-acetone catalyst is more
prone to leaching than the Au/C-AR catalyst, which could be related to the lower
concentration of functional groups on the carbon.
Table 4.3: Leaching behaviour and pH of the reaction of the Au/C-AR

catalyst during the homocoupling reaction.
∗
the catalyst was stirred for 2 minutes at room temperature (RT).

the detection limit for this series of measurements was 100 ppt.
†
the particle size was determined using XRD
Time / min
0∗
30
60
120
180
240

Au leached / ppb
10-17
0
0
0
0
0

pH solution
9.5
10.2
10.2
10.1
10.0
10.3

Particle size / nm†
63
36
39
47
39
40

Table 4.4: Leaching behaviour and pH of the reaction the Au/C-acetone

catalyst in the homocoupling reaction.
∗
the catalyst was stirred for 2 minutes at RT
†
the particle size was determined using XRD
Time / min
0∗
30
60
120
180
240

Au leached / ppb
571
420
200
118
122
100

pH solution
9.7
12.9
12.6
12.6
12.5
12.4

Particle size / nm†
15
18
20
20
20
20

The outcome of Suzuki type coupling reactions can be highly dependent on the
pH of the reaction mixture.[16] Therefore, the pH of the reaction for the Au/C-AR
and Au/C-acetone catalyst was measured at several stages of reaction (Tables 4.3
& 4.4). One can see that the pH of the reaction mixture of the Au/C-AR catalyst
is significantly lower than for the Au/C-acetone catalyst. The pH of the reaction
mixture catalysed by Au/C-acetone was lowered to similar pH as the reaction with
the aqua regia catalysts by the addition of a small amount of HNO3 to investigate
if the higher pH of the reaction solution is responsible for the inactivity of the
Au/C-acetone catalyst. Results in Table 4.5 demonstrate that when the reaction
is performed at a pH of 10, the Au/C-acetone catalysts shows still no activity.
Therefore, it is not likely that the different pH of the reaction mixtures is the cause
of the difference in activity in the homocoupling reaction.
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Table 4.5: Performance of the Au/C-acetone catalyst in the

homocoupling reaction performed at a lower pH.To lower the
pH, 6.9 µL of concentrated HNO3 was added to the reaction mixture.
∗
the catalyst was stirred for 2 minutes at RT
Time / min
0∗
30
60
120
180
240

4.2.5

BP yield / %
0
0
0
0
0
0

pH solution
9.0
9.5
10.1
10.2
10.1
10.5

The influence of oxygen groups on the support

One of the differences in support functionality between the Au/C-acetone and Au/CAR catalysts is the relatively high concentration of oxygen-containing, mostly carbonyl and ether groups, on the Au/C-AR catalyst. Three additional catalysts were
prepared that have a high concentration of surface oxygen groups to explore how the
presence of these groups on the catalyst support influences their activity as coupling catalysts. The first catalyst, denoted as Au/C-HNO3 , was prepared by a wet
impregnation using solely concentrated nitric acid. This method has been used previously in the group to prepare active catalysts for the acetylene hydrochlorination
reaction and has been characterised using XAS (4.13)[9, 17]. The EXAFS region of
this catalyst, visible in Figure 4.13a, looks very similar to the Au/C-AR catalysts
(Figure 4.4d), with a clear contribution of Au-Cl at 1.5 Å. From LCF analysis of
the XANES region, it is clear that this catalyst also contains a small amount of
Au(0), but the majority is cationic gold (Figure 4.13b). No gold nanoparticles are
observable in the XRD (Figure 4.14).Therefore it is likely that the small amount of
Au(0) that was found in the LCF, is due to the presence of a low amount of small
nanoparticles that are below the detection limit of the XRD. The two other catalysts
with high surface oxygen content were prepared using a carbon support that was
oxidised using the Hummer method with potassium permanganate. One was treated
with 0.5 grams potassium permanganate and the other with 10 grams as is described
elsewhere.[18] Gold was deposited on these supports using a wet impregnation with
dry acetone and HAuCl4 as the gold precursor. These synthesised catalysts are
referred to as Au/(Cox0.5)-acetone for the catalyst made using 0.5 gram KMnO4
and Au/(Cox10)-acetone for the catalyst made using 10 grams KMnO4 . There were
no reflections caused by gold present in the XRD diffractograms of these catalysts
(Figure 4.13). In the case of the Au/(Cox0.5)-acetone catalyst, some reflection attributed to NaCl are visible. These results indicate that there are no large gold
nanoparticles in the catalysts, but additional characterisation on the state of gold
in catalysts was not performed.
The surface oxygen and chlorine content of these additionally prepared catalysts
was determined by XPS. The total oxygen content can be seen in Table 4.6 and the
distribution of different type of oxygen and chlorine groups in Figure 4.15. The total
oxygen content of all the three additionally prepared catalysts was higher than that
of the Au/C-AR catalyst. This is primarily due to an increase in the concentration
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(a)

(b)

Figure 4.13: XAS characterisation of the Au/C-HNO3 catalyst. a) The

EXAFS region of the XAS spectra of the Au/C-HNO3 catalyst
(orange, diamonsds) and the metallic gold foil (black, spheres) and
b) LCF of the XANES region.

Figure 4.14: Diffractograms of the additionally prepared Au/C catalysts

with oxygen functionalities on the supports surface.
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of carbonyl and ether groups on the carbon surface. When tested in the homocoupling reaction, there was no significant product formation by these oxidised carbon
catalysts. These findings suggest that oxygen groups do not play a role in the activity of a catalyst for the homocoupling reaction. From Figure 4.15, it becomes clear
that a high chlorine content, specifically a high C-Cl content, is very distinctive for
the Au/C-AR catalysts. Therefore, the influence of chlorine on the support of the
catalysts is further discussed in the next section.

Figure 4.15: Distribution of oxygen and chlorine groups of the

additionally prepared catalysts as determined by XPS.

Table 4.6: Oxygen content of the additionally prepared catalysts and

biphenyl yield after 240 minutes of homocoupling reaction.
The oxygen content was determined by XPS.
Catalyst
Untreated carbon
Au/C-AR
Au/C-acetone
Au/C-HNO3
Au/(C-ox-0.5)-acetone
Au/(C-ox-10)-acetone
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Oxygen content / %
4
9
5
13
17
29

BP yield / %
0
44
0
0.5
0.3
1
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4.2.6

The influence of chlorine on the support

In section 4.2.2, it was shown that there is a major difference in the concentration and
type of chlorine surface functionalities between the Au/C-AR and the Au/C-acetone
catalyst. In addition to support surface functionalities, chlorine is also present as a
stabilising ligand for the gold species in the two fresh Au/C SMSHCs. The catalysts
were studied using Cl K-edge XAS to investigate if there is a difference in the
ligand-metal interaction between the two. Furthermore, the catalysts were tested
for their ability to catalyse a Suzuki type cross-coupling reaction. Hypothetically,
a cross-coupling reaction could proceed through the in situ halodeborobation of
phenylboronic acid to form chlorobenzene, followed by a cross-coupling between
phenylboronic acid and chlorobenzene to form biphenyl (Figures 4.16 and 4.17). In
the last part of this section, the influence of the concentration of chlorine in the
catalyst was investigated.

Figure 4.16: Halodeboronation reaction of phenylboronic acid. This

reaction is known to be catalysed by X2 , X+ and CuX2 . [19]

Figure 4.17: Cross-coupling reaction between phenylboronic acid and

chlorobenzene.

4.2.6.1

Cl ligand K-edge XAS

Chlorine functions as a stabilising ligand for the gold species in both the fresh Au/C
SMSHCs. Ligand K-edge XAS can provide complementary information to the Au
L3 -edge data such as information on the electronic structure of the transition metal
complexes.[20–26] Background information on Cl K-edge XAS can be found in Section 2.2.3.3 in the experimental chapter.
The Cl K-edge XANES spectra of the fresh Au/C-AR (pink line) and the Au/Cacetone (blue line) catalysts are illustrated in Figure 4.18. The pre-edge peak, which
is marked by a , can be seen in both spectra at the same position. The presence of
the pre-edge peak confirms that gold is in a cationic state in both catalysts because
a pre-edge is only present when the d-orbital of the transition metal is partially
filled, which is only the case for cationic gold, not for metallic gold. The position of
the rising edge is the same for both catalysts, but the peak of maximum absorption
is different. In the case of the Au/C-AR catalyst, the peak is positioned at ∼2825
eV, which corresponds to a chlorine species bonded to carbon.[27–29] This is in
agreement with the XPS results, which showed a large amount of chlorine bonded
to the carbon surface (C-Cl). The main absorption peak (marked with a ♠) in the
spectrum of the Au/C-acetone catalyst is slightly offset to a higher energy than the
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Au/C-AR catalyst. Its position, and the position of the post edge peak (marked
by an asterisk (∗)), indicates the presence of NaCl and NaClOx species.[24, 30] The
presence of NaCl species in the Au/C-acetone catalyst was previously observed by
XRD.
Overall, these results indicate that there are different chlorine species on the surface of the supports of both catalysts. In the case of the Au/C-AR catalyst, chlorine
is bound to carbon (C-Cl), whereas the chlorine in the Au/C-acetone catalyst seems
to be associated with sodium. The pre-peak is located at the same position in
both catalysts, which suggest that the ligands around the gold species are of similar
nature in both catalysts.

Figure 4.18: Cl K-edge XANES spectra of Au/C-AR (pink line) and

Au/C-acetone (blue line). The pre-edge peak is marked with a 
?
and arises from a Cl 1s → Au d8 (ψHOM
O ) transition. The main
absorption peak, marked with ♠, appears at slightly different energy
for each catalyst.

4.2.6.2

Cross-coupling between phenylboronic acid and chlorobenzene

Homogeneous and heterogeneous gold catalysts that are active in Suzuki crosscoupling reactions are reported in the literature.[31–34] However, for most homogeneous gold organometallic catalysts, it has been demonstrated that activity for
a Suzuki cross-coupling reaction comes from small traces of palladium in the gold
source or other reaction components. Only a few ppb of palladium in the reaction mixture can alter the results.[33, 34] The HAuCl4 that is used to prepare the
gold catalysts in this study is not known to contain any palladium.There have been
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a limited amount of reports on active heterogeneous gold catalysts for the Suzuki
cross-coupling reaction. Gold supported on metal oxides such as MgO and CaO
was tested for the Suzuki cross-coupling between phenylboronic acids and several
arylhalides.[32] Their activity was found to be strongly influenced by the nature
of the support and the nature of the arylhalide. Gold nanoparticles embedded on
graphene also showed promising activity in a Suzuki cross-coupling reaction between
4-bromoanisol and phenylboronic acid in water with 93% yield.[31] Other gold catalysts active for the Suzuki cross-coupling reaction include starch stabilised colloids
and thiol stabilised colloids.[35, 36] On the whole, there have been a few reports on
heterogeneous gold catalysts that catalyse Suzuki type cross-coupling reactions.
The presence of oxygen groups on the surface of the Au/C SMSHCs did not
influence their performance in the homocoupling reaction. Consequently, the main
difference between the Au/C-acetone and Au/C-AR catalyst is the greater concentration of C-Cl in the latter catalyst. This high chlorine content catalyst (Au/C-AR)
is active in the homocoupling reaction, which suggests that an alternative reaction
pathway could take place. Chlorobenzene could be formed by an in situ halodeboronation reaction of the phenylboronic acid (Figure 4.16). This reaction is known
to be catalysed by Cl2 , Cl+ and CuCl2 and possibly the chlorine on the Au/CAR catalyst could catalyse this step.[19] Subsequently, a Suzuki type cross-coupling
reaction could take place between the in situ formed chlorobenzene and phenylboronic acid (Figure 4.17). Au/C-acetone, Au/C-AR and Au/C-sol catalysts have
been tested in a cross-coupling reaction between phenylboronic acid and chlorobenzene and between phenylboronic acid and iodobenzene to test if such an alternative
reaction could take place. They were tested in two different cross-coupling reactions
because a cross-couping reaction with iodobenzene is more likely to proceed than
a reaction with chlorobenzene because the bond dissociation energy of iodobenzene
is much lower than for chlorobenzene.[33, 37, 38] The three Au/C catalysts (Au/Cacetone, Au/C-AR and Au/C-sol) did not have any activity in a cross-coupling
reaction of phenylboronic acid with either chlorobenzene or iodobenzene.
Two additional homocoupling reactions were carried out with the two non-active,
low chlorine content catalysts, Au/C-acetone and Au/C-sol in the presence of CuCl2 .
CuX2 is known to catalyse the halodeboronation reaction of phenylboronic acid to
form chlorobenzene in situ.[19] The product, biphenyl, was not observed in the reactions with CuCl2 as an additive. Chlorobenzene was detected in the reaction mixture which confirms that CuCl2 can catalyse the halodeboronation step. However, a
cross-coupling reaction between the in situ formed chlorobenzene and phenylboronic
acid did not take place. Other sources of chlorine, namely NaCl and HCl, were added to the reaction mixture with the Au/C-acetone catalyst. However, this did not
lead to any conversion.
In an attempt to synthesise another catalyst with high chlorine content, a Au/C
catalyst was prepared by using solely concentrated HCl as the impregnation solvent.
This catalyst, named Au/C-HCl, is comprised of large gold nanoparticles with an
average size of ∼25 nm as was determined by XRD (Figure 9 in the Appendix). XPS
was used to determine the concentration of surface functionalities on the surface of
the catalyst. Figure 4.19 shows the distribution of surface functional groups on
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the Au/C-HCl catalyst and how they compare to the Au/CAR and Au/C-acetone
catalyst. It is clear that the impregnation with solely HCl leads to much less C-Cl
formation than the impregnation with aqua regia. The total chlorine content of the
Au/C-HCl catalyst is only 1.8 wt% compared to 6.6 wt% for the Au/C-AR catalyst.
These results suggest that the highest chlorine incorporation is achieved by using a
mixture of HNO3 and HCl as the impregnation solvent. The Au/C-HCl catalyst was
tested for its performance in the homocoupling reaction, but no product formation
was observed.

Figure 4.19: Distribution of oxygen and chlorine groups on the

Au/C-HCl catalyst compared to the Au/C-AR catalyst, the
Au/C-acetone catalyst and the untreated carbon support

4.2.6.3

Influence of the chlorine concentration on the support

The Au/C-HCl catalyst that was discussed in the previous section contains only 1.8
wt% chlorine, which is significantly less than the Au/C-AR catalyst. It seems that
the combination of nitric and hydrochloric acid that was used for the impregnation
with aqua regia results in high levels of chlorine. To further study the effect is of
chlorine on the performance of the catalysts, a range of catalysts was prepared using a different ratio of HCl : HNO3 as the impregnation solvent (Table 4.7). XPS
was used to determine the chlorine and oxygen content in these catalysts and they
were tested for 240 minutes in the homocoupling reaction. The chlorine content of
the catalysts does not increase linearly with vol.% of HCl used in the impregnation
solvent (Table 4.7). There is a chlorine weight percentage optimum at 75 vol.% HCl,
which corresponds to the ’standard’ aqua regia ratio.
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Table 4.7: Composition and performance of a series of Au/C catalyst

prepared with aqua regia using different ratio’s of HCl :
HNO3

HCl content in the aqua regia impregnation solvent, the other
component is concentrated HNO3
†
determined from Cl2p XPS,
M
determined from O1s XPS,
§
biphenyl yield after 240 minutes of homocoupling reaction
Composition / %
0
25
50
66.7
75
80
87.5
100

Cl content† / %
0.8
2.9
3.7
4.1
6.6
5.4
5.9
1.8

Oxygen contentM / %
13.4
11.8
11.3
13.5
8.8
7.6
7.7
4.7

BP yield§ / %
0
2
4
5
28
9
12
0

The chlorine content of the catalysts was plotted against the biphenyl yield after
240 minutes of homocoupling reaction (Figure 4.20a). A trend with an increase in
biphenyl yield with increasing chlorine content is clearly visible. This correlation is
also present when looking at the C-Cl specifically (Figure 4.20b). The more active
catalysts have a higher C-Cl content. These results can explain why the Au/Cacetone catalyst and the catalysts prepared on oxidised carbon have no activity in
the homocoupling reaction. These catalysts contain almost no C-Cl groups, as was
shown in Figure 4.15. Similarly, the Au/C-HCl catalyst possesses a low concentration of incorporated C-Cl groups and is therefore not active in the homocoupling
reaction.

(a)

(b)

Figure 4.20: Relation between chlorine content and biphenyl yield. a)

Performance versus surface Cl content and b) performance versus
surface C-Cl content of a series of Au/C catalysts prepared using
different ratios of aqua regia. Cl content is determined by Cl2p XPS.

141

Chapter 4
4.2.6.4

The role of chlorine in the catalysts

Bouleghlimat et al. reported an enhanced catalytic activity for a palladium catalysed Suzuki-type homocoupling reaction when the reaction was performed in the
presence of halides.[39] The palladium catalyst, a polypyrrole-palladium nanocomposite immobilised on polystyrene microspheres, functioned as a recoverable and
recyclable catalyst for the homocoupling of arylboronic acids.[40] When halides, in
the form of NaCl or NaBr, were added to the aqueous reaction mixture, the catalytic
activity doubled. However, this increase in activity came at the cost of a significant
decrease in the recovery of catalytic activity in further cycles. Three possible explanations for these observations were discussed. Firstly, if the reaction occurs on
the surface of the palladium nanoparticles, the halide could have an activating effect
on the palladium surface. Secondly, palladium nanoparticles could leach from the
composite material due to a weakened interaction between the nanoparticles and
the polypyrrole in the presence of the salt. And lastly, halide ions could help leach
palladium atoms or ions into the reaction solution where they could homogeneously
catalyse the reaction. The significant increase in catalytic activity accompanied by
poor recovery of catalytic activity, are in line with the latter explanation. Furthermore, the reaction mechanism could be significantly affected by reaction conditions
such as choice of solvent and additives such as halides to the reaction mixture.
Here, the leaching of the active metal species is not likely as only a meagre concentration of leached gold is present at the start of the reaction (first 30 minutes)
and after this, no leached gold was detected (Table 4.3). (N.B. The gold content
of spent catalysts could not be determined by XPS because the gold nanoparticles in
the spent catalyst are very well dispersed, which greatly enhances the XPS signal.
More information on how dispersion affects the XPS signal can be found in Section
2.2.2.) Several other hypotheses could explain the correlation between the yield of
the reaction and the chlorine coverage of the carbon support. For example, chlorine
on the carbon could stabilise the active gold site, or another possibility is that chlorine takes part in the reaction. Particle growth is observed in all spent Au/C-AR
catalysts and, therefore, it is possible that the actual active site forms in situ and is
different from the fresh catalyst. Chlorine on the carbon support could play a role
in stabilising these formed active sites. Possible active sites that are formed in situ
are gold atoms at steps and corners of in situ formed nanoparticles as a result of
sintering. Such sites are active as homocoupling catalysts as was shown by Guzman
et al.[6] Another option is that the active site is not part of the formed gold nanoparticles. Nanoparticle formation can proceed via two different mechanisms, namely
Ostwald ripening where single metal species from small metal particles are transported towards bigger particles which will grow at the expense of smaller ones, or
nanoparticles can form via particle migration and coalescence, which can take place
when there is insufficient interaction between the metal and the support.[41] The
single metal species that migrate during Ostwald ripening are often cationic and are
stabilised by a ligand.[42] Ostwald ripening has been reported to occur through the
transport of cationic Au-Cl species on Au/SiO2 catalysts when Cl ions are present
in the reaction solution.[42] Therefore, a high presence of chlorine on the support
could stabilise cationic migrating gold species. However, no experimental data that
was collected supports this hypothesis.
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The latter hypothesis that chlorine takes part in the reaction mechanism is supported by the re-usability test of the Au/C-AR catalyst and further study of the
spent catalysts. The chlorine content of a fresh and spent catalyst was compared
(Table 4.8). The spent catalyst was tested for 240 minutes in the homocoupling reaction after which it was rinsed twice with methanol and dried at room temperature
before reuse. The test results are displayed in Figure 4.21. One can see that the
C-Cl content of the catalyst has reduced significantly after the reaction. When the
spent catalyst is retested in a homocoupling reaction, the conversion is significantly
lower than the fresh catalyst. This activity loss is most likely to be related to the
loss of C-Cl after the reaction.
Table 4.8: Chlorine content of the fresh and spent Au/C-AR catalyst

prepared by ’standard’ aqua regia as determined by XPS. The
spent catalyst was tested in a homocoupling reaction of 240 minutes,
rinsed with methanol and dried at room temperature.
Catalyst
Fresh Au/C-AR
Spent Au/C-AR

Total Cl content / %
6
2.5

C-Cl content / %
4.7
1.9

M-Cl content / %
0.7
0.6

Figure 4.21: Comparison between the performance of the fresh

Au/C-AR catalyst and the re-tested catalyst (spent).
To investigate if chlorine gets used in the reaction, the chlorine content of the
series of spent Au/C-AR catalysts made by different ratio’s of HCl : HNO3 as the
143

Chapter 4
impregnation solvent was studied using XPS. In Figure 4.22a one can see the fracf resh−C−Cl wt% used
× 100%)
tion of C-Cl lost after 240 minutes of reaction ( C−Cl wt%
C−Cl wt% f resh
versus the yield of biphenyl in the reaction. A trend is observed between an increase in yield with an increasing fraction of C-Cl lost during the reaction. The
fresh support treated with standard aqua regia (C-AR), which is inactive, contains
approximately 3 wt% C-Cl and only loses around 20% during the reaction. All other
catalysts lose a much larger percentage of their total C-Cl content after reaction and
the biphenyl yield increases linearly with an increasing fraction of C-Cl lost. This
suggests that C-Cl could take part in the reaction. The C-Cl (in mmol) lost after
the reaction was plotted again the amount of biphenyl formed (in mmol) to see if
the chlorine gets used stoichiometrically in the reaction (Figure 4.22b). A rough
correlation of approximately 2 mmol of Cl lost with 1 mmol of biphenyl formed
was found. However, the error in this fit is large and future work should include
gathering more data points to improve the fit and confirm this correlation.

(a)

(b)

Figure 4.22: Correlation between biphenyl yield and loss of chlorine. a)

Correlation between the fraction of chlorine from C-Cl content lost
after reaction with the yield of biphenyl of the reaction. b) The
amount of Cl from C-Cl (in mmol) lost after reaction versus the
amount of BP formed (in mmol).
Further research could include the reactivation of spent catalysts by re-introducing
C-Cl on the catalyst support. Methods known in the literature for the generation
of C-Cl functional groups on carbon materials involve treatment of the material in
autoclaves at high temperature under a Cl2 gas flow.[43–45] The execution of such
treatment could not currently be performed in the laboratory due to safety limitations. In addition to this, other future work should include a detailed analysis
of the reaction mixture to examine if chlorine compounds can be detected in the
solution after the reaction. Such extensive analysis of the reaction mixture was not
undertaken due to laboratory closure as a result of the Covid-19 pandemic. General
analysis of the reaction mixture was only done by HPLC coupled with a ultravioletvisible (UV-VIS) detector. None of the products observed in the reaction mixture
contained chlorine, which suggests that chlorine is not part of an aromatic system.
Another interesting idea for future work is the surface functionalisation of Au/C
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catalysts with other halides such as bromine and iodine. Carbon iodine and bromine bonds have each a lower bond dissociation energy than carbon chloride bonds
(Table 4.9). It is possible that other halides can also facility this reaction and the
carbon-halide bond dissociation energy could influence the catalytic activity of the
catalyst. Bromine functionalisation could, for example, be performed by subjecting
the carbon to vapour bromination with Br2 at 200 - 500 ◦ C or by reaction with a
IBr solution in CCl4 .[46, 47] Similarly, iodine functionalisation could be achieved
by the iodine steam method where the carbon material and iodine are heated in an
autoclave at 250 ◦ C.[48]
Table 4.9: Carbon bond dissociation energies.[49] Where DH 0 is the

standard enthalpy for bond dissociation.
Bond
C-Cl
C-Br
C-I

DH0 / kJ mol−1
349
293
234

Overall, these results indicate the C-Cl is consumed during the reaction. However, what the exact role of chlorine is during the reaction remains unclear and
requires further study.
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4.3

Conclusions and future work

In summary, two Au/C SMSHCs were synthesised in the scope of this study. One
of the catalysts was prepared using aqua regia as the impregnation solvent and one
using dry acetone. Gold L3 -edge XAS and AC-STEM were used to study the state
of gold in these fresh catalysts. Both catalysts exhibited comparable gold spectra
which suggests that these catalysts consist predominately of isolated cationic gold
species that are well dispersed on the activated carbon support. However, the surface of the carbon support was found to be modified during the impregnation step,
depending on the nature of the impregnation solvent. Specifically, the impregnation step with aqua regia results in an enhanced concentration of oxygen-containing
groups and carbon-chlorine moieties. From the two Au/C catalysts, only the one
prepared with aqua regia, Au/C-AR, was active in the Suzuki type homocoupling
reaction of phenylboronic acid. The difference is that the performance of these
catalysts was attributed to the presence of C-Cl groups in the Au/C-AR catalyst.
However, the high activity of the catalyst with high chlorine content comes with a
drawback, which is that the catalyst has low recyclability due to the lower C-Cl content in the spent catalyst. The fraction of C-Cl lost after a reaction is correlated to
the amount of product formed, which indicates that C-Cl is involved in the reaction
mechanisms and gets consumed during the reaction.
Future work would focus on what part chlorine has in the reaction mechanism.
This would include the regeneration of C-Cl groups on the spent catalysts. Next to
this, also functionalisation of the catalyst’ surface with other halide groups, such as
bromine and iodide, would be very interesting to study.
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5
Pd and PdAu titania supported catalysts for the
direct synthesis of hydrogen peroxide studied by
NAP-XPS

In this chapter NAP-XPS is used to study a monometallic Pd/TiO2 (5 wt%) and
two bimetallic PdAu/TiO2 nanoparticle catalysts (2.5 wt% Pd, 2.5 wt% Au) under
gas-phase hydrogen peroxide synthesis conditions. Non-destructive depth analysis,
by varying the kinetic energy of the X-rays, is used to study the distribution of
Au, Pd and PdO in the nanoparticles of catalysts, which have a mean particle size
of around 6 nm. The fresh catalysts are compared to the catalysts after 1-hour
gas-phase hydrogen peroxide synthesis.

5.1

Introduction

Hydrogen peroxide (H2 O2 ) is predominately used in industry as an efficient bleaching agent and as an oxidant with high active oxygen content. It is considered as
a green oxidant as the only by-product is water.[1, 2] However, the primary production process of H2 O2 , the anthraquinone process, is not considered to be green.
Produced H2 O2 solutions of 1 - 2 wt% need to be concentrated by column distillation
for transport purposes and are re-diluted at their point of use. The energy used in
the column distillation process is, therefore, considered wasted. As an alternative,
H2 O2 could be generated via direct synthesis of H2 O2 by a reaction of H2 and O2 ,
at its point of use. Therefore, this direct synthesis method is a greener alternative
to the anthraquinone process.[1, 3, 4]
Palladium-based catalysts have been known to be active in the direct synthesis
of H2 O2 . However, often they also catalyse the subsequent hydrogenation of H2 O2
and decomposition, and therefore they have low selectivity.[2, 5] One way to improve the selectivity of the reaction is by stabilising H2 O2 in the reaction solution
by addition of acids and halides. The drawbacks of these added stabilisers are the
need to remove the halide and acids from the product solution and they can cause
corrosion to the reactor.
Another way of increasing the selectivity of palladium catalysts for direct H2 O2
synthesis is by alloying with another metal.[6, 7] Alloying palladium with gold alters
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the electronic properties of the palladium and can also affect structural properties
such as the size and morphology of the nanoparticles.[8–11] It is thought that because of a combination of these factors, bimetallic palladium and gold catalysts
exhibit superior performance for the direct synthesis of H2 O2 . Calcination of bimetallic pallidum and gold catalysts leads to more stable catalysts that are less prone
to leaching palladium in solution. Electron microscopy imaging has revealed that a
palladium and gold random alloy transforms to a core-shell particle upon calcination with a palladium-rich shell and a gold-rich core.[12–15] It is assumed that this
phase separation of the palladium and gold random alloy is driven by the desire of
the palladium to form palladium oxide at higher calcination temperatures.[2]
The oxidation state of the metal plays an important role in the performance of
the catalysts for H2 O2 synthesis, which was demonstrated by a bimetallic palladium
and gold catalyst (2.5 wt% Pd, 2.5 wt% gold) supported on an acid pre-treated
carbon. This support was pretreated with a 2% HNO3 in water solution and gold
and palladium were deposited using incipient wetness impregnation. After calcination these samples contained a few gold-rich nanoparticles whereas the palladium
was found to be highly dispersed on the support in subnanometer clusters. XPS
was used to study the oxidation state of the metal in the catalysts after reduction
and after re-oxidation at various temperature. A correlation between activity and
selectivity and the amount of Pd(II) in these catalysts was found.[16]
Usually, the oxidation state of a metal is determined before and after reaction
using XPS and correlations are made relating to the performance of the catalysts.
However, the continuous presence of oxygen and hydrogen in the reaction can alter
the oxidation state of the working catalysts in any way. Therefore, the state of metal
in the fresh catalyst might not remain throughout the reaction. Next to this, also
filtering out the catalysts, transporting it to XPS and, therefore, exposing it to the
atmosphere can influence the oxidation states in the catalyst. Gas-phase reactions
allow for in situ characterisation techniques such as NAP-XPS. Typically, a direct
H2 O2 synthesis reaction is performed in a methanol and water mixture. However,
bimetallic palladium and gold catalysts were also found to be active for gas-phase
H2 O2 synthesis at elevated temperature and pressure in the absence of stabilisers.[17]

5.2

Near-ambient pressure X-ray photoelectron
spectroscopy

XPS is a chemically specific, quantitative technique that is ideally suited to investigate the chemical nature of the surface of a catalyst.[18] In XPS, a sample is
irradiated with monochromatic X-rays, this results in the emission of photoelectrons
from the core levels of irradiated atoms. Emitted photoelectrons are collected and
analysed using an electron spectrometer and their kinetic energy is used to calculate
the binding energy of the emitted electrons. So-called chemical shifts, which is the
difference in the binding energy of one specific chemical state versus the binding
energy of the pure element, provide information about the chemical state of the
element. More details about this technique can be found in section 2.2.2 in Chapter
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2.

5.2.1

The pressure gap

The photoelectrons mean free path or average distance between collisions depends
on the electron energy and the gas pressure.[19] The photoelectrons that escape the
sample’s surface typically have a kinetic energy between 100-1000 eV, which means
that in solid materials they have a short mean free path and only photoelectrons
from the first few nanometres of the sample can escape the solid.[20] Electrons with
this energy range are also strongly scattered by gas molecules, the mean free path in
a gas atmosphere of 1 Torr is about 1 mm.[18] This means that in non-vacuum conditions, the photoelectrons will not reach the photoelectron analyser and no signal
would be observed. For this reason, most conventional XPS systems are operated
under ultra-high vacuum conditions. Typically the surface of catalysts are studied
pre- and post-reaction; however, catalyst surfaces can change under reaction conditions which are commonly atmospheric or elevated pressures. The difference between
the typical operating pressure of a catalytic process and the operating pressure of
conventional XPS equipment is referred to as the ”pressure gap”.[21]

5.2.2

High-pressure X-ray photoelectron spectroscopy instruments

Techniques such as HP-XPS, also known as near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS), have been developed to try and ”bridge the pressure
gap”. These systems can operate at pressures up to 1 Torr.[18] The principle of
HP-XPS can be seen in Figure 5.1. The sample is placed in a high-pressure cell
that is separated from the X-ray source through an X-ray transparent window. The
X-ray source, such as a synchrotron, is kept under ultra-high vacuum conditions.
The X-ray transparent window can be made out of silicon nitride, aluminium or a
polymer membrane with varying thickness from tens to a few hundred nanometres.
Electrons and gas molecules can escape from the sample cell through a small aperture that is situated in front of the sample. However, the photoelectron analyser
is kept under high vacuum and therefore a differential pumping system is situated
between the sample cell and the photoelectron analyser to ensure the sample cell
remains at elevated pressure and the analyser under high vacuum. The differential
pumping system is illustrated in Figure 5.1b and contains several pumping stages
separated by a small aperture. Recently developed HP-XPS systems operate with
electrostatic lenses that focus the electrons in the apertures as is seen in Figure
5.1c. This increases the number of electrons transmitted through the differentially
pumped system which results in a higher signal. Another key in the HP-XPS setup is
minimising the distance that photoelectrons travel through the gas phase by moving
the sample close to the differentially pumped aperture system. Figure 5.2 are photos
from inside the reaction chamber at the ISISS beamline at Bessy II. One can see
the sample mounted on a sapphire holder in front of the cone-shaped differentially
pumped lens system.
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Figure 5.1: Schematics of the differential pumping system in an

HP-XPS. a) The sample cell at pressure p0 , where X-rays enter
through an X-ray transparent window and electrons and gas escape
through a small aperture. b) Several differential pumping stages are
needed to keep the sample cell at elevated pressure and the electron
analyser under a high vacuum. c) Electromagnetic lenses are used to
increase the number of electrons going through the apertures and
reaching the electron analyser.[18]

(a)

(b)

Figure 5.2: Inside the reaction chamber at the ISISS beamline one can

see the sample mounted on a sapphire holder in front of the
cone-shaped differentially pumped lens system.
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5.2.3

Depth information in XPS

When a photoelectron is generated in a sample, it does not travel far due to inelastic
interactions with other atoms in the solid.[22] The inelastic mean free path (IMFP),
λ, is the average distance that a photoelectron with a given energy travels between
successive inelastic collisions. The majority of the photoelectrons, >95%, come from
within a depth of 3λ from the sample, this is referred to as the information depth.[22]
The IMFP is a function of kinetic energy and therefore depends on the energy of
the X-ray source. X-ray sources for most lab-based XPS systems are fixed, for
example, 1486.6 eV for an aluminium anode and 1253.6 eV for a magnesium anode.
Synchrotron radiation has the advantage that kinetic energy can be varied, this
allows for non-destructive depth analysis studies.[23]

5.2.4

PdAu/TiO2 catalysts studied by NAP-XPS

In this study, a Pd/TiO2 and two PdAu/TiO2 catalysts were studied using the
NAP-XPS setup located at the ISISS beamline at the synchrotron Bessy II in Berlin. A set of different kinetic energies were used to study the distribution of the
palladium and gold in the nanoparticles of the catalysts. Table 5.2 and 5.3 summarise the different excitation energies that were used, their corresponding IMFP
(λ) which is taken from the NIST Standard Reference Database [24] and the approximate information depth (3λ). The NAP-XPS setup at this beamline allows for
studying the catalysts under pressures of typically around 1 mbar. In this study,
PdAu/TiO2 catalysts were studied under reaction conditions for the gas-phase synthesis of hydrogen peroxide. A mass spectrometer was coupled to the reaction cell
for detection of the reaction products, hydrogen peroxide and water.
Table 5.1: Pd(3d) excitation energies that were used in the experiment,

the corresponding electron IMFP and approximate
information depth.
Excitation energy / eV
935
785
635
535

IMFP / Å
9.7
8
6.2
5

Information depth (3λ) / nm
2.9
2.4
1.9
1.5

Table 5.2: Au(4f ) excitation energies that were used in the experiment,

the corresponding electron IMFP and approximate
information depth.
Excitation energy / eV
684
534
384
284

IMFP / Å
8.6
7.2
5.6
4.6

Information depth (3λ)/ nm
2.6
2.2
1.7
1.4
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Experimental details
Gas-phase direct synthesis of hydrogen peroxide was performed using a diluted
H2 /O2 mixture (4 vol.% H2 , 20 vol.% O2 , 76 vol.% He), below the explosive limit,
with a combined flow of 27 mL/min. The catalysts were heated to 50 ◦ C at a rate
of 5 ◦ C per minute. A sequence of spectra was recorded on the catalysts at the
different stages and conditions that are outlined below.
 The fresh catalyst - at 20 ◦ C under a He flow (27 mL/min).
 The catalyst under reaction conditions - at 50 ◦ C under a diluted O2 /H2 flow
(27 mL/min).
 The catalyst after 1 hour of reaction - at 20 ◦ C under a He flow (27 mL/min).

Relative sensitivity factors were used to scale the area of the measured peaks in
acquired spectra so that variations in the peak areas are representative of the amount
of material in the sample surface.[25] These corrected peak areas were calculated
using equation 5.1.
Corrected area =

area
photonf lux · σ(1 + β · 0.507)

(5.1)

Where σ is the photoionisation cross-section and β is an asymmetry parameter.
These parameters are tabulated in the literature.[26] [27] The order of the sequence
that spectra were recorded can be seen in Table 5.3. The used excitation energies
are given as well as the σ and β for the closest tabulated excitation energy that was
used in the calculation for the corrected peak areas.
Table 5.3: Sequence of acquired spectra for the catalysts, starting from

the survey and finishing at the Au4f region at, the excitation
energy used in the experiment and the value for the
photoionisation cross-section ( σ) and symmetry parameter
(σ) used in the calculations for the corrected peak area’s.
a
Excitation energy used in the experiment
b
Tabulated data excitation value closest to the experimental energy
c
Value not tabulated
Region
Survey
O1s
Ti2p
Pd3d
Pd3d
Pd3d
Pd3d
C1s
Au4f
Au4f
Au4f
Au4f
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Excitation energya / eV
1486
680
610
935
785
365
535
430
684
534
384
284

Tabulated energy
600
600
1014
800
600
600
300
600
600
300
300

b

/ eV

σ
0.4119
1.200
0.6073
1.205
2.314
2.314
0.8591
2.599
2.599
5.274
5.274

β
0.908
1.276
1.18
1.075
0.8279
0.8279
-c
0.7075
0.7075
0.2808
0.2808
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5.3

Results

In this study, three different titania supported catalysts were prepared using the
sol-immobilisation method. This method allows for good control over particle sizes
and particle morphology in the catalysts.[28] The following catalysts were prepared
and studied:
 5 wt% Pd/TiO2 -SA - prepared as a monometallic catalyst. Calcined in static
air for 3 hours at 500 ◦ C.
 5 wt% PdAu/TiO2 -SA - prepared as a random alloy with 2.5wt% Pd and 2.5
wt% Au. The catalyst was calcined in static air for 3 hours at 500 ◦ C.
 5 wt% PdAu/TiO2 -N2 - prepared as a random alloy 2.5wt% Pd and 2.5 wt%
Au. The catalyst was heat-treated in flowing N2 for 3 hours at 500 ◦ C.

Synthesis of Pd/TiO2 and PdAu/TiO2 via the sol-immobilisation method results
in catalysts with a narrow particle size distribution and mean particle size of 3 nm
+
1 nm. It is challenging to perform a depth analysis study using NAP-XPS on
−
nanoparticles of this size; therefore the catalysts were subjected to heat treatment
2 nm,
or calcination. This led to an increase in particle size to a mean size of 6 nm +
−
while the narrow particle size distribution was retained. A micrograph of Pd/TiO2
and the corresponding particle size distribution can be seen in Figure 5.3, these
are also representable for the two bimetallic catalysts. Calcination of a bimetallic
palladium and gold random alloy catalyst does not only increase the average particle
size, but it has also been known to cause segregation of the two metals, forming a
palladium-shell and a gold-rich core.[12–15] Next to this, calcination at 500 ◦ C also
effectively removes the polymer that was used to stabilise generated metal colloids
during the catalyst synthesis, from the metal surface.[29]

(a)

(b)

Figure 5.3: a) Micrograph of Pd/TiO2 -SA and b) the corresponding

particle size distribution in the catalyst.
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5.3.1

In situ hydrogen peroxide synthesis

The titania supported catalysts were studied using NAP-XPS, before the reaction,
during the reaction and after the reaction, as explained in section 5.2.4. Mass
spectrometry (MS) was used to analyse the composition of the gas mixture leaving
the cell during the reaction. The Pd3d region of the Pd/TiO2 -SA catalysts, before
and during the reaction can be seen in Figure 5.4. In the spectra before reaction,
clear peaks attributed to Pd(0) and Pd(II) can be observed at 335 eV and 336.7 eV.
Figure 5.4b shows the same catalysts under reaction conditions. It is clear that there
a significant loss of signal during the reaction. Hydrogen peroxide was observed as
the product as well as water, which is the decomposition and degradation product
of the direct hydrogen peroxide synthesis.[30]

(a)

(b)

Figure 5.4: Pd3d region of the Pd/TiO2 -SA catalyst recorded using an

excitation energy of 495 eV. a) At room temperature under 0.5
mbar He and b) at 50 ◦ C 0.5 mbar O2 /H2 mixture. Hydrogen
peroxide is generated and detected using MS. Loss of all signals is
observed during H2 O2 synthesis, this is attributed to the formation
and condensation of water. Dark blue is the fitting of Pd0 , pink is
Pd2+ and yellow are the palladium satellite peaks.
The active catalysts generate H2 O2 during the in situ reaction. The loss of signal
is only observed during H2 O2 synthesis, when H2 and O2 are both present. Therefore
the loss of signal during reaction has been attributed to the condensation of water
on the sample, which forms from degeneration of the synthesised H2 O2 . Water
condensation causes severe scattering of generated photoelectrons and results in
signal loss. For this reason, the spectra recorded during synthesis were not analysed.
Instead, spectra of the fresh catalysts and the catalysts after 1 hour of hydrogen
peroxide synthesis were studied and compared.

5.3.2

Analysis of the Pd/TiO2 -SA catalyst

5.3.2.1

The state of palladium

Catalysts synthesis via the sol-immobilisation method using NaBH4 as reductant
generally results in a catalyst that contains entirely metallic nanoparticles. However, the fresh Pd/TiO2 -SA catalyst is partially oxidised as a result of the calcination
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treatment. This is evident from the XPS spectra recorded of the fresh catalyst under a helium flow. Pd(II), as well as Pd(0), is visible in all four spectra recorded
using different excitation energy (Figure 5.5). Note that a linear background was
observed in all measurements recorded using 635 eV (Figure 5.5c), this is attributed
to the gas-phase, which contributes to the background signal at this specific photon
energy. The ratio between Pd(II) and Pd(0) was determined for the spectra and was
plotted against the approximate information depth that corresponds to the excitation energy used (Figure 5.7). One can see that the ratio Pd(II)/Pd(0) is highest at
the shallowest information depth and decreases gradually at increasing depth. This
indicates that most of the oxidised palladium is located at the outer radius of the
particle, which was exposed to an oxygen-rich atmosphere during the calcination
treatment.

(a)

(b)

(c)

(d)

Figure 5.5: Pd3d region of the fresh Pd/TiO2 catalyst recorded under a

helium atmosphere (0.5 mbar). Spectra are recorded using
several excitation energies for depth analysis studies namely, a) 935
eV, b) 785 eV, c) 635 eV and d) 535 eV
After 1 hour in situ gas-phase hydrogen peroxide reaction, there is no Pd(II)
visible in the Pd3d region of the XPS spectra as can be seen in Figure 5.6. The
palladium is completely metallic at all four information depths (Figure 5.7). Therefore, it can be concluded that gas-phase H2 O2 synthesis has a reducing effect on the
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Pd/TiO2 -SA catalyst. Hydrogen peroxide was observed as the product throughout
the reaction. This suggests that Pd(0) is active as a gas-phase hydrogen peroxide
synthesis catalyst.

(a)

(b)

(c)

(d)

Figure 5.6: Pd3d region of the Pd/TiO2 catalyst after 1 hour of

gas-phase hydrogen peroxide synthesis recorded under a
helium atmosphere (0.5 mbar). Spectra are recorded using
several excitation energies for depth analysis studies namely, a) 935
eV, b) 785 eV, c) 635 eV and d) 535 eV.
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Figure 5.7: The ratio between Pd(II)3d5/2 and Pd(0)3d5/2 as a function

of approximate information depth of the Pd/TiO2 -SA
catalyst. The fresh catalyst (blue squares) and the catalyst after
1-hour gas-phase hydrogen peroxide synthesis (pink triangles).
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5.3.3

Analysis of the PdAu/TiO2 -SA catalyst

5.3.3.1

The state of palladium

Calcination of the Pd/TiO2 -SA catalyst led to partial oxidation of the surface layer
of palladium in the catalyst. In the case of the bimetallic PdAu/TiO2 catalyst,
the palladium gets partly oxidised during the calcination treatment (Figure 5.8).
The ratio between Pd(II) and Pd(0) was determined for each spectrum recorded
using different excitation energy and was plotted against the approximate information depth in Figure 5.10. Different, than, in the monometallic catalyst, it is clear
that the oxidation of palladium is not only limited to the outer shell of the catalyst
because high Pd(II)/Pd(0) ratios are found at higher information depth. There is
an increase in Pd(II)/Pd(0) ratio with increasing information depth. After H2 O2
synthesis, this trend is still observed, but the ratios are slightly lower due to a slight
reducing effect of the reaction. Addition of gold to a palladium catalyst is known to
alter the electronic properties of palladium.[8] When comparing the depth distribution of Pd(II)/Pd(0) of the monometallic Pd/TiO2 -SA catalysts and the bimetallic
PdAu/TiO2 -SA catalyst before and after the reaction, it is clear that the presence
of gold keeps the palladium in a more oxidised state during gas-phase H2 O2 reaction
and makes it more resistant towards reduction.
Bimetallic palladium and gold catalysts have superior performance in direct hydrogen peroxide synthesis compared to their monometallic counterparts. The ability
of gold to keep the palladium in a more oxidised state could potentially explain their
better performance. This is in line with previous studies that have shown that the
presence of Pd(II) had a crucial role in the performance of carbon-supported bimetallic palladium and gold catalysts.[16]
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(a)

(b)

(c)

(d)

Figure 5.8: Pd3d region of the fresh PdAu/TiO2 -SA catalyst recorded

under an helium atmosphere (0.5 mbar). Spectra are recorded
using several excitation energies for depth analysis studies namely, a)
935 eV, b) 785 eV, c) 635 eV and d) 535 eV. Dark blue is the fitting
of Pd0 , pink is Pd2+ , yellow are the palladium satellite peaks and light
blue are fitted Au4d peaks.
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(a)

(b)

(c)

(d)

Figure 5.9: Pd3d region of the PdAu/TiO2 -SA catalyst after 1 hour of

gas phase hydrogen peroxide synthesis recorded under a
helium atmosphere (0.5 mbar). Spectra are recorded using
several excitation energies for depth analysis studies namely, a) 935
eV, b) 785 eV, c) 635 eV and d) 535 eV.
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Figure 5.10: The ratio between Pd(II)3d5/2 and Pd(0)3d5/2 as function of

approximate information depth of the PdAu/TiO2 -SA
catalyst. The fresh catalyst (blue squares) and the catalyst after
1-hour gas-phase hydrogen peroxide synthesis (pink triangles).
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5.3.3.2

Distribution of palladium and gold

The spectra of the Au4f region of the fresh catalyst recorded with several different
excitation energies can be seen in Figure 5.11 below, and the spectra after 1 hour
in situ H2 O2 synthesis reaction in Figure 11 in the Appendix. Clear gold peaks are
observed in the spectra recorded at 684 eV, 584 eV and 384 eV. No peaks attributed
to Au4f are observed in the spectra recorded using an excitation energy of 284 eV.
This indicates that no gold is present in the outer layer, i.e. the first 1.4 nm, of the
bimetallic particles and, thus, the outer shell consists entirely of palladium. This
catalyst was prepared as a random alloy by simultaneous addition of the gold and
the palladium precursors during the synthesis of the catalyst. It is assumed that
segregation of palladium and gold takes place during the calcination treatment. Figure 5.12 shows the ratio between gold and palladium in the catalysts as a function
of approximate information depth. The Au4f spectra recorded using an excitation
energy of 384 eV, (Figures 5.11c and 11c in the Appendix) have not been fitted due
to overlapping ghost peaks from titania. The Au4f/Pd3d ratio only has a moderate
change after gas-phase hydrogen peroxide synthesis (17% change in ratio compared
to the fresh catalyst). This indicates that no large redistribution of the two metals
occurs during the reaction.
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(a)

(b)

(c)

(d)

Figure 5.11: The Au4f region of the fresh PdAu/TiO2 -SA catalyst

recorded under a helium atmosphere (0.5 mbar). Spectra are
recorded using several excitation energies for depth analysis studies
namely, a) 684 eV, b) 584 eV, c) 384 eV and d) 284 eV.
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Figure 5.12: The ratio between Au4f57/2 /Pd3d5/2 as function off

approximate information depth of the PdAu/TiO2 -SA
catalyst. The fresh catalyst (blue squares) and the catalyst after
1-hour gas-phase hydrogen peroxide synthesis (pink triangles).
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5.3.4

Analysis of the PdAu/TiO2 -N2 catalyst

5.3.4.1

The state of palladium

The PdAu/TiO2 -N2 catalyst was prepared as a random alloy and was heat-treated
under flowing nitrogen. Only peaks from metallic palladium (and in the case of
the spectrum recorded at 935 eV also peaks from Au4d) were observed in the Pd3d
region of the fresh catalyst (Figure 5.13). This can be explained by the absence
of oxygen during the heat treatment. After 1 hour of gas-phase hydrogen peroxide
synthesis (Figure 5.14), the spectra look nearly identical to the spectra of the fresh
catalyst. The hydrogen peroxide reaction had a reducing effect on the palladium of
the bimetallic and monometallic catalysts that were calcined in static air. In this
case, the catalyst was already entirely metallic from the start, and therefore the
reaction has not altered the oxidation state of the palladium.

(a)

(b)

(c)

(d)

Figure 5.13: Pd3d region of the fresh PdAu/TiO2 -N2 catalyst recorded

under a helium atmosphere (0.5 mbar). Spectra are recorded
using several excitation energies for depth analysis studies namely, a)
935 eV, b) 785 eV, c) 635 eV and d) 535 eV.
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(a)

(b)

(c)

(d)

Figure 5.14: Pd3d region of the PdAu/TiO2 -N2 catalyst after 1 hour of

gas phase hydrogen peroxide synthesis recorded under a
helium atmosphere (0.5 mbar). Spectra are recorded using
several excitation energies for depth analysis studies namely, a) 935
eV, b) 785 eV, c) 635 eV and d) 535 eV.
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5.3.4.2

Distribution of palladium and gold

The spectra of the Au4f region of the fresh PdAu/TiO2 -N2 catalysts are comparable
to that of the PdAu/TiO2 -SA catalyst (Figures 12 and 6). Clear gold peaks are visible in the spectra recorded using an excitation energy of 684, 534 and 384 eV. Only
noise is observed in the Au4f region when using an excitation energy of 284 eV. This
suggests that no gold is present in the 1.4 nm outer shell of the bimetallic particles
and the shell consists solely of palladium. Previously, it was assumed that a random
palladium and gold alloy made by sol-immobilisation would form a core-shell particle
during calcination and this segregation was driven by the desire of palladium to form
palladium oxide. These results show that segregation of palladium also occurs during heat-treatment in an inert atmosphere without the formation of palladium oxide.
The Au4f/Pd3d ratio as a function of approximate information depth of the fresh
catalyst and the catalyst after 1 hour hydrogen peroxide synthesis can be seen in
Figure 5.15. The Au4f/Pd3d ratio at higher information depth is slightly higher than
in the case of the PdAu/TiO2 -SA catalysts. This suggests that there is a difference
in the distribution of gold and palladium in the two catalysts, one calcined in static
and the other heat-treated in nitrogen. The Au4f/Pd3d ratio is nearly unchanged
after gas-phase H2 O2 reaction. So there are no rearrangements of the two metals
taking place during the reaction, similarly as in the PdAu/TiO2 -SA catalyst.
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Figure 5.15: The ratio between Au4f57/2 /Pd3d5/2 as function off

approximate information depth of the PdAu/TiO2 -N2
catalyst. The fresh catalyst (blue squares) and the catalyst after
1-hour gas-phase hydrogen peroxide synthesis (pink triangles).
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5.4

Discussion

Many studies have reported a synergy effect in the direct hydrogen peroxide reaction catalysed by PdAu bimetallic catalysts, with an increase in selectivity in the
bimetallic catalysed reaction.[1, 10, 12] It is postulated that this synergy effect is
the result of a combination of geometric and electronic effects.[31] Monometallic
palladium catalysts do not only have high activity towards the synthesis of H2 O2
but they also have high activity for the hydrogenation and decomposition of H2 O2 ,
which leads to a low selectivity of the reaction.[32] The synthesis of H2 O2 follows
a 2-step Langmuir-Hinshelwood mechanism and the possible elementary steps are
summarised below [33]. The asterisks (*) represents a surface species on the metal
catalyst.
i O2 → O2 *
ii H2 → H2 *
iii H2 * → H* + H*
iv O2 * + H* → OOH*
v OOH* + H* → H2 O2 *
vi H2 O2 * → H2 O2
The formation of H2 O2 results from the interaction between atomic hydrogen
and molecular oxygen on the catalysts surface, step iv in the mechanism, and -OOH
is formed as the primary intermediate. Isotope experiments have demonstrated that
cleavage of the O-O bond is irreversible and always leads to the formation of H2 O.[34]
Therefore, a catalyst with high selectivity towards H2 O2 should bind O2 * but lack
the ability to cleave the O-O bond in O2 *, -OOH* or any other intermediates.
Most studies of the AuPd synergy effect are focussed on geometric effects, where
gold dilutes the palladium surface which results in unique properties. For example,
DFT studies on palladium and gold palladium surfaces showed that the presence
of gold in the surface of palladium significantly suppresses the dissociation of oxygen compared to solely palladium surface while the H2 dissociation is the same for
palladium and palladium-gold surfaces. This suggests that the presence of gold
in palladium surfaces increases the selectivity to H2 O2 by suppressing oxygen dissociation.[35, 36] Additionally, the presence of gold in the surface also increases
selectivity by decreasing the interaction of H2 O2 and the metal surface and therefore facilitating easier desorption of the product.[37, 38]
The NAP-XPS results in this study indicate that the bimetallic PdAu catalyst
contain core-shell particles with an outer shell that consists entirely of palladium as
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no gold signal is observed in the outer shell, i.e the first 1.4 nm, of the bimetallic
particles. Therefore, our results indicate that in the case of PdAu catalysts prepared
by sol immobilisation, the synergy effect is not related to geometric effects as are
discussed above, which leaves an electronic effect. A core-shell structure can induce
lattice strain as a result of the lattice mismatch between the core and the shell
material.[39, 40] PdAu core-shell materials have a 4.8% lattice mismatch, the gold
core has a larger bulk lattice constant (4.078) than the palladium shell (3.891).[41]
Figure 5.16 illustrates the effect of a lattice mismatch. Because gold has a larger
lattice parameter, a parameter specifying the dimensions of a unit cell in a crystal
lattice, it forces the elongation of the palladium bonds in the shell which results in
strain.[42, 43] This can alter the d-band properties of the palladium atoms in the
shell and can result in a different reactivity of the core-shell particle compared to a
monometallic particle. The result in this study indicates that because there is no
gold present in the outer layer of the particles, the synergy effect that is observed
by these catalysts is likely to be the result of electronic effects which is induced by
the lattice mismatch between the two components.

Figure 5.16: Illustration of lattice strain induced by a lattice mismatch in PdAu

core shell systems. Note: the lattice structure is drawn for illustration
purposes and does not resemble the unit cell of the material
The results in this study also show that calcination has a different effect on the
monometallic and bimetallic catalyst. The ratio of Pd2+ /Pd0 of the monometallic
Pd/TiO2 catalyst in Figure 5.7 suggests that the catalyst after calcination has a
palladium oxide shell and a metallic core, as is illustrated in Figure 5.17a. The
outer shell is exposed to oxygen during calcination and will oxidise at elevated temperatures. This phenomenon of partial oxidation is a common effect observed in the
calcination of palladium nanoparticles.[44]
The results for the bimetallic catalysts, PdAu/TiO2 -SA, in Figure 5.10, suggest
that palladium oxide in the fresh catalyst is located closer to the core of the particle
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(a)

(b)

Figure 5.17: Illustration of the possible distribution of palladium and palladium

oxide in a) Pd/TiO2 -SA and b) PdAu/TiO2 -SA.
and metallic palladium near the surface. This is illustrated in 5.17b. Palladium oxide
often grows in a layer on top of metallic palladium, as it did for the monometallic
Pd/TiO2 -SA catalyst. However, palladium oxide can also form in domains coexisting
with metallic palladium.[45] Further study of the catalyst is needed to determine
the exact distribution of palladium oxide and palladium. One way to do that is
using high-resolution TEM. By imaging and measuring the d-lattice spacing of
the nanoparticles, one can differentiate between palladium and palladium oxide and
determine their crystal structure.[46]
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5.5

Conclusions and future work

A few conclusions can be drawn from the study of these Pd/TiO2 and PdAu/TiO2
catalysts by NAP-XPS. Calcination or heat treatment was used to increase the
particle size of the synthesised catalysts from 2-3 nm to 6 nm. Calcination of the
catalysts also led to the partial oxidation of palladium whereas the palladium remained entirely metallic when the catalyst was heat-treated in nitrogen.
Calcination of the monometallic Pd/TiO2 catalyst led to palladium oxide formation in the outer shell of the particles, with a decreasing Pd(II)/Pd(0) ratio with
increasing information depth. In these experiments, a different extent of oxidation
of palladium after calcination was observed for the bimetallic catalysts compared
to the monometallic catalysts. This suggests that the presence of gold affects the
electronic properties of palladium which could explain the synergy effects that are
observed when palladium is alloyed with gold.[8]
Previous studies showed that segregation of palladium and gold in bimetallic catalysts takes place when the materials are heated in an oxygen-rich atmosphere.[13] The segregation was thought to be driven by the desire of palladium
to form palladium oxide. However, these NAP-XPS results suggest that this segregation also takes place when a bimetallic catalyst is heat-treated in an inert
atmosphere. The nanoparticles in the PdAu/TiO2 -N2 catalyst do not have any gold
in the outer layer (1.4 nm) of the particles which suggests that there is an exterior shell of sole palladium, similar to in the PdAu/TiO2 -SA catalyst. However,
the Au4f/Pd3d ratio at higher information depth is slightly different for the two
catalysts, which implies that the heat treatment in N2 or calcination of bimetallic
catalysts does lead to a different distribution of palladium and gold in the interior
of the nanoparticles.
Gas-phase H2 O2 synthesis reaction was carried out in situ for 1 hour. The formation of water limited the signals of the photoelectrons and therefore, unfortunately,
no catalysts were studied during the reaction, but only before and after the reaction.
H2 O2 synthesis had a reducing effect on the catalysts. Complete reduction after the
reaction was observed in the case of the Pd/TiO2 -SA catalyst whereas only partial
reduction took place on the PdAu/TiO2 -SA catalyst. This indicates that the presence of gold in the catalyst influences the electronic properties of the palladium. A
gas-phase synthesis gave the possibility of studying the catalyst in situ. However, a
typical direct H2 O2 reaction is performed as a liquid phase reaction. Future work
would include research to see if this reducing effect of gas-phase H2 O2 synthesis is
also present in a liquid phase reaction. Furthermore, in this study MS was used
for the analysis of the reaction products. Future work should include quantitative
product analysis in combination with operando characterisation techniques to be
able to relate the performance of the catalysts directly to the difference in structure
and composition of catalysts.
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6
Summary

The research in the first part of this thesis aimed to develop an alternative method
for the preparation of Au/C SMSHCs that catalyse the direct acetylene hydrochlorination reaction. SMSHCs are often synthesised using complex preparation methods
such as ALD or the mass-selected soft-landing method. Wet-chemistry methods are
preferred for the preparation of SMSHCs as they can be prepared without the aid of
expensive equipment and often have the potential for scale-up. The Au/C SMSHC
that is frequently used as a ’standard’ catalyst for the acetylene hydrochlorination
reaction has been studied extensively which is reported in the literature. However, this catalyst is prepared via wet chemistry methods using aqua regia as the
impregnation solvent, which is environmentally unfriendly and challenging for scaleup. This study shows that gold, palladium, platinum and ruthenium-based carbonsupported SMSHCs with relativity high metal loading (1 wt%) can be synthesised
using a facile wet impregnation with dry acetone. These prepared catalysts were
evaluated for the acetylene hydrochlorination reaction and their productivity was
found to be linearly correlated to the standard electrode potential, as was previously
shown for carbon-supported precious metal catalysts prepared using aqua regia. The
palladium, platinum and ruthenium SMSHCs were prepared using acetylacetonatebased metal precursors. XAS and XPS studies revealed that chlorine-based ligands
replaced these acetylacetonate ligands during the acetylene hydrochlorination reaction. The catalysts remained atomically dispersed throughout the reaction. This
new preparation method, using dry acetone, has the potential to be used for the
synthesis of other carbon-supported precious-metal-based SMSHCs as well. The
gold-based SMSHC has an excellent performance in the acetylene hydrochlorination reaction and the preparation method is environmentally more-friendly than the
’standard’ catalyst that is made with aqua regia. Therefore, future work should
focus on determining if this catalyst preparation method is suitable for scale-up for
industrial application.
The two Au/C SMSHCs, one prepared with aqua regia as the impregnation
solvent and one with dry acetone, were evaluated for the oxidative homocoupling
reaction of phenylboronic acid. This is a Suzuki-type coupling reaction for the synthesis of symmetrical biaryl compounds. Both Au/C SMSHCs are comparable from
a gold-point of view as they both consist predominately of isolated cationic gold species that are well dispersed on the activated carbon support. However, the catalysts
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have different surface functionalities on the carbon which are introduced during the
impregnation step. Namely, the impregnation step with aqua regia results in an
enhanced concentration of oxygen-containing groups and carbon-chloride moieties.
This catalyst, prepared using aqua regia, was able to catalyse the homocoupling
reaction of phenylboronic acid, whereas the other catalyst, prepared using the dryacetone method, was not. The activity of the catalyst was found to be related to
the concentration of C-Cl moieties on the carbon support, a higher concentration
of C-Cl led to a higher yield of biphenyl. The role of chlorine in the reaction is
not fully understood yet, but results suggest that C-Cl is involved in the reaction
mechanism and gets consumed during the reaction. In future work, one would try
to gain a more comprehensive understanding of the role of C-Cl in the reaction.
For example, by regeneration of the C-Cl groups on the spent catalyst and surface
functionalisation with other halide groups such as bromine and iodine.
The last part of this thesis is focussed on the study of Pd/TiO2 and PdAu/TiO2
catalysts for the direct synthesis of hydrogen peroxide by NAP-XPS. These catalysts were prepared using the sol-immobilisation method and the bimetallic catalysts
were prepared as palladium and gold random alloys. Calcination or heat-treatment
in nitrogen was used to increase the particle size in the catalysts from 2-3 nm to 6
nm. In the case of the bimetallic catalysts, segregation of palladium to the outer
shell of the particle was observed as a result of the calcination or heat-treatment.
Previously it was assumed that the creation of the outer palladium shell was driven
by the formation of palladium oxide on the surface. However, the particles in the
heat-treated catalyst consist of an entirely metallic palladium outer shell. This suggests that segregation of palladium and gold takes place at elevated temperatures
irrespective of the presence of an oxidising atmosphere.
Gas-phase hydrogen peroxide synthesis had a reducing effect on the Pd/TiO2 SA catalyst, after 1 hour of reaction, complete reduction of the palladium was
observed. Only partial reduction of palladium was observed for the PdAu/TiO2 SA catalyst, which supports the idea that the presence of gold can influence the
electronic properties of palladium. Future work should include quantitative product
analysis in combination with operando characterisation techniques to be able to
relate the performance of the catalysts to differences in structure and composition.
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Appendix

A facile method for the preparation of SMSHCs
for the acetylene hydrochlorination reaction
X-ray diffractograms

Figure 1: Diffractograms of C-acetone, the carbon supported

impregnated with acetone in absence of a metal precursor, at
different temperatures by in situ XRD.
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Figure 2: Empty cell from the in situ XRD. Reflections from the sample

holder are visible in the diffractograms. The ceramic sample holder has
been broken in the past and was re-glued together which slightly altered
the height and orientation of the holder giving rise to these reflections.

Acetylene hydrochlorination reaction catalysed by Au, Pt,
Pd and Ru SMSHCs
.

(a)

(b)

(c)

(d)

Figure 3: Catalytic performance of the carbon-supported SMSHCs in

the aceylene hydrochlorination reaction. Conversion of acetylene
and VCM yield of a) the Au/C-acetone, b) the Pd/C-acetone, c)
Ru/C-acetone and d) Pt/C-acetone catalyst. Reaction was performed
at 180 ◦ C. In the case of the palladium and ruthenium catalyst the
selectivity is low which is likely cause by polymerisation of acetylene.
Fragile nanorod-like structures were observed in micrographs of these
catalysts after reaction.

EXAFS fittings
Table 1: EXAFS fitting of the fresh Au/C-acetone and the spent

Au/C-acetone catalyst after 240 minutes of reaction at 200 ◦ C
compared to the standard Au/C-AR and gold standards.[1]
Fitting parameters: k-range: 3 - 16 Å−3 , R-range 1.15 - 3 Å

Amplitude reduction factors determined from fitting of gold chloride
standards with fixed coordination numbers as determined from FEFF
calculations.
* Values fixed in fit.
Sample
Au/C-AR
Au/C-acetone fresh
Au/C-acetone spent
KAuCl4 std
Au2 O3 std

Paths
CN
R (Å)
Au-Cl 2.58(8) 2.273(4)
Au-Cl 2.31(8) 2.269(2)
Au-Cl 2.0(1) 2.267(40)
Au-Au 1.6(1) 2.877(11)
Au-Cl
4*
2.284(3)
Au-O
4*
1.99(6)

2σ 2 (Å2 )
0.0011(5)
0.0023(3)
0.0025(5)
0.008(2)
0.0011(5)
0.0028(4)

S02 
0.75
0.75
0.75
0.75
0.75
0.75

Ef (eV)
2.8(7)
8.9(4)

Rf actor
0.006
0.0059

8.1(5)

0.011

2.9(5)
7.1(7)

0.014
0.014

Table 2: EXAFS fitting of the Pd(acac)2 standard and the fresh

Pd/C-acetone catalyst.[1]
Fitting parameters: k-range: 3 - 12.5 Å−1 , R-range 1.1 - 2.5. Å

Amplitude reduction factors determined from fitting of metal
acetyleacetonate standards with fixed coordination numbers as
determined from FEFF calculations.
* Values fixed in fit.
Paths CN R (Å)
2σ 2 (Å2 ) S02 
Pd-O
4*
1.98(1) 0.0015(13)
Pd(acac)2 std
0.9
Pd-C
4*
2.94(5) 0.0085(82)
Pd-O 4.9(5) 1.98*
0.004(1)
Pd/C-acetone
0.9*

Pd-C
4.9
2.97(5) 0.019(10)
Sample

Ef (eV)

Rf actor

4(1)

0.013

5.0(6)

0.0126

Table 3: EXAFS fitting of the platinum standard and the fresh

Pt/C-acetone catalyst.[1]
Fitting parameters: k-range: 2.25 - 10 Å−1 , R-range 1.1 - 2.5. Å

Amplitude reduction factors determined from fitting of metal
acetylacetonate standards with fixed coordination numbers as
determined from FEFF calculations.
* Values fixed in fit.
†
2σ 2 set as 1st shell value x5.
Sample

Paths
CN
Pt-O
4*
Pt(acac)2 std
Pt-C
4*
Pt-C-Cl
8*
Pt-O
3.8(6)
Pt/C-acetone
Pt-C
3.8(6)♠
Pt-C-Cl
8*

R (Å)
1.98(1)
2.89(4)
3.16(13)
1.98(1)
2.98(4)
3.20(20)

2σ 2 (Å2 )
0.0010(9)
0.0019(4)
0.005(2)
0.005(1)
0.0018(44)
0.015†

S02 

Ef (eV)

Rf actor

0.75

8(2)

0.0203

0.75*

8(2)

0.0240

Table 4: EXAFS fitting of the Ru(acac)3 standard and the fresh

Ru/C-acetone catalyst.[1]
Fitting parameters: k-range: 3 - 12.5 Å−1 , R-range 1.1 - 2.5Å.
Due to large number of path lengths in Ru(acac)3 including strong
multiple scattering features it was not possible to satisfactory fit beyond
the first Ru-O shell.

Amplitude reduction factors determined from fitting of metal
acetylacetonate standards with fixed coordination numbers as
determined from FEFF calculations.
* Values fixed in fit.
Sample
Paths
Ru(acac)3 std Ru-O
Ru/C-acetone Ru-O

CN
6*
6.2(9)

R (Å)
2.01(6)
2.01(1)

2σ 2 (Å2 )
0.020(8)
0.004(1)

S02 
0.9*
0.9

Ef (eV)
1(2)
1(2)

Rf actor
0.029
0.024

Table 5: EXAFS fitting of the Au/C-acetone catalyst at various stages

of reaction.[1]
Fitting parameters: k-range: 3 - 166 Å−1 , R-range 1.15 - 3Å.
Sample
Fresh catalyst
Argon 180 ◦ C
HCl 180 ◦ C
Start reaction
240 min reaction

Paths
Au-Cl
Au-Cl
Au-Cl
Au-Cl
Au-Cl

CN
2.4(1)
2.3(2)
2.7(2)
2.6(2)
2.9(2)

R (Å)
2σ 2 (Å2 ) S02 
2.263(5) 0.0025(5) 0.75
2.267(5) 0.0021(5) 0.75
2.270(6) 0.0021(6) 0.75
2.270(5) 0.0030(6) 0.75
2.281(5) 0.00387(5) 0.75

Ef (eV)
6.2(7)
8.1(8)
8.7(9)
7.8(7)
8.1(7)

Rf actor
0.0141
0.0182
0.0332
0.0228
0.0197

Table 6: EXAFS 1st shell fitting of the Pd/C-acetone catalysts at various

stages of reaction.[1] Fitting under reaction conditions was done with
2 models, (1) Pd-Cl only and (2) Pd-Cl and Pd-O. Light grey
background of the sample cell indicates that the fit was considered
unviable due to high coordination numbers, large changes in Ef (eV) and
unrealistic lengthening of Pd-O path lenghts.
Fitting parameters: k-range: 3 - 166 Å−1 , R-range 1.15 - 3Å.
Sample
Fresh catalyst
Argon 180 ◦ C
Start reaction (fit 1)
Start reaction (fit 2)
240 min (fit1)
240 min (fit 2)
PdCl2 standard

Paths
Pd-O
Pd-O
Pd-Cl
Pd-O
Pd-Cl
Pd-Cl
Pd-O
Pd-Cl
Pd-Cl

CN
R (Å)
2σ 2 (Å2 ) S02 
5.4(6)
1.98(1)
0.05(2)
0.9
4.4(7)
1.98(1) 0.0022(16) 0.9
3.6(4)
2.30(1)
0.007(1)
0.9
3.7(1.2) 2.15(4)
0.010(5)
0.9
2.3(9)
2.35(2)
0.007(4)
3.5(3)
2.31(1)
0.008(1)
0.9
3.8(9)
2.17(4)
0.010(4)
0.9
2.4(8)
2.35(1))
0.009(4)
4*
2.131(8) 0.0031(6)
0.9

Ef (eV)
4(1)
3(2)
1(1)

Rf actor
0.021
0.029
0.017

12(3)

0.009

0(1)

0.016

11(2)

0.0047

4(1)

0.0135

Table 7: EXAFS 1st shell fitting of the Pt/C-acetone catalysts at various

stages of reaction.[1] Fitting under reaction condition was done with 2
models, (1) Pt-Cl only and (2) Pt-Cl and Pt-O. The catalyst after 240
min reaction time could not be fitted with a valid Pt-O pathlength (So2
values found to be negative). * fixed parameters
Fitting parameters: k-range: 2.25 - 10 Å−1 , R-range 1.1 - 2.5Å.
Sample
Fresh catalyst
Argon 180 ◦ C
Start reaction (fit 1)
Start reaction (fit 2)
240 min (fit1)
PtCl4 standard

Paths
CN
R (Å)
Pt-O
4.1(5) 1.98(2)
Pt-O
4.2(3) 1.99(1)
Pt-Cl 4.6(7) 2.27(2)
Pt-O
1.0(3)
1.99*
Pt-Cl 3.1(3)* 2.30(1)
Pt-Cl 3.5(3) 2.32(7)
Pt-Cl
4*
2.28(1)

2σ 2 (Å2 )
0.001*
0.002*
0.010(2)
0.002*
0.006*
0.003(3)
0.003(1)

S02 
0.75
0.75
0.75
.75
0

Ef (eV)
8(3)
7(2)
1(1)

Rf actor
0.029
0.016
0.015

4(1)

0.009

0.75
0.75

8(3)
2(2)

0.035
0.014

Table 8: EXAFS 1st shell fitting of the Ru/C-acetone catalysts at

various stages of reaction.[1] Fitting under reaction condition was
done with 2 models, (1) Ru-Cl only and (2) Ru-Cl and Ru-O. Light grey
background of the sample cell indicates that the fit was considered
unviable duo to high coordination numbers, large changes in Ef (eV) and
unrealistic lengthening of Ru-O path lengths.
* fixed parameters
Fitting parameters: k-range: 3 - 12.5 Å−1 , R-range 1 - 2.5Å.
Sample
Fresh catalyst
Argon 180 ◦ C
Start reaction (fit 1)
Start reaction (fit 2)
240 min (fit1)
240 min (fit 2)
RuCl3 standard

Paths
CN
Ru-O
6.2(9)
Ru-O
5.9(8)
Ru-Cl
4.1(5)
Ru-O
1.0*
Ru-Cl 2.3(6)
Ru-Cl 3.8(1.0)
Ru-O
1.0*
Ru-Cl 3.6(3.3)
Ru-Cl
6*

R (Å)
2σ 2 (Å2 ) S02 
2.01(1)
0.0022(15)
0.9
2.02(1)
0.0044(16)
0.9
2.38(1)
0.0078(18)
0.9
2.12(4)
0.004*
0.9
2.40(2) 0.0061(123)
2.42(3)
0.003(3)
0.9
2.22(25)
0.004*
0.9
2.43(5)
0.007(94)
2.355(7)
0.0034(5)
0.9

Ef (eV)
1(2)
2(2)
2(1)

Rf actor
0.024
0.022
0.019

5(2)

0.023

4(3)

0.129

7(5)

0.103

2(1)

0.014

XPS spectra of the catalysts after reaction

(a)

(b)

(c)

Figure 4: XPS spectra of the palladium, platinum and ruthernium

SMSHCs after 240 minutes of reaction. a) Pd3d5/2 XPS region of
Pd/C-acetone, b) Pt4f7/2 XPS region of Pt/C-acetone and c) Ru3d5/2
XPS region of Ru/C-acetone.

The influence of surface functionalities on Au/C
catalyst on their performance in the Suzuki type
homocoupling reaction of phenylboronic acid.
Catalytic tests

Figure 5: Mass-transfer limitation test of various amounts of 1wt%

Au/C-AR.

Figure 6: Reduction of homogeneous HAuCl4 after 240 min of reaction.

At the start of the reaction the solution would be yellow, which would
turn purple after a few seconds. The purple colour is gone at the end of
the reaction and instead there are black solid particles present at the
bottom of the flask.

XRD

Figure 7: X-ray diffractogram of the Au/C-AR catalyst after 1 hour of

stirring (800 rpm) at room temperature in methanol.

Figure 8: X-ray diffractogram of the Au/C-AR catalyst that is heat treated at

250◦ C for 3 hours under a nitrogen flow.

Figure 9: X-ray diffractogram of the fresh Au/C-HCl catalyst. The

particle size (25 nm) was determined using the Scherrer equation.

XPS

(a)

(b)

(c)

(d)

(e)

(f )

Figure 10: O1s and Cl2p XPS region of a,b) untreated carbon support, c,d)

the fresh Au/C-acetone catalyst and e,f) the fresh Au/C-AR catalyst.

Pd and PdAu titania supported catalysts for the
direct synthesis of hydrogen peroxide studied by
NAP-XPS
Au4f region of the PdAu/TiO2 -SA catalyst

(a)

(b)

(c)

(d)

Figure 11: The Au4f region of the PdAu/TiO2 -SA catalyst after 1 hour

gas phase hydrogen peroxide synthesis, recorded under an
helium atmosphere (0.5 mbar). Spectra are recorded using several
excitation energies for depth analysis studies namely, a) 684 eV, b) 584
eV, c) 384 eV and d) 284 eV.

Au4f region of the PdAu/TiO2 -N2 catalyst

(a)

(b)

(c)

(d)

Figure 12: The Au4f region of the fresh PdAu/TiO2 -N2 catalyst

recorded under an helium atmosphere (0.5 mbar). Spectra are
recorded using several excitation energies for depth analysis studies
namely, a) 684 eV, b) 584 eV, c) 384 eV and d) 284 eV.

(a)

(b)

(c)

(d)

Figure 13: The Au4f region of the PdAu/TiO2 -N2 catalyst after 1 hour

gas phase hydrogen peroxide synthesis, recorded under an
helium atmosphere (0.5 mbar). Spectra are recorded using several
excitation energies for depth analysis studies namely, a) 684 eV, b) 584
eV, c) 384 eV and d) 284 eV.
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