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Abstract 
 

A brief overview of this PhD thesis, 

The emergence of nanotechnology has stimulated both fundamental and industrially relevant 

studies of the catalytic activity of noble metal nanoparticles. Palladium, ruthenium and gold 

are well known catalysts when used in nanoparticle-based systems. This body of work 

endeavoured to investigate the catalytic activity of these noble metal nanoparticles through 

three studies as a briefly overviewed below.  

Study 1  

Palladium is a well-known catalyst, even in bulk phases, but its high cost had driven industry 

towards its use in nanoparticle-based systems well before nanotechnology had attracted the 

attention of the media. Palladium nanoparticles often show remarkable catalytic activity and 

selectivity, particularly for the hydrogenation of some unsaturated hydrocarbons, such as 

alkenes, alkynes and unsaturated carbonyl compounds. The nature of supports can affect the 

catalytic activity and selectivity of metal-support interaction. Natural polymeric supports, 

such as wool, can be suitable for new generation of composite materials incorporating 

nanosized metal nanoparticles and have the added advantage of being “environmentally 

friendly”.  

Catalytic hydrogenation of cyclohexene to cyclohexane by palladium nanoparticles 

immobilized on wool was demonstrated by using a Parr high pressure hydrogenation set-up. 

The efficiency of the process was explored over loading rates from 1.6% to 2.6% of 

palladium nanoparticles (by weight) with a variety of particle sizes. Optimization of the 

reaction conditions including, stirring rate, amounts of reactants, gas pressure and target 

temperature, led to series of catalytic activity tests carried out for 5 or 24 hours (each) at 400 
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psi H2 and 40 
o
C using a stirring rate 750 rpm. Product mixtures were analysed using gas 

chromatography (GC-FID) to determine conversions. Samples S1 and S2 proved to be the 

most active catalysts because the average Pd particle size was around  ~5 nm and the particles 

were more accessible for the reactant (i.e. Pd particles were on the surface of wool). 

However, under the catalytic testing conditions studied, wool (Pd/wool) did not show 

advantages over commercially used palladium nanoparticles on activated carbon (Pd/C). 

Study 2 

Ruthenium fabricated as noble metal nanoparticles can be catalytically active for 

hydrogenation of organic compounds. However, a challenging issue for researchers is that Ru 

nanocatalysts can be spontaneously deactivated due to effects, such as sintering or leaching of 

active components, oxidation of noble metal nanoparticles, inactive metal or metal oxide 

deposition and impurities in solvents and reagents. Calcination of noble metal nanoparticles 

is one option for reactivation of Ru nanoparticles immobilized on SiO2 (Ru/SiO2) utilized as 

nanocatalysts in chemical reactions. In fact, the catalytic activity of noble metal nanoparticles 

is known to be proportional to the active part of the surface area. The effects of calcinations 

on catalytic activity of “shape- specific” 0.1 wt% Ru/SiO2 for hydrogenation of cyclohexene 

to cyclohexane were investigated. Optimization of calcinations by varying temperature and 

time proved to be effective on the activity of nanocatalysts retaining the Ru nanocatalysts 

shapes for the hydrogenation of cyclohexene. Product mixtures were analysed using gas 

chromatography (GC-FID) to determine conversions. The Ru catalysts showed the highest 

activity (100%) when they were activated by calcination following protocol No.1 in a furnace 

under the mildest reductive conditions studied (temperature = 200 
o
C for 1 hour, which was 

the shortest calcination time). HRTEM study showed only minor deformation of the Ru 

nanoparticles and minimal aggregation for this type of activation. 
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Study 3 

Supported gold nanoparticles have excited much interest owing to their unusual and 

somewhat unexpected catalytic activity particularly with the selective oxidation of organic 

compounds. Gold nanoparticles immobilized on Norit activated carbon (Au101/C) via 

colloidal deposition gave high selectivity of benzyl alcohol oxidation. The presence of a base 

(K2CO3) increased the catalytic activity of gold nanocatalysts (which was negligible in the 

absence of base) through dehydrogenation of the alcohol via deprotonation of a primary OH 

groups, and helped overcome the rate-limitation step of the oxidation process. The interaction 

between the gold species and the support was investigated by measuring change in catalytic 

activity with different activation methods (i.e., washing with a solvent at elevated 

temperature, and/or followed by calcinations). A mixture of benzyl alcohol as a reactant, 

methanol as a solvent, K2CO3 as a base and oxygen gas was studied by the activated gold 

nanocatalysts using a mini reactor set-up. The efficiency of the process was explored by 

varying the amounts of benzyl alcohol and the base, target temperature, metal loading of the 

gold catalysts rate and the solvent, between 3 and 24 hours at 73 psi O2 and a stirring rate 

(750 rpm). The samples of the reaction mixture were centrifuged and analysed by high-

performance liquid chromatography (HPLC) to determine conversions.  

The effect of size on the catalytic activity was studied for different types of gold particles 

(Au101, Aunaked and Aucitrate) and clusters (Au8 and Au9) immobilized on powder Norit 

activated carbon. The highest activity of benzyl alcohol oxidation was observed for activated 

1.0 wt% Au101/C catalysts (washed with toluene and followed by calcination under vacuum at 

100 
o
C for 3 h) for ~3.5 nm gold particles. Additionally, the support effect was studied for 

gold particles immobilized on different types of carbons, such as Norit activated carbon 

(powder, granular and powdered) and mesoporous carbons (CMK-3, CMK-8 and NCCR-41), 

granular modified carbon (–SH and –SO3H groups) and Vulcan carbon. The highest activity 
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was observed by activated 1.0 wt% Au101/C8 catalysts (washed with toluene and followed by 

calcination under vacuum at 100 
o
C for 3 h). Activated 1% Au101/C41 (washed with toluene 

followed by calcination under vacuum at 100 
o
C for 3 hours) with 2.6 ± 0.1 nm gold particle 

size showed the highest selectivity towards methyl benzoate as a main product (S%: 88%) 

after 3 hours reaction time. However, activated 1% Au101/C (calcination in O2 -H2 at 100 
o
C 

for 3 hours) with 6.6 ± 0.3 nm gold particle size exhibited the highest selectivity towards 

benzoic acid as a main product (S: 86%) after 24 hours reaction time.Therefore, particle size 

and type of carbon support can be considered as playing crucial roles in defining the catalytic 

activity of gold nanocatalysts which were used for benzyl alcohol oxidation. 
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1.1 Introduction 

The term “catalysis” was first used in the early 19th century by Davy,
1
 who, along with 

Berzelius
2
 and Faraday,

3
 pioneered the first experimental observations and understandings of 

the crucial role of catalytic materials in chemical reactions. However, the first valid modern 

definition of “catalysis” was given in the early 20th century by Friedrich Wilhelm Ostwald 

(the Nobel Prize Winner of Chemistry in 1909).
4
 Catalysis is the enhancement of the rate of a 

chemical reaction due to the participation of a substance called a catalyst. Unlike other 

participants in the chemical reaction; a catalyst is not itself consumed by the reaction. The 

reaction can proceed without the catalyst, but at a slower rate (see Figure 1.1).  

 

Figure 0.1: Comparison of the reaction pathways of reaction between reactants 1 and 2. The black 

curve shows the un- catalysed pathway with activation energy EA (un- catalysed); the red curve is the 

pathway for the catalysed reaction with activation energy EA (catalysed). ∆H is the overall enthalpy 

change and is independent of the reaction path. Reproduced from Kilmartin.
5
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There are three general types of catalysts; heterogeneous, homogeneous and enzymes. The 

last of these are biological catalysts and will not be considered further in this part.  

Heterogeneous and homogeneous catalytic systems have both advantages and shortcomings. 

Homogeneous catalysts are mixed in the same phase as the reactants, generally a solution or 

gas, and often show higher activity than heterogeneous catalysts. However, they require 

separation as a final part of the. A heterogeneous catalyst is in a different phase from the 

reactants, usually solid with the substrates in either gas or liquid phases. Heterogeneous 

catalysts have the advantage of a simpler of recovery process, but often suffer from relatively 

low activity. There are two main sub-types of heterogeneous catalysts: bulk catalysts and 

supported catalysts.
5-6

 It is supported heterogeneous catalysts that are of interest in this thesis. 

A recent study of the economic contributions of catalysis noted that “one-third of material 

gross national product in the U.S. involves a catalytic process somewhere in the production 

chain”.
7
 Chlorine-free refrigerants, high-strength polymers, stain-resistant fibers, cancer-

treatment drugs and many thousands of other products used by modern societies would not be 

possible without the existence of catalysts. These critical materials mediate the pathways by 

which chemical reactions occur, enabling the highly selective formation of desired products 

at rates that are commercially viable.  

The development of industrial heterogeneous catalysts shows a trend towards small particle 

sizes, with the use of small nanoparticles common place in various applications for many 

years. Nanotechnology is an area of research aimed at the design, fabrication and application 

of functional structures of substances in the range between 1 and 100 nanometers (see Figure 

1.2).
8
 Nanomaterials fall into that intermediate state of matter between the molecular and the 

bulk and are of interest and utility because they can have significantly different properties 

from both bulk materials molecules. 

http://en.wikipedia.org/wiki/Reactants
http://en.wikipedia.org/wiki/Reactants
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Figure 0.2: Nanomaterials and their scopes; the divided metals between single atom and bulk metal. 

See the text for more information (1 °A= 0.1 nm). Reproduced from Johnson.
9
 

The physical and chemical properties of a material like gold can undergo remarkable 

transitions as the size of the material decreases and enters the nanosized domain.
10

 

Fabrication and application of nanostructured materials is an exciting area of research.
8 

Recent advances in nanoscience have already contributed to scientific progress in many 

disciplines, such as physics, biology, medicine, engineering and chemistry. It has been 

proposed that nanostructures had a role on the origin of life.
8
  

Nanostructure classification is based on the number of dimensions in the nanoscale domain as 

follow:
11

  

I. one confined nanodimension gives nanolayers and nanofilms 

II. two confined nanodimensions give nanotubes and nanofilaments 

III. three confined nanodimensions give nanopores and nanoparticles.  

Noble metal nanoparticles, are currently of considerable practical and theoretical interest 

because they frequently display unusual physical (i.e., structural, electronic, magnetic and 

optical) and chemical (i.e., catalytic) properties.
12,13

 Nanoparticles made of various materials 

have been found to catalyze many chemical transformations in organic synthesis, pollutant 
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removal and energy production; and intense efforts are being made to characterize the 

structures and catalytic properties of such nanoparticles catalysts.
14

  

Nanoscale, catalytically active noble metal particles/clusters supported on high surface area 

supports are one of the most important classes of heterogeneous catalysts.The catalytic 

activity of supported noble metal nanoparticles depends on the metal, particle size, particle 

shape, support, preparation method, type of reaction and catalyst activation. These areas will 

be briefly discussed in the following sections to provide further rationale for the studies 

undertaken in this thesis.  

1.1.1 Type of noble metal nanoparticles  

Noble metal nanoparticles have been attracted in scientific research and industrial 

applications due to their large surface-to-volume ratios and quantum size effects.
15

 Catalytic 

properties of metal nanoparticles have been explored since the pioneering studies of Rampino 

and Nord in the early 1940s.
16

 Design and fabrication of nanoparticles from noble metals 

such as palladium, ruthenium and gold are appealing because such nanostructured noble 

metals have shown unique catalytic behavior.
17

 Ruthenium fabricated as nanoparticles has 

been shown to be catalytically active for hydrogenation of organic compounds.
18

 Palladium 

nanoparticles have also been extensively studied for their remarkable catalytic properties. 

Additionally, metal nanoparticles have been recognized as a highly active and selective 

catalyst, particularly for the hydrogenation of some unsaturated hydrocarbons.
19

 Overall, 

noble metal nanoparticles have created substantial interest because these metal particles are 

cost- effective particularly for industrial applications.  

Gold used to be viewed as a poor catalyst is due to its small chemisorption ability compared 

to the platinum group metals. It has been often considered to be amongst the most inert 
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metals and its remarkable catalytic properties were not recognized until recently.
20,15a 

 The 

catalytic properties of nanogold were discovered in the 1970s,
21

 but it did not raise much 

attention until Haruta and co-workers utilized it as a catalyst for CO oxidation late 1980s.
15a

 

The discovery of the catalytic efficiency of nanoparticulate gold led to a major motivation for 

new research in this field.
22

 Gold nanoparticles have become important in catalyst 

applications owing to their unique physical and chemical properties. They are active catalysts 

for a number of important chemical reactions, including oxidation and hydrogenation of 

organic compounds.
23

 Supported gold nanoparticles have excited much interest owing to their 

unusual and somewhat unexpected catalytic activity, particularly in the selective oxidation of 

organic compounds.
24

 Haruta et al. argued that supported gold nanoparticles can be used at 

low temperature for aerobic oxidation of carbon monoxide.
25

  

A major limitation in the synthesis of supported gold nanoparticles is the lack of control over 

the size of the particles. One approach towards this problem is to use nanoclusters as catalyst 

precursors.
26

 Nanoclusters fall into a category between molecules and small mono-disperse 

nanoparticles. Nanoclusters are ensembles of bound atoms or molecules with intermediate 

size (˂ 2 nm) between molecules and a bulk solid (see Figure 1.3).
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Figure 0.3: Particles and clusters based on catalysts. See the text for more information. Reproduced 

from
 
Comotti.

27 
 

Water-soluble gold nanoclusters have been used as electron-dense biological labels in 

electron microscopy studies of proteins.
28

 More recently, it has been found that gold 

nanoclusters can oxidize CO to CO2 under low temperature conditions.
26

 

Gold clusters can generally be classed into two different types: those that are protected by 

phosphine ligands and those that are protected by thiols or other ligands.
29

 Gold phosphine 

complexes are known as a wide range of particle complexes, such as Au8(PPh3)8(NO3)2  

(abbreviated here as Au8) and Au9 (PPh3)8(NO3)3  (abbreviated here as Au9) (see Figure 1.4) 

which are active catalysts for organic compound oxidation.
30

 One of the most widely studied 

clusters is Au9. Wen et al. synthesized gold nanoclusters using PPh3Au(NO3) and NaBH4  

(eq. 1.1).
31

 The small nanoclusters were especially active for low temperature CO oxidation 

to CO2.
30a

 

Au
8
 Au

9
 Au

101
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PPh3Au(NO3) + NaBH4 → [Au9(PPh3)8](NO3)3       (eq. 1.1) 

 

Figure 0.4: Crystal structures of right column: Au8 nanoclusters (Au8 (PPh3)8(NO3)2) & left column: 

Au9 nanoclusters (Au9 (PPh3)8(NO3)3). The atomic colour scheme is gold (Au), orange (P) and black 

(C). Rreproduced from Anderson et al.
32 

Iwasawa et al. demonstrated the use of gold-phosphine precursors to generate supported gold 

nanoparticles for low-temperature CO oxidation.
33

 Turner and co-workers did the same using 

small gold nanoparticles (Au55) to generate an active oxidation catalyst.
34

 Schmid et al. 

synthesized clusters that they claimed as to be first well-defined ligand-stabilized gold 

nanoparticles. They formulated these as Au55 (PPh3)12Cl6, (see Figure 1.5) which they 

abbreviated as Au55.
35

 However, in a report of an improved synthesis by Hutchison et al. (eq. 

1.2 – 1.3) these nanoparticles were described as Au101(PPh3)21Cl5, abbreviated as Au101, 

which is now understood to be the correct structure.
36

  

H2O + HAuCl4 + 2PPh3 → [AuClPPh3] + O=PPh3 + 3HCl                    (eq. 1.2) 

[AuClPPh3] + NaBH4 → Au101 (PPh3)21Cl5 + PPh3 + NaCl + 3HCl       (eq. 1.3)  
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Figure 0.5: The reported structure of Au55 nanoparticles (formulated as Au55 (PPh3)12Cl6). Reproduced 

from Schmid et al.
29a, 37

  

1.1.2 Size effects of nanoparticles 

Catalyst performance can be sensitive to particle size because the surface structure and 

electronic properties can change greatly in the nanoscale size range.
7
 When the average 

particle size becomes smaller, the surface to volume ratio of the system increases (see Figure 

1.6). Increasing the surface area leads to more of the metal atoms occupying positions close 

to the surface of the particle; thus more reaction sites are provided for a given total volume of 

catalytic material.
38

 In addition, reducing the particle size leads to an increased proportion of 

under coordinated surface atoms with fewer inter-atomic bonds.
39

 This causes the particle’s 

constituent atoms to behave more as individual atoms rather than as parts of a metallic bulk.
40
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Figure 0.6: Surface to volume ratio as a function of particle size assuming a sphere (A/V= 3/r). The 

dimensions are arbitrary units.
41

  

The majority of heterogeneous supported nanoparticle catalysts are high surface area solids 

onto which an active component is dispersed in the form of very small particles sizes. 

Reducing the individual particle size to nanometres, the total surface area available for a 

given volume (and cost) of metals catalysts are maximised. This reduction in size of the 

metallic particles is largely driven by economic motives, as catalysts are often made up of 

precious metals (i.e., platinum, palladium etc.). 

Much of the literature on noble metal nanoparticles exemplifies the impact of size on 

catalytic activity.
42

 Studies of the catalytic activity of gold dispersed as small particles,
43

 with 

dimensions from 1 to 20 nm,
7, 44,45

 show that catalytic activity increases with decreasing size, 

in line with studies using solid-supported gold catalysts.
46

 Larger gold particles (500 to 800 

nm) are inactive for similar reactions.
47

 Consequently, a correlation can be drawn between 

catalytic activity and average particle size when comparing the catalytic activity within the 

same type of gold catalyst.
46,48

 This does not mean, however,  that it can be predicted whether 

one type of catalyst is more active than another type based solely differences of their in 

particle sizes.
49
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1.1.3 Shape effects of nanoparticles 

Noble metal nanoparticles are usually defined as materials with two or three dimensions 

below 100 nm.
30b, 50

 In the last decade, shape control of noble metal nanoparticles attracted 

significant interest among synthetic chemists.
26,51  

Recent investigations have exhibited how 

the shape of nanoparticles and the resulting arrangement of atoms on their surface can affect 

their catalytic activity.
52

 To explain these effects, different models have been proposed. 

Irving Langmuir (the Chemistry Noble Prize Winner in 1932) established a simple model of 

the catalytic activity of materials.
4
 This model depends on the particular facet exposed (e.g., 

(111) vs.(100) ).
53

 This is because “The atoms in the surface of crystal must tend to arrange 

themselves so that the total energy will be  minimum”.
53

 Later, Gerhard Ertl (the Chemistry 

Noble Prize Winner in 2007) introduced a modified model in terms of single crystal 

surfaces.
53-54

 Single crystal metal surfaces are useful models by which to rationalize the role 

of surface defects and the mobility of reaction components in determining the activity and 

selectivity of a catalytic process.
55

 In Ertl’s model, surface defects and surface restructuring 

in the presence of reagents an intermediates play crucial roles.
53

 

 Ertl’s model has provided convincing explications of the catalytic mechanisms in processes, 

such as ammonia synthesis, hydrogenation of ethylene to ethane, and carbon monoxide 

oxidation.
56

 However, there is a big difference between a single crystal and a real-life 

nanostructured catalyst. Single-crystal models inherently lack the complexity need to uncover 

many of the factors important for catalytic turnover and selectivity.
56

 Research on the 

catalytic activity of “spherical” nanoparticles has focused on size and composition effects, 

and has provided great deal of information that interrelate many properties, size, surface area, 

the percentage of surface atoms, defect types and densities to catalytic activity and 

selectivity.  But there has been a lack of control over which facets are exposed in the 

nanostructured catalysts. The next step in extending the earlier models and knowledge about 
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catalytic mechanisms to nanoparticulate systems is to conduct studies using particles of 

controlled shape and size. 

1.1.4 Roles of support 

Immobilization of noble metal nanoparticles on a support plays a key role in defining 

catalytic activity and selectivity. Although noble metal nanoparticles can be used as 

homogeneous catalysts suspended in solvent,
57

 it can lead to severe problems. Firstly, post-

reaction separation of products from the nanoparticles (for recycling) may be very difficult. 

In addition, nanoparticles suspended in a solvent often exhibit poor long-term stability due to 

particle agglomeration.
58

 Prevention of agglomeration for long periods can be achieved by 

coordination to ligands or anionic species, or by firm attachment of nanoparticles to a solid 

support surface.
58-59

 For example, in the oxidation of CO using either pure gold nanoparticles 

or pure TiO2 at 227 
o
C, no catalytic activity was observed. However, gold nanoparticles 

immobilized on TiO2 displayed a reasonable catalytic performance at just 25 °C, clearly 

indicating the significant role of the support.
60

   

In addition to preventing the aggregation of particles, the support can more directly affect 

catalytic activity via particle-support interactions.
61

 As a consequence, the selection of the 

support material can critically affect catalytic activity even for the same reaction.
62

 A recent 

remarkable finding in heterogeneous catalysis has shown different catalytic activity of gold 

nanoparticles dispersed on different types of support (e.g., CeO2, TiO2, SiO2 and C).
63 

A 

particular exemplar for supported gold nanoparticles relates to different activity and 

selectivity for catalytic alcohol oxidation depending on the support.
64 

Support materials for metal nanoparticles are described as being either reducible (e.g., TiO2) 

or irreducible (e.g., SiO2 and carbon) based on the nature of the interaction between the 
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support and the nanoparticles.
63c

 For reducible supports, a strong interaction between the 

support and the nanoparticles limits accessibility of reactants to the active sites of the 

nanoparticles. In contrast, irreducible supports are relatively inert towards interactions with 

the metal particles.
65

 The catalytic activity of inert supports seems to depend critically on the 

diameter of the nanoparticles, and only extremely small particles (≤ 3 nm) yield highly active 

catalytic systems.
20

 There is a great deal of interest in using inert supports, such as SiO2 and 

carbon;
66

 firstly, because the shapes and morphologies of the nanoparticles are preserved 

during immobilization, and secondly, because the catalytic activity of the  nanoparticles will 

be less strongly influenced by the weaker interaction that occur with this type of support.
6
  

1.1.5 Catalysts preparation method 

The morphologies of noble metal nanoparticles can be influenced by the catalyst preparation 

method.
65

 Conversely, the preparation method can influence the catalytic activity and 

selectivity of the metal nanoparticles.
65, 67

 For the preparation of highly dispersed noble metal 

nanoparticles on supports, several methods have been developed to obtain systems with high 

performance. The more common methods are listed in the following sections. 

1.1.5.1 Colloidal deposition 

The immobilization of a colloidal suspension involves deposition of pre-synthesized noble 

metal nanoparticles onto a support with consequent control of their mean size, size 

distribution and shape.
6, 68

 This method involves a solid support being dipped into a colloidal 

dispersion of the particles, which become deposited onto the support surface with little 

change in the size of the metal particles. Parameters, such as the nature and concentration of 

the stabilizer-ligands, the stabilizer-ligands/gold ratio, and the nature of support, can be 

controlled.
69

 A distinct advantage of this method is that it affords the possibility of tuning the 
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particle size with a high degree of mono-dispersity, something that is difficult to achieve with 

other approaches.
70

 

Cluster deposition also can be considered as a colloidal method in which the pre-synthesised 

nanoclusters have no size variation – i.e., the particles are perfectly mono-dispersed.
71

 It has 

been used for immobilizing pre-synthesized Au8 and Au9 clusters on SiO2.
72

 

1.1.5.2 Impregnation 

Impregnation is the simplest immobilization method.  Metal nanoparticles or, more usually, a 

precursor, such as HAuCl4 is dissolved in an organic solvent and stirred with a support until 

the solvent evaporates.
73-78

 This method cannot be generally used for catalyst preparation 

because it usually leads to large gold particles (bigger than 10 nm). In the case of HAuCl4, it 

has been suggested that the large particles form because Cl
-
 facilitates gold mobility and hence 

agglomeration during heating because this can also inhibit catalyst reactions. The Cl
-
 can be 

removed through reduction with hydrogen or washing.
74

  

1.1.5.3 Co – precipitation 

Whereas impregnation deposits the active precursor on to a pre-formed support, co-

precipitation involves the simultaneous precipitation of both the support and the active phase 

from of a precursor solution by adjustment of the solutions pH;
75

 for example, sodium 

carbonate added to an aqueous solution containing HAuCl4 and the nitrate of the metal. This 

method results a dispersion of metal particles throughout the support. This method usually 

leads to high gold dispersions with small particles size (< 10 nm) to oxide surface area of the 

support.
59d

 Despite the benefits of this method, it has been used only for certain metal oxides, 

such as TiO2, Fe2O3 and ZnO.
76

 Nanoscaled gold on iron oxide is one of the most studied 

catalysts prepared by this method, because of the many possible structures that the support 

can adopt.
77

 



44 
 

1.1.5.4 Deposition – precipitation 

Deposition– precipitation (DP) is one of the most widely used methods for preparation of 

gold-based catalysts
78

 because it produces very small gold particles.
79

 It is a process whereby 

hydroxides or hydrated oxides are deposited onto the surface of the support as a result of 

gradually raising the pH of the solution in which the support is suspended. The precipitation 

may be nucleated by the support surface, and, when properly performed, the entire amount of 

the active- phase material may attach to the support.
80

 The pH may be adjusting by adding 

Na2CO3/NaOH to the precursor solution with final addition of the support, or by slowly 

increasing the pH of the solution in the presence of the support.
81

  

1.1.5.5 Chemical vapour deposition 

In chemical vapour deposition (CVD), a volatile gold precursor compound (i.e., gold 

nanoparticles suspensions or gold precursors) reacts is deposited from the vapour phase on to 

the surface of a support where it decomposes to form metallic particles or a coherent film.
82

 

When particles are formed they generally have a broad size distribution.
69a

 CVD is one of the 

most successful methods for obtaining small gold particles on metal oxide supports, such as 

silica, with the further advantage of absence of chloride ions.
82b

 

1.1.5.6 Co – sputtering 

This method can be used to produce catalytically active gold films and requires magnetron 

sputtering equipment.
83

 This process requires an atmosphere containing oxygen in which a 

gold plate and a metal oxide target like Co3O4 are sputter deposited simultaneously onto a 

substrate to form a thin film, which is then annealed in air.
5
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1.1.6 Type of reaction      

Supported metal nanoparticles can be highly active catalysts for many reactions, especially 

involving hydrogenation and/or oxidation of organic compounds. This section aims to 

illustrate some of these reactions.    

1.1.6.1 Oxidation 

It has been generally reported that palladium and platinum nanoparticles are effective 

catalysts for oxidising organic compounds but that they do not offer good selectivity with 

complex substrates.
84

 Gold has been recently found to be more active and, particularly, more 

selective for reactions such as CO oxidation at room temperature.
78

 Abed et al. discovered 

that supported gold nanoparticles can oxidise alcohols to aldehydes and ketones and further, 

converting the aldehydes to acids under mild conditions.
85

 The reactant conversions (~99%) 

proved to be higher than any reported for palladium catalyst for the same process.
85

 

Cyclohexane can be catalytically convert to nylon-6 or/and nylon-6, 6 by using palladium but 

only with very low activity (C% = ~ 4%). However, supported gold nanoparticles exhibited 

high activity (C% = ~ 90%) and selectivity for the same reaction process.
86

 

Oxidation reactions are of enormous industrial importance, especially in the synthesis of fine 

chemicals. One of the most highly researched areas of gold catalysis during the past two 

decades has been that of carbon monoxide oxidation.
58, 87

 In the 1980s Haruta and Goodman 

found that that if the particles of gold were small enough, conversion of carbon monoxide to 

carbon dioxide proceeds, even at temperatures well below 0 
o
C.

30b, 42a
 The discovery of the 

remarkable catalytic effectiveness of gold for selective oxidation of hydrocarbons was a 

surprise comparable with its ability in CO oxidation at low temperature.
15a

 It was first 

demonstrated in 1998 when supported gold nanoparticles were used to oxidise propene to 

propene oxide by Haruta et al.
88

 Overall, gold is an incredibly active catalyst in the oxidation 
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of both unsaturated and saturated hydrocarbons, such as alkenes, alkanes, aldehydes, poloyls 

and alcohols.
17a, 17c, 17d, 89

  

1.1.6.2 Hydrogenation 

Over the last two decades, the uses of platinum, ruthenium and palladium nanoparticles has 

burgeoned and they have become established as active and selective catalysts for a large 

number of reactions.
18a, 73, 90

 Platinum group metals, particularly palladium and platinum 

itself, have been extensively studied as key components of many highly active and selective 

catalysts particularly for hydrogenation of unsaturated hydrocarbons.
19-20, 91

 Studies of 

palladium have been particularly extensive.
20, 73, 92

 As an example, Ma et al. utilized 

palladium nanoparticles dispersed in polyethylene glycols (PEGs) as a catalyst for 

hydrogenation of olefins. The results showed that hydrogenation occurred entirely and 

exclusively (C% and  S% = ~100%) on the double-bond carbons.
91

 

Recently, ruthenium nanoparticles have been shown to be catalytically active and selective 

for hydrogenation of organic compounds.
18a, 18c, 18d

 As an example, ruthenium nanocatalysts 

immobilized on supports, such as TiO2 or SiO2 have been reported as highly active (C% = 

98.5%) and selective catalyst for hydrogenation of 3-hydroxypropanal to 1, 3-propanediol at 

200 
o
C over 24 hours.

93
  

The use of gold metal nanoparticles for hydrogenation of cyclohexene was the starting point 

of research investigating gold as a hydrogenation catalyst. In the 1970s, it was reported that 

both gold foil and gold powder catalyse the convers of cyclohexene was to cyclohexane and 

benzene at high temperatures. Bond and Sermon reported some interesting results on the 

hydrogenation of alkenes and alkynes over gold nanoparticles immobilized on silica 

(Au/SiO2).
94

 Later, Hutchings et al. utilized supported gold particles for α,β – unsaturated 

aldehydes hydrogenation.
95
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1.1.7 Catalyst activation  

Catalyst activation is an established method for preparing highly dispersed supported metal 

nanoparticles. The catalyst activation helps to determine both the physical and chemical 

nature of the active species and plays an important role in controlling the activity, as well as 

the selectivity, of the catalyst.  

Recent advances in nanoscience have led to the development of numerous methodologies for 

controlled synthesis of mono dispersed nanoparticles via surface stabilization by organic 

capping ligands.
96

 The application of these nanoparticles in catalysis and other fields often 

requires the removal of organic ligands.
49

 It is known that the removal of organic capping 

agents or organic residues on gold nanoparticles is necessary for achieving high activity of 

the catalyst and should ensure the particle remains isolated on the surface without 

agglomeration.
97

 The nanoparticles are deposited on a support and the stabilizing ligands-

capped metal particles are then thermally removed to activate the catalyst.
68, 71-72

 In surface 

chemistry, clean metal surfaces are more active than “dirty” surfaces, which are passivated 

by organic fragments.
98

 However, activation procedures depend on the nature of the reaction 

and the type of catalyst. In this section, the more common techniques used for activation of 

supported metal nanoparticles will be explain. 

1.1.7.1 Washing procedures  

Washing procedures are used to remove organic ligands (e.g., PPh3 and PVA) or impurities 

from supported metal nanocatalysts.
32, 68

 Two terms are used in this thesis for what essentially 

amount to washing procedures: “washing” involves a solvent used at a (sometimes elevated) 

temperature substantially below its boiling point; and “refluxing” involves a solvent used at a 

temperature near to or at its boiling point. 
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The most effective washing procedures appear to depend on the type of the solvent. Lopez-

Sanchez et al. investigated the effects of different solvents, including water, tetrahydrofuran 

(THF) and ethanol for washing active gold catalyst for the oxidation of CO oxidation to CO2. 

They found that only water washing led to a change the activity, and that reflux treatment at 

90 
o
C for 1 hour led to a high conversion (~100%).

68
Anderson et al. used toluene as a solvent 

to wash supported gold particles/clusters. They removed PPh3 ligands to improve gold 

particles/clusters interaction with the support (TiO2).
32

 

1.1.7.2 Calcinations 

Calcination is catch-all term for thermal process used to remove impurities and/or ligands to 

achieve a better contact between gold particles and the underlying support or reactants. Often, 

calcination is taken to mean oxidation in an atmosphere of air, but in this thesis it refers to 

any thermal treatment applied under air or oxygen (oxidative treatments), hydrogen 

(reductive treatment), vacuum, dry nitrogen or/and helium (inert treatments). 

 Calcination often improves the activity of gold catalysts that demonstrate low activity in 

their untreated form.
72

 By calcination procedure, the stabilizer ligands are removed from the 

gold clusters/particles and are deposited on supports surface, while the gold clusters/particles 

cores are either partially or fully agglomerated.
72

 Strong contact between gold and the 

underlying support may sometimes be achieved via calcination, normally at temperatures 

below the melting point of the reactants and products.
50, 78

 Overall, calcination of catalysts 

under different atmospheres (i.e., in H2, O2, O2 – H2 or air) can significantly affect the 

catalytic activity.
63e

 In this section, calcination under different atmospheres (i.e., in static air, 

O2, H2, vacuum, inert gas or O2 – H2) will be discussed: 
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1.1.7.2.1 Calcination under static air  

A thermal treatment in oxidative atmospheres, such as air, can remarkably improve the 

catalytic activity of supported gold particles.
30a, 63e

 Haruta et al. demonstrated enhanced 

activity, after high-temperatures air calcination, for a mixture of colloidal gold particles with 

TiO2 powder as a support, which they attributed to a stronger metal-support interaction.
69b

 

Air calcination can also rid the surface of contaminant from the support or precursor 

materials.
99

 However, it invariably leads to the substantial particle size growth following 

ligand removal.
100

 

1.1.7.2.2 Calcination under oxygen  

Calcination performed in an oxygen- rich atmosphere facilitates ligand removal by partial or 

complete oxidation.
84a,72  

Overall, it can be substantially more effective at removing ligands 

than reductive or inert processes even at high temperatures.
101

 But it can also improve the 

catalytic activity by surface restructuring and formation of subsurface oxygen species 

providing an oxygen-enriched interface with an enhanced metal-support synergy.
102

   

Reaction steps involving oxygen can be more effective on gold sites present on larger and 

smoother gold particles.
97a

 This proposal agrees well with the observed higher initial activity 

of oxidatively activated gold nanocatalysts with fewer surface- stabilizing ligands due to 

ligand decomposition.
73

   

1.1.7.2.3 Calcination under hydrogen gas 

Hydrogen gas treatment can reductively detach  stabilizer ligands from the gold 

particles/clusters with subsequent re-deposition onto the support surface.
102a

 However, it can 

lead to the formation of metallic gold.
102b

 For hydrogen treatment, the temperature is crucial 

to the catalytic performance in organic compounds oxidation
103

 because of its influence on 

the size and structure of resulting metal particles.
102a
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Lopez-Sanchez et al. investigated the effect of calcination under hydrogen at 200 
o
C on the 

catalytic activity of supported gold nanoparticles for CO oxidation.
68

 The result confirmed 

very low activity of the calcined catalysts,
68

 because the reductive treatment processing led to 

large particles sizes in comparison with the oxidative treatment.
73

 However, Bulushev et al. 

found that the supported gold nanoparticles can be active catalysts for CO oxidation if the 

hydrogen calcination is performed at high temperatures in the range 400–500 
o
C.

104
  

1.1.7.2.4 Calcination under vacuum 

Calcination under vacuum can lead to oxidation of the gold clusters/particles, most likely via  

interaction with the support surface after removal of ligands.
71

 The stabilizer ligands are 

removed from the gold particles/clusters but remain in an oxidised form on the surface and 

their removal leads slightly to agglomeration of the gold particles/clusters.
71

 Supported gold 

clusters exhibit Au–O bonds, coincident with the loss of phosphine ligands and formation of 

oxidised phosphorous species.
72

 

 The effect of vacuum calcination at 200 
o
C was investigated by Turner et al. as an effective 

activation procedure for removing PPh3 from Au55 nanoparticles  immobilized on silica.
34

 

They showed that this type of calcination permitted better exposure of the gold nanocatalysts 

to reactants.
34

 Anderson et al. investigated calcination, under vacuum at 200 
o
C, of gold 

nanoparticles and nanoclusters including Au8, Au9, Au11 and Au101 immobilized on TiO2. 

They confirmed that PPh3 was partially removed from the gold catalysts causing 

improvement of the catalytic activity.
32

 

1.1.7.2.5 Calcination under inert gas  

Calcination under inert atmospheres, such as dry nitrogen, argon and helium can exert 

influence on the final structure and activity of the supported gold catalysts because the metal 

particles do not induce additional growth after calcination.
102b, 105

 However,  in catalysed 
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reactions by some supported metal  particles, like gold particles immobilized on titanium 

dioxide, it is necessary to increase slightly the gold particles size to be an active catalyst 

because of better contact between the metal particles and the support.
69b

 More recently, 

researchers have shown that calcination under an inert gas cannot improve the catalytic 

activity of gold nanocatalysts. Negligible or even no conversion for organic compounds using 

activated gold nanocatalysts by an inert gas has been reported; supported gold nanoparticles 

calcined under dry nitrogen demonstrated low activity for CO oxidation to CO2.
68

  

1.1.7.2.6 Calcinations under oxygen gas followed by hydrogen gas  

Combinations of oxygen and hydrogen calcinations can in integrate the advantages of  both 

treatments.
63e

 Hydrogen reduction following oxygen treatment can induce dispersion of metal 

particles and form partly reduced oxygen- containing particles, which would be active sites 

for oxidation of organic compounds.
102a

 Thermal treatments can reduce metal oxide to 

metallic particles which then readily disperse into the supports.
102a

 However, this type of 

thermal treatment can lead to the complete detachment of the stabilizer ligands from the gold 

particles/clusters and their re-deposition onto the support surface, which causes the gold 

clusters/particles to fully aggregate.
72

 

1.1.7.3 Washing procedure and followed by calcination 

The surface exposure and the catalytic activity of gold nanocatalysts can be enhanced by 

removing weakly adsorbed stabilizers ligands by washing. Follow up calcination are then 

sometimes used to in order to integrate advantages of different activation treatments. Lopez-

Sanchez et al. demonstrated successful removal of polyvinyl alcohol (PVA) as an organic 

ligand from gold nanoparticles immobilized on TiO2 as a support.
68

 They washed the catalyst 

by hot water (as a solvent) and then calcined the supported gold nanoparticles (under static 

air or 5% H2/Ar at 200 
o
C for 3 hours) to get a high conversion for CO oxidation.

68
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1.1.7.4 Ozonolysis procedure 

The removal of ligands via a reaction using a stronger oxidizer, like ozone, has been used as 

an effective treatment with less gold particles aggregation as well as better catalysts 

dispersion and thermal stability.
106

 This type of treatment was conducted at a mild 

temperature (i.e., 200 
o
C) to avoid the risk of catalyst sintering. The ozone- treated gold 

catalyst showed normal particle size distributions (i.e., the metal particles did not induce 

additional growth) and high conversion for CO oxidation.
106

 Ozone activation may produce 

partially oxidized states of gold,
107

 which could reinforce the interactions between the gold 

nanoparticles and the support.
106

 Even higher activity was achieved when ozonolysis was 

followed by calcination.
106

 The exposure of ozone gas to activated carbon supports led to 

deposition on the carbon surface, transforming basic sites into acid sites. New acid sites were 

also generated by addition of ozone across double bonds of the carbon structure.  

1.1.7.5 Plasma  

Plasma is an ionized gas consisting of positive ions and free electrons in proportions resulting 

no overall electric charge, typically at low pressures (as in the upper atmosphere and in 

fluorescent lamps) or at very high temperatures (as in stars and nuclear fusion reactors).
108

 

Plasma treatments, such as corona discharges, spark discharges, and dielectric barrier 

discharge (DBD) are activation procedures that can be used remove the capping agents or 

organic ligands to enhance the catalytic activity of supported metal particles even at 

atmospheric pressure and ambient temperature.
109

 They can achieve high metal dispersions 

and enhance metal- support interaction without the exposure of the material to a high 

temperature environment (see Figure 1.7).
109b, 110

 They also provide unique ways to enhance 

metal support interactions while avoiding the formation of large nanoparticles because the 

temperature is too low overcome the activation energy for aggregation.
110-111

 As an example, 
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supported gold particles were activated using O2 plasma procedure for selective 

hydrogenation of acetylene at ambient temperature (~ 25 
o
C).

110
 

 

Figure 0.7: Schematic illustration of the gold particle size changes of Au/SiO2 catalysts after 

activation by O2 plasma treatment at ambient temperature (25 
o
C) or high temperature calcination 

(500 
o
C). Reproduced from Liu et al.

110
 

1.1.7.6 Permanganate or potassium manganite procedures 

Permanganate or manganite can activate supported gold particles by partially oxidizing 

residual organic ligands,
49

 followed by thermal treatment at high temperature (at least 300 

o
C).

112
 KMnO4 or K2MnO4 treatment can make the gold catalysts more active under certain 

conditions, regardless of the support chosen and the size of gold nanoparticle.
112

 In addition, 

the treatment with KMnO4 can remove the functional organic ligands with minimal sintering 

of particles.
49

 However, KMnO4 or K2MnO4 can react with supports, such as carbon.
113

 

1.2 Scope of this thesis 

The aims of this thesis are:  

 To gain a better understanding of shape, size and support effects on the catalytic 

activity of supported noble metal nanoparticles. 

 To study the effect of different types of activation procedure on the catalytic activity 

of supported metal nanoparticles. 

 To investigate the efficacy of different types of noble metal nanoparticles for various 

types of reactions. 
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 To optimize conditions for the catalytic activity of supported noble metal 

nanoparticles. 

The particles or clusters were used for synthesizing novel supported gold catalysts by 

depositing the metal particles or clusters like gold and ruthenium on the surface of different 

types of support like silica and carbon. The catalysts were then investigated for their activity 

in liquid- phase oxidation or hydrogenation reactions. In order to investigate the effect of 

gold particles size on catalytic activity, the steric effects of the stabilizing ligands on the 

particles size has been explored. Preparation methods were improved with the aim of 

obtaining high quality, mono-disperse, well ordered gold particles. These particles and 

clusters were characterized extensively to understand the effects of the size, size distributions 

and dispersion on the catalytic activity of supported noble metal particles or clusters. 
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2.1 Introduction  

This chapter outlines general experimental methods and materials utilized for the experiments 

described in this thesis. More detailed information relevant to the specific work described in 

the following chapters can be found in the experimental section of other chapters.  

2.2 Materials 

This section presents details of the materials utilized in the various experiments carried out in 

the thesis. The reactants were analytical grade reagents used without further purification. The 

details of the materials are classified in three general categories, as described in section 2.1-

2.3 of this chapter, according to supported noble metal nanoparticles used as catalysts for 

organic compounds oxidation or hydrogenation. 

General reagents were sourced as follows.  Dichloromethane (99.99%), sodium borohydride 

(99%), sodium citrate (99%), dichloromethane (99.99%), toluene (99.99%) and chloroform 

(99.99%) were purchased from Fisher Scientific. Toluene (99.9 %), tetraoctylammonium 

bromide (98%), triphenylphosphine (99%) acetonitrile (99.9%) and sodium hydroxide (99%) 

were purchased from Merck. Sulfuric acid (98.5%) was obtained from Orica.  Benzyl alcohol 

(99%), anisole (99.7%), benzaldehyde (99%), methyl benzoate (99%), benzoic acid (99.5%), 

cyclohexane (99.5%), [n]-decane (99%) and silica were purchased from Sigma Aldrich. 

Methanol (99.99%) and ethanol (99.99 %) were purchased from Fisher Chemical and dried 

using activated alumina column. Butyl amine (98%) and ethyl benzoate (99%) were 

purchased from BDH. Cyclohexene (99%) was purchased from Fluka. Tetrahydrofuran 

(99.5%) was purchased from Scharlau. Research grade (99.98%) O2, H2 and N2 gases were 

obtained from BOC.  
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2.2.1 Supported gold nanoparticles/nanoclusters for benzyl alcohol 

oxidation  

Vulcan carbon (BET: 235 m
2
/g) was purchased from the Cabot Corp. Powder (SX1G 8001-9, 

BET: 813 m
2
/g) and granular (RX 3 EXTRA 570104, BET: 1227 m

2
/g) activated carbon 

were kindly donated by Norit. Granular activated carbon, which was also modified with -

SO3H and –SH, was provided by Doctor Bezugla from National Taras Shevchenko 

University, Kyiv, Ukraine. Meso-pores carbon, including CMK-3 (BET: 997 m
2
/g), CMK-8 

(BET: 1905 m
2
/g) and NCCR-41 (BET:1080 m

2
/g), was provided by Doctor Balaiah Kuppan 

and Professor Parasuraman Selvam from National Centre for Catalysis Research and 

Department of Chemistry, Indian Institute of Technology, Madras, India.  

Gold metal (99.99 %) was supplied by Regal Castings from which HAuCl4 was made (by 

David Anderson and Nathaniel Gunby, members of the Golovko’s research group at the 

University of Canterbury) using a previously reported protocol.
1
 Precursors for Au1 and Au9 

nanoclusters (described below) were made by Nathaniel Gunby and Au8 nanoclusters were 

made by  aira Donoeva (also a member of the Golovko’s research group). 

2.2.2 Supported Ru nanocrystals for cyclohexene hydrogenation 

 
Ruthenium nanocrystals (Ru52) were provided by Associate Professor Richard Tilley and co-

workers in Victoria University of Wellington. 

2.2.3 Supported Pd particles for cyclohexene hydrogenation 

Merino (fine-fibre) and crossbred (coarse-fibre) wool, used as the natural substrates for the 

synthesis of Pd nanoparticles on wool fibre, were provided by Ag Research Limited, New 

Zealand. Palladium on charcoal (Pd, 10% on dry charcoal as a palladium standard) was 

purchased from Alfa Aesar.  
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2.3 Experimental procedures for characterization of 

catalysts  

The characterization of noble metal nanoparticles is somewhat complex because not only are 

the metal nanoparticles are very small but they can also have different shape, size 

distributions etc. Therefore, a single technique cannot give complete information on the 

properties of the particles under investigations. It is essential to characterize the particles 

using various techniques for gaining deeper insights on the structure, size and catalytic 

properties. Noble metal nanoparticles can be characterized by two methods: physical and 

chemical. Common examples of physical characterization methods are ultraviolet–visible 

(UV-Vis) spectroscopy, nuclear magnetic resonance (NMR), transmission electron 

microscopy (TEM), surface area (BET) and pore size analysis. Examples of chemical 

methods can be considered as X-ray photoelectron spectroscopy (XPS), temperature 

programmed desorption (TPD) and Fourier transform infrared spectroscopy (FTIR).  

While characterization of supported gold nanoparticles and nanoclusters by XPS (at the 

Australian Synchrotron) was attempted, it was technically impossible to investigate gold 

catalysts by XPS. Pumping the gold nanocatalysts at the ultra-high vacuum (UHV) showed 

the gold nanocatalysts continued to desorb gas even after 24 hours due to the high surface 

area and pore volume of carbon support. In addition, XPS is suitable for distinguishing 

between cationic or ultra-small NMPs like Au8 nanoclusters (i.e., smaller than 1 nm) and 

large metallic ones.
2
 Since most of the gold nanocatalysts used in this research work 

contained large MNPs, usefulness of XPS was considered limited. Additionally, there was no 

access to CO-TPD or in situ DRIFTS at all for more detailed chemical characterization. 

These can be considered as limitations of the study reported here. Therefore, based on the 

facilities available at the University of Canterbury (and other institutions in New Zealand) 

and consistent with similar published research in the literature, the noble metal (i.e. gold, 
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ruthenium and palladium) particles were characterized using UV-Vis spectroscopy, NMR and 

TEM. These methods are briefly described in the following section.  

2.3.1 Ultraviolet – visible spectroscopy (UV-Vis) 

Ultraviolet–visible spectroscopy (UV-Vis) was used for the quantitative identification of 

different gold species, which it is responsible for the nearly metal particles size.
3
 The size of 

gold particles suspended in liquid samples was characterized using Shimadzu Cary 100 Bio 

spectrophotometer.   

2.3.2 Nuclear magnetic resonance (NMR) 

In this thesis, 
1
H NMR measurements were made using Agilent MR 400 or Varian Anova 

500 spectrometer to study PPh3 groups in gold nanoparticles or nanoclusters.
4
 A small 

amount of the sample was dissolved in an appropriate deuterated solvent (CDCl3 or CD2Cl2). 

2.3.3 Preparation of samples for transmission (TEM) and 

scanning electron microscopy (SEM) 

2.3.3.1 Gold nanoparticles and ruthenium nanocrystals 

The structures the noble metal nanoparticles, nanoclusters, nanocrystals and nanocatalysts 

have been investigated using bright-field high-resolution transmission electron microscopy 

(TEM). In addition, based on size distribution, average gold core diameter estimated using 

TEM images of the gold catalysts before and after activation can indirectly imply the removal 

of capping agents (PPh3).
5
 The TEM instrument was a Philips CM20, operating at 200 kV 

and equipped with energy-dispersive spectrometer (EDS) for electron probe microanalysis. 

Particular attention was paid to the size and size distributions of the metal nanoparticles.
6
 

TEM is one of the best direct-imaging techniques for obtaining size distributions data and, 

under favorable conditions, also the information on the metal particle shape. Samples for 
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TEM study were prepared by ultrasonically dispersing a sample in methanol and depositing a 

drop of suspension onto holey carbon copper (300 mesh) TEM grid. The methanol was 

evaporated under vacuum (approximately 2 hours). The average particles diameters were 

determined by counting at least 150 particles in the high magnification micrographs by using 

Image J software.
7
 

2.3.3.2 Palladium nanoparticles and ruthenium nanocrystals 

The palladium nanoparticles synthesized in the wool fibres were examined by using a JEOL 

6500F field-emission gun scanning electron microscope (SEM) operating at an acceleration 

voltage 15 kV and a JEOL 2010 transmission electron microscope (TEM) operating at 200 

keV. The presence of palladium was confirmed by EDS for SEM and scanning transmission 

electron microscope (STEM) for TEM. All samples were coated with carbon prior to 

analysis. In addition, the TEM samples were embedded in resin, cut into thin films and placed 

on a copper grid before coating. Several TEM images of Ru nanocrystals and Ru/SiO2 

nanocatalysts were also obtained by using a JEOL 2010 TEM operated at an acceleration 

voltage of 200 keV. 

2.4 Synthesis of noble metal nanoparticles 

In this thesis, three types of noble metal nanoparticles were fabricated. These will be further 

explained in this section. 

2.4.1 Preparation for synthesis gold nanoparticles or 

nanoclusters 

Prior to synthesis of gold nanoparticles, all glassware was washed with aqua regia (3:1, v/v 

mixture of concentrated HCl and HNO3) soaked overnight in base (KOH in a 1:1 mixture of 

n-propanol and water) solutions followed by rinsing with MilliQ water. 
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2.4.1.1 HAuCl4 ∙ 3H2O 

Hydrogen tetrachloroaurate (III) hydrate (HAuCl4.3H2O) was synthesized by David Philip 

Anderson (Doctor Golovko’s PhD student) according to previously published protocol by 

Braunstein et al.
1
   

2.4.1.2 Au101 nanoparticles  

Au101 nanoparticles (Au101 (PPh3)21Cl5) were synthesized according to the previously 

published protocol by Hutchinson et al.
8
 The following procedures were also used to improve 

the purity of gold particles (Au101):   

 The particles were washed twice using  a procedure  reported in the literature
8
 for 

removing AuClPPh3 impurity. 

 The washing solvents were added drop-wise to the precipitate (Au101 particles) during 

washing procedures (see above I and II).  

 The gold particles were collected from the synthesis funnel by using dichloromethane 

as a solvent. To remove any acidic chloroform may cause decomposition of Au101 

particles; the solvent was also passed through a basic alumina column before use. 

The metal core diameter of Au101 nanoparticles is 1.5 ± 0.1 nm, according to the TEM 

investigation of this colloid reported in Hutchinson et al.
8
 and Weare et al.(see Figure 2.1)

4
  

published papers. My TEM images confirmed the size of gold nanoparticles to have an 

average diameter of 1.6  0.1 nm (see Figure 2.2).  
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Figure 0.1: A TEM image and 

particle size distributions 

histogram of Au101 nanoparticles. 

Reproduced from Weare et al.
4
 

 

 

 

 

 

 

Figure 0.2: Left: a representative TEM image of Au101 nanoparticles deposited onto carbon 

film coated copper TEM grid; Right: Particle diameter frequency distribution histogram. The 

average particle diameter was determined to be 1.6 ± 0.1 nm (two standard deviations of the 

mean).     

This gold colloid can also be characterised by 
1
H NMR (as a solution in CDCl3). 

Tetraoctylammonium bromide resonance appear at δ ~ 3.5 ppm and a broad resonance at δ ~ 

6 – 8 ppm is indicative of the PPh3 bound to the Au core in Au101 with a weak multiplet at δ ~ 

7.5 ppm (see Figure 2.3) due to residual (PPh3AuCl).
4, 8

 Figure 2.4 confirms the purity of 

particles made in this work because no resonance (due to tetraoctylammonium bromide) was 

observed at δ ~ 3.5 ppm. Additionally characteristic broad resonance at δ ~ 6 – 8 ppm 

confirmed presence of PPh3 ligands bound to the Au core of Au101 with only a weak intensity 

multiplet at δ ~ 7.5 ppm corresponding to the impurity of PPh3AuCl. 

5 nm 
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Figure 0.3: 1
H NMR of Au101 nanoparticles. Reproduced from Weare et al.

4         

  δ /ppm 

Figure 0.4:
 1
H NMR of Au101 nanoparticles taken at 500 MHz; CD2Cl2 was used as a 

1
H NMR 

solvent. 

2.4.1.3   Au9 nanoclusters  

Au9 nanoclusters (Au9 (PPh3)8(NO3)3) were synthesized by Nathaniel Gunby (Doctor 

Golovko’s honours student) according to the previously published protocol by Wen et al.
9
  

2.4.1.4 Au8 nanoclusters  

Au8 nanoclusters (Au8 (PPh3)8(NO3)2) were synthesized by  aira Donoeva (Doctor Golovko’s 

PhD student) according to the previously published protocol by Velden et al.
10
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2.4.1.5 Au1 precursor  

Au1 precursor (AuClPPh3) was synthesized by Nathaniel Gunby (Doctor Golovko’s honours 

student) according to the previously published  protocol by Malatesta et al.
11

  

2.4.1.6 Gold citrate colloids 

Citrate-capped gold colloids (i.e., colloids are homogeneous non-crystalline substances 

consisting large molecules or ultramicroscopic particles dispersed in solution. Colloids 

include gels, sols, and emulsions with particles that are suspended in solution, and cannot be 

separated by ordinary filtering or centrifuging). They were prepared using a previously 

reported  procedure by Turkevich et al.
12

 Hydrogen tetrachloroaurate (III) hydrate 

(HAuCl4.3H2O) (42.5 mg, 0.11 mmol) solution was added to the 450 ml of MilliQ water. The 

solution was stirred (750 rpm) and heated to 70 
o
C, at which point a solution of sodium citrate 

(211.7 mg, 0.99 mmol) was added with stirring. The solution was stirred (750 rpm) at 70 ± 2
 

o
C until the colour of solution turned from light yellow to purple and finally to red. The 

solution was cooled to room temperature (over approximately one hour) in an ice bath. The 

gold colloid solution was stored in a clean flask in a dark place and wrapped in aluminium 

foil to avoid exposure to light. This was done to prevent aggregation of the gold colloids 

upon exposure to light.  

The average gold-particle diameter was determined by TEM to be 12.6 ± 0.2 nm (see Figure 

2.5). Complementary to the TEM particle size estimate, UV-Vis spectrum of this colloid (see 

Figure 2.6) showed a surface Plasmon resonance absorption maximum at 521 nm, which, in 

comparison with the earlier reported data presented in Figure 2.7,
13

 implied the gold particle 

average diameters of ~12-18 nm). 
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Figure 0.5: Left: a representative TEM image of gold citrate nanoparticles deposited onto 

carbon film coated copper TEM grid; Right: Particle size distribution histogram. The average 

particle size of gold particle was determined to be 12.6± 0.2 nm (two standard deviations of 

the mean).    

  

Figure 0.6: UV-Vis spectra of gold citrate nanoparticles. 
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Figure 0.7: Position of the surface plasmon resonance (spr) band-maximum wavelength as a 

function of the particle diameter for gold nanoparticles (GNPs) in water: calculated (circles); 

experimentally measured (down ward pointing triangles, commercial GNPs; upward-pointing 

triangles, in-house synthesized GNPs). An exponential fit to the theoretical (experimental) data for d 

> 25 nm is shown as a dotted (dashed) line. Reproduced from Haiss et al.
13

 The shaded bars at bottom 

left shows that a spr band at ~521 nm corresponds to average particles diameter in the range 12–18 

nm.       

2.4.1.7  “Naked” gold nanoparticles  

Naked gold particles were synthesized according to the previously published protocol by 

Martin et al.
3a

 Those authors proposed that these colloidal particles do not contain strongly 

bound stabilizing agents and hence named them “naked” to highlight this characteristic. A 

solution of 50 mM gold chloride in a glass vial was made by dissolving HAuCl4· 3H2O at 

HCl (50 mM). Meanwhile, a base solution of 50 mM of borohydride anions in a glass beaker 

was made by dissolving NaBH4 (189 mg, 5.00 mmol) at NaOH (50 mM). Then, 96 mL of 

MilliQ water was added to a round bottom flask and let the solution stir for the following 

procedure:  

I. 1 mL of the HAuCl4
 
solution was added to the flask and stirred for several minutes. 
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II. 3 mL of BH4
-
/OH

-
 solution was added and the mixture was stirred until the colour of 

solution was changed from light yellow to light red. 

III. The gold solution was kept in a dark place.  

The average size of gold particles was investigated by TEM (see Figure 2.8) and found to be 

3.2  0.2 nm. In comparison earlier researcher reported an average diameter of was 3.2 ± 0.1 

nm  (see Figure 2.9).
3a

 Complementary to the TEM particles size estimate, UV-Vis spectrum 

of these gold particles shows a surface-Plasmon resonance absorption maximum at around 

510 nm (see Figure 2.10) which, compared with earlier reported data,  (see Figure 2.11) 

implies an average particle diameter of ~3.2– 4.8 nm.
3a

 

  

Figure 0.8: Left: a representative TEM image of naked gold nanoparticles deposited onto a carbon-

film coated copper TEM grid; Right: Particle size distribution histogram. The average particle size of 

gold particles was determined to be 3.2 ± 0.2 nm (two standard deviations of the mean).  

 

 

Figure 0.9: A FE-SEM micrograph of gold 

naked nanoparticles with insets showing size 

distribution.  The average particle size of the 

particles was determined to be 3.2 ± 1.0 nm. 

Reproduced from Martin et al.
3a

 

     

 

 

20 nm 
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Figure 0.10: UV-Vis spectra of gold naked nanoparticles. 

 

Figure 0.11: UV-Vis absorption spectra of five aqueous solutions of gold naked nanoparticles. 

Reproduced from Martin et al.
3a

  The vertical line shows wavelength at ~513 nm corresponds to 

average particles diameter in the range 3.2–5.2 nm. 

2.4.2 Preparation of ruthenium nanocrystals  

Ruthenium nanocrystals were made in the laboratory of Associate Professor Richard Tilley at 

Victoria University of Wellington (see Figure 2.12). 
14

   

  

0

0.05

0.1

0.15

0.2

0.25

400 450 500 550 600 650 700 750

A
b

so
rb

a
n

ce
 

Wavelength (nm) 



77 
 

 

Figure 0.12: A TEM image and size distributions analysis 

of the ruthenium hourglass nanocrystals (a, b & c). a) Length 

of hourglass nanocrystals (18 ± 3 nm). b) Width of hourglass 

nanocrystals (11± 2 nm). c) Width of the hourglass 

nanocrystals ‘necks’ (4 ± 1 nm). Reproduced from Tilley et 

al.
14b

 

 

 

 

 

 

 

 

2.5 Fabrication of nanocatalysts  

2.5.1 Support immobilization of pre-synthesised 

particles/crystals 

Immobilization of noble metal nanoparticles on supports plays a key role in defining the 

catalytic activity and selectivity.
15

 This section presents preparation of different types of 

noble metal nanocatalysts used in this thesis. 

2.5.1.1 Preparation of catalysts using gold nanoparticles/nanoclusters 

The preparation method is crucial to the genesis of catalytic activity and selectivity, which 

argues for certain methods to bring about a strong interaction between gold particles/clusters 
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and supports to produce gold catalysts with a high performance.
16

 In this work, colloidal 

suspension was used as a starting materials of nanocatalysts preparation.
17

 

2.5.1.1.1 1.0 wt% Au101/C 

The Au101(PPh3)21Cl5 ˸ C gold/carbon nanocatalysts materials utilized in this thesis were 

fabricated using the following general procedure: the Norit activated carbon (5 g ) to be used 

as a support was mixed with an appropriate amount of Au101 (see Table 2.1) in 200 mL of 

dichloromethane.
18

 The mixture was stirred at 750 rpm until the solvent became colourless 

(about 2 hours for 1.0 wt% Au101/C), indicating complete deposition of nanoparticles on to 

the support. Then nanocatalysts were centrifuged, washed several times with fresh CH2Cl2 

(100 mL), and dried under vacuum for one day. Representative TEM and size-distribution 

data are given 1.0 wt% Au101/C in Figure 2.13. 

  

Figure 0.13: Left: a representative TEM image of 1.0 wt% gold nanoparticles (Au101) immobilized on 

Norit activated (as synthesised) deposited onto carbon film coated copper TEM grid; Right: Particle 

size distribution histogram. The average particle size of gold particles was determined to be 2.6 ± 0.1 

nm (two standard deviations of the mean). 

2.5.1.1.2 0.5 wt% Au101/C 

Catalyst 0.5 wt% Au101/C was made using the procedure described in section 2.5.1.1.1 (1 

wt% Au101/C). This time, 25 mg of Au101 and 5.00 g powder activated carbon (Norit) were 

used. 
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2.5.1.1.3 0.2 wt% Au101/C 

Catalyst 0.2 wt% Au101/C was made using the procedure described in section 2.5.1.1.1 (1 

wt% Au101/C). This time, 10 mg of Au101 and 5.00 g powder activated carbon (Norit) were 

used.  

2.5.1.1.4 1.0 wt% Au8/C 

Catalyst 1 wt% Au8/C was made using the procedure described section 2.5.1.1.1 (1 wt% 

Au101/C). This time, 92 mg of Au8 and 5.00 g powder activated carbon were (Norit) used. 

2.5.1.1.5 1.0 wt% Au9/C 

Catalyst 1 wt% Au9/C was made using the procedure described in section 2.5.1.1.1 (1 wt% 

Au101/C). This time, 90 mg of Au9 and 5.00 g powder activated carbon (Norit) were used. 

2.5.1.1.6 1.0 wt% Au1/C 

Catalysts 1 wt% Au1/C was made using the procedure described in section 2.5.1.1.1 (1 wt% 

Au101/C). This time, 15.47 mg of Au1 and 5.00 g powder activated carbon (Norit) were used. 

2.5.1.1.7 1.0 wt% Au101/Cg 

Catalysts 0.2 wt% Au101/Cg was made using the procedure described in section 2.5.1.1.1 (1 

wt% Au101/C). This time, granular activated carbon (Norit) was utilized as a support for 

Au101. 

2.5.1.1.8 1.0 wt% Au101/Cg.p  

Granular activated carbon (Norit) was powdered and then 1 wt% Au101/Cg.p was made using 

the procedure described in section 2.5.1.1.1 (1 wt% Au101/C). 
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2.5.1.1.9 1.0 wt% Au101/C-SO3H  

Catalyst 1 wt% Au101/C-SO3H was made using the procedure described in section 2.5.1.1.1 (1 

wt% Au101/C). The granular activated carbon was modified with -SO3H utilized as a support 

for Au101 for this procedure.  

2.5.1.1.10 1.0 wt% Au101/C-SH 

Catalyst 1wt% Au101/C-SH was made using the procedure described in section 2.5.1.1.1 (1 

wt% Au101/C). The granular activated carbon was modified with -SH utilized as a support for 

Au101 for this procedure. 

2.5.1.1.11 1.0 wt% Au101/C3 

Catalyst 1 wt% Au101/C3 was made using the procedure described in section 2.5.1.1.1 (1 wt% 

Au101/C). Mesopores carbon (CMK-3) was utilized as a support for Au101 for this procedure. 

2.5.1.1.12 1.0 wt% Au101/C8 

Catalyst1 wt% Au101/C8 was made using the procedure described in section 2.5.1.1.1 (1 wt% 

Au101/C). Mesopores carbon (CMK-8) was utilized as a support for Au101 for this procedure. 

2.5.1.1.13 1.0 wt% Au101/C41 

Catalyst 1 wt% Au101/C41 was made using the procedure described in section 2.5.1.1.1 (1 

wt% Au101/C). Mesopores carbon (NCCR-41) was utilized as a support for Au101 for this 

procedure. 

2.5.1.1.14 1.0 wt% Au101/CVulcan 

Catalyst 1 wt% Au101/CVulcan was made using the procedure described in section 2.5.1.1.1 (1 

wt% Au101/C). Modified carbon (Vulcan) was utilized as a support for Au101 for this 

procedure. 
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Table 2.1 presents a summary of sections 2.5.1.1.1‒2.5.1.1.14 of Au101 immobilized on 

different types of carbon with various loading rates. 

Table 0.1: Summary of fabricated gold nanocatalysts.   

Catalysts code  Types of carbons  Gold particles 

(mg) 

1.0 wt% Au101/C Powder-Norit  50 

0.5 wt% Au101/C Powder-Norit  25 

0.2 wt% Au101/C Powder-Norit  10 

1.0 wt% Au8/C Powder-Norit  92 

1.0 wt% Au9/C Powder-Norit  90 

1.0 wt% Au1/C Powder-Norit  15.47 

1.0 wt% Au101/Cg granular -Norit  50 

1.0 wt% Au101/Cg.p Powdered granular-Norit  50 

1.0 wt% Au101/Cg.SO3H Granular –Norit modified with –SO3H  50 

1.0 wt% Au101/Cg.SH Granular –Norit modified with –SH  50 

1.0 wt% Au101/C3 Mesopores (CMK-3)  50 

1.0 wt% Au101/C8 Mesopores (CMK-8)  50 

1.0 wt% Au101/C41 Mesopores (NCCR-41)  50 

1.0 wt% Au101/CV Vulcan  50 

2.5.1.1.2 1.0 wt% Aucitrate/C 

The catalytic materials with a target loading of 1.0 wt% Aucitrate /C were prepared by mixing 

Norit activated carbon (powder) or Vulcan carbon (2.11 g) as a support with 2.4 ×10
-4

 M of 

gold citrate nanoparticles (47.27 mg/mL) in around bottom flask. The mixture was stirred at 

750 rpm for 2 hours at which point the solvent became colourless, indicating complete 

deposition of nanoparticles on to the support. Then nanocatalysts were centrifuged and 

washed several times with of water (100 mL) and methanol (100 mL). Then, the catalysts 

were dried under vacuum for one day.  Representative TEM and size-distribution data are 

given in Figure 2.14 for the material prepared on Norit carbon. The average diameters of the 

particles are listed in Table 2.2. 
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Figure 0.14: Left: a representative TEM image of 1.0 wt% gold citrate immobilized on Norit 

activated carbon (as synthesised – i.e. before catalytic reaction) deposited onto carbon film coated 

copper TEM grid; Right: Particle size distribution histogram. The average particle diameter of the 

gold particles was determined to be 12.5 ± 0.2 nm (two standard deviations of the mean).       

2.5.1.1.3 1.0 wt% Aunaked /C 

1.0 wt% Aunaked /C was made using the procedure as described in section 5.1.2 (for 1.0 wt% 

Aucitrate/C), but using 9.84 mg/mL of naked gold nanoparticles immobilized on 3.85 g of Norit 

activated carbon (powder) or Vulcan carbon.  Representative TEM and size-distribution data 

are given in Figure 2.15 for the material prepared on Norit Carbon.  The average diameters of 

the particles are given in Table 2.2.  

 

Figure 0.15: Left: a representative TEM image of 1.0 wt% naked gold nanoparticles immobilized on 

Norit activated carbon (as synthesised, i.e. before catalytic reaction) deposited onto carbon film 

coated copper TEM grid; Right: Particle size distribution histogram. The average particle diameter 

was determined to be 3.8 ± 0.1 nm (two standard deviations of the mean). 

5 nm 
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2.5.1.1.17 1.0 wt% Aunaked/CVulcan 

Catalyst 1 wt% Aunaked/CVulcan was made using the procedure described in section 2.5.1.1.16 

(1 wt% Aunaked/C). Modified carbon (Vulcan) was utilized as a support for Aunaked for this 

procedure. 

2.5.1.1.18 1.0 wt% Aucitrate/CVulcan 

Catalyst 1 wt% Aucitrate/C Vulcan was made using the same procedure described in section 

2.5.1.1.15 (1 wt% Aucitrate/C). Modified carbon (Vulcan) was utilized as a support for Aucitrate 

for this procedure. 

Table 2.2 presents a summary of sections 2.5.1.1.15‒2.5.1.1.18 of gold colloids, such as 

Aucitrate and Aunaked immobilized on powder Norit activated carbon and Vulcan carbon. 

Table 0.2: Summary of catalysts fabricated using naked and citrate-stabilized gold colloids.   

Catalysts code  Carbon (g) Gold (mg/mL) 

1.0% Aucitrate/C 2.11 47.27 

1.0% Aunaked/C 3.85 9.85 

1.0% Aucitrate/CV 2.11 47.27 

1.0% Aunaked/CV 3.84 9.85 

2.5.1.2 Preparation of catalysts using shape-specific Ru nanocrystals 

The shape-specific ruthenium nanoparticles (6 mg) were suspended in toluene (20 mL) with 

butylamine (100 µL) under dry nitrogen. Silica (6.07 g) was degassed at 200 ± 2 °C in a 

Schlenk tube for 3 hours, suspended in dry toluene (20 mL) and stored under dry nitrogen. 

The suspension of shape-specific ruthenium nanoparticles was added to the silica suspension 

rapidly under nitrogen gas and stirred overnight at 700 rpm. The silica containing 

immobilized ruthenium nanoparticles was allowed to settle and the supernatant layer of 

toluene was removed by a syringe. The toluene layer was clear whereas the (previously 

white) silica was grey, which indicated that the ruthenium nanoparticles had been 

successfully deposited on the support. Removal of residual toluene was accomplished under 
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vacuum. (Ru nanoparticles were immobilized on silica by David Anderson, a member of the 

Golovko research group at the University of Canterbury. Materials obtained in this way were 

used as catalysts either as made (un-activated) or after activation (described later).  

2.5.2 Embedded palladium nanoparticles on wool fibres  

Palladium nanocatalysts were made in the laboratory of Professor Jim Johnston at Victoria 

University of Wellington, by chemical reduction of a palladium chloride (PdCl2) solution in 

the presence of wool fibres. By varying the reaction conditions, the size and shape of the 

nanoparticles and their distributions on and within the wool fibres can be controlled. This 

work was performed by Doctor Carla Fonseca-Paris in the Johnston research group under 

conditions that constitute a trade secret and have not been disclosed further. 

2.6 Activation of nanocatalysts 

The noble metal nanocatalysts (i.e., ruthenium nanocrystals and gold nanoparticles or 

nanoclusters) were activated as described in in the following. 

2.6.1 Activation of gold nanocatalysts  

As described in the first chapter of this thesis, the properties of supported gold nanocatalysts 

have been found to depend on the fabrication and activation procedures. In this work, the 

stabilizing PPh3 ligands were removed from the support-immobilized gold-containing 

nanoparticles or nanoclusters to expose the gold cores by using three methods: 

I. Washing with a solvent at an  elevated temperature
2b

  

II. Calcinations in various atmospheres
2a, 19

 

III. Washing with solvent at elevated temperature followed by calcinations in different 

atmospheres (the combination of I and II)
20
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2.6.1.1 Washing with a solvent at elevated temperature 

The washing procedure was adopted from Anderson et al. who demonstrated removal of PPh3 

stabilizing ligands by refluxing supported gold nanoclusters in toluene.
2b

 The gold particles 

were washed with 200 mL of toluene or, in the case of gold-citrate- or naked-based catalysts 

with 0.1 M of NaOH dissolved in 200 ml MilliQ water, placed into a 500 mL round-bottom 

flask fitted with a reflux condenser (see Figure 2.16).  

 

 

 

 

Figure 0.16 : A picture of washing 

procedure of gold nanocatalysts. 

 

 

 

 

 

The mixture was heated to 100 ± 2 °C in an oil bath for 2 hours while stirring at 750 rpm. The 

mixture was allowed to cool to room temperature and the catalyst was separated by 

centrifugation (5000 rpm, 15 min), washed three times with fresh toluene and dried under 

vacuum for one day. After the washing procedure, the catalyst was kept in a freezer below - 4 

o
C. Thermal gravimetric analysis (TGA) can be considered for future work in estimating 

completeness of solvent removal (i.e., toluene was used as a solvent used for washing 

procedure). However, even if traces of the solvent were present after this stage of activation 
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following treatments at the elevated temperature would have ensured complete removal of the 

solvent. 

2.6.1.2 Calcinations under different controlled atmospheres 

The activation of gold catalysts was performed by calcinations in Schlenk tubes attached to a 

Schlenk line (see Figure 2.17) that allowed control of the gas atmosphere (i.e. O2– H2, O2, 

H2, under vacuum or in static air). The solid powder gold catalyst to be calcined was placed 

in a Schlenk tube, and calcined by using different types of calcination conditions and a pre-

heated  aluminium heating block (200 ± 2 
o
C) or oil bath (100 ± 2 

o
C) for 3 hours. After the 

thermal treatment, the catalyst was cooled to room temperature and kept in a freezer below -

4 
o
C.  

 

 

 

Figure 0.17: A picture of calcination 

procedure of gold nanocatalysts right: in an 

aluminium heating block and left: in an oil 

bath. 
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2.6.1.3 Washing with solvent at elevated temperature followed by 

calcinations under controlled atmospheres 

A sample of gold catalysts was washed as described in Section 6.1.1, followed by 

calcinations as described in Section 6.1.2 under different atmospheres to integrate both 

advantages of washing and calcinations thermal treatments. 

2.6.2 Activation of Ruthenium nanocatalysts  

Ruthenium nanocatalysts thermal treatment was performed to remove O2 and/or surfactants 

from the catalysts in either a vacuum (a Schlenk tube) or at atmospheric pressure in a furnace 

in the following manners. 

2.6.2.1 Calcinations in vacuum by using a Schlenk tube  

Ru/SiO2 (~ 250 mg) was placed in a Schlenk tube attached to a Schlenk line and heated at 

200± 2 
o
C in an aluminium block while stirring at 500 rpm under vacuum for 2 hours. The 

ruthenium catalysts was removed and cooled to room temperature under dry nitrogen gas. 

2.6.2.2 Calcinations in a furnace (atmospheric pressure)  

Ruthenium nanocatalysts were calcined
21

 in a dual-zone split furnace (OTF-1200X (4”) by 

MTI Corporation, see Figure 2.18) with the following general specifications: 

 Maximum temperature: 1200 
o
C 

 Continuous temperature: 1100 
 o
C 

 Maximum heating rate: ≤ 10 
 o
C /min 

 Tube size and materials: quartz; OD 40 mm; ID 38 mm; length 400 mm   

 Heating zone length: 440 mm (single zone) 
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Figure 0.18: Schematic illustration of calcination furnace (OTF-1200X (4”) by MTI Corporation). 

The Ru catalyst (~ 250 mg) was loaded on to a quartz boat, which was placed quartz reaction 

tube purged with nitrogen gas for 30 minutes before starting. The furnace was programmed 

for different temperatures and lengths of time according to five protocols presented in 

Chapter 7.  

2.7 Catalytic testing of noble metal nanocatalysts 

In this section of the thesis, catalytic testing of different types of nanocatalysts is explained.  

2.7.1 Catalytic testing of supported gold nanocatalysts  

 enzyl alcohol oxidation was carried out in a stainless steel “mini-reactor” with internal 

volume of 50 mL fitted with a 50 mL Teflon liner (see Figure 2.19).  
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a)   

b)   

Figure 0.19: a) A picture & b) Schematic illustration of the pressurized mini-reactor apparatus. 

 

The head (top removable part) of the reactor was fitted with an over-pressure relief valve, a 

long hollow thermocouple holder tube and two inlet/outlet lines of different lengths (i.e., long 

and short) fitted with valves. The long line was utilized for pressurizing the reactor with a gas 

(e.g., oxygen) that bubbled through the reactant mixture; the short line was used for venting 
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the gas from the headspace above the mixture during purging and after completion of the 

reaction.  

Before being placed into the reactor, the Teflon liner was charged with reactant, internal 

standard, solvent, nanocatalysts and a magnetic stirring bar. The reactor was then assembled, 

connected to the gas line and purged five times with the gas leaving the desired reactor 

pressure and it placed onto a pre-heated magnetic stirring hotplate. A thermocouple was 

inserted into the thermocouple holder and the stirring rate was set at 750 rpm.  The assembly 

was heated over ~20 minutes from ambient temperature (typically 20 ± 2 
o
C) to the target 

temperature of (normally 80 
o
C) at which point temperature was controlled (via a 

thermocouple control loop) to ± 2 
o
C for the remaining period of time of the reaction test. The 

mini-reactor was cooled in an ice bath for approximately 1 hour until temperature reached  

approximately 1 ± 0.2 
o
C to assure that most of volatiles present(i.e., methanol) within the 

headspace were condensed, after which any remaining the gas (i.e., oxygen ) was vented. 

Samples of the reaction mixture were centrifuged (5000 rpm, 15 minutes) to separate out the 

catalyst, and product mixtures were analysed by a Dionex high-performance liquid 

chromatography (HPLC) system fitted with a Luna 5µ C18 reverse-phase column and UV 

detector. 

Following several similar literature reports,
22

 anisole was chosen as an internal standard for 

most benzyl alcohol oxidation experiments. [n]–Decane, which was used initially, was 

rejected because it could not be detected by the HPLC detector (UV). Benzene was 

disregarded being poisonous. Bi-phenyl was rejected because it changed from liquid to solid 

when the reactor was cooled in an ice bath. 
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Calibration curves were prepared by analysing standard samples whose concentrations were 

prepared across the range expected in the unknown sample. A typical example is shown for 

ethyl benzoate in Figure 2.20. 

 

Figure 0.20: A calibration curve of ethyl benzoate. 

For analysing the products mixture the following HPLC method was used (see Figure 2.21). 

 The column-oven temperature was kept constant at 40 
o
C. 

 The mixture of products was eluted using various v/v% mixtures of two solvents 

referred to as “A” (0.05 M of THF +MilliQ water) and “C” (acetonitrile). See Figure 

2.21 for details of the eluent composition programme. (The HPLC system permits 

four solvents (A-D), but only two of them were used here.) 

 The combined eluent flow rate was 1 mL/min. 

 The total time required to analyse one sample was approximately 26 minutes. 
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Figure 0.21: HPLC method for analysing benzyl alcohol oxidation products (A: MQ water + 0.05% 

THF and C: acetonitrile). 

For each reaction, the conversion (C) and selectivity (S) for the products were calculated by 

these formulas: 

C =  [(nreact)i – (nreact)f]/(nreact)i × 100% 

Sprod = (nprod)f/[(nreact)i – (nreact)f] × 100% 

Where nreact and nprod represent to the molar amounts of reactants and products and the 

subscripts i and f indicate the initial and final states of the reaction, respectively. 

2.7.2 Catalytic testing of supported ruthenium nanocatalysts  

The catalytic activity of 0.1 wt% Ru/SiO2 was studied using hydrogenation of cyclohexene to 

cyclohexane as a model reaction for alkene hydrogenation. A Parr high-pressure 

hydrogenation apparatus was used in this experiment. It was equipped with Teflon liner and a 

control unit to control the target temperature, gas pressure and stirring rate (see Figure 2.22). 
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Figure 0.22: A Parr high-pressure hydrogenation apparatus. 

The reaction conditions were optimized by carrying out series of preliminary experiments 

described below. For each test, approximately 10 g each of cyclohexene and cyclohexane 

(exact amounts were measured to 1 mg) were charged with 200 mg of 0.1 wt% Ru/SiO2 into 

the reactor. The reactor was flushed with H2 gas three times to remove air, and then 

pressurized to 400 psi of H2 gas. The reactions were conducted under continuous stirring at 

1200 rpm. Each sample was heated over ~15 minutes from ambient temperature (typically 20 

± 2
 o
C) to the target temperature (normally75 

o
C), at which point temperature was controlled 

to ± 1 
o
C for the remaining period of time of the reaction test. Progress of the reaction was 

monitored by recording the pressure inside the Parr reactor by using an Ashcroft model A2 

heavy industrial pressure transducer. At the end of each catalytic run, the reactor was cooled 

to the room temperature and the remaining H2 was vented. The composition of the liquid 

product mixture was analysed by using a Shimadzu gas chromatograph (GC–2010) fitted 

with a Restek RTX-5SIL-MS (30.0 m × 0.25 mm × 0.25 µm) capillary column and a flame 
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ionization detector (FID, 280 
o
C). The column oven temperature was programmed according 

to Table 2.3 with a total GC–FID run time of approximately 17 minutes for every sample.  

Table 0.3: Column oven temperature program. The first column indicates the rate at which the 

temperature was increased to that indicated by the second column (the temperature prior to injection 

was 60 C). The hold time (third column) indicates the period for which the stated temperature was 

maintained. 

Step # Rate (
o
C/min) Temperature (

o
C) Hold Time (min) 

1 ----- 60.0 0.0 

2 2.0 74.0 0.0 

3 35.0 174.0 0.0 

4 50.0 280.0 5.0 

Helium was used as a carrier gas. The injection inlet temperature was 220
 o

C and a split ratio 

of 100:1 was used with a purge flow of 7.0 mL/min. [n]–Decane was used as an internal 

standard. 

For analysing the products mixture, calibration curves (see Figure 2.23) were used as a 

general method for determining the molar amounts of reactant (i.e., cyclohexene as a 

reactant) and product (i.e., cyclohexane as a product) as unknown samples by comparing 

them to a set of standard samples whose molar amounts were known. A series of standards 

were prepared and a typical example is shown for cyclohexane in Figure 2.23. 
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Figure 2.1: A calibration curve of cyclohexane (na and nd represent the molar amounts of 

cyclohexane and decane, and Ia and Id the peaks area of cyclohexene and decane, respectively). 

In all of the experiments, cyclohexene was present in excess and H2 gas was the limiting 

reagent. The conversion was calculated relative to the amount of cyclohexene initially 

available:  

C =  
(ne)i – (ne)f

(ne)i
 × 100% 

Where (ne)i and (ne)f represent the initial and final molar amounts of cyclohexene, determined 

by the GC–FID, respectively.  

2.7.3 Catalytic testing of supported palladium nanocatalysts  

The Pd/wool samples were labelled Sn.b where n and b are the sample and batch numbers, 

respectively. Samples S1 to S4 were each provided in two batches, which are distinguished by 

appending 1 or 2 to the Sn descriptors. Sn,1 catalysts were provided in the first batch, “the first 

batch” received (27 January, 2010), whereas Sn,2 catalysts were received as the “the second 

batch” batch (18 December, 2010), S5 and S6 catalysts were received only as  “the second 

batch” batches. 
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Table 0.4: Samples of Pd/wool with corresponding metal loadings as a percentage of the total 

Pd/wool mass and the total masses of Pd/wool loaded into the reactor for each test. 

Sample code # (Pd/wool) Mass % of Pd Mass of nanocatalysts (mg) 

S1 2.6 50 

S2 2.6 50 

S3 2.3 55 

S4 1.6 80 

S5 6.4 20 

S6 6.4 20 

2.7.3.1 Apparatus for hydrogenation reaction  

The catalytic activity of Pd/wool was studied through hydrogenation of cyclohexene to 

cyclohexane by using a Parr high-pressure hydrogenation apparatus described earlier in this 

chapter. The reactor was charged with the Pd/wool catalyst and ~20 g mixtures of 

cyclohexene, flushed three times with H2 gas and then pressurized to 400 psi with H2 gas. The 

mass of the catalyst used (see third column of Table 2.4) was calculated to keep the mass of 

Pd nanoparticles constant, at about 1.3 mg, across the series of experiments. Apart from 

preliminary work on optimization of conditions, all reactions were conducted under 

continuous stirring at 750 rpm for approximately 5 or 24 hours at a target temperature of 40 ± 

1 
o
C. During each catalytic test run, the mixture of reagents and catalysts was heated over a 

period (approximately 15 minutes) from ambient temperature to the target temperature, where 

it was held for the remainder of the reaction. At the end of each test, the reactor was cooled to 

room temperature before venting of any remaining H2 gas. The composition of the liquid 

product mixture was analysed by using a gas chromatograph.  

The conversions were calculated using the GC-FID as described above (in Section 2.7.2).The 

~95% (two standard deviation) confidence interval for all values of conversion is  6%, which 

is determined essentially entirely by the uncertainly of the volume of gas. This uncertainty 

constitutes a systematic error and so substantially smaller (than 6%) differences between 

conversion values may be statistically significant. 
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Chapter 3: Optimization of Conditions 

for Benzyl Alcohol Oxidation by 

Au101/C Catalysts 
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3.1 Introduction 

Gold nanoparticles have become an active subject of research lately because of the discovery 

of their remarkable catalytic properties and potential applications. Gold is known to have a 

remarkable and genuine “nanosize effect”. These properties were discovered in the 1970s but 

were not exploited until the late 1980s, when Haruta and co-workers verified their utility in 

the aerobic oxidation of carbon monoxide.
1
 Since then, many studies conducted on selective 

CO oxidation catalysed by supported gold nanoparticles have shown activity and selectivity 

that are highly dependent upon the gold particle size.
2
  

Previous studies have shown that the catalytic activity of gold nanoparticles can be greatly 

affected by a number of factors, but mainly by their size,
3
 with the greatest activity being 

associated with very small gold clusters, containing just a few atoms.
4
 Chemically made 

phosphine-stabilized gold complexes (i.e., clusters and colloids) over a wide range of particle 

sizes, from Au8 and Au9 to Au101, are active catalysts for oxidation of organic compounds.
5
 

Among these, Au9 (Au9(PPh3)8(NO3)3) is the most widely studied, and is active for low-

temperature CO oxidation.
5b

 Another example is a gold phosphine colloid with metal core 

size of ca. 1.5 nm, introduced initially as Au55 by Schmid et al.,
6
 but later described by 

Hutchison et al.
7
 as Au101 (Au101 (PPh3)12Cl6). Au101 was the first type of well-defined ligand-

stabilized nanoparticle. Turner et al. used Au101 for styrene oxidation and demonstrated its 

high activity and selectivity towards benzaldehyde formation.
5a

 Pei et al. also studied the 

nature of active sites on the Au101 nanoparticles and a mechanism underlying its high 

selectivity in styrene oxidation.
3b

 

One of the fundamental factors for catalytic activity of gold catalysts is the choice of an 

appropriate support for the gold nanoparticles because the catalytic activity depends on 

particle sizes, which are often defined by their interaction with supports.
5b

 The nature of 
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supports can affect the morphology and dispersion of noble metal nanoparticles via so-called 

metal-support interactions (described in Chapter 6, Section 6.1).
8
 Carbon is an 

environmentally friendly support that has other benefits, such as high surface area,
9
 good Au 

particles dispersion,
10

 possibility to achieve high metal loading,
11

 availability of various types 

of support on a large scale,
10, 12

 good recyclability,
11

 and potential for tuning of the surface 

via modification and tethering.
13

 Among the many types of carbon used to prepare supported 

catalysts, high-surface-area activated carbon is considered to be one of the best.
14

 Its high 

porosity and well-developed internal pore structure, as well as a wide spectrum of surface 

functional groups, make this type of carbon a very versatile support material (as described in 

Chapter 5, Section 5.1).
15

 Gold nanoparticles exhibit high activity and selectivity in  alcohol 

oxidation when immobilized on this type of carbon.
11

 

The method of preparation can also influence the activity and selectivity of noble metal 

nanoparticles.
11,16

 Preparation methods include impregnation, deposition-precipitation, 

chemical vapour deposition, photochemical/sono-chemical activation and deposition of 

colloidal gold onto the support.
 
The immobilization of a colloidal suspension is an important 

method by which pre-synthesized metal particles can be immobilized on a support with good 

control of their size and size distribution.
17

 It involves a solid support being mixed with a 

colloidal dispersion of the active phase, resulting in adsorption of the colloidal particles onto 

the support surface. When carried out successfully, there should be little increase in the size 

of the metal particles due to undesirable aggregation. Apart from good control over particle 

size, this approach offers other benefits, such as control of the nature and concentration of the 

stabilizer, the stabilizer/gold ratio, and the nature of the support.
18

 

Alcohols, being stable compounds (e.g. easy to handle and store), play a central role as 

intermediates in the fine-chemical synthesis of many compounds with various functional 

groups.
19

 They are also involved as intermediates in many conventional C– C bond-forming 
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reactions, such as the Grignard reaction, in which organometallic alkyl- or aryl-magnesium 

halides (Grignard reagents) add to a carbonyl group in an aldehyde or ketone.
20

 Alcohols are 

also recognized as having high potential for large-scale industrial applications, e.g., energy 

from bio-feedstocks. Biodiesel production  via trans-esterification affords large amounts of 

alcohols as by-products.
21

 As the simplest and lightest alcohol, methanol has received major 

attention in terms of partial oxidation and steam reforming to an auto-thermal reforming 

process.
22

 Glycerol, as a heavy alcohol, is an attractive feedstock for alcohol oxidation 

because of its ability to be transformed to a large number of higher-value products by gold 

catalysts.
23

   

Highly selective alcohol oxidation to useful chemical intermediates and fine chemicals 

represents an attractive but demanding target in green chemistry.
24

 However, comprehensive 

studies of the effects of numerous parameters in this catalytic reaction are scarce.
25 

Benzyl 

alcohol oxidation has been often reported as a model reaction for alcohol oxidation.
26

 

Importantly, benzyl alcohol oxidation proceeds with negligible conversion (4%) in the 

absence of a catalyst,
27

 but can be performed with high conversion and selectivity using 

supported gold catalysts. It has been demonstrated that gold catalysts can convert benzyl 

alcohol and its analogues to benzaldehyde, benzoic acid and methyl benzoate derivatives with 

high activity and selectivity that depends on substituents on the aromatic ring.
26-28

  

Appropriate selection of key reaction conditions helps to improve the performance of gold 

nanoparticles in catalytic aerobic oxidation of alcohols,
24

 as demonstrated by numerous 

investigations of the role of one or several specific parameters. The roles of temperature, 

nature of solvent, type of support, presence type and concentration of a base have been 

previously investigated in respect to selectivity of gold catalysts for benzyl alcohol 

oxidation.
25c

 The effects of the base, alcohol concentration and metal/substrate ratio for 

benzyl alcohol oxidation have also been explored.
25a

 Ishida et al. investigated catalytic 
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activity of supported gold nanoparticles for benzyl alcohol oxidation by changing conditions 

such as reactant concentrations, base, O2 gas pressure, reaction temperature and solvent.
29

 

However, holistic optimization of these conditions has scarcely been studied. 

The use of a base is essential when a using a monometallic gold catalyst alcohol 

oxidations.
25a, 30

 Base aids the initial dehydrogenation of the alcohol via deprotonation of a 

primary OH groups (see Figure 3.1),
29, 31

 and helps to overcome the rate-limitation step of the 

oxidation process.
32

 Enhancement of the gold catalyst activity by using the base depends on 

the type of alcohol
25a

 and/or a solvent.
30a

 The products typically formed in the presence of the 

base are primarily intermediate aldehydes and ketones rather than acids.
30c

 However, in the 

case of benzyl alcohol, methyl benzoate is the main product in the presence of the base.
29

 

Table 3.1 provides selected examples illustrating the use of a base in various types of 

reactions. 

 

 

 

 

 

 

Figure 0.1: The effect of a base on benzyl alcohol oxidation 

by gold particles immobilized on activated carbon. 

Reproduced from Ishida et al.
29
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Table 0.1: Example of reactions catalysed by supported metal particles in the presence of a base. 

Catalyst 

code 

Base 

(substrate: 

base) 

Reaction C (%) TOF

(h
-1

) 

T (
o
C)  time 

(h) 

Ref. 

Au/C NaOH (1:1) Phenylethanediol 

oxidation 

96 - 70 4 
33

 

Au/C NaOH Benzyl alcohol 

oxidation 

- 78 60 1/4 
25a

 

Au/C NaOH Cinnamyl alcohol 

oxidation 

- 470 60 1/4 
25a

 

Au/C K2CO3 

(1:0.5) 

1-phenylethanol 

oxidation 

99 - 80 1 
29

 

Au–Pd/C NaOH n-octanol oxidation 50 - 60 8 
30c

 

Au/C NaOH (1:2) Glycerol oxidation  6.8 6.1 60 1/2 
34

 

Au/TiO2 NaOCH3 Benzyl alcohol 

oxidation 

99 - 130 10 
35

 

Au/TiO2 K2CO3 

(2.5:0.4) 

Benzyl alcohol 

oxidation 

100 - 130 4 
31

 

Au/SiO2  K2CO3 (1:1) Benzyl alcohol 

oxidation 

99 - 80 2 
26a

 

Previous studies confirm that reactions performed without base showed negligible conversion 

so, using a base is obligatory to approach full conversion.
25a, 30

 Gold catalysts have shown a 

strong dependence on the nature of the acid/base, supports and substrates, and exhibited 

unique reactivity when basic conditions were used. Adding a base to a reaction mixture may 

accelerate a reaction dramatically which is essential to proceed to high conversion.
25a, 29-30, 31

 

Bases that have been used include Co(CH3COO)2, K2B4O7, NaCH3COO, KCH3COO, 

Na2B4O7 and  K2CO3 and  the highest conversion of benzyl alcohol (77% ) with reasonable 

selectivity towards benzaldehyde (51%) was achieved with K2CO3.
36

 

 The catalytic activity and, especially, selectivity of gold catalysts may also depend on the 

reaction temperature.
9, 19, 29

 Choudhary et al. demonstrated that increasing the temperature 

from 70 to 130 
o
C improved benzyl alcohol conversion from 0 to 100%.

24a
 It was suggested 

earlier that molecular oxygen can be activated by gold nanoparticles at mild temperatures 

(i.e., ~80 
o
C).

37
 In fact, a higher reaction temperature may lead to reduced dissolved oxygen 

concentrations, retarding oxidation.
29, 38

 Hutchings et al. showed that gold nanoparticles can 

help to activate molecular oxygen under mild temperatures (i.e., from 60 to 80 
o
C) speeding 
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up oxidation reactions.
39

 Table 3.2 provides selected examples illustrating the effect of 

reaction temperature on the catalytic activity of metal catalysts in benzyl alcohol oxidation. 

Table 0.2: Examples of benzyl alcohol oxidation catalysed by supported metal particles as a function 

of temperature. 

Catalysts code C (%) T (
o
C)  Time (h) Ref. 

Au/TiO2 100 130 4 
31

 

Au-Pd/TiO2 28 140 1.15 
40

 

Au/MgO 55.5 120 5 
27

 

Au–Pd/MgO 50 80 4 
40

 

Au/K2Ti6O13 99 25 10 
30a

 

Au/TiO2 99 25 10 
30a

 

Au/MgO 95 120 9 
41

 

Au/SiO2  99 80 2 
26a

 

Ideally, the liquid phase oxidation processes should be carried out in the absence of solvent to 

make them more environmentally friendly. Although, benzyl alcohol oxidation over 

supported gold catalysts under solvent-free conditions had been demonstrated with excellent 

selectivity towards benzaldehyde, the low activity (conversion of only 48%) and long 

reaction time (6 hours) needed under these conditions undermine the effectiveness of this 

method.
42

 

The choice of a solvent is important for optimal catalytic activity and selectivity of gold 

catalysts.
43

 A range of solvents from nonpolar to polar, including water, has been utilized for 

benzyl alcohol oxidations. The surface of the activated carbon is hydrophobic, which may 

cause the catalyst to be poorly dispersed in water;
44

 but hydrophilic supports (like silica-

based MCM-41) have proved to be appropriate in catalysing reactions in water.
38, 45

 Methyl 

benzoate, one of the main products of benzyl alcohol oxidation, is poorly soluble in water,
46

 

so in aqueous solvent the main product can be either an acid or an ester.
32

 There are some 

circumstances in which an organic solvent is required owing to the limited solubility in water 

or (for research purposes) the need to use a water-insoluble internal standard for accurate 

quantification of reaction products.
25c

 High conversion of benzyl alcohol has been 
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demonstrated using polar organic solvents like methanol.
30a, 47

 Methanol is a polar solvent 

that can adequately enhance the reaction rate of the benzyl alcohol oxidation using gold 

particles immobilized on activated carbon.
29

 

The gold loading of the support plays an important role determining the catalytic activity,
22b, 

48
 and has been investigated to evaluate its influence.

22b, 46, 49
 Recent studies have shown that 

appropriate gold loading can improve gold catalysts performance.
22b, 50

 Gold deposition can 

increase almost linearly with the amount of gold available in the solution (see Figure 3.2). 

However, investigations of styrene epoxidation over a range from 0.9 to 6.6 wt% Au on 

Yb2O3 support showed the best conversion to be 58% at 1.0 wt% gold loading.
51

 The 

variation of the gold loadings on MnOx ‒ CeO2 between 0.5 wt%  and 5.0 wt% also showed 

that the highest CO conversion (90%) and selectivity when the gold loading was adjusted to 

1.0 wt%.
52

 Choudhary et al. found that benzyl alcohol conversion increased with increasing 

Au loading in Au/U3O8 catalyst from 18% at 1 wt% to 50% at 8 wt% 
53

 Pojanavaraphan et al. 

investigated the effect of gold loading in steam reforming of methanol. They studied 1.0, 3.0 

and 5.0 wt %t gold loadings and found that 3.0 wt% promoted the greatest dispersion and 

gave the optimum gold particle size for this reaction.
50

 An invariant particle size indicated 

that the deposited Au particles did not agglomerate during preparation.
22b

 Table 3.3 provides 

selected examples illustrating the effect of gold loadings on the catalytic activity of gold 

catalysts and average gold diameter (nm) in various reactions. 
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Figure 0.2: Dependence of gold loading 

in Au/Yb2O3 catalyst upon the initial 

amount of gold available in the solution 

for the gold deposition on the support. 

Reproduced from Choudhary et al.
48

 

 

 

 

 

 

It is well known that long-term stability of a catalyst is no less important than its activity, 

especially in the context of possible industrial applications.
1, 54

 Gold catalysts can lose their 

catalytic activity due to factors such as poisoning of active sites by accumulation of by-

products, contamination of the catalytic surface by reaction products and agglomeration of 

gold particles.
25c, 26a, 55

 To investigate the long-term stability of gold catalysts, a series of  

batches from the same catalyst (fresh vs. restored catalysts) is required;
56

 If the interaction 

between metal particles and supports is weak, the gold particles could move on the surface of 

the support leading to sintering (e.g. formation of enlarged gold particles), which could result 

in loss of their catalytic activity.
25c, 57
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Table 0.3: Examples of reactions catalysed by supported gold particles as a function of gold loadings 

rate. 

Catalysts 

code 

Reactions Loading 

(%) 

Particle 

size (nm) 

C (%) TOF 

(h
-1

)  

Ref. 

Au/TiO2 CO oxidation 1 4.6 ± 1.5 - 9.6×10
-6

 
58

 

  1.8 2.7 ± 0.6 - 1.2×10
-1

  

Au/Ti- SiO2 Propylene 

epoxidation  

16 - 61 - 
49

 

  8 - 57 -  

Au/Yb2O3 Styrene 

epoxidation 

1 - 58.1 - 
51

 

  6.6 - 63.5 -  

Au/MgO Benzyl alcohol 

oxidation 

0.4 1.9 - 113 
59

 

  0.8 3.3 - 324  

  1.5 4.1 - 74  

Au/CeO2-Fe2O3 Steam 

reforming of 

methanol 

1 23.53 70 - 
50

 

  3 43.07 100 -  

  5 62.57 80 -  

Au/MnOx-CeO2 CO oxidation 0.5 - 80 - 
52

 

  1 - 90 -  

Benzyl alcohol can be catalytically oxidized into its corresponding aldehyde, acid or esters by 

using oxidising reagents such as ammonium permanganate,
60

 hydrogen peroxide
61

 or 

oxygen.
23, 62

 However, some of these oxidants have serious drawbacks of being expensive 

and/or toxic, and producing a large amounts of waste, requiring treatment.
61

 Stringent 

ecological standards have forced researchers to develop new, environmentally benign 

methods.
28b

 Recently, molecular oxygen has received more attention as an oxidising reagent 

for alcohol oxidation because it is the most “environmentally friendly” choice.
23, 62

  

Aerobic oxidation of benzyl alcohol depends on oxygen gas pressure. It is evident that 

oxygen has a substantial promotional effect on the deprotonation of benzyl alcohol
40, 63

 It has 

been reported that benzyl alcohol disproportionation is promoted when O2 pressure is 

increased up to 1.0 barg (barg is the pressure in bars above ambient pressure or atmospheric 

pressure) but reduced when the O2 pressure further increased.
40

 Oliveira et al. showed that 
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benzyl alcohol conversion increased from 45% to 90% when oxygen gas pressure was 

increased from 1 to 6 atm.
35

 

Nanoparticle protection ligands such as PPh3 impede catalysis by shielding the gold cores.
64

 

Thermal treatments can remove such ligands, permitting better interactions between the gold 

particles and the support, which, in turn, change the catalytic activity of gold catalysts.
65

 

Various approaches to catalyst activation are discussed in detail in Chapter 1 (Section 1.1.7). 

For the purpose of this thesis, various washing and calcination procedures were used (as 

described in Chapter 4) as treatments for removal of PPh3 from gold nanocatalysts. 

An overview of various reactions in which supported Au particles have been used as catalysts 

was presented Chapter 1 (Sections 1.1.6). The current chapter and the following two chapters 

will focus on oxidation of alcohols and, more specifically, benzyl alcohol as a model catalytic 

test reaction. In this chapter, I sought to investigate the effects of systematic alterations of the 

reaction conditions on the activity and selectivity of activated Au101 (Au101 (PPh3)21Cl5) 

nanoparticles (washed with toluene followed by calcination under static air at 100 
o
C for 3 

hours) immobilized on powder Norit activated carbon support in the aerobic oxidation of 

benzyl alcohol (see more details in Chapter 2, Section 2.5.1.1.1 and Chapter 4, Section 

4.2.3.1). I investigated the effects of a base (K2CO3) and its mole ratio to substrate, reaction 

temperature and reaction time, solvent and gold loading on the long-term stability of the 

catalysts using oxygen as a low-cost and green oxidant. The effects of changes in these 

reaction parameters provided a guideline for the optimal conditions for further tests using a 

wider range of catalysts, as reported in Chapters 4 and 5.  
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3.2 Results and discussion 

3.2.1 Initial tests (blank, control and stability of standard)  

In this study, benzyl alcohol was utilized as a model aromatic alcohol reagent for testing the 

catalytic activity of gold nanoparticle-based catalysts in partial oxidation in the liquid phase. 

Performance of gold nanocatalysts was investigated systematically in the following manner: 

a. The reactivity of the benzyl alcohol in the absence of catalysts, but in the presence of 

the base under typical reactions conditions (see footnotes to Table 3.4) was 

investigated as a ‘blank’ reaction to establish the efficiency of non-catalytic benzyl 

alcohol oxidation.
22b, 27

 

b. The catalytic activity of Au-free Norit activated carbon support was investigated with 

reactants in the presence of the base under typical conditions (as above (a)). These 

‘control’ reactions were to used examine whether the support can catalyse benzyl 

alcohol oxidation without gold particles.
29, 66

 

c. The reactivity of the internal standard (anisole) was investigated without benzyl 

alcohol but in the presence of the base and Au-free Norit activated carbon under 

typical conditions to examine the ability of anisole to undergo oxidation by activated 

carbon.
37

  

d. The reactivity of an internal standard (anisole) was investigated in the presence of the 

gold nanocatalysts and base under typical conditions to examine the ability of anisole 

to undergo oxidation by the gold catalysts.
37

  

e. The catalytic activity of gold nanocatalysts in oxidation of benzyl alcohol using 

anisole as an internal standard was investigated under various conditions. These 

experiments are referred to as ‘catalytic tests’ in further discussion. 

Table 3.4 summarizes the results of the initial tests listed above. 
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Table 0.4: Summary of the initial catalytic tests. 

 Conversion% Selectivity% 

Benzaldehyde Benzoic  acid Methyl 

benzoate 
a 

Blank  0 0 0 0 
b 

Control  0 0 0 0 
c 
Anisole  0 0 0 0 

d 
Anisole  0 0 0 0 

e 
Catalytic test

  100 0 22 78 

Reaction Conditions: Benzyl alcohol: 2.5 mmol, Anisole: 1.25 mmol, Base: 2.5 mmol, Methanol: 25 

mL, Pressure: 73 psi, Temperature: 80 
o
C, Stirring: 750 rpm and Reaction time: 24 hours, a: Without 

gold catalysts, b-c: 50 mg Norit activated carbon and d-e:  50 mg activated 1.0% Au101/C.  

3.2.2 Amount of oxidant 

Economically and environmentally, there is an urgent demand for industrially relevant green 

oxidation agents.
47, 67

 Oxygen is an efficient and clean oxidant since it produces water as the 

main by-product and avoids producing highly toxic organic residues.
47, 68

 In the current work, 

oxygen gas was used at a pressure of 73 ± 1 psi (5.03  0.07 bar). This pressure was 

determined according to the volume of the mini rector and to ensure that maximum possible 

conversion was not limited by the amount of gas. The volume of the Teflon liner was 50 mL, 

of which 25 mL was filled with the reactant, solvent and internal standard. At ~5 bar and 80 

o
C the 25 mL head space of the liner corresponds to ~43 mmol at O2, which is in excess of 

the 25 mmol of benzyl alcohol initially. This O2 pressure was used in all experiments and no 

attempt was made to investigate effects of different gas pressures.  

3.2.3 Mechanism of reaction  

Under the conditions investigated in this work, the predominant products of catalytic 

oxidation of benzyl alcohol were methyl benzoate and benzoic acid, with much smaller 

amounts of benzaldehyde sometimes produced.
25a, 26a, 41

 The chemical reaction mechanism 

suggested in earlier studies
25a, 28, 30, 37

 involves an oxidative esterification reaction between 
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methanol solvent and benzaldehyde, an intermediate, in the presence of a base (K2CO3) and 

the gold catalysts (see Scheme 3.1). 

                                                                                                                             

 

 

 

 

           

 

 

This mechanism relies on benzyl alcohol being oxidized to benzaldehyde with further 

oxidization to benzoic acid and also to methyl benzoate in the presence of the base, the 

solvent (methanol) and gold catalysts.
25a, 29, 37, 41

 Feasibility of oxidative esterification of 

benzaldehyde in the presence of gold catalysts, methanol and the base were investigated and 

formation of ester was confirmed (see Table 3.5).
30a, 69

  

Table 0.5: Results of the control experiment using benzoic acid and benzaldehyde as starting 

materials. 

 Conversion%  Selectivity%  

  Benzaldehyde Benzoic  acid Methyl 

benzoate 
a 
Benzoic acid 0 0 100 0 

b 
Benzoic acid 0 0 100 0 

Benzaldehyde 100 0 37 63 

Conditions: Reactant: 2.5 mmol, Anisole: 1.25 mmol, Methanol: 25 mL, Temperature: 80 
o
C, 

Pressure: 73 psi, Time: 24 h, Stirring: 750 rpm, activated 1.0% Au101/C: 50 mg, a: 2.5 & b: 1.25 mmol 

of K2CO3.  

To test this mechanism, we performed catalytic reactions using benzaldehyde or benzoic acid 

as the starting materials. Table 3.5 presents the results showing no reaction of benzoic acid, 

 Benzyl alcohol  Benzaldehyde 

Methyl benzoate 

Benzoic acid 

K2CO3+ Au101/C+ O2  O2+ K2CO3 
OH O

OH

O

O
CH3

O

MeOH +Au101/C+ K2CO3+ O2 

Scheme 0.1: Reaction pathway of benzyl alcohol oxidation in the presence of the base and methanol 

by activated 1.0 wt% Au101/C catalysts. 
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but full conversion of benzaldehyde to methyl benzoate (the major product) and benzoic 

acid.
31, 47

 To avoid the possibility of misinterpretation due to any significant change in the 

pH, two ratios (1 and 2) of benzoic acid to the base were considered, but no benzoic acid 

conversion was observed (see Table 3.5, footnotes a & b). Hence, it can be concluded that 

benzyl alcohol in methanol oxidizes to methyl benzoate via benzaldehyde.
30a

 The formation 

of methyl benzoate indicates that methanol is not merely an inert solvent, but participates as a 

reactant,
29, 47

 which is consistent with previous research.
29-30, 47

 The involvement of the 

solvent suggests that changing the solvent to ethanol should produce ethyl benzoate.
70

 Indeed, 

this prediction was confirmed (see Table 3.7), but benzoic acid is not converted to an ester as 

efficiently in ethanol under similar conditions.
26a, 37

  

3.2.4 Effect of a base (K2CO3) 

Carbonates have been widely applied as weak bases in many organic synthesis reactions, 

particularly those involving deprotonation. In most of these syntheses, a stoichiometric 

excess of a carbonate is required to achieve high reaction efficiencies.
71

 In addition, 

carbonates are soluble in alcohol and they are cheap.
31

 As seen in Table 3.6 and Figure 3.3, 

the base plays an important role in the Au101/C-catalysed oxidation of benzoic acid, both in 

terms of conversion and selectivity.
 
In the experiments discussed below, all parameters were 

constant with amounts of benzyl alcohol and the base (mmol) modified to reach the best 

catalytic performance. The ratio of benzyl alcohol to the base (k2CO3) was abbreviated as 

following: A): 2.5 mmol of benzyl alcohol to 2.5 mmol of the base, B): 2.5 mmol of benzyl 

alcohol to 1.25 mmol of the base, C): 1.25 mmol of benzyl alcohol to 2.5 mmol of the base, 

and D): 1.25 mmol of benzyl alcohol to 1.25 mmol of the base. There is no conversion in the 

absence of base, which accords with previous reports.
29

 However, conversion improved with 

addition of K2CO3, reaching C = 100% at a 1:1 mole ratio of the base to benzyl alcohol (i.e., 

A and D) after 24 hours of reaction at 80 
o
C (see Figure 3.3).

26a, 32-33
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Figure 0.3: Ratio of benzyl alcohol to the base on conversion (C%) and selectivity (S%) of activated 

1.0 wt% Au101/C catalysts. A, B, C and D were mmol of benzyl alcohol to mmol of the base.  

Changes in the base concentration affect the selectivity, too. An equimolar, 2.5 mmol: 2.5 

mmol, mixture gives 100% conversion of benzyl alcohol with selectivity of ~78% towards 

methyl benzoate (A in Figure 3.3). Decreasing the amount of K2CO3 led to a decrease of 

conversion to 33% but with the no significant change in selectivity (B in Figure 3.3).
3a, 33

 

However, decreasing the amount of benzyl alcohol to 1.25 mmol led to a decrease in the 

alcohol conversion to 51% towards benzoic acid as the main product (~76%) with methyl 

benzoate (~20 %) and benzaldehyde (~2%) when the amount of base is 100% greater than the 

amount of the reactant (i.e., C).
32-33

 Clearly, the base not only facilitates the catalytic 

reaction,
72

 but also accelerates the oxidation of benzaldehyde to methyl ester and benzoic 

acid.  

Table 0.6: The effect of 2.5 mmol of K2CO3 as a base on the catalytic activity of activated 1.0 wt% 

Au101/C catalysts on 2.5 mmol of benzyl alcohol oxidation.  

Base Conversion%  Selectivity%  

  Benzaldehyde Benzoic  acid Methyl 

benzoate 

With base 100 0 22 78 

Without base 0 0 0 0 

0.0

20.0

40.0

60.0

80.0

100.0

A: (2.5:2.5) B: (2.5:1.25) C: (1.25:2.5) D: (1.25:1.25)

C
 o

r 
S

 (
%

) 

Benzyl alcohol: Base (mmol) 

Conversion%

Benzoic acid

Methyl benzoate

Benzaldehyde
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The results showed that the ratio of benzyl alcohol to the base plays a crucial role in the 

catalytic activity and selectivity of benzyl alcohol oxidation. The highest activity of gold 

catalysts (100%) occurred when this ratio was adjusted to 1 (i.e., A and D) regardless of 

actual reagent concentrations.
26a, 32

 At this concentration the main product was methyl 

benzoate;
30c

 but  whereas, in the case of D, where the amounts are lower (1.25 mmol), the 

product branching ratio (methyl benzoate to benzoic acid) was near 1:1, changing to 4:1 in 

case A, where the amounts were larger (2.5 mmol). In case of B (2.5 mmol: 1.25 mmol), the 

product branching ratio was 3:1 (methyl benzoate to benzoic acid), but in case C (1.25 mmol: 

2.5 mmol), the main product was benzoic acid with a product ratio of ~1:3 (the ester to acid). 

Benzaldehyde appeared as the minor product (less than 3%) only when the conversion was 

low(~50%).
53

 Since both the highest conversion (100%) and the highest selectivity towards 

one of the products (the ester: 78%) was observed when the amounts of benzyl alcohol and 

K2CO3 were both 2.5 mmol, these conditions were chosen for further experiments.
73

  

3.2.5 Reaction temperature 

To achieve full conversion in the oxidation of alcohols, an elevated reaction temperature is 

usually needed.
30a

 Figure 3.4 shows conversion and selectivity as functions of reaction 

temperature up to 100 
o
C over a reaction period of 24 hours with an initial benzyl alcohol to 

base ratio of 2.5 mmol: 2.5mmol. Below ~ 40 
o
C, conversion (the red line in Figure 3.4) is 

less than 10% but then it increases rather dramatically to 86% at ~ 60 
o
C, ~100% at ~80 

o
C 

and slightly decreased to 96% at 100 
o
C.  At lower temperatures, methyl benzoate is the 

strongly favoured product, with a small amount of benzaldehyde being produced. Earlier 

studies indicate that the methyl benzoate reaction competes more favourably at mild 

temperature.24a, 36, 74
 Here, we observed that the methyl benzoate to benzoic acid product ratio 

levels off at ca. 2:1 over the range ~ 60–100 
o
C. The weak selectivity for benzaldehyde 

decreases to essentially zero, while that for the acid product increases with increasing 
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temperature from 40 to 100 
o
C.

24a, 41
 The 80

 o
C point appears to represent the low-temperature 

end of a range of catalytic activity above which conversion is 100% and the product ratio is 

relatively temperature independent. Therefore, this temperature was selected for our follow-

up experiments. Methyl benzoate was also found by Haruta et al. to be the favoured product 

at 80 
o
C, but the conversion they reported was only 86%.

29
  

  

 

Figure 0.4: The effect of temperature on the catalytic activity (C%) and selectivity (S%) of activated 

1.0 wt% Au101/C catalysts.  

3.2.6 Choice of solvent 

For industrially relevant catalysis, the use of a starting material with no solvent would help to 

minimize costs and the need of separation, and would also diminish environmental risks. 

However, in the case of these reactions there are practical limitations relating to gas pressure 

and the head space of reactor that require the use of a solvent (as described above). In this 

section, toluene (as a non-polar solvent), ethanol and methanol (as polar solvents) were 
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utilized to study the effect of solvents on conversion and selectivity in benzyl alcohol 

oxidation. Despite some published reports indicating conversion with toluene as a solvent,
26a, 

66
 Dimitratos et al. found no conversion by supported gold catalysts under reaction conditions 

where benzyl alcohol: 0.3 M, benzyl alcohol/metal 1/500 (mol/mol), T: 333 K, t: 3 h, pO2: 

1.5 atm.
30c

 In our study, no conversion was observed when toluene was utilized as a solvent. 

As described above, methanol is an appropriate solvent for this reaction, giving high 

conversion and selectivity towards of methyl benzoate under appropriate conditions.
26a, 29, 37

 

However, with ethanol as a solvent, conversion dropped to ~34%, with selectivity to ethyl 

benzoate of ~11% towards and ~80% production of other materials (see Table 3.7).
37, 74

 

Ethanol may undergo oxidative self-esterification leading to formation of appreciable 

amounts of products, such as ethyl acetate.
36, 75

 Although, methanol can also be oxidized 

directly to methyl esters in high yields at mild condition,
22b, 35, 37

 other primary alcohols 

oxidize much more rapidly.
30a

  

Table 0.7: The effect of solvents on conversion and selectivity of benzyl alcohol oxidation using 

activated 1.0 wt% Au101/C. 

Solvent Conversion%   Selectivity%   

  Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 

Ethyl 

benzoate 

Others 

Methanol 100 0 22 78 0 0 

Ethanol 34 1 8 0 11 80 

Toluene 0 0 0 0 0 0 

These results showed that activity and selectivity of products depend on the types of solvents 

used. For benzyl alcohol oxidation, methanol was the best of the solvents considered, 

showing the highest conversion and selectivity. For further experiments methanol was 

selected as a solvent of choice. 
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3.2.7 Gold loading  

All catalytic materials used in this part of the research were freshly made (on the same day as 

the tests) using the same fresh batch of Au101 to avoid potential aggregation during storage. 

Table 3.8 presents the effect of gold loadings on the catalytic activity of the catalyst for 

benzyl alcohol oxidation. The highest conversion (100% over 24 hours) occurred for 1.0 wt% 

gold loading. The conversion decreased to 51% when the gold loading was decreased to 0.5 

wt% with the same, 50 mg, total mass of the catalyst used. No conversion was observed for 

0.2 wt% gold loading. In similar vein, Boronat et al. studied the effect of gold loadings on 

benzyl alcohol oxidation and found that the highest turnover frequency (TOF) occurred at 0.8 

wt% loading among 0.4, 0.8 and 1.5 wt%.
59

  

The effect of the total amount of gold used in the reaction was studied by carrying out a test 

using a five-fold scale-up (250 mg) of the catalyst with 0.2 wt% (indicated as 5×0.2 in the 

bottom row of Table 3.9). If catalytic efficiency were dependent on only the amount of gold, 

this last test should give the same results as that using 50 mg of the catalyst with 1.0 wt%.  

However, the result confirmed negligible activity (2%) for 250 mg of gold catalyst. A change 

in the amount of carbon (i.e., five times more for 5×0.2 wt% than for 1.0 wt%) may cause  a 

relatively modest increase in the amount of solid in the reaction vessel which has a negative 

impact on stirring/mass transfer.  
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Table 0.8: Gold nanoparticles size and conversion values for benzyl alcohol oxidation using activated 

Au101/C catalysts with different gold loading rates.  

Gold 

loading 

(wt%) 

Average particle 

diameter (nm) 

Au101/C 

(g) 

C%  S%  

    Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 
a
1 3.0  0.1 0.05/5 100 0 22 78 

b
0.5 3.6  0.1 0.025/5 51 1 61 38 

c
0.2 4.1  0.2 0.01/5 0 0 0 0 

d
(5×0.2) 4.1  0.2 0.01/5 2 0 100 0 

Reaction conditions: Benzyl alcohol: 2.5 mmol, Anisole: 1.25 mmol, Base: 2.5 mmol, Solvent: 25 

mL, Temperature: 80 
o
C, Pressure: 73 psi, Stirring: 750 rpm, Time: 24 h, a-c: Activated 1.0, 0.5 and 

0.2 wt % Au101/C: 50 mg & d: (5×0.2 wt %) Au101/C: 250 mg. 

  

Figure 0.5: Left: a representative TEM image of activated 0.2 wt% Au101/C deposited onto carbon 

film coated Cu TEM grid; Right: Particle size distribution histogram. The average particle size of gold 

particles was determined to be 4.1 ± 0.2 nm (two standard deviations of the mean). 

  

Figure 0.6: Left: a representative TEM image of activated 0.5 wt% Au101/C deposited onto carbon 

film coated Cu TEM grid; Right: Particle size distribution histogram. The average particle size of gold 

particles was determined to be 3.6 ± 0.1 nm (two standard deviations of the mean) 
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Figure 0.7: Left: a representative TEM image of activated 1.0 wt% Au101/C deposited onto carbon 

film coated Cu TEM grid; Right: Particle size distribution histogram. The average particle size of gold 

particles was determined to be 3.0 ± 0.1 nm (two standard deviations of the mean).                  

To investigate the last possibility, we carried out a study of the particle sizes and size 

distributions for three representative activated samples (washed with toluene followed by 

calcination under static air at 100 
o
C for 3 hours), with 1.0, 0.5 and 0.2 wt% loadings, by 

means of transmission electron microscopy (TEM) (see Figures 3.5‒3.7 and Table 3.9). The 

results showed that the smallest average particles diameter (3.0 ± 0.1 nm) belonged to the 

sample with 1.0 wt% gold loading. Those with 0.5 and 0.2 wt% gold loadings showed 

progressively bigger average particles diameters of 4.1 ± 0.2 and 3.6 ± 0.1 nm, respectively.
76

 

The finding that the particle size decreases at higher loading is counter-intuitive as an 

increase in particle size would be normally expected with increase in metal loading. Yet, 

obtained result is consistent with results reported by Rodrı´guez-Gonza´lez et al. in that gold 

particle diameters decreased from 3.1 to 2.4 nm when the gold loading increased from 1.0 to 

6.7 or 12.3 wt%. However, the authors did not provide further explanation why the average 

gold particle size decreased when the gold loading increased. Further research is required to 

provide better understanding on the effect of gold loading on the average gold particle size in 

both cases (the case reported here and that reported by Rodrı´guez-Gonza´lez et al.).  
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It is all very well to recognise a correlation between loading and particles size, but a 

reasonable explanation is needed to rationalise both this observation and its causal effect (if 

any) on the very large differences in activity between gold catalysts that were otherwise 

prepared following the same method. The activity of a gold catalyst is closely associated with 

the number of Au active sites and the size of gold particles.
50

 In these experiments the largest 

gold particles were obtained at the lowest gold loading (0.2 wt%) and resulted in the least 

active catalyst. This suggests that the smaller (3.0 ± 0.1 nm) gold particles size were 

responsible for the much greater activity of the 1.0 wt% gold catalysts. Similarly, Boronat et 

al. found that particles with ca. 3.3 nm diameter in a gold catalyst with 0.8 wt % resulted in 

the most efficient oxidation of benzyl alcohol among 0.4, 0.8 and 1.5 wt% samples, which 

had particles with sizes of 1.9, 3.3 and 4.1 nm, respectively.
59

  

Since 1.0 wt% Au catalyst demonstrated much better catalytic performance than the other 

loadings, it was determined to be the most suitable for benzyl alcohol oxidation. TEM images 

indicated that a 1.0 wt % gold catalyst possesses the gold particles with a narrow size 

distribution of Au species, which may correlate with the largest number of surface-bound 

activated oxygen species that facilitate benzyl alcohol oxidation. For further experiments 1.0 

wt% gold loading was selected as an optimal metal loading. 

3.2.8 Long-term stability of gold catalysts and reactant/products 

mixtures  

Gold nanoparticles supported on certain support materials, such as TiO2 and CeO2, can 

aggregate spontaneously upon storage at room temperature, with light-induced aggregation 

often having been reported.
24a, 26a, 77

 The stability depends on both the support’s structure and 

its specific interaction between gold particles and the support.
53, 78

 Heidkamp et al. 

investigated deactivation of the catalytic activity of gold nanoparticles supported on ceria 
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during storage in a dark place at room temperature, finding that fresh samples were four times 

more active than stored ones.
79

 The Au101/C catalysts used in this project were normally 

stored in a freezer, at or below - 4 
o
C, under N2 and in the dark, because gold catalysts can be 

aggregated by heat and/or light during storage.
15, 80

 Investigations into the stability of gold on 

the carbon support under these storage conditions were one of the novelties of the current 

study, as to the best of my knowledge such studies were not reported in the literature.  

In this section, comparisons of the catalytic activity and selectivity between freshly made and 

stored catalysts (i.e., kept in a freezer for 6 months) proved that the gold catalysts used in this 

study have very good long-term stability of catalytic activity (see Table 3.9). TEM images of 

freshly made and stored gold samples showed average particle diameters of ~3 nm for both 

samples (see Figure 3.8). This long-term stability is an excellent result if these were ever 

considered for industrial application.
80c

  

Table 0.9: The effect of storage on the catalytic activity of activated 1.0 wt% Au101/C catalysts. 

 Conversion%  Selectivity%  
  Benzaldehyde Benzoic  acid Methyl benzoate 

Fresh Au101/C 75 0 22 78 

Stored Au101/C 74 0 24 74 

Conditions: Benzyl alcohol: 2.5 mmol, Anisole: 1.25 mmol, Methanol: 25 mL, Base: 2.5 mmol, 

Temperature: 80 
o
C, Pressure: 73 psi, Time: 24 h, Stirring: 750 rpm and 50 mg of activated 1.0 wt % 

Au101/C (washed with toluene followed by calcination under static air at 100 
o
C for 3 h). 
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a)    b)  

Figure 0.8: TEM images of a) fresh & b) restored activated 1.0 wt% Au101/C catalysts (washed with 

toluene followed by calcination under static air at 100 
o
C for 3 h) deposited onto carbon film coated 

copper TEM grid. 

In addition to the stability of gold catalysts as previously examined in details, it was 

important to establish the stability of the reactants/product mixtures due to limited access to 

the HPLC instrument. I often had to store product mixtures over short (a day) to medium (a 

week) times. Hence, it was important to establish the stability of the product mixtures. A 

range of samples including benzyl alcohol, anisole, benzaldehyde, methyl benzoate and 

benzoic acid were studied, with and without base, at room temperature and after refrigerator 

and freezer storage. Samples stored in a freezer were quite stable with or without the base 

(K2CO3). Interestingly, the results demonstrated that base can stabilize the product mixtures, 

which were stable even at room temperature in the presence of the base.
30a

   

3.3 Conclusions 

The present study shows that activated 1.0 wt% Au101/C can be employed as a catalyst for 

liquid-phase oxidation of benzyl alcohol under mild conditions. The selectivity of the catalyst 

was towards was methyl benzoate and benzoic acid as the main products. Based on the results 

discussed in this chapter, the following catalytic test conditions were selected for further 

studies: oxygen gas pressure of 73 psi; reaction temperature of 80 
o
C; methanol as a solvent, 
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2.5 mmol of K2CO3 as a base in an equimolar proportion to benzyl alcohol, a gold loading of 

1.0 wt%  and a reaction time of 24 hours. Anisole (1.25 mmol) was established as an 

appropriate internal standard. Under these conditions, the gold catalysts showed high 

conversions, as well as good long-term stability.  
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4.1 Introduction 

Ligands are commonly used to protect metal nanoparticles during synthesis, but their 

presence can be detrimental to catalytic activity
1
 because they shield the gold cores from the 

reactants.
2
 However, recent researchers have found that the presence of ligands is essential 

for catalytic activity of some metal particle systems. Jin et al. demonstrated that the core/shell 

nature of the thiolated gold clusters is primarily responsible for their catalytic activity,
3
 and 

that calcination should be avoided because it can decompose the gold catalyst structure.
3
 As-

made clusters and colloids could, in principle, be used as homogeneous catalysts even 

without ligand removal; such systems would suffer from problems with aggregation due to 

exposed active sites and recyclability due to their homogeneous nature. Immobilization of 

chemically made nanoparticle precursors onto truly heterogeneous supports opens pathways 

toward fabrication of better catalysts, as discussed in more detail in Chapter 2 (see Section 

2.5).  

Many factors affect the catalytic activity of gold nanocatalysts, and several key studies have 

demonstrated the importance of better understanding the effects of catalyst activation 

treatment conditions.
4
 Although, thermal treatments can be used to remove organic residues 

from gold particles, they can also cause an increase in particle sizes.
5
 Key problems that may 

emerge from the removal of the stabilizing ligand include the loss of stability and sintering of 

the particles on the support. Lopez-Sanchez et al. improved catalytic activity for benzyl 

alcohol oxidation of gold catalysts by removing polyvinyl alcohol (PVA) ligands. However, 

TEM images showed that the gold particles aggregated after the catalysts activation, 

increasing from 3.0 to 4.8 nm diameter.
1
  

An overview of various methods used to activate heterogeneous catalysts made by support-

immobilization of chemically pre-synthesised particles, clusters and colloids was presented in 
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Chapter 1 (see Section 1.1.7). In this Section, I will discuss recent literature relating to 

removal of ligands by washing procedures and thermal treatments, since these activation 

methods were the ones ultimately selected for the research presented in this thesis.
1, 6

 

Catalytic enhancement of gold catalysts arises from the interplay of several factors: a) 

removal of the stabilizing ligands, permitting access of reagents to the active sites at the 

surface of supported gold particles; b) establishment of a direct interaction between metal 

nanoparticle and support; and c) changes in size of the particles following ligand removal.
1, 6-7

 

Solvents can be used to remove ligands establishing equilibrium between free (solvated) and 

coordinated ligands. Previous researchers have studied the effects on the catalytic activity of 

gold particles of time, temperature and the solvents used in ligand-removing washing 

procedures.
1, 8

 Lopez-Sanchez et al. investigated the efficacy of water, tetrahydrofuran (THF) 

and ethanol in removing PVA from supported gold catalysts by reflux at 90 
o
C for 60 

minutes.
1
 They used Raman spectroscopy to demonstrate the removal of PVA and TEM 

images to monitor changes in the particle sizes. Treatment with water changed the average 

particle diameters from 3.0 to 4.8 nm and led to the formation of an active gold catalyst that 

demonstrated high conversion (100%) in CO oxidation. However, no conversion was 

observed when the gold catalyst was refluxed in THF or ethanol.
1
 Anderson et al. used a 

toluene reflux procedure (at 100 
o
C for 2 hours) to remove PPh3 ligands from gold 

particles/clusters, to improve interactions with TiO2 support.
6
 Qi et al. investigated the effect 

of washing procedures on the stability of gold particles deposited on Ti-doped nonporous 

silica. Non-washed catalyst was less stable and more inclined to particle coagulation than 

washed catalyst. Additionally, the activity and selectivity of the washed catalysts after storage 

in air at room temperature for 4–6 months was comparable with that of freshly washed 

catalyst.
9
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Thermal treatments of gold nanocatalysts can result in better  interaction between the gold 

species and the support, and thus change the catalytic activity of gold catalysts.
10

 For 

example, Turner et al. reported that the removal of ligands by a heat treatment can 

significantly increase the activity and selectivity of gold nanoparticles with diameters of 

around 1.5 nm or smaller.
11

 Those authors used calcination at 200 
o
C under vacuum for 2 

hours to remove PPh3 stabilizing ligands from Au particles immobilized on SiO2 and BN. 

Diminution in the intensity of the phosphorus signal in the EDS was used to confirm the 

success of ligand removal. In the case of low loadings (0.6 wt%), only minor aggregation 

occurred, but high loadings (6.0 wt%) resulted in pronounced aggregation to larger (3.0 nm) 

catalytically inactive particles. These results show that this type of calcination is promising 

for better exposure of some gold catalysts to reactants.
11

 Calcination under vacuum at 200 
o
C 

of Au101  particles immobilized on TiO2 was investigated by Anderson et al. using a 

synchrotron-based XPS study.
6
 Their result confirmed that PPh3 moved from the nanoparticle 

and became bonded (possibly in oxidised form) to the support surface, resulting in an 

increase in the phosphorous high-binding energy peak (P-HBP) signal in the XPS. This 

ligand removal improved the interaction of the gold particles with the support.
6
 

 Calcination processes in the presence of a specific chemical atmosphere (cf. vacuum as 

discussed above), have also been applied to remove impurities or ligands from gold 

nanocatalysts (as described in Chapter 1, Section 1.1.7)
1, 5b

 and to improve the strength of the 

contact often deemed necessary between the gold nanoparticles and underlying support.
8b, 12

 

Untreated Au/TiO2 demonstrated no conversion in benzyl alcohol oxidation; but conversion 

improved from 0% to 43% when the catalysts were calcined under hydrogen gas at 300 
o
C for 

3 hours.
13

 It was proposed that better contact was established with partial removal of PVC 

ligands, an idea that was supported by laser Raman spectroscopy and TEM images. The TEM 
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images also showed an increase of gold particle diameters from 3.0 to 6.1 nm after the 

calcination.
1
 

 It has been reported that the chemical nature of the atmosphere used during calcination can 

exert an influence on the final structure and catalytic activity of the supported gold 

particles.
13-14

 Calcinations in oxidative atmospheres, such as air, can remarkably improve the 

catalytic activity of gold catalysts.
10, 15

 Yuan et al. calcined supported [Au(PPh3)(NO3)] and  

[Au9(PPh3)8]3 under air flow and tested the resultant materials as catalysts for low-

temperature CO oxidation, with PPh3 ligand removal confirmed by a Fourier-transform 

extended X-ray absorption fine structure (EXAFS) oscillations technique.
15

 Based on X-ray 

diffraction (XRD) and TEM, they proposed that better contact was established between the 

gold catalysts and reactants. However, the air treatment invariably led to substantial particle 

growth, from ~1 to 25 nm diameter, following ligand removal.
16

  

Variations in calcination temperature permit a range of conditions for removal of the ligands 

from the catalyst surfaces,
17

 and may have a pronounced effect on the properties of the final 

material.
5b

 High-temperature calcination has been widely used to remove organic ligands, but 

its main drawback is the facile sintering of metal particles.
18

 Yin et al. showed that the size of 

gold particles supported on silica (Au/SiO2) increased from 2.1 nm (as-synthesized) to 3.3, 

4.5 and 4.8 nm after calcination in an H2 reducing atmosphere at 300, 500 and 600 
o
C, 

respectively. The catalysts calcined at 300 °C showed CO oxidation with 100% conversion.
18

 

Hence, a significant decrease in the gold catalyst activity can be related to the gold particles 

sintering at high calcination temperature.
19

 Chang et al. reported a detailed investigation into 

the effect of calcination at temperatures from 100 to 475 
o
C on 2.0 wt% gold catalysts 

supported on Mg2AlO, made by a co-precipitation method.
20

 They showed that catalysts 

calcined at 100 
o
C are the most active in CO oxidation.

20
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Calcination at mild temperature is preferred for fabrication of structure-sensitive gold 

catalysts because higher temperatures generally lead to more particle agglomeration.
14a, 21 

The 

improvement in catalytic activity of gold catalysts, as discussed above, demonstrates that 

low-temperature heat treatment is beneficial for gold particles immobilized on a support. 

Wang et al. studied the effect of calcination temperature on the catalytic activity of supported 

Au particles for benzyl alcohol oxidation. They showed that the mean particle diameters 

increased from 2.5 ± 0.7 to 2.6 ± 0.7, 2.7 ± 0.8, 3.9 ± 1.2 and 7.9±2.7 nm when the catalyst 

was calcined at 100, 200, 300, 400 and 500 
o
C; the corresponding benzyl alcohol conversions 

were 92%, 92%, 94%, 84% and 54%, respectively.
22

 Pritchard et al. studied the effect of (air) 

calcination temperature on the catalytic activity of carbon-immobilised Pd-Au particles in 

benzyl alcohol oxidation. The mean particle diameters increased from 2.7 (as synthesized) to 

5.3, 9.4 and 27 nm when the catalysts were calcined at 200, 300 and 400 
o
C, respectively.  

Treatment at 200 
o
C significantly improved the catalytic activity (see Table 4.1), but further 

increases in the calcination temperature, especially over 300 
o
C, led to a very significant 

decrease in catalytic activity.
23

 The challenge remains in selecting an effective calcination 

temperature for good contact between the gold particles and the support, without inducing 

significant sintering. 

Table 0.1: The effect calcination temperature (in air) on mean particle diameters of 1.0 wt % Pd‒
Au/C the catalyst and benzyl alcohol oxidation conversion (C%). Reproduced from Pritchard et al.

23
 

Catalyst code Calcination temperature 

(
o
C) 

Mean particle diameter 

(nm) 

C (%) 

1.0% Pd‒Au/C 200 5.3 85 

1.0% Pd‒Au/C 300 9.4 12 

1.0% Pd‒Au/C 400 27 6 

Reaction conditions: Benzyl alcohol: 40 mL, 1.0 wt% Au-Pd/C: 0.1 g, Temperature: 120 
o
C and pO2: 

150 psi. 

It is generally assumed that ligand removal is relatively crucial for good control of particles 

size of gold supported on carbon.
24

 Consequently, the activity of the gold nanoparticles 
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immobilized on activated carbon is likely to depend on the type of  treatment.
25

 The present 

chapter focuses on the effects of different types of treatments on catalytic activity for benzyl 

alcohol oxidation under the mild conditions established in Chapter 3 (i.e., benzyl alcohol: 2.5 

mmol, base: 2.5 mmol, anisole: 1.25 mmol, methanol: 25 mL, temperature: 80 
o
C, oxygen 

gas pressure: 73 psi, stirring: 750 rpm, time: 24 h and Au101/C: 50 mg). A gold catalyst 

immobilized on Norit activated carbon (1.0 wt% Au101/C) was activated in three ways:
23, 26

 

a. washed with toluene;  

b. calcined under vacuum or in air, O2, H2 or O2 followed by H2 at 100 or 200 
o
C for 3 

hours; 

c. a sequence of (a) followed by (b). 

Evidence from the relevant earlier research demonstrates that alcohol oxidation can be forced 

to completion with an overall yield or conversion as a function of reaction time.
27

 Fristrup et 

al. confirmed that the activation of benzyl alcohol involves breakage of the C–H bond in the 

benzylic position to generate a partial positive charge in the benzylic position (i.e., hydride 

abstraction).
28

 Catalytic results showed that yield of methyl benzoate in the presence of a 

base depends on the reaction time.
28

 Table 3.4 provides some selected examples illustrating 

the effect of reaction time on benzyl alcohol oxidation. 

Table 0.2: Examples of benzyl alcohol oxidation catalysed by supported gold nanoparticles as 

a function of time. 

Catalyst code *time1 (h) → C1 (%) *time2 (h) → C2 (%) T (
o
C) Ref. 

Au/TiO2 0.5→0.6 8→15.3 100 
27b

 

Au-Pd/TiO2 0.5→12 4→25 100 
27a

 

Au/TiO2 0.5→16 24→99 130 
28

 

Au/TiO2 1→4 150→85 100 
29

 

Au/C 1→0 24→5 100 
30

 

Au/TiO2 1→8 10→75 25 
31

 

Au/K2Ti6O13 1→24 10→85 25 
31

 

*Time1: Initial reaction time, C1: Initial conversion, time2: Final reaction time and C2: Final 

conversion.   
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Experiments should be repeated several times in order to ascertain reproducibility.
32

 

Particularly, in the case of gold catalysts, reproducibility of catalytic results is rarely reported, 

probably due to the sensitivity of the catalyst surface to activation and reaction conditions, 

along with the difficulty in exercising effective control over particle size and sensitivity to the 

many experimental variables that play a significant role during catalytic testing.
5a, 21a, 33

 

These treatments could conceivably activate the gold nanoparticles without causing excessive 

particle sintering, which would be detrimental to the efficiency of benzyl alcohol oxidation.
23

 

The important and novel contribution of this chapter is in screening over a wide range of mild 

activations, including combinations, aimed to activate Au nanocatalysts through the removal 

of the ligands (PPh3). The performance of each catalyst was investigated under exactly the 

same test conditions, making it possible to pinpoint the most efficient activation protocol. 

HPLC was used to analyse the products and TEM was used to study the effect of activation 

treatments on the gold nanocatalysts size. 

4.2 Results and discussion 

In this chapter, the effects of various types of activation processes were investigated with the 

main focus on the catalytic activity and selectivity of gold catalysts for benzyl alcohol 

oxidation. Specific details of catalyst preparation and activation procedures were reported in 

Chapter 2 (see Sections 2.5-2.6). 

4.2.1 Un-treated “as-made” gold nanocatalysts 

The catalytic activity of 1.0 wt% Au101/C nanocatalysts was investigated “as-made”, without 

treatment while controlling the stirring rate (750 rpm), pressure (73 psi) and target 

temperature (80 
o
C) for 24 hours. The catalysts can be activated in situ during rather long (24 

hours) catalytic tests (see Table 4.3).  
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Table 0.3: Conversion and selectivity achieved using un-treated 1.0 wt% Au101/C catalysts. 

Catalyst code Conversion%  Selectivity%  

  Benzaldehyde Benzoic  acid Methyl 

benzoate 

1.0% Au101/C 70 1 45 54 

1.0% Au101/C 68 1 44 55 

1.0% Au101/C 71 1 45 54 

The effects of immobilization on the size and size distribution of the gold nanoparticles were 

studied using HRTEM (see Figure 4.1). The gold particles showed some agglomeration 

during immobilization resulting in an increase of the average particle diameters from 1.6 ± 

0.1 nm (for “as-made” Au101, see Chapter 2, Section 2.4.1.2 and Figure 2.2) to 2.6 ± 0.1 nm 

for the gold particles immobilized on activated carbon. This could be because gold particles 

could not be fully maintained on the carbon support and they were slightly agglomerated 

during immobilization.
34

 

    

Figure 0.1: Left: a representative TEM image of as-made (un-treated) 1.0 wt% Au101/C deposited 

onto carbon film coated copper TEM grid; Right: Particle size distribution histogram. The average 

particle size of gold particles was determined to be 2.6 ± 0.1 nm (two standard deviations of the 

mean).      

The as-made gold nanocatalysts showed ~70% conversion with ~55:45 selectivity slightly in 

favour of methyl benzoate over benzoic acid as the only detectable products. This result 

contrasts with the findings of Lopez-Sanchez et al. who reported no conversion for as-made 

Au/TiO2,
1
 so one can appreciate that we have reached a relatively high conversion in this 

study, even without treatment of the gold catalyst. 
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There are several factors that could explain the difference in reactivity reported here and by 

Lopez-Sanchez et al. First, the supports (carbon and TiO2) are quite different in terms of 

interactions with the Au MNPs. Second, Lopez-Sanchez et al. fabricated their catalysts using 

colloidal Au protected by PVA, while we used a PPh3-protected precursor. Loss of PPh3 (and 

hence catalytic activation) during catalytic testing conditions is likely to be more facile for 

mono-dentate PPh3 than for a polymeric surfactant;  and the oxidized form of ligand 

(phosphine oxide) is also soluble in methanol.
35

 One should also consider effect of particles 

size. Previously published papers on benzyl alcohol oxidation indicate that the highest 

activity is attained by Au nanoparticles with diameters greater than ~3 nm (as discussed in 

Chapter 5, Section 5.1). One possible explanation for the activity of un-treated Au101/C in our 

study is that some gold particles have diameters near or in excess of approximately 3 nm, 

making them active enough to play a major role in obtaining the relatively high ~70% 

observed conversion.
36

  However, the TEM images reported by Lopez-Sanchez et al. showed 

that they used larger gold particles (average diameter ~3.0 nm compared with 2.6  0.1 nm 

for the catalyst used here) with a significantly wider distribution. On this basis, one would 

expect their catalyst to be more active than mine, which contradicts earlier studies and makes 

a size-only explanation unlikely.  

There are two other possible explanations for the observed activity: a) homogeneous catalysis 

by Au101 particles that have leached off the support during the catalytic test and b) in-situ 

aggregation of particles, coincident with the loss of ligands and resulting in the formation of 

larger, more active particles during the catalytic tests. The first of these explanations relates 

to studies of thiolate-capped Au nanoclusters (denoted as Au-SRx clusters) as homogeneous 

catalysts performed by Jin et al., who claimed that such unsupported catalysts could 

outperform their supported analogues.
3
 Leaching of gold-phosphine species from as-made 

Au101/TiO2, as evidenced by a synchrotron-XPS study, was previously reported by Anderson 
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et al.
7b

 Such leaching is plausible because the interaction between Au101 and its support is the 

weakest in a series of studies reported for the same gold particles (Au101) in the literature due 

to the fact that the metal core is almost fully enclosed by phosphine ligands, which reduce 

gold-support interactions while possibly improving solubility in the solvent and thereby 

promoting leaching.
7
 For leaching tests, our results, even for the same sample, were not 

consistent in this part for no apparent reason. Future work is necessary to further determine 

the gold loadings of the catalyst materials before and after catalytic tests which should allow 

confirmation of the leaching; also control tests using a solution of unsupported Au101 are 

suggested to establishment of the possibility of homogeneous catalytic activity. Explanation 

(b) is plausible based on Anderson et al.’s synchrotron-XPS observation of aggregation of 

phosphine-protected gold clusters supported on TiO2 induced by washing in hot toluene,
7b

 

and my HRTEM study of the effect of such washing on particle sizes in a Au101/C system 

(see Section 4.2.2.1 (below)). Detailed HRTEM of the catalyst material recovered after the 

test could have been conducted to prove that aggregation occurred in situ. However, the 

priority of determining whether either of the explanations (i.e., explanation a, or b, as given 

above) were likely was judged to be low and given the lack of time, it was decided not to 

pursue further detailed investigations of this system. 

4.2.2 Activation of gold nanocatalysts  

Activation to remove PPh3 from gold nanocatalysts and enhance the catalytic activity of 

Au101/C was achieved by combinations of washing with a solvent (toluene or NaOH in 

MilliQ water (0.1 M), and/or calcinations.
1, 6

 The activity of all catalysts discussed in this 

Chapter was investigated while keeping all catalytic test reaction parameters constant, as 

described in Section 4.1. 
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4.2.2.1 Washing with toluene at elevated temperature  

The procedure of washing with toluene at 100 
o
C was adopted from Anderson et al. who 

demonstrated its successful use in removing PPh3 ligands from gold nanoparticles or 

nanoclusters deposited onto TiO2.
6
 The results presented in Tables 4.3 and 4.4 shows that this 

process improves the catalytic activity of 1.0 wt% Au101/C from ~70% to ~100%, while the 

selectivity in favour of methyl benzoate vs benzoic acid increases from ~55:45 to ~ 67:33.  

These observations are consistent with earlier research,
1
 in which gold catalysts washed with 

a solvent (like water) demonstrated 100% conversion and 100% selectivity towards methyl 

benzoate (see Table 4.4). The improvement of catalytic activity after washing with toluene 

could be due to the ability of toluene to remove PPh3 from the gold particles.
6
  

Table 0.4: The effect of washing (with toluene) at elevated temperature on conversion and selectivity 

of activated 1.0 wt% Au101/C catalysts.  

Catalyst code Conversion%  Selectivity%  

  Benzaldehyde Benzoic  acid Methyl 

benzoate 

1.0% Au101/C 100 0 33 67 

1.0% Au101/C 100 0 32 68 

1.0% Au101/C 98 0 34 66 

  

Figure 0.2: Left: a representative TEM image of activated 1.0 wt% Au101/C (washed with toluene at 

100 
o
C for 2 hours) deposited onto carbon film coated copper TEM grid; Right: Particle size 

distribution histogram. The average particle size of the gold particles was determined to be 2.8 ± 0.2 

nm (two standard deviations of the mean).          

 

10 nm 
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TEM (see Figures 4.1- 4.2) shows that the average gold particles diameter increases very 

slightly (and perhaps statistically insignificantly) from 2.6 ± 0.1 nm for the “as-made” 1.0 

wt% Au101/C to 2.8 ± 0.2 nm after washing, so aggregation is only very slight if it occurs at 

all. Slight aggregation upon washing was previously reported for PPh3-protected gold clusters 

and colloids immobilized on TiO2,
6
 but the catalytic activity of theses gold catalysts was 

attributed to some gold particles of approximately 3 nm diameter.
36

  

4.2.2.2 Effect of heat treatments  

In this Section of the thesis, heat treatments of gold catalysts were investigated using various 

atmospheres (i.e., static air, vacuum, O2, H2 or O2 then H2 sequentially) at 100 or 200 
o
C for 3 

hours to remove the phosphine ligands from the gold particles (see Tables 4.5-4.9). A 

trapping experiment (e.g. Staudinger reaction of the 1-azido-2, 4-dinitrobenzene with PPh3) 

can be used to quantitatively determine amount of free PPh3; when the ligands leave the gold 

core, free PPh3 can rapidly react with trapping reagent.
37

 However, such study was not 

undertaken due to the time limitations. 

The mean diameter of detectable particles is different before and after activation due to the 

ligand removal. Donoeva et al. demonstrated that gold clusters cannot agglomerate when the 

ligands are still bound to the gold cores of the clusters.
7a

 The change in the average gold 

particle diameter was monitored using transmission electron microscopy (TEM). The ligand 

removal may be inferred using comparison of the TEM images with the focus on size 

distribution and the average gold core diameter before and after activation. The average gold 

core diameter increased after activation of the catalysts made using phosphine-stabilized gold 

clusters probably due to the removal of PPh3 from gold core particles.  
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4.2.2.2.1 Calcinations in static air  

High conversions of 96% and 100% were achieved by gold catalysts calcined for 3 hours at 

100 and 200 
o
C, respectively, under static air. Methyl benzoate was the major product with 

selectivity in the 60-70% range, while benzoic acid was the only other product. The 

performance of catalysts activated in this manner was quite similar, despite different 

activation temperatures. The results confirmed that high activity and selectivity can be 

induced in gold catalysts by using static air calcination.
8b

 They are also consistent with 

research reported in the literature that, of 0.45 wt% Au/CeO2 samples calcined in static air at 

100, 200 and 400 
o
C of gold catalysts, that calcined at 100 

o
C showed the highest activity for 

cinnamyl alcohol oxidation.
8b

  

Table 0.5: The effect of static air calcination on conversion and selectivity of 1.0 wt% Au101/C 

catalysts. 

Catalyst code Temperature 

(
o
C) 

Conversion% Selectivity% 

Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 

1.0% Au101/C 200 96 0 34 66 

1.0% Au101/C 100 100 0 40 60 

 

Figure 0.3: Left: a representative TEM image of activated 1.0 wt% Au101/C (calcined under static air 

at 100 
o
C for 3 hours) deposited onto carbon film coated copper TEM grid; Right: Particle size 

distribution histogram. The average particle size of the gold particles was determined to be 4.4 ± 0.2 

nm (two standard deviations).    
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Figure 4.3 shows that aggregation during calcination under static air at 100 
o
C for 3 hours 

increased the average gold particle diameter from 2.6 ± 0.1 nm (“as-made”) to 4.4 ± 0.2 nm 

and led to a wider range size distribution. The activity of gold catalysts reportedly can be 

related to the number of gold particles with ca. ≥3 nm particles size.
36

 Importantly, the 

observed activity and selectivity is similar to the case of washed catalysts discussed above, 

which is to be expected since both methods are thought to partially remove the PPh3 ligands. 

However, the washed catalysts showed less aggregation (smaller particles ~2.8 nm) 

compared to calcined catalysts under static air. 

4.2.2.2.2 Calcination in vacuum 

The 1.0 wt% Au101/C nanocatalysts calcined under vacuum also demonstrated relatively 

temperature independent high conversion of benzyl alcohol (~ 100%), along with higher 

selectivity (~73%) than observed in the earlier experiments towards methyl benzoate (see 

Table 4.6). 

Table 0.6: The effect of vacuum calcination on conversion and selectivity of 1.0 wt% Au101/C 

catalysts.  

Catalyst 

code 

Temperature 

(
o
C) 

Conversion% Selectivity% 

Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 

1.0% Au101/C 200 99 0 26 73 

1.0% Au101/C 100 98 0 24 74 
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Figure 0.4: Left: a representative TEM image of activated 1.0 wt% Au101/C (calcined under 

vacuum at 100 
o
C for 3 hours) deposited onto carbon film coated copper TEM grid; Right: 

Particle size distribution histogram. The average particle size of the gold particles was 

determined to be 4.3 ± 0.2 nm (two standard deviations of the mean).  

Figure 4.4 shows that the average particle diameter increased from the “as-made” value of 2.6 

± 0.1 to 4.3± 0.2 nm, and that the distribution broadened. These changes indicate particle 

aggregation associated with partially removal of the PPh3 ligands.
6
 In addition, this could be 

due to the nature of carbon as a support, which may drastically influence the gold particles’ 

size after thermal treatments.
34

 The high activity of gold catalysts can be related to numerous 

gold particles of approximately 3 nm size,
36

 but it is harder to explain a small but noticeable 

shift in selectivity towards the formation of methyl benzoate. 

4.2.2.2.3 Calcination under oxygen atmosphere 

The Au101/C catalysts calcined under oxygen also showed high conversion (> 95%) and 

selectivity towards methyl benzoate and benzoic acid (see Table 4.7) similar to those 

observed in the case of washed and air-calcined catalysts. Notably, the selectivity as a 

function of activation temperature for catalysts calcined in air and under pure oxygen (which 

might be expected to exhibit a close correspondence, because both involve O2) changes in 

opposite directions – for air, methyl benzoate selectivity increases with higher calcination 

temperature, while for oxygen it decreases. Activation at higher temperature should lead to a 

5 nm 

5 nm 
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more effective removal of phosphine ligands, but could also result in more pronounced 

aggregation.
18
   

Table 0.7: The effect of oxygen gas calcination on conversion and selectivity of activated 1.0 wt% 

Au101/C catalysts.  

Catalyst code Temperature 

(
o
C) 

Conversion% Selectivity% 

Benzaldehyde Benzoic  acid Methyl 

benzoate 

1.0% Au101/C 200 95 0 40 60 

1.0% Au101/C 100 98 0 32 68 

  

Figure 0.5: Left: a representative TEM image of activated 1.0 wt% Au101/C (calcined under oxygen 

gas at 100 
o
C for 3 hours) deposited onto carbon film coated copper TEM grid; Right: Particle size 

distribution histogram. The average particle size of the gold particles was determined to be 5.4 ± 0.2 

nm (two standard deviations of the mean). 

Figure 4.5 shows that the average particles size increased from 2.6 ± 0.1 for the as-made 

material to 5.4 ± 0.2 nm after calcination under oxygen at 100 
o
C for 3 hours. The gold 

particles aggregated, which led to a wide size distribution. The phosphorous ligands were 

removed from the gold particles and deposited on the carbon surface while the gold cluster 

cores either partially or fully agglomerate.
7b, 38

 The activity of the gold catalysts can be 

related to many gold particles bigger than 3 nm.
36, 39

  

4.2.2.2.4 Calcination under hydrogen atmosphere 

The 1.0 wt% Au101/C catalysts calcined under hydrogen atmosphere at 100 or 200 
o
C 

demonstrated (see Table 4.8) much lower conversions of benzyl alcohol (<~ 20%),
24
 and 
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benzaldehyde was detected as a significant product (selectivity ~11%), which is similar to 

results reported in Chapter 3 when low conversions of benzyl alcohol were observed. Another 

very significant difference in comparison with the cases earlier in this Chapter is that the 

ma or product was benzoic acid, with ~55% selectivity. In the temperature-effect study 

illustrated in Figure 3.4, at 40 
o
C, the selectivity towards methyl benzoate was very 

significant (~87%) at approximately the same degree of conversion.  

The very low activity of presented in Table 4.8 for 1.0 wt% Au101/C nanocatalysts calcined 

under hydrogen gas may be due to the relatively low calcination temperature (100 and 200 

o
C) utilized in this study.

1
 Other researchers found high activity for gold catalysts calcined 

under hydrogen gas at higher temperatures of ≥300 
o
C.

1, 8b
 

Table 0.8: The effect of hydrogen gas calcination on conversion and selectivity of activated 1.0 wt% 

Au101/C catalysts.  

Catalyst 

code 

Temperature 

(
o
C) 

Conversion% Selectivity% 

Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 

1.0% Au101/C 200 14 11 55 27 

1.0% Au101/C 100 20 11 54 27 

   

Figure 0.6: Left: a representative TEM image of 1.0 wt% Au101 treated under hydrogen gas at 100 
o
C 

for 3 hours, deposited onto carbon film coated copper TEM grid; Right: Particle size distribution 

histogram. The average particle size of the gold particles was determined to be 5.6 ± 0.3 nm (two 

standard deviations of the mean).  
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Figure 4.6 shows that the average gold particle size increased from 2.6 ± 0.1 to 5.6 ± 0.3 nm 

after calcination under hydrogen at 100 
o
C for 3 hours. Again, the gold particles’ aggregation 

led to a wide size distribution. The activity of activated gold catalyst was not substantially 

changed by this thermal treatment.
1
 It seems that numerous small (~3 nm) and big particles (≥ 

8 nm) caused to drop the conversion of benzyl alcohol by the gold nanocatalysts.
36, 39-40

 

4.2.2.2.5 Calcinations under oxygen and followed by hydrogen gases  

In this section, the gold nanocatalysts were calcined first in oxygen and then in hydrogen in 

order to integrate the potential advantages of both treatments.
10

 This combined calcination, 

denoted here as O2-H2, has been shown to completely remove phosphorous-based ligands 

gold and re-deposits the ligand residues onto a support surface; but at the same time it caused 

the gold particle cores to become highly agglomerated.
7b, 8b, 24

  

The activity of 1.0 wt% Au101/C nanocatalysts calcined in O2-H2 at 100 and 200 
o
C for 3 

hours, was investigated under the same standard conditions as above. The highest conversion 

(96%) was achieved using catalysts activated at the lower temperature, with a significant drop 

to only 58% conversion when heated at 200 
o
C (see Table 4.9). This was the first time in the 

series of studies reported here that such a significant difference was observed between the 

performances of catalysts activated at different temperature. Furthermore, both results are in 

stark contrast to the very much lower conversions obtained using catalysts activated under 

hydrogen atmosphere alone, despite the fact that in both cases the last treatment before the 

catalytic test was under a hydrogen atmosphere and the gold particles sizes are quite similar. 

Based on the results discussed in 2.2.2.4 one might have expected low conversions in the case 

of O2-H2 treatment as well. Hence, one could hypothesise that the treatment under O2 prior to 

H2 is crucial in preventing deterioration of catalytic performance; yet at higher temperature 

this effect is diminished.
7b
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As shown in Table 4.8, the reaction products are essentially entirely benzoic acid and methyl 

benzoate for both calcination temperatures. However, there is a pronounced reversal in the 

ratios of selectivity: 2:1 in favour of methyl benzoate acid at 100 
o
C while at 200 

o
C the ratio 

was 1:2 in favour of benzoic acid. Along with activation under hydrogen gas, this is the 

second time within the series studied here that such a significant reversal has occurred in the 

selectivity of gold catalysts. 

Table 0.9: The effect of O2 –H2 calcination on conversion and selectivity of activated 1.0 wt% 

Au101/C catalysts.  

Catalyst code Temperature 

(
o
C) 

Conversion% Selectivity% 

Benzaldehyde Benzoic  acid Methyl 

benzoate 

1.0% Au101/C 200 58 1 66 33 

1.0% Au101/C 100 96 0 33 67 

 

Figure 0.7: Left: a representative TEM image of activated 1.0 wt% Au101/C (calcinated under O2–H2 

gases at 100 
o
C for 3 hours) deposited onto carbon film coated copper TEM grid; Right: Particle size 

distribution histogram. The average particle size of the gold particles was determined to be 6.6 ± 0.3 

nm (two standard deviations of the mean).  

Figure 4.7 shows that the average particles size increased from 2.6 ± 0.1 to 6.6 ± 0.3 nm after 

calcination under O2–H2 gases at 100 
o
C for 3 hours; the gold particles also aggregated to 

broaden the size distribution. The combination of two types of calcinations (O2 and H2) may 

lead to the phosphorous ligands completely detaching from the gold and re-deposition onto 

the support surface, but the gold particle cores may also agglomerate substantially.
7b

 The 
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activity of the gold catalysts could be related to the proportion of gold particles larger than 3 

nm.
36, 39

 

4.2.3 Washing with a solvent at elevated temperature followed by 

calcinations 

This section concerns procedures that integrate advantages of both washing and calcination to 

more effectively remove weakly adsorbed PPh3 from gold particle surfaces, to enhance the 

surface exposure of the particles and hence the catalytic activity.
6
 A washing procedure and 

follow-up calcinations were undertaken according to a protocol similar to that described by 

Lopez-Sanchez et al., who demonstrated removal of PVA from gold particles immobilized on 

TiO2.
1
 The result of benzyl alcohol oxidation by gold catalysts treated in this manner 

confirmed an improvement of activity as compared with the un-treated, or simply washed or 

calcined catalyst. Un-washed gold catalyst particles are inclined to coagulate more readily 

than washed catalyst, meaning that they are less stable.
9
  

4.2.3.1 Washing followed by calcination in static air 

The method here was adapted from Lopez-Sanchez et al.
1
 1.0 wt% Au101/C was washed with 

toluene and then calcined for 3 hours under static air at 100 or 200 
o
C. The activity of the 

treated nanocatalysts was tested under the standard conditions used above. The gold catalysts 

showed high conversion (~100%) and high total selectivity, producing methyl benzoate and 

benzoic acid. The product ratios were approximately 2:1 (the ester to acid for both 

temperatures) in favour of latter (see Table 4.10). Treatment at the higher temperature 

resulted in a slight shift towards benzoic acid, as observed in several other high conversion 

tests discussed earlier (4.2.2.2.4).  
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Table 0.10: The effect of washing and calcination (under static air) on conversion and selectivity of 

activated 1.0 wt% Au101/C catalysts.  

Catalyst code Temperature 

(
o
C) 

Conversion% Selectivity% 

Benzaldehyde Benzoic  acid Methyl 

benzoate 

1.0% Au101/C 200 100 0 34 66 

1.0% Au101/C 100 100 0 21 78 

  

Figure 0.8: Left: a representative TEM image of treated 1.0 wt%Au101 (washed with toluene and 

followed by calcination under static air at 100 
o
C for 3 hours) deposited onto carbon film coated 

copper TEM grid; Right: Particle size distribution histogram. The average particle size of the gold 

particles was determined to be 3.0 ± 0.1 nm (two standard deviations of the mean).  

The size and size distribution of the gold particles resulting from the 100 °C treatment are 

depicted in Figure 4.8. The treatment led to a small increase in the gold particle diameters 

from 2.6 ± 0.1 (un-treated) to 3.0 ± 0.1 nm, which is only slightly (and hardly significantly) 

bigger than that obtained using washing alone (2.8 ± 0.1 nm). In comparison, in the case of 

calcination under static air alone, the average gold particle diameters increased to 4.4 ± 0.2 

nm. It appears that washing substantially stabilizes the gold particles and makes them less 

prone to aggregation. It is also noticeable that the sample showed high activity, presumably 

as a consequence of more particles with sizes bigger than 3 nm.
36, 39

 

 

 

5 nm 
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Figure 0.9: Left: a representative TEM image of activated 1.0 wt% Au101/C (washed with toluene and 

followed by calcination under static air at 200 
o
C for 3 hours) deposited onto carbon film coated 

copper TEM grid; Right: Particle size distribution histogram. The average particle size of gold 

particles was determined to be 7.4 ± 0.2 nm (two standard deviations of the mean). 

The resulting particles size and size distribution of the 1.0 wt% Au101/C nanocatalysts after 

the 200 °C treatment are depicted in Figure 4.9. These results clearly demonstrate that the 

treatment at higher temperature led to a much larger gold particles sizes with a mean diameter 

of 7.4 ± 0.2 nm and a very broad distribution. It is also noticeable that the sample showed 

high activity, presumably as a consequence of a higher proportion of particles bigger than 3 

nm.
36, 39

 But this result is in contradiction with the low conversions obtained using catalysts 

treated under hydrogen, despite the fact that particle sizes are large in both cases (7.4 ± 0.2 nm 

here vs. 6.6 ± 0.3 nm in the case of catalysts treated under H2). 

4.2.3.2 Washing followed by calcination in vacuum 

The activity of 1.0 wt% Au101/C washed with toluene and then calcined under vacuum was 

investigated under standard conditions. The observed conversion of benzyl alcohol was 

essentially 100% for both calcination temperatures. For a catalyst treated using the 100 
o
C 

procedure a ~1:3 product ratio of benzoic acid to methyl benzoate was obtained, similar to 

that observed earlier in the case of a catalyst heat treated under vacuum without prewashing. 

The selectivity ratio shifted closer to ~1:2 for calcination at 200 
o
C (see Table 4.11).  

5 nm 
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Table 0.11: The effect of washing and following by calcination under vacuum on conversion and 

selectivity of activated 1.0 wt% Au101/C catalysts.  

Catalyst code Temperature 

(
o
C) 

Conversion% Selectivity% 

Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 

1.0% Au101/C 200 100 0 29 71 

1.0% Au101/C 100 99 0 24 74 

 

Figure 0.10: Left: a representative TEM image of activated 1.0 wt% Au101/C (washed with toluene 

and followed by calcination under vacuum at 100 
o
C for 3 hours) deposited onto carbon film coated 

copper TEM grid; Right: Particle size distribution histogram. The average particle size of the gold 

particles was determined to be 3.5 ± 0.1 nm (two standard deviations of the mean).  

The gold particle size and size distribution of 1.0 wt% Au101/C nanocatalysts after treatment 

at 100 °C are depicted in Figure 4.10. The final average gold particle diameter was 3.5 ± 0.1 

nm, which is larger than that obtained using washing alone (2.8 ± 0.1 nm), but smaller than 

obtained by calcination under vacuum alone (4.3 ± 0.2 nm). One can deduce that calcination 

under vacuum of the washed particles increases the size from 2.8 ± 0.1 to 3.5 ± 0.1 to nm.
9
 In 

contrast, the unwashed particles would have aggregated under vacuum calcination to 4.3 ± 

0.2 nm. Pre-washing the particles appears to convey on the particles partial protection against 

aggregation during calcination.
9
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Figure 0.11: Left: a representative TEM image of activated 1.0 wt% Au101/C (washed with toluene 

and followed by calcination under vacuum at 200 
o
C for 3 hours) deposited onto carbon film coated 

copper TEM grid; Right: Particle size distribution histogram. The average particle size of the gold 

particles was determined to be 6.5 ± 0.2 nm (two standard deviations of the mean).    

The resulting particle size and size distribution of the 1.0 wt% Au101/C nanocatalysts after the 

200 °C treatment are depicted in Figure 4.11. The gold particle mean diameter has increased 

from 2.6 ± 0.1 (un-retreated) to 2.8 ± 0.1 nm (washing alone) and to 6.5 ± 0.2 nm after the 

combined activations. The final diameter is substantially greater than achieved by the 100 
o
C 

activation, as would be expected since higher calcination temperatures generally lead to 

greater aggregation. 

The sample showed high activity, presumably as a consequence of the effect of the 

predominant particle population between 3 and 8 nm.
36, 39

 Comparison of particle diameters 

and performance of catalysts activated at 100 
o
C and 200 

o
C implies that the size before 

catalytic testing has a very minor effect because these samples have distinctly different 

particle diameters of 3.5 ± 0.1 and 6.5 ± 0.2 nm, respectively. Clearly, initial particle size 

alone is insufficient to explain the catalyst’s performance. Indeed, low conversions have been 

previously obtained using catalysts, treated under hydrogen, which contained particles with 

sizes nearly identical to those discussed here (6.5 ± 0.2 nm here vs. 6.6 ± 0.3 nm). Due to 

time and TEM access limitations, we were not able to perform a study of particle size 

evolution during catalytic testing. 
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4.2.3.3 Washing followed by calcination under oxygen gas 

The 1.0 wt% Au101/C catalysts washed with toluene and calcined under oxygen atmosphere 

showed ~100% conversion for material calcined at 100 
o
C, but only ~20% conversion for 

material calcined at 200 
o
C (see Table 4.12). A similar but less pronounced drop in conversion 

(from ca. 100% to 60%) for a catalyst treated at higher temperature was observed earlier after 

O2–H2 calcination (see Section 4.2.2.2.5). Unlike most other cases, benzoic acid is consistently 

the ma or product especially at the higher temperature, where the selectivity of 70% is close 

to that for the case of the catalyst activated by O2–H2 calcination at 200 
o
C (see Section 

4.2.2.2.5). It is hard to explain this finding since, in the case of catalysts activated by washing 

alone (Table 4.4) or by calcination in static air (Table 4.4) or in oxygen (Table 4.6), methyl 

benzoate was obtained as the main product with selectivity of 60-70%. Interestingly, the 

results of the 100 
o
C treatment constitute the first example of significant (21%) selectivity 

towards benzaldehyde at a conversion close to 100% (see Table 4.12).  

Table 0.12: The effect of washing with toluene and following by calcinations under oxygen gas on 

conversion and selectivity of activated 1.0 wt% Au101/C catalysts.  

Catalyst 

code 

Temperature 

(
o
C) 

Conversion% Selectivity% 

Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 

1.0% Au101/C 200 20 17 70 23 

1.0% Au101/C 100 94 21 44 35 
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Figure 0.12: Left: a representative TEM image of activated 1.0 wt% Au101/C (washed with toluene 

and followed by calcination under O2 gas at 100 
o
C for 3 hours) deposited onto carbon film coated 

copper TEM grid; Right: Particle size distribution histogram. The average particle size of the gold 

particles was determined to be 4.4 ± 0.2 nm (two standard deviations of the mean).    

Figure 4.12 shows that the gold particles s agglomerate under the 100 
o
C treatment to an 

average diameter of 4.4 ± 0.2 nm,
7b, 38

 which is substantially larger than the 2.8 ± 0.1 nm 

diameter for the gold catalysts treated using washing alone, but still much smaller than 5.4 ± 

0.2 nm obtained in the case of calcination under O2 alone. These comparisons indicate that 

that gold particles may be stabilized by the washing procedure, and hence show lesser 

aggregation during calcination.   

4.2.3.4 Washing followed by calcination under hydrogen gas 

Table 4.13 displays results of catalytic tests with 1.0 wt% Au101/C nanocatalysts washed with 

toluene and calcined under hydrogen gas. After the higher temperature (200 
o
C) activation, a 

pronounced drop in conversion to 53% and a typical product distribution ratio (similar to 

4.2.2.2.4 ‒ 4.2.2.2.5) was observed in the case of hydrogen treatment at 200 
o
C. However, a 

high conversion (95%) and reversal of the product distribution ratio was evident too, with 

benzoic acid becoming a major product with 61% selectivity at 100 
o
C activation. This is 

very similar to earlier observations after treatment under O2 followed by H2 at 100 
o
C 

(Section 4.2.2.2.5).  
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Table 0.13: The effect of washing with toluene followed by calcination under hydrogen gas on 

conversion and selectivity of activated 1.0 wt% Au101/C catalysts.  

Catalyst 

code 

Temperature 

(
o
C) 

Conversion% Selectivity% 

Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 

1.0% Au101/C 200 53 11 60 29 

1.0% Au101/C 100 95 11 28 61 

 

Figure 0.13: Left: a representative TEM image of activated 1.0 wt% Au101/C (washed with toluene 

and followed by calcination under H2 gas at 100 
o
C for 3 hours) deposited onto carbon film coated 

copper TEM grid; Right: Particle size distribution histogram. The average particle size of the gold 

particles was determined to be 4.9 ± 0.3 nm (two standard deviations of the mean).    

Figure 4.13 shows a representative HRTEM image and the associated particles size and size 

distribution (histogram). The gold particles have grown to an average diameter of 4.9 ± 0.2 

nm, which is bigger than that for catalysts that were treated by using washing alone (2.8 ± 0.1 

nm), but smaller than that obtained by calcination only under hydrogen (5.6 ± 0.3 nm). As in 

many (4.2.3.1- 4.2.3.4) of the cases above, the average gold particle diameters falls between 

those obtained using washing alone or calcination alone. The observed drop in conversion 

and inverted selectivity is impossible to explain based on the gold particle diameters 

according to the results discussed in previous sections (including 4.2.2.2.4 above). The results 

show that selectivity towards the acid as the main product for catalyst particles spanning a 

wide range of particle sizes. The high activity of gold catalysts after calcination at 100 
o
C 

showed a significant population of small gold particles (ca. 3 nm).
36

   

5 nm 
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4.2.3.5 Washing followed by calcinations under oxygen and hydrogen  

A sample of 1.0 wt% Au101/C was firstly washed with toluene and then sequentially calcined 

in oxygen and hydrogen in order to integrate both advantages of the oxygen and hydrogen 

treatments (see Figure 4.14). Both temperatures showed high selectivity towards benzoic 

acid, with higher conversion (94%) observed for the lower calcination temperature (at100 

o
C).  

Table 0.14: The effect of washing and following by calcination under O2-H2   gases on conversion 

and selectivity of activated 1.0 wt% Au101/C catalysts.  

Catalyst 

code 

Temperature 

(
o
C) 

Conversion% Selectivity% 

Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 

1.0% Au101/C 200 74 2 60 6 

1.0% Au101/C 100 94 4 86 10 

  

Figure 0.14: Left: a representative TEM image of activated 1.0 wt% Au101/C (washed with toluene 

and followed by calcination under O2 -H2 gases at 100 
o
C at for 3 hours) deposited onto carbon film 

coated copper TEM grid; Right: Particle size distribution histogram. The average particle size of the 

gold particles was determined to be 5.0 ± 0.3 nm (two standard deviations). 

A HRTEM image and associated particle size distributions taken from gold nanocatalysts 

which was washed with toluene and calcined under oxygen followed by hydrogen gas at 

100 
o
C (see Figure 4.14) showed that the gold catalyst agglomeration gives rise to 

substantially enlarged particles with average particle diameters of 5.0± 0.3 nm. There were 

many smaller particles with diameters still bigger than 3 nm, which were presumably 

responsible for the activity of the treated nanocatalysts.
36, 39

 It is hard to explain observed 

5 nm 
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high selectivity towards benzoic acid based on the initial particle sizes alone since the  

opposite product pattern, with methyl benzoate as the main product, was previously 

observed in reactions catalysed by materials containing particles in the 3.0±0.1 and 3.5±0.1 

nm range (Sections 4.2.3.1 and  4.2.3.4), similar sizes to those discussed here (~5.0 nm, in 

Sections 4.2.2.1 and 4.2.3.4) and even larger (~7.4 nm, Section 4.2.3.1). The final average 

particle diameter of 5.0± 0.3 nm is bigger than that of the gold catalysts treated using 

washing alone (2.8 ± 0.1 nm) but smaller than the case of calcination under O2-H2 alone, 

(6.6 ± 0.3 nm).  

4.2.4 Summary of results for 24 hour reaction time 

For a 24 hours reaction time, the results of gold catalysts activations, including “as-made”, 

washing, calcinations in different atmospheres and combinations of both, showed a range of 

conversions. However, many conversions close to 100% made it hard to pinpoint the best 

treatment. Some activated gold catalysts were clearly inferior, resulting in catalysts 

incapable of achieving full conversions after 24 hours of reaction. These included: 

calcinations under hydrogen (at 100 
o
C: 14% and 200 

o
C: 20%) or O2-H2 at 200 

o
C (58%); 

and washing with toluene followed by calcination under oxygen at 200 
o
C (20%), under 

hydrogen at 200 
o
C (53%), under oxygen at 200 

o
C (20%) or under oxygen-hydrogen at 200 

o
C (74%).  

Most of the activated gold catalysts had selectivity in favour of methyl benzoate as the main 

product; those that favoured benzoic acid were calcined under hydrogen or oxygen-

hydrogen, or washed with toluene followed of calcination under oxygen-hydrogen. 

Benzaldehyde appeared as the minor product for catalysts calcined under hydrogen (at 100 

and 200 
o
C: 11%) or washed with toluene and then calcined under oxygen-hydrogen (at 100 
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o
C: 4% and 200 

o
C: 2%). When it was present, benzaldehyde occurred with higher 

selectivity when benzyl alcohol conversion was small.  

It is difficult to explain the effect of average gold particle diameters on the benzyl alcohol 

conversion. Previous literature (see more details in Chapter 5, Section 5.1) indicates that 

gold particles bigger than 3 nm can be active gold nanoparticles for benzyl alcohol 

oxidation.
36b, 39

 It seems clear that more than just the average gold particle size is important; 

the size distribution and gold dispersion should also be considered (see Chapter 5). In 

addition, calcination of gold particles on the surface of the carbon support invariably caused 

larger gold particles to be formed due to aggregation.
34

 It seems that the interaction between 

gold particles and carbon is insufficient to prevent this.
4
 However, washing before 

calcinations can stabilize the gold particles on the support and decrease the degree of 

aggregation.
9
 

4.3 The effect of activation for three hours reaction time 

In catalyst kinetics, it is customary to measure the initial rate of a reaction from a fixed, initial 

reactant concentration so as to minimize complications due to reversible reactions and the 

inhibition by products.
41

 In this Section, the concentration of gold catalysts was held constant 

at 2.5 mmol, and the reaction time was reduced to 3 hours to ensure conversions significantly 

lower than 100%, so that the best catalysts could be distinguished. All other reaction 

parameters were kept the same as in the 24 hour tests discussed above.  

Figure 4.15 shows conversion and selectivity of aerobic oxidation of benzyl alcohol at 80 C 

as a function of time with K2CO3 (2.5 mmol: 2.5 mmol ratio with benzyl alcohol). After an 

induction period of ~1 hour (not shown in the figure), conversion increases rapidly to ~75% 

after 3 hours, ~96% after 6 hours and 100% after 12 hours. The main product was methyl 
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benzoate, with benzaldehyde present as a very minor product (~2%) until about 3 hours 

reaction time when it could be detected in only trace amounts. Immediately after the 

induction period, the ratio of methyl benzoate to benzoic acid was as high as ~9:1, but this 

ratio decreased monotonically to ~2.3:1 after 6 hours and then more gradually to an apparent 

asymptote of ~2:1 near 24 hours (as noted above in the investigation of temperature 

dependence).
27b

 Other studies have demonstrated high conversion of benzyl alcohol by 

supported gold catalysts over more than 10 hours reaction time.
31, 42

 As an example, Zheng 

and Stucky reported the effect of reaction time on catalytic activity and selectivity of Au/TiO2 

for benzyl alcohol oxidation with the highest conversion (80%) and selectivity (40%) towards 

benzaldehyde occurring at 80 hours.
43

 In contrast, Ishida et al. confirmed high activity of 

gold catalysts for benzyl alcohol oxidation for 1 hour reaction time (the reaction conditions 

were benzyl alcohol:1 mmol, base: 0.5 mmol, 2.0 wt% Au/C: 99 mg, methanol: 3 mL, T: 80 

o
C); but used 99 mg of 2.0 wt% Au catalysts,

44
 which is effectively 10 times more than we 

used (50 mg of 1.0 wt% Au101/C) for 2.5 mmol of benzyl alcohol.   
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Figure 0.15: The effect of reaction time on conversion (C) and selectivity (S) of activated 1.0 wt% 

Au101/C catalysts. 

In order to be able to distinguish between the relative merits of different reactions, it is 

important that the reactions are reasonably well advanced without being “saturated” (i.e., 

without having proceeded to 100% conversion). From the results presented here (3 hours), 

which corresponds to the time of near-maximum, TOF was considered to be a suitable 

reaction time and was selected for subsequent reactions. 
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Table 0.15: Examples of benzyl alcohol oxidation catalysed by activated (with different activations 

methods) 1.0 wt% Au101/C for 3 hours reaction time. 

*Activation 

method 

Particle 

diameter 

(nm) 

Calcine 

Temp. 

(
o
C) 

Initial 

rate 

(mol/h)  

C%  S %  

     Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 

As-made 2.6±0.1 - 2.5×10
-5

 3 68 - 32 

W 2.8±0.2 - 2.5×10
-5

 3 47 15 38 

Static air 4.4±0.2 100 0 0 0 0 0 

Static air - 200 1.58×10
-4

 19 1 16 83 

Vacuum 4.3±0.2 100 0 0 0 0 0 

Vacuum - 200 4.16×10
-5

 5 37 15 48 

O2 5.4±0.2 100 0 0 0 0 0 

O2 - 200 2.5×10
-5

 3 35 13 53 

H2 5.6±0.3 100 0 0 0 0 0 

H2 - 200 4.16×10
-5

 5 36 8 56 

O2-H2 6.6±0.3 100 2.5×10
-5

 3 31 19 55 

O2-H2  200 1.0×10
-4

 12 32 20 54 
W+ Static air 3±0.1 100 6.3×10

-4
 75 0 24 76 

W+ Static air 7.4±0.1 200 1.16×10
-4

 14 6 21 73 
W+ Vacuum 3.5±0.1 100 7.58×10

-4
 91 0 26 74 

W+ Vacuum 6.5±0.1 200 3.66×10
-4

 44 0 13 87 

W+ O2 4.4±0.2 100 0 0 0 0 0 

W+ O2 - 200 1.25×10
-4

 15 4 12 84 

W+ H2 4.9±0.3 100 1.63×10
-3

 5 16 15 69 

W+ H2 - 200 8.3×10
-6

 1 42 11 47 

W+ O2‒ H2 5±0.3 100 0 0 0 0 0 

W+ O2‒ H2 - 200 1.75×10
-4

 21 4 21 75 

*W: Washed in toluene (as described in Section 4.2.2.1). Other entries indicate calcination 

atmosphere conditions (as described in Section 4.2.2.2). W+ indicates “washed in toluene followed by 

the corresponding calcination” (as described in Section 4.2.3). Initial rate calculated based for 3 hours 

reaction time. 

Table 4.15 shows the initial rates of benzyl alcohol oxidation, conversions and selectivities 

towards detectable products after 3 hour reactions using catalysts from the same batches as 

used in 24 hour reactions discussed earlier. Negligible conversions (ca. 3%) were achieved in 

blank and control experiments. Samples with small (~ 2.6 nm) and large (~ 5.0 nm) average 

gold particle sizes had low activities over 3 hours of reaction, except for those washed with 

toluene then calcined under vacuum at 200 
o
C for 3 hours, which presented 44% conversion.  

Low or moderate conversions were achieved within 3 hours using catalysts calcined under 

O2, H2, vacuum, O2- H2 or static air without prewashing with toluene. No conversion was 
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observed for samples treated by calcination alone at 100 
o
C in static air, vacuum, oxygen and 

hydrogen at lower temperature, while conversion was very low (5%) for a sample treated 

under O2-H2 alone. Of the samples calcined at 200 
o
C, a maximum conversion of 19% was 

observed for catalysts calcined under static air; 0%, 3%, 5% and 12% were achieved after 

calcination at 200 
o
C under vacuum, oxygen, hydrogen or O2- H2, respectively. The 

selectivity for reactions using all types of preparation favoured methyl benzoate over benzoic 

acid. In some cases, invariably where conversions were low, benzaldehyde was one of the 

major products. The product ratio was ~0:1:5 (aldehyde to acid to ester) when the catalyst 

calcined under static air at 200 
o
C without prewashing; it was ~2:1:3, 3:1:4, 5:1:7 and 2:1:3 

(benzaldehyde and benzoic acid to methyl benzoate) when the gold catalyst was calcined 

under, vacuum, oxygen, hydrogen and O2 ‒ H2 at 200 
o
C, respectively, without prewashing. 

Overall, the selectivity for benzaldehyde was much greater over 3 hours reaction than it was 

over 24 hours.  

For catalysts that were prewashed in toluene, it is noteworthy that treated gold catalysts at the 

higher temperature (200 
o
C) showed systematically lower conversions except for R+O2 

(15%) or R+O2 ‒ H2 (21%). The highest conversion of 91% was achieved using catalyst that 

was calcined in vacuum at 100 
o
C for 3 hours after washing in toluene. This catalyst had one 

of the smallest average particle sizes in series studied here (ca. 3.5±0.1 nm prior to reaction). 

The second best conversion (75%) was observed for a catalyst calcined in air at 100 
o
C after 

washing. It had the smallest average particle diameter of only 3.0 nm. The selectivity of gold 

catalysts for these two best-activated gold catalysts were both towards methyl benzoate, with 

product ratios of ~3:1 (methyl benzoate to benzoic acid), and no benzaldehyde. Of the 

methods investigated in this work, washing in hot toluene and mild calcination treatment 

conditions are both required to fabricate the most active catalysts. Interestingly, the third best 

conversion (44%) was achieved using a catalyst that was calcined in vacuum at 200 
o
C after 
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washing in toluene – a treatment that resulted in a large average particle size of 6.5 ± 0.2 nm 

with only ca. 3% of the particles being larger than ca. 3 nm. The selectivity of gold catalysts 

was towards methyl benzoate and the product ratio was ~7:1 (methyl benzoate to benzoic 

acid). Thus, interpretation based on particle sizes alone seems untenable. 

Overall, activations of gold catalysts can be optimized to achieve high conversion of benzyl 

alcohol when the catalysts were washed with toluene and followed by calcinations in static 

air or vacuum at 100 
o
C for 3 hours. Although, thermal treatments are necessary to remove 

organic residues from gold particles, they cause an increase in the gold particle sizes.
5
 One of 

the key problems that may emerge from the removal of the stabilizing ligand could be the 

loss of stability and sintering of the gold particles on the support due to the removal of the 

ligands.
1
  

4.4 Reproducibility and stability of catalysts on storage 

One important issue when testing a heterogeneous catalyst is to determine its reusability.
45

 A 

common problem with gold catalysts is the lack of reproducibility of results obtained using 

freshly made catalysts and ones after storage, which may be because of catalyst preparation 

and/or (in) activation.
5a, 21a, 33a, 33b

 To investigate this problem, we performed a comparative 

study on 1.0 wt% Au101/C catalysts taken from the same batch and activated under the same 

conditions (washed with toluene followed by calcination under static air at 100 
o
C for 3 

hours), but used either fresh or after stored in the refrigerator for 6 months. Each experiment 

was repeated several times in order to measure the reproducibility. Figure 4.16 presents the 

results for activated 1.0 wt% gold catalysts on conversion and selectivity, which show good 

reproducibility for benzyl alcohol oxidation.  
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Figure 0.16: The reproducibility of conversion (C%) and selectivity (S%) of activated 1.0 

wt% Au101/C catalysts in the catalytic test under standard conditions with reaction time of 3 

hours.  

4.4 Conclusions 

The data presented in this Chapter suggests that structural and catalytic properties of gold 

nanocatalysts for benzyl alcohol oxidation depend on the choice of the treatment and 

temperature. Activations including a toluene washing procedure and calcination under 

oxidising conditions mostly resulted in full conversions over 24 hour of reaction. However, 

some activation processes proved to be clearly inferior resulting in catalysts incapable of 

achieve full conversions after 24 hours of reaction. 

Carbon-supported gold nanoparticles including un-treated, washed with toluene or calcined 

without prewashing, were inactive over 3 hours of reaction time. However, those treated by 

prewashing with toluene followed by calcination under mild conditions, led to a significant 

enhancement in the activity for benzyl alcohol. The conversion level displayed in this 

reaction is known to be affected by the gold nanoparticle size. The gold particles after 
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activation treatments were larger than the gold cores in the original clusters, meaning that 

sintering was occurring during treatment. One could conclude that catalysts containing small 

gold nanoparticles (≤ 2.6 nm) prior to treatment were less effective than slightly bigger 

particles (≤ 3.5 nm). For the best-performing gold catalysts, the highest catalytic activities 

and selectivities were achieved when the gold catalysts were pre-washed with toluene and 

calcined in static air (C%: 75%) or under vacuum  at 100 
o
C for 3 hours (C%: 91%) with 

methyl benzoate as the main product. In comparison, treatments that did not involve 

prewashing were found to be relatively ineffective. The results of this study indicate that 

conversion of Au101 immobilized on activated gold can be remarkably influenced by the 

treatments conditions. For an inert support like carbon, the other important contributions are 

the type, temperature of calcinations and their combination with prewashing with toluene. 
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Chapter 5: Support and Size Effects on 

the Catalytic Activity of Gold Catalysts 
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5.1 Introduction 

Gold is known to have the most remarkable and genuine “nanosize effect”. In terms of 

catalytic activity, the small particles size means a larger number of the atoms are in contact 

with the support, and on the edge and vertex sites of the particles. In the case of CO 

oxidation, it is found that the catalytic activity depends on gold particle size (see Figure 5.1).
1
 

Hutching et al. found that small gold nanoclusters with diameters of ~0.5 nm are active 

catalysts for conversion of CO to CO2 under low temperature conditions.
2
 However, Haruta et 

al.
3
 and later Goodman et al.

4
 the best performance for CO oxidation is also exhibited by 

particles with diameters of approximately 3 nm.
5
 The general observation that small particles 

are good catalysts was explained by taking into account that the number of low-coordinate 

atoms, which are considered to be active sites in many reactions, increases as the particle size 

decreases.  

 

Figure 0.1: Turn over frequency (TOF) per surface metal atom for CO oxidation at room temperature 

for as a function of gold particle sizes (diameter of height of gold). Reproduced from Haruta.
6
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As the size of a metal particle decreases, a number of things occur as follows: 

A. the fraction of surface atoms increases (see Figure 5.2) and, because these vibrate 

more freely, the melting temperature falls and surface atom mobility rises.
7
 

B. Because the overlap of electron orbitals decreases as the average number of bonds 

between atoms becomes less, the band structure is weakened and surface atoms, in 

particular, start to behave more as individuals than as members of the bulk. 

C. At the same time, a greater fraction of the atoms comes into contact with the support, 

and the length of the edge per unit mass rises.
6, 8

 

 

Figure 0.2: Fractions of edge and corner atoms and of perimeter atoms as a function of the 

diameter of pseudo-hemispherical gold nanoparticles. ‘Red’ and ‘blue’ colours correspond to 

the total and “free” step sites on the Au particles. “Free” are the step sites not in direct contact 

with the support. Reproduced from Mavrikakis et al.
7
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Ever since the potential catalytic applications of gold nanoparticles have been seriously 

considered, controlling the size of clusters has been one of the biggest challenges.
9
 Early 

studies have shown that the activity of small gold clusters depends on the exact number of 

atoms.
10

 Many researchers believe that the active species are very small gold particles, 

containing just a few atoms.
11

 Gold clusters can be generally classified into two types: those 

stabilised by phosphine ligands and those stabilised by thiol or other ligands.
12

 Of the gold 

clusters that have been investigated for heterogeneous catalysts, Au9 (i.e., Au9 (PPh3)8 

(NO3)3), is the most widely studied, especially for low-temperature CO oxidation.
13

 A range 

of gold phosphine complexes have been synthesised with other particles sizes.
14

  

Schmid et al. introduced Au55 nanoparticles as the first example of a well-defined phosphine 

ligand-stabilized nanoparticles in 1981.
14c

 Their synthesis involved the reduction of 

Au(PPh3)Cl with diborane to yield gold particles that they formulated as (Au55(PPh3)12Cl6), 

where the 55 gold atoms were believed to form a two-shell cuboctahedron with a ccp 

arrangement. Each of the 12 corner atoms was bound to a phosphine ligand, while the six 

chloride ligands were located at the central gold atom of six square planes (see Figure 5.3). 

However, this “model” assignment has never been confirmed by X-ray crystallography, while 

cryo-TEM study showed that this system has at least some degree of particle-size distribution 

(see more details in Chapter 1, Section 1.1.1).
14c
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Figure 0.3: a) A computer simulated space filling model of Au55. b) A computer simulated “two-

dimensional” electron density image of Au55. c) The STM image of the same cluster in probably the 

same orientation as in b). The similarities between images in b) and c) are evident. A chlorine atom is 

positioned in the centre of the images. Reproduced from Fenske et al.
15 

Au55 has been considered to be a model system for studies of the catalytic properties of very 

small metal particles. Turner et al. reported that supported Au55 exhibited the high activity of 

styrene oxidation with high selectivity towards benzaldehyde.
16

 Later, Roldan et al. showed 

that catalytic activity of bare Au55 strongly depended on the gold particles’ structure.
17

 Pei et 

al. found, by using computational methods, that the catalytic activity and selectivity of Au55 

can be attributed to a combination of factors, including the shape and the core-and-ligands 

structural arrangement.
18

 Particular attention has been placed on determining the active site 
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on the Au55 core and the mechanism underlying the high selectivity of the nanocatalysts in 

styrene oxidation.
18

  

In the field of alcohol oxidation, recent studies have shown that in the case of unsupported 

gold particles that smaller gold particles are more active,
19

 whereas for supported gold 

somewhat  larger particles were found to have higher activity.
20

 “Naked” gold with small 

particle sizes (˂ 4 nm) proved to be an active catalyst for organic compounds, such as alcohol 

oxidation and olefin epoxidation, especially when immobilized on a support.
21

 For example, 

Comotti et al. found that ~3.6 nm naked gold nanoparticles immobilized on carbon can act as 

an active catalyst for aerobic oxidation of glucose to gluconate under mild conditions.
21b

  

Many experimental studies have focused on the catalytic activity of gold nanoparticles with  

small (~3 nm) gold particles.
4
 However, CO oxidation catalysed by larger ~4 nm 

nanoparticles has been scarcely studied, 
21b

 and the effect of the particle size on the catalytic 

oxidation of organic compounds by gold catalysts containing larger particles is still not well 

understood.
22

 Gold colloids with particle diameters bigger than 10 nm have been utilized,
23

 

and when immobilized on carbon showed high activity in the liquid phase oxidation of 

ethane-1,2-diol.
23b

 Although, small gold clusters are generally more active as hydrogenation 

catalysts,
24

 supported gold particles with a diameters from 10 to 20 nm have been found 

(possibly as an exception) to be more active than the smaller ones for selective hydrogenation 

of but-2-enal.
25

   

In the case of benzyl alcohol oxidation, Haider et al. investigated the effect of the gold 

particle size on the catalytic activity of Au colloids, prepared by reduction of HAuCl4 by 

tetrakis (hydroxymethyl) phosphonium chloride (THPC) in alkaline solution and immobilized 

on TiO2, with four different mean particle diameters: 1.3 ± 0.5, 2.1 ± 0.7, 6.9 ± 3.61, and 11.3 

± 5.95 nm. The highest (25%) conversion of benzyl alcohol oxidation in mesitylene solution 
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occurred when the average particle diameters was ~6.9 nm. However, when the solvent 

changed to toluene the conversion decreased to 10% for ~6.9 nm gold particles.
26

 Liu et al. 

studied the size effect of silica-supported gold clusters on benzyl alcohol oxidation in the 

presence of H2O2 and microwave radiation. They immobilized gold clusters with average 

diameters of 0.8 ± 0.3, 1.5 ± 0.6, and 1.9 ± 1 nm on mesopores silica (SBA-15) , and found 

that the activity decreased monotonically with the increase in size.
27

 

Boronat et al. studied the reaction pathway for the selective oxidation of alcohols to 

aldehydes by using periodic density functional theory (DFT) calculations on a series of 

catalyst models. They showed  that small (~3 nm)  gold nanoclusters can act as effective 

nanocatalysts for alcohol oxidation.
5
 By combining their theoretical results with experimental 

results reported in the literature, they concluded that the presence of low-coordinate gold 

atoms enhances alcohol adsorption on the gold catalyst thereby decreasing the activation 

barrier for dehydrogenation. This suggests a compelling explanation for the influence of 

particle size on the oxidation activity of gold nanocatalysts.
5
 However,  previous research 

clearly demonstrated that aerobic oxidation of benzyl alcohol in methanol solution can be 

catalysed by 2–8 nm gold particles immobilized on various types of support.
28

 Table 5.1 

provides selected examples illustrating the size effect on catalytic activity of supported gold 

particles in benzyl alcohol oxidation. 
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Table 0.1: Examples of benzyl alcohol oxidation catalysed using supported gold particles. 

Catalyst 

code 

Size Solvent Oxidant BzOH 

(mmol) 

Au 

(mg) 

*
Method Temp. 

(
o
C) 

C% Ref. 

Au/SiO2 5.7 MeOH O2 2.5  24  IG 70  3 
28b

 

110  96 

130  100 

Au/C 2 MeOH O2 1  99 SG 80  >99 
28d

 

Au/TiO2 2-5 MeOH O2 1.1 0.33 - - >99 
28a

 

Au/Ga2O3 7-8 MeOH O2 3.5  56.1 GP 90  98 
28c

 

*Method abbreviations: IG= impregnation, SG= solid grinding and GP= gel precipitation. 

To prevent particle aggregation, catalytic nanoparticles can be immobilized on solid supports 

(e.g., carbon, metal oxides, zeolites etc.) or stabilized by capping ligands ranging from small 

organic molecules to large polymers.
1a, 29

 The interaction of nanoparticles with stabilizer or a 

capping agent is one of the pivotal factors determining the catalytic performance.
30

 Generally, 

catalytic activity is low if the interactions are very strong due to blocking of surface sites, 

while interaction that are too weak fail to stabilize the system and lead to nanoparticle 

agglomeration.
1a, 29b, 31

 The cluster geometry may play an important role in the interaction of 

the clusters with the support.
30

  

Supports are typically catalytically inert and are used as surface area promoters, to ensure a 

high surface area of un-aggregated metal nanoparticles.
32

 Pores materials have internal 

surface areas up to hundreds of square metres per gram, and micro-pores materials have even 

higher internal surface areas.
30

 Supported metals typically have high dispersions so that large 

fractions of the atoms are accessible to reactants.
30

 Many industrial catalysts incorporate 

additional components
30

 that can provide a combination of large specific surface area with 

appropriate size particles for better connection with reactants.
33

  

Carbon is a low cost, high surface area and environmentally friendly material that is 

increasing in popularity as a support for the catalytically active phases.
34

 Activated carbon is 
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a common term used to describe commercially available carbon-based materials that contain 

well-developed internal pore structures.
19

 The surface area and pore structures of carbon play 

important roles in the dispersion and hence their catalytic activity of nanoparticles.
35

 

Moreover, supported metals catalysts can be recovered by simply burning off the catalyst 

support.
34b

 

Activated carbon surfaces are known to include acidic or basic functional groups, such as 

carboxyl, carbonyl and phenol groups,
25

 which can be derived from activation process, 

precursors, thermal treatments and/or post chemical treatments.
19, 36

 These functional groups 

can act as anchors to which metal complexes could be attached and as nucleation centres, 

limiting the particle growth, improving their dispersion, and enhancing their stability.
37

 

Activated carbon exhibits a strong surface interaction with oxygen through the functional 

groups.
38

 A wide variety of activated carbons bearing such functional groups allow the use of 

various immobilization procedures.
26

 The amount of oxygen containing functional groups on 

a carbon surface can be characterized by using temperature programmed desorption (TPD) 

profiles, which can be analysed by a simple deconvolution method.
39

 Functional groups can 

be influenced by types of activation and activation temperatures.
38a

 

 The relationship between different types of activated carbons and catalytic activity mainly 

depends on the total active surface area,
40

 which can be measured using the Brunauer–

Emmett – Teller (BET) method based on the adsorption of nitrogen gas.
41

 The high surface 

areas (251 to 2204 m
2
/g) typically possessed by activated carbons leads to better dispersion of 

gold particles which generally enhances catalytic activity.
42

  

The structural and dynamical properties of pores carbon materials depend on variables, such 

as pore size.
40

 Pore size not only determines the available surface area but also controls 

access of substrate molecules to the immobilized gold particles.
43

 A wide range of possible 
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porosity types (micro-, meso- and macro-pores) and well-developed internal pore structures 

make activated carbon a versatile material with numerous potential applications in catalysis.
19

 

Micropores carbon has pores smaller than 2 nm that give rise to poor catalytic activity.
44

 

Larger pore diameters (greater than 2 nm) and larger pore volumes are more suitable for 

catalysis since they increase the surface area and facilitate transport of reactants and 

products.
45

  

Vulcan carbon is composed of extensively agglomerated nanosized carbon particles with a 

significant volume of micropores material in addition to a minority of mesopores material 

and a total pore volume of 0.67 cm
3
. g

-1
 (see Figure 5.4).

45b, 46
 Its utilization as an inert 

support for noble metal nanoparticles results in poor catalytic activity due to the low surface 

area (235 m
2
. g

-1
) and the presence of many microspores (0.25 m

3
.g

-1
).

45b, 47
 

 

Figure 0.4: Pore size analyses from the adsorption branch of the isotherms of Vulcan XC 72R carbon. 

Reproduced from Raghuveer and Manthiram.
46
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Mesopores carbons have an interconnected pore network, tuneable high surface area with 

tailor-made surface properties, a large pore volume with a tuneable pore size and a narrow 

pore-size distribution. These features make such supports an attractive choice for fabrication 

of catalysts with uniform dispersion of metal particles that are active in various processes.
37a, 

48
 These types of materials can be of natural origin or be synthesised by carbonization of 

carbon-containing substances followed by activation of the samples.
49

  

CMK-3 is a type of synthetic mesopores carbon composed of carbon nanorods arranged in a 

two-dimensional (2-D) hexagonal pattern (see Figure 5.5) and formed by using a silica sieve 

SBA-15 as a template.
50

 The size distribution of metal nanoparticles on CMK-3 strongly 

depends on the carbon support properties.
37a

 Kuppan and Selvam investigated the activities of 

platinum particles immobilized on CMK-3 (Pt/CMK-3) and activated carbon (Pt/C) for the 

catalytic oxidation of methanol. They found that Pt/CMK-3 showed higher activity (95%), 

which they attributed to a higher surface area (997 m
2
/g), larger pore size (4 nm) and more 

appropriate pore volume (1.3 cm
3
/g).

37a
 Garcı´a et al. compared the catalytic activity of 

bimetallic Au-Pd/C and Au-Pd/CMK-3 in the direct synthesis of H2O2, finding a slightly 

higher catalytic activity of 37% for the former compared with 34% for the latter.
51

  

 

 

Figure 0.5: A framework of mesopores carbon CMK-3. 

Reproduced from Kawase et al.
52
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Another type of meso-pores carbon is CMK-8 with an ordered three-dimensional (3-D) cubic 

arrangement of continuous but interpenetrating networks of chiral channels prepared via a 

hard-template nanocasting approach using KIT-6 silica as the mother template (see Figure 

5.6).
53

 The unique, highly branched and intertwined 3-D channel network is likely to provide 

accessible entrances and channels as well as to serve as a highly opened pores host with easy 

and direct access for particles, which may result in a higher activity when this type of carbon 

is used as a support.
53b

 Maiyalagan et al., who studied the catalytic effectiveness of Pt-

Ru/CMK-8 for methanol oxidation, found excellent performance that they attributed to better 

mass transfer resulting from the relatively large pore volume (1.48 cm
3
/g), greatly enhanced 

surface area (1149 m
2
/g) and large pore diameter (3.2 nm) .

47
  

 

 

Figure 0.6: A framework of mesopores carbon 

CMK-8. Reproduced from Kawase et al.
52

 

 

 

 

 

The mesopores structure of another synthetic carbon material, NCCR-41, exhibits two 

dimensional (2-D) hexagonal pore structure,
48b

 which may help to achieve fine dispersion of 

metal nanoparticles and to eliminate diffusion problems.
48b

 Selvam and Kuppan studied 

P/NCCR-41 as a catalyst for methanol oxidation and found that it performed in an excellent 

manner due to greatly enhanced surface area (1080 m
2
/g), suitable pore diameter (2.2 nm) 

and appropriate pore volume (0.83 cm
3
/g).

48b
 The high activity of gold particles immobilized 

on the mesopores carbons, such as CMK-3, CMK-8 and NCCR-41, is attributed to excellent 
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dispersion and utilization of noble metal nanoparticles, which essentially originate from a 

high surface area, large pore volume and narrow pore size distribution.
37a, 47, 48b

 

Gold nanoparticles dispersed on proper supports have recently been found to exhibit high 

heterogeneous catalytic activity and selectivity in certain oxidation reactions.
54

 However, 

when different carbon materials with different textural and chemical properties are used, they 

can exhibit large differences of catalytic activity, which suggests that the role of the support 

is very complex.
55

 The aim of the present chapter is to gain a deeper insight into the role of 

the nature of support by looking at the behaviour of gold nanoparticles immobilized on 

different types of activated carbons in the oxidation of benzyl alcohol under optimized 

conditions.  

5.2 Results and discussion 

The gold catalysts were 1.0 wt% Au101/C where the immobilisation support was various types 

of carbon. The supported catalysts were washed with toluene or NaOH in MilliQ water (0.1 

M) followed by calcination under static air or vacuum at 100 
o
C for 3 hours, as described in 

Chapter 4 (see in Chapter 4, Sections 4.2.3.1‒ 4.2.3.2). Test reactions were performed using 

50 mg of catalysts. Under mild conditions for 3 hours – i.e., benzyl alcohol: 2.5 mmol, base: 

2.5 mmol, anisole: 1.25 mmol, methanol: 25 mL, temperature: 80 
o
C, oxygen gas pressure: 73 

psi, stirring: 750 rpm, time: 24 h and Au101/C: 50 mg.  

5.2.1 Support effect on the catalytic activity and selectivity of 

Au101 particles  

We hypothesised that different types of activated carbon could be efficient supports for 

improving the catalytic activity of gold nanocatalysts for benzyl alcohol oxidation.
28d

 The key 

aim was to pinpoint supports which yield the best catalysts under these conditions of catalyst 
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preparation (see more detail in Chapter 4) and testing (see more detail in Chapter 3). These 

carbon supports include Norit activated carbon samples with different physical presentations 

(i.e., powder, granular and granular which we powdered) and surface area, granular Norit 

modified with –SH and –SO3H groups, mesopores carbons CMK-3, CMK-8 and NCCR-41, 

and Vulcan carbon. We also performed detailed characterizations to clarify the particle-size 

effects on catalytic activity. Some of the properties of these supports that could affect the 

catalytic activity of gold catalysts (surface area, pore diameter and pore volume)
23a

 are listed 

in Table 5.2. 

Table 0.2: Structural properties of various carbons support were used in this thesis.  

Carbon code Surface area, BET 

(m
2
g

_1
) 

Pore diameter, D 

(nm) 

Pore volume, Vp (cm
3
g

-1
) 

Powder (Norit) 813 3.2 0.44 

Granular (Norit) 1227 2.1 0.58 

CMK-3 997 4 1.3 

CMK-8 1905 2.9 1.6 

NCCR-41 1080 2.2 0.83 

Vulcan 254 Broad 0.67 

5.2.1.1 Comparisons of conversion and selectivity among gold 

nanoparticles immobilized on powder, granular and powdered Norit 

activated carbon  

Commercially available Norit activated carbon was donated to the University of Canterbury 

in the powder form (SX1G 8001-9, BET: 813 m
2
/g) and granular form (RX 3 EXTRA 

570104, BET: 1227 m
2
/g) (see more details in Chapter 2, Section 2.5.1.1). In the catalyst 

code designations, these are designated C and Cg, respectively. Samples were also produced 

that were made form granular Norit carbon that was ground at the University of Canterbury, 

and were designated Cg+p.  
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Table 0.3: Comparisons of conversion and selectivity achieved using activated gold particles 

immobilized on powder, granular and powdered granular Norit activated carbon for 3 hours reaction 

time. 

#
Catalyst code *Activation  Conversion%  Selectivity%  

   Benzaldehyde Benzoic 

acid 

Methyl 

benzoate 
1.0% Au101/C W+ static air 75 0 24 76 
1.0% Au101/C W+ vacuum 91 0 24 74 
1.0% Au101/Cg W+ static air 1 59 27 14 
1.0% Au101/Cg  W+ vacuum 3 60 26 14 

1.0% Au101/Cg+p W+ static air 1 65 24 13 
1.0% Au101/Cg+p W+ vacuum 6 66 24 12 

#
Catalyst code: Au101/Cg and Au101/Cg+p = Au101 particles immobilized on Granular Norit activated 

carbon and Granular Norit activated carbon which we powdered, respectively. 
*
Activations: Gold 

catalysts washed with toluene followed by calcination under static air or vacuum at 100 
o
C for 3 

hours.  

  

Figure 0.7: Left: a representative TEM image of treated 1.0 wt%Au101/C (washed with toluene 

followed by calcination under static air at 100 
o
C for 3 hours) deposited onto carbon film coated 

copper TEM grid; Right: Particles size distribution histogram. The average particle size of gold 

particles was determined to be 3.0 ± 0.1 nm (two standard deviations of the mean).          

         

Figure 0.8: Representative TEM images (left: low magnification and right: high magnification) of 

treated 1.0 wt%Au101/Cg (washed with toluene followed by calcination under static air at 100 
o
C for 3 

hours) deposited onto carbon film coated copper TEM grid. 

 

5 nm 

5 nm 
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TEM images of Au101/Cg showed that many gold particles aggregate to give very big particles 

when immobilized on granular Norit activated carbon (see Figure 5.8). Although, a few  

small gold particles were also, negligible conversions (no more than 7%) were observed (see 

Table 5.3) for both types of granular carbons (i.e., Cg and Cg+p) whether they be calcined 

under static air or vacuum. However, the results showed reasonable selectivity for 

benzaldehyde as the main product (approximately 60%) with the remaining products split 

~2:1 benzoic acid to methyl benzoate. In contract, the gold Au101 immobilized on powder 

Norit activated carbon demonstrated much higher activity (75%) and selectivity towards 

methyl benzoate as the main product in a product ratio of  ~3:1  ester to acid and no 

significant production of the aldehyde (see Table 5.3). The TEM image of 1.0 wt% Au101/C 

showed the average particle diameter was 3 ± 0.1 nm with a narrow size distribution 

indicating far lesser gold particle aggregation (see Figure 5.7). Both Norit activated carbons 

have high surface areas, along with relatively large pore diameters and volumes. The 

difference between them might be different functional groups. For better understanding of 

this tests using temperature programmed desorption (TPD) are suggested for future work.
39

 

5.2.1.2 Comparisons of conversion and selectivity of gold nanoparticles 

immobilized on Norit carbon (powder) and modified Norit granular 

carbons (– SH and –SO3H)  

Au101 was immobilized on RX 3 EXTRA 570104 granular Norit activated carbon (BET: 1227 

m2/g) that was functionalised (see in Chapter 2, Section 2.5.1.1) with –SH or –SO3H groups 

to give catalysts designated, Au101/Cg.-SH and Au101/Cg.-SO3H). 
26

 These catalysts did not show 

any improvement in benzyl alcohol conversion (see Table 5.4). 
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Table 0.4: Comparison of conversion and selectivity between gold particles immobilized on granular 

Norit activated carbon which was modified (–SH and –SO3H) and Norit activated carbon (powder) for 

3 hours reaction time. 

#
Catalyst code      *Activation  Conversion%  Selectivity%  

   Benzaldehyde Benzoic  

acid 

Methyl   

benzoate 
1.0% Au101/C W+ static air 75 0 24 76 
1.0% Au101/C W+ vacuum 91 0 24 74 

1.0% Au101/Cg.-SH W+ static air 0 0 0 0 
1.0% Au101/ Cg.-SH W+ vacuum 0 0 0 0 

1.0% Au101/ Cg.-SO3H W+ static air 0 0 0 0 
1.0% Au101/ Cg.-SO3H W+ vacuum 0 0 0 0 

#
Catalyst code: Au101/ Cg.-SH and Au101/ Cg.-SO3H = Au101 particles immobilized on Granular Norit 

activated carbon which was modified by –SH and –SO3H, respectively. 
*
Activations: Gold catalysts 

washed with toluene followed by calcination under static air or vacuum at 100 
o
C for 3 hours.  

5.2.1.3 Comparisons of conversion and selectivity of gold particles 

immobilized on Norit activated carbon (powder) and mesopores carbons 

(CMK-3, CMK-8 and NCCR-41)  

The mesopores carbons CMK-3, CMK-8 and NCCR-41 (provided by Doctor Balaiah Kuppan 

and Professor Parasuraman Selvam Institute of Technology, Madras (see in Chapter 2, 

Section 2.5.1.1) with a variety of pore structures, pore volumes and surface areas were used 

as a supports for Au101 to give catalysts, abbreviated, respectively, as Au101/C3, Au101/C8 and 

Au101/C41. All of these gave high catalytic activities (summarise in Table 5.5) that were 

comparable to 1.0 wt% Au101/C and which are discussed below. 
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Table 0.5: Comparisons of conversion and selectivity between gold particles immobilized on Norit 

activated carbon (powder) and different types of meso-pores carbons including CMK-3, CMK-8 and 

NCCR-41 for 3 hours reaction time. 

#
Catalyst code 

*
Activation  Conversion%  Selectivity%  

   Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 
1.0% Au101/C W+ static air 75 0 24 76 
1.0% Au101/C W+ vacuum 91 0 24 74 

 1.0%
 
Au101/C3 W+ static air 72 0 16 84 

1.0% Au101/C3 W+ vacuum 78 0 19 81 
1.0% Au101/C8  W+ static air 96 0 16 84 
1.0% Au101/C8  W+ vacuum 95 0 16 85 
1.0%

  
Au101/C41  W+ static air 35 1 10 89 

1.0% Au101/C41 W+ vacuum 88 0 12 88 

#
Catalyst code: Au101/C3, Au101/C8 and Au101/C41= Au101 particles immobilized on CMK-3, CMK-8 and 

NCCR-41carbon mesopores, respectively. 
*
Activations: Gold catalysts washed with toluene followed 

by calcination under static air or vacuum at 100 
o
C for 3 hours. 

5.2.1.3.1 Mesopores structure of CMK-3  

Gold particles immobilized on CMK-3 activated by washing with toluene followed by 

calcination at 100 
o
C for 3 hours under static air and vacuum showed high activities with 

conversions of 72% and 78%, respectively. These conversions, comparable to Norit activated 

carbon powder, which is possibly a reflection of similarities of the surface area, pore size, 

average particle diameter (3.1 ± 0.1 nm), and size distributions.
56

 The main product was 

methyl ester (selectivity ~83%) with benzoic acid as the minor product (selectivity ~17%) 

and no benzaldehyde (see Table 5.5). This is the first time that such a significant 

improvement occurred in terms of achieving high selectivity of gold catalysts towards methyl 

benzoate as the main product (81% and 84%).  
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Figure 0.9: A TEM image of carbon mesopores CMK-3 

carbon deposited onto carbon film coated copper TEM grid. 

Reproduced from Kuppan et al.
37a  

 

 

  

Figure 0.10: Left: a representative TEM image of treated gold nanoparticles immobilized on carbon 

meso-pores CMK-3 (washed with toluene followed by calcination under static air at 100 
o
C for 3 

hours) deposited onto carbon film coated copper TEM grid; Right: Particle size distribution 

histogram. The average particle size of gold particles was determined to be 3.1 ± 0.1 nm (two 

standard deviations).  

5.2.1.3.2 Mesopores structure of CMK-8  

Mesopores CMK-8 has a highly ordered pore structure (as illustrated in Figure 5.11).  The 

catalyst made from Au101 particles supported on CMK-8 (Au101/C8) is highly effective, giving the 

highest benzyl alcohol conversion (~96 %) of any type considered in this Section, irrespective of 

calcination under static air or vacuum. This probably because the 3-D mesopores structure
52

 

permits easy diffusion of reactants and products.
47

 Additionally, it could be related to the high 

surface area (1905 m
2
/g), ideal particles diameters and distribution (~3 nm), and appropriate 

pore diameters (~ 2.9 nm) (see Table 5.2 and Figure 5.12). The selectivity was strongly 

towards the methyl ester with a product ratio of approximately 5:1 (ester to acid).  This is the 

second time (in addition to CMK-3) that such a significant improvement occurred in terms of 

achieved selectivity of gold catalysts towards methyl benzoate as the main product (~85%). 

5 nm 
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Figure 0.11: A TEM image of mesopores carbon CMK-8 

carbon deposited onto carbon film coated copper TEM grid. 

Reproduced from Lang et al.
53a

 

 

 

 

  

Figure 0.12: Left: a representative TEM image of treated gold nanoparticles immobilized on carbon 

mesopores CMK-8 (washed with toluene followed by calcination under static air at 100 
o
C for 3 

hours) deposited onto carbon film coated copper TEM grid; Right: Particle size distribution 

histogram. The average particle size of gold particles was determined to be 3.0 ± 0.1 nm (two 

standard deviations of the mean).  

5.2.1.3.3 Mesopores structure of  NCCR-41   

Table 5.5 and a comparison between Figures 5.14 and 5.15 indicate reasonable differences 

between gold particles sizes and catalytic activity of relevant 1.0 wt% Au101/C41 when 

calcined under static air or vacuum. The average gold particles diameters were 3.3 ± 0.1 and 

2.6 ± 0.1 nm, respectively. Calcination under static air gave only 35% conversion whereas 

calcination under vacuum gave a much higher 88% conversion. In both cases, the product 

ratio was approximately 9:1 for methyl benzoate to benzoic acid, the highest selectivity 

towards methyl ester obtained from any system considered in this thesis.  

This is the first time such a large difference was observed between the catalytic activities of 

materials that differed only in being calcined under static air (35%) or a vacuum (88%). 

50 nm 

5 nm 

5 nm 
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Surprisingly, however, the average particle diameters were only slightly different (3.3 ± 0.1 

nm for static-air calcined and 2.6 ± 0.1 nm for vacuum calcined). The TEM images provided 

no evidence as to why there should be such a big difference, but it may be related to the ways 

in which functional groups, surface area, pore diameter and pore volume can be influenced by 

calcination atmospheres and temperatures.
38a, 57

 Further characterization is required and will 

be considered as a part of future work. 

 

 

 

 

 

 

 

  

Figure 0.14: Left: a representative TEM image of treated gold nanoparticles immobilized on carbon 

meso-pores NCCR-41 (washed with toluene followed by calcination under static air at 100 
o
C for 3 

hours) deposited onto carbon film coated copper TEM grid; Right: Particle size distribution 

histogram. The average particle size of gold particles was determined to be 3.3 ± 0.1 nm (two 

standard deviations of the mean). 

 

5 nm 

Figure 0.13: A TEM image of carbon mesopores 

NCCR-41deposited onto carbon film coated copper 

TEM grid. Reproduced from Selvam et al.
48b
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Figure 0.15: Left: a representative TEM image of treated gold nanoparticles immobilized on carbon 

mesopores NCCR-41 (washed with toluene followed by calcination under vacuum at 100 
o
C for 3 

hours) deposited onto carbon film coated copper TEM grid; Right: Particle size distribution 

histogram. The average particle size of gold particles was determined to be 2.6 ± 0.1 nm (two 

standard deviations of the mean).       

In summary, among gold nanocatalysts fabricated using synthetic mesopores carbon supports, 

that using CMK- 8 carbon showed the highest conversion of benzyl alcohol (≤ 95% with 3.0 

± 0.1 nm) which is even better than high-surface-area micropores Norit activated carbon 

(powder).
42

 This high activity could be due to the pores 3-D structure of this CMK-8,
52

 which 

improves the accessibility of  gold particles to the reactants.
37a

 Gold particles immobilized on 

CMK-3 and NCCR-41 were less active, which may be related to lesser porosity.
37a, 48b

 Gold 

particles immobilized on mesopores carbons (CMK-3, CMK-8 and NCCR-41) showed higher 

selectivity (bigger than 81%) towards methyl benzoate as the main product compared to the 

particles immobilized on Norit activated carbon (~76%). These results confirm that the 

activity and selectivity of gold catalysts depend both on types of support and calcination 

conditions. 

5.2.1.3.4 Comparisons of conversion and selectivity between gold particles 

immobilized on Norit activated carbon (powder) and Vulcan carbon  

In this Section, the performance of catalysts made using Norit activated carbon was compared 

with the performance of analogues fabricated using Vulcan carbon as a support (see Figure 

5.16). Au101 (1.6 ± 0.1 nm),
58

 “naked” gold particles (3.2 ± 0.2 nm),
59

 and gold citrate (12.6 ± 

5 nm 
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0.2 nm)
60

 were selected to investigate the effects of different initial particle sizes (see more 

details in Chapter 2, Section 2.4.1) with different types of carbon.  

For catalysts immobilized on Vulcan carbon we estimated full deposition of the gold particles 

by visually observing colour changes from brown (Au101), light red (Aunaked) or strong red 

(Aucitrate) to colourless (see in Chapter 2, Sections 2.5.1.1.1 – 2.5.1.1.3). In future work, Au 

content of the samples could be quantitatively determined by using double-focusing 

inductively coupled plasma mass spectrometry (ICP-MS) or atomic absorption spectroscopy 

(AAS). 

 

 

 

 

 

 

5.2.1.3.4.1 1.6 nm Au101 particles  

As presented in Table 5.6, Au101 immobilized on Norit activated carbon powder showed high 

activity and selectivity for benzyl alcohol oxidation when activated by washing followed by 

calcination under static air (75%) or vacuum (87%) at 100 
o
C for 3 hours. However, when the 

support was changed to Vulcan carbon, no conversion was observed.  

 

 

 

20 nm 

Figure 0.16: A TEM image of Vulcan carbon deposited 

onto carbon film coated copper TEM grid. 
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Table 0.6: Comparisons of conversion and selectivity between Au101 particles immobilized on Norit 

activated carbon (powder) and Vulcan carbon for 3 hours reaction time. 

#
Catalyst 

code 

*
Activation  Conversion%  Selectivity%  

   Benzaldehyde Benzoic 

acid 

Methyl 

benzoate 
1.0% Au101/C W+ static air 75 0 24 76 
1.0% Au101/C W+ vacuum 91 0 24 76 

 
1.0%

 
Au101/CV W+ static air 0 0 0 0 

1.0% Au101/CV W+ vacuum 0 0 0 0 

#
Catalysts code: Au101/Cv= Au101 particles immobilized on Vulcan carbon. 

*
Activations: Gold 

catalysts washed with toluene followed by calcination under static air or vacuum at 100 
o
C for 3 

hours. 

  

Figure 0.17: Left: a representative TEM image of treated gold nanoparticles (Au101) immobilized on 

Norit activated carbon (washed with Toluene followed by calcination under static air at 100 
o
C for 3 

hours) deposited onto carbon film coated copper TEM grid; Right: Particle size distribution 

histogram. The average particle size of gold particles was determined to be 3.0 ± 0.1 nm (two 

standard deviations of the mean). 

  

Figure 0.18: Left: a representative TEM image of treated gold nanoparticles (Au101) immobilized on 

Vulcan carbon deposited onto carbon film coated copper TEM grid; Right: Particle size distribution 

histogram. The average particle size of gold particles was determined to be 3.4 ± 0.2 nm (two 

standard deviations of the mean). 

 

5 nm 

5 nm 
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a)       b)  

Figure 0.19: Low magnifications TEM images of Au101 particles immobilized on a) powder Norit 

activated carbon & b) Vulcan carbon deposited onto carbon film coated copper TEM grid. 

The differences between the average sizes, size distribution and dispersion of gold particles 

on Norit activated carbon powder and Vulcan carbon are clearly visualized in the TEM 

images depicted in Figures 5.17 – 5.19. The images for Vulcan carbon show a broad size 

distribution, a low surface density and high dispersion of particles, possibly due to 

significantly high number of micropores (~2 nm) compared with of mesopores (2 to 9 

nm).
45b, 46

 Small gold nanoparticles of around 2 nm may block the micropores when their 

diameters nearly equal to those of the micropores.
45b

 The gold nanoparticles immobilized on 

Norit activated carbon showed a narrow particle size distribution, a high surface density and 

low dispersion. Norit carbon has a larger surface area than Vulcan carbon and, more 

importantly, a higher fraction of this area is mesopores.
47

 Additionally, gold nanoparticles 

could be mobile, and hence more prone to aggregation, on Vulcan carbon than on Norit 

carbon because gold-support interactions are weaker.
61

 Bigger pore volumes, greater 

prevalence of mesopores region and higher surface areas of activated carbon are generally 

possessed by activated carbons
42

 and led to the high activity of the gold nanocatalysts for 

benzyl alcohol oxidation (see Table 5.2 and Figure 5.19.a).  

20 nm 20 nm 
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5.2.1.3.4.2 3.2 nm “Naked” gold particles 

The support effect was studied of Norit activated carbon powder and Vulcan carbon on 

“naked” gold particles (3.2 nm) activated using selected treatments (for more details see 

Chapter 4, in section 4.2.3.1 and 4.2.3.2). Martin et al. proposed that these colloidal particles 

do not contain strongly bound stabilizing agents and hence named them “naked” to highlight 

this characteristic.
59

 

Table 0.7: Comparisons of conversion and selectivity for 3 hours reaction time of naked gold 

immobilized on Norit activated carbon (powder) and Vulcan carbon. 

#
Catalyst code 

*
Activation  Conversion%  Selectivity%  

   Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 
1.0% Aunaked/C W+ static air 73 0 13 87 
1.0% Aunaked/C W+ vacuum 88 0 16 84 
1.0% Aunaked/Cv W+ static air 20 2 13 85 
1.0% Aunaked/Cv W+ vacuum 32 2 9 89 

#
Catalyst code: Aunaked /Cv= “Naked” gold particles immobilized on Vulcan carbon. 

*
Activations: 

Gold catalysts washed with toluene followed by calcination under static air or vacuum at 100 
o
C for 3 

hours. 

Table 5.7 displays benzyl alcohol conversion and selectivity of activated (washed with 

toluene followed by calcinations under static air or vacuum at 100 
o
C for 3 hours) of “naked” 

gold particles immobilized on Norit activated carbon powder and Vulcan carbon. The results 

show higher conversion (73% for air calcination and 88% for vacuum calcination) when the 

naked gold is immobilized on Norit activated carbon. The product ratio was approximately 

9:1 methyl benzoate to benzoic acid close to those found for “naked” gold nanoparticles 

immobilized on carbons support. The nanocatalysts calcined under vacuum exhibited higher 

conversions (Norit: 88% and Vulcan: 32%) than when the catalysts were calcined under static 

air (Norit: 73% and  ulcan: 20%). The selectivity of “naked” gold particles immobilized on 

Vulcan carbon was towards methyl benzoate as the main product (static air: 85% and 

vacuum: 89%). Benzaldehyde appeared as a very minor product (2%) when gold naked was 

immobilized on Vulcan carbon.    
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Figure 0.20: Left: a representative TEM image of treated gold naked nanoparticles immobilized on 

Norit activated carbon (washed with toluene followed by calcination under static air at 100 
o
C for 3 

hours) deposited onto carbon film coated copper TEM grid; Right: Particle size distribution 

histogram. The average particle size of gold particles was determined to be 4.2 ± 0.1 nm (two 

standard deviations of the mean). 

  

Figure 0.21: Left: a representative TEM image of treated “naked” gold nanoparticles immobilized 

Vulcan carbon (washed with toluene followed by calcination under static air at 100 
o
C for 3 hours) 

deposited onto carbon film coated copper TEM grid; Right: Particle size distribution histogram. The 

average particle size of gold particles was determined to be 7.4 ± 0.5 nm (two standard deviations of 

the mean). 

 

  

 

    

 

5 nm 
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a)           b)  

Figure 0.22: Low magnifications TEM images of “naked” gold particles immobilized on a) powder 

Norit activated carbon & b) Vulcan carbon deposited onto carbon film coated copper TEM grid. 

The size, size distribution and dispersion of gold particles on immobilized Norit activated 

carbon powder and Vulcan carbon are visualized by the TEM images presented in Figures 

5.20 – 5.22. The average diameter of as-made “naked” gold particles was 3.8 ± 0.1 nm (see 

in Chapter 2, Section 2.5.1.1.3). A high surface density and low dispersion of the gold 

nanoparticles with a narrow distribution of particle sizes around a slightly enlarged average 

particle diameter of 4.2 ± 0.1 nm result when immobilized on Norit activated carbon.
62

 The 

big pore size and high surface area of Norit activated carbon may lead to the high activity of 

the gold nanocatalysts (see Table 5.1).
42

 Additionally, gold nanoparticles could be more 

mobile and hence more likely to aggregate on Vulcan carbon than on Norit carbon because 

there are no strong gold-support interactions in the case of the former.
61

 Vulcan carbon has a 

significant amount of ~2 nm micropores (compared with mesopores).
45b

 This, combined with 

a lower surface area means that sintering is more likely, giving rise to a large average particle 

diameter (7.5± 0.5 nm) and a broad size distribution (see Figures 5.21 and 5.22.b).  

5.2.1.3.4.3 12.6 nm Gold citrate colloidal particles 

The support effect of Norit activated carbon powder and Vulcan carbon on activated gold 

citrate colloidal particles was studied in this section. Previous benzyl alcohol oxidation 

studies of gold citrate particles (15 nm) immobilized on the surface of fused-silica capillaries 

20 nm 
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surfaces showed 59.4% conversion, with 95.2% selectivity towards benzoic acid and with 

benzaldehyde as a minor product.
63

 

Table 0.8: Comparisons of conversion and selectivity between gold citrate immobilized on Norit 

activated carbon (powder) and Vulcan carbon for 3 hours reaction time. 

#
Catalyst 

code 

*
Activation  Conversion%  Selectivity%  

   Benzaldehyde Benzoic 

acid 

Methyl 

benzoate 
1.0% Aucitrate/ C W+ static air 70 0 25 75 
1.0% Aucitrate/ C W+ vacuum 79 0 27 73 
1.0% Aucitrate/ Cv W+ static air 52 0 13 87 
1.0% Aucitrate/ Cv W+ vacuum 56 0 16 84 

#
Catalyst code: Aucitrate /Cv= Gold citrate colloids immobilized on Vulcan carbon. 

*
Activations: Gold 

catalysts washed with NaOH in MilliQ water (0.1 M) followed by calcinations under static air or 

vacuum at 100 
o
C for 3 hours. 

Table 5.8 shows high conversion and selectivity for benzyl alcohol oxidation when the gold 

nanoparticles were immobilized on Norit carbon and then activated by being washed with 

toluene followed by static air calcination (70%) or vacuum calcination (79%). The product 

ratio was approximately 3:1 the ester to acid. Lower conversions were observed for the 

activated gold citrate immobilized on Vulcan carbon (static air calcination: 52% and Vacuum 

calcination: 56%), and the product ratio of approximately 5:1 was shifted further in favour of 

methyl benzoate.  
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Figure 0.23: Left: a representative TEM image of treated gold citrate immobilized on Norit activated 

carbon (washed with NaOH in MilliQ water (0.1 M) followed by calcination under static air at 100 
o
C 

for 3 hours) deposited onto carbon film coated copper TEM grid; Right: Particle size distribution 

histogram. The average particle size of gold particles was determined to be 11.5 ± 0.6 nm (two 

standard deviations of the mean).        

 

Figure 0.24: Left: a representative TEM image of treated gold citrate immobilized on Vulcan carbon 

(washed with NaOH in MilliQ water (0.1 M) followed by calcination under static air at 100 
o
C for 3 

hours) deposited onto carbon film coated copper TEM grid; Right: Particle size distribution 

histogram. The average particle size of gold particles was determined to be 12.3 ± 0.3 nm (two 

standard deviations of the mean). 

 

      

10 nm 
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a)         b)   

Figure 0.25: Low magnifications TEM images of activated ( washed with toluene or NaOH in MilliQ 

water (0.1 M) followed by calcination under static air at 100 
o
C for 3 hours) with gold citrate colloidal 

particles immobilized on a) Norit activated carbon & b) Vulcan carbon deposited onto carbon film 

coated copper TEM grid. 

The differences in average sizes, size distributions and dispersions of the gold particles for 

calcination under static air are visualized in the TEM images presented in Figures 5.23 – 

5.25. The histograms of Figures 5.23 and 5.25 show that the average diameter of particles 

immobilized on Norit activated carbon is 11.5 ± 0.6 nm and that there is a high surface 

density and low dispersion. Gold particles immobilized on Vulcan carbon exhibited slightly 

greater aggregation (average particle diameter of 12.3 ± 0.3 nm) (see Figure 5.24) which  

reflects the greater mobility on the surface of Vulcan carbon,
61

 and probably led to the higher 

surface density of colloidal particles (evident in Figure 5.25.).  

 

20 nm 20 nm 
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Figure 0.26: The size effect on conversion (C%) and selectivity (S%) of gold particles (Au101, Aunaked 

and Aucitrate) immobilized on Norit activated carbon (powder). 

 

Figure 0.27: The effect size on conversion (C%) and selectivity (S%) of gold particles (Au101, Aunaked 

and Aucitrate) immobilized on Vulcan carbon. 

Figures 5.26 and 5.27 demonstrate plots of conversions and selectivities as a function of 

particle diameters, increasing in the order Au101 < Aunaked < Aucitrate for Vulcan carbon 

supports. However, in Norit activated carbon this order appears in reverse – i.e., Au101 > 

Aunaked > Aucitrate. Generally, the conversions for benzyl alcohol oxidation (70-75%) are 

greater and much less size dependent for the Norit-based systems than the Vulcan-based ones 
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(0-50%).  For the Norit systems the highest conversion (≤ 75%) occurred for the smallest, 3.0 

± 0.1 nm, Au101 particles (see red curve Figure 5.26). However, among the Vulcan systems, 

the largest, 12.3± 0.3 nm, Aucitrate particles gave the highest conversion (52% -- see red curve 

in Figure 5.27). In all cases where the conversion was non-zero, selectivity was substantially 

in favour of methyl benzoate and fairly independent of particles size. These results indicate 

that the structure of the support can have a profound influenced on the particle-size 

dependence of conversion efficiency, whereas selectivity shows only weak dependence on 

these variables.  

5.2.2 Size effect on the catalytic activity of supported gold 

particles 

Although, the catalytic activity of Au101 nanoparticles (with
64

 or without
65

 support) is well 

researched, the relationship between activity, selectivity and gold  particle size requires 

further investigation. Benzyl alcohol oxidation was studied using nearly mono-disperse gold 

nanoparticles with diameters ranging from ~ 0.8 to ~ 12.6 nm immobilized on Norit activated 

carbon powder and Vulcan carbon.  

5.2.2.1 Comparisons of conversion and selectivity among Au101 particles, 

Au9 and Au8 clusters immobilized on Norit activated carbon (powder) 

Phosphine-stabilized Au8, Au9 and Au101 clusters were deposited on Norit activated carbon 

powder, washed with toluene the calcined under static air or vacuum at 100 
o
C for 3 hours. 

The only active systems involved Au101, with 75% conversion after static air calcination and 

91% conversion under vacuum calcination. For both of these systems, selectively is ~3:1 in 

favour of methyl benzoate over benzoic acid (see Table 5.9). 
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Table 0.9: Comparisons of conversion and selectivity among Au101 particles, Au8 and Au9 clusters 

immobilized on Norit activated carbon (powder) for 3 hours reaction time. 

Catalyst code 
*
Activation  Conversion%  Selectivity%  

   Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 

1.0% Au101/C W+ static air 75 0 24 76 

1.0% Au101/C W+ vacuum 91 0 24 74 

1.0% Au8/C W+ static air 0 0 0 0 

1.0% Au8/C W+ vacuum 0 0 0 0 

1.0% Au9/C W+ static air 0 0 0 0 

1.0% Au9/C W+ vacuum 0 0 0 0 

*
Activation: Gold catalysts washed with toluene followed by calcinations under static air or vacuum 

at 100 
o
C for 3 hours. 

5.2.2.1.1 Au101 particles 

According to the TEM images of Figures 5.28 – 5.29, the average particle diameters for the Au101 

systems were 3.0 ± 0.1 and 3.5 ± 0 nm, respectively, after calcination under air or vacuum. Both 

had narrow size distributions and high dispersions of the gold particles. The results presented in 

Table 5.8 showed higher activity for the larger vacuum-calcinated catalyst. Hence, as small gold 

particles (Au101) were active catalysts for benzyl alcohol oxidation, we hypothesise that small 

gold clusters (i.e., Au8 and Au9 clusters) can be active catalysts; in particular both gold 

clusters and particles have similar structures – i.e., their core diameters are surrounded with 

the same capping agent (PPh3). 

 

Figure 0.28: Left: a representative TEM image of treated 1.0 wt% Au101/C (washed with toluene 

followed by calcination under static air at 100 
o
C for 3 hours) deposited onto carbon film coated 

copper TEM grid; Right: Particle size distribution histogram. The average particle size of gold 

particles was determined to be 3.0 ± 0.1 nm (two standard deviations of the mean). 

5 nm 
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Figure 0.29: Left: a representative TEM image of activated 1.0 wt% Au101/C (washed with toluene 

and followed by calcination under vacuum at 100 
o
C for 3 hours) deposited onto carbon film coated 

copper TEM grid; Right: Particle size distribution histogram. The average particle size of gold 

particles was determined to be 3.5 ± 0.1 nm (two standard deviations of the mean). 

 

5.2.2.1.2 Au9 nanoclusters 

Figure 5.30 displays TEM images of Au9 nanoclusters deposited on Norit activated carbon 

(powder) without washing or calcination. Only very few (about five) large gold particles with 

diameters up to 3.5 nm were evident. The University of Canterbury TEM cannot detect 

immobilized particles smaller than 1 nm, so any other particles must have diameters smaller 

than this. Since the diameter of as-synthesized Au9 nanoclusters (prior to immobilization) is 

about 0.9 nm,
14b, 66

 the lack of particle images indicates that the any other Au9 particles must 

essentially have undergone no aggregation during initial deposition. After washing with 

toluene and calcination under static air at 100 
o
C for 3 hours, large particles with diameters 

around 10.5 nm were observed (see Figure 5.31).
66

 These results confirmed that the Au9 

nanoclusters had been deposited on the support and that they were sensitive to aggregation 

during activation.
64, 66-67

 The activated small gold clusters (i.e., Au9 with ~ 0.9 nm size) were 

not active for benzyl alcohol because the clusters fully aggregated after activation and made 

very big particles (see Figure 5.29).
68

  

Features in the optical spectra of small phosphine-stabilized gold clusters are  known to be 

associated with the ligand shell bound to the gold core of the cluster.
69

 However, gold 

5 nm 
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clusters can aggregate when ligands are still weakly bound to the gold cores of the clusters. 

Hence, the big particles  formed during activation when the gold clusters were predominantly 

phosphine-free.
66

 Intriguingly, gold citrate immobilized on Norit activated carbon with 

average gold particles diameter (11.5±0.6 nm) bigger than the gold clusters (Au9: 10.5± 0.7 

nm) showed high activity (72%). This will be explained in more detail in Section 5.2.2.2.3.1. 

 

Figure 0.30: A TEM image of Au9/C (un-treated) 

deposited onto carbon film coated copper TEM grid. The 

average gold particle diameter was approximately 3.5 nm 

(just for 5 particles which were found on the grid). 

 

 

 

   

Figure 0.31: Left: a representative TEM image of treated 1.0 wt% Au9/C (washed with toluene 

followed by calcination under static air at 100 
o
C for 3 hours) deposited onto carbon film coated 

copper TEM grid; Right: Particle size distribution histogram. The average particle size of gold 

particles was determined to be 10.5 ± 0.7 nm (two standard deviations of the mean). 

5.2.2.1.3 Au8 nanoclusters 

The TEM image in Figure 5.32 demonstrates that the Au8 nanoclusters (like Au9) aggregate 

during treatment by washing and calcination, with their average diameter rising from ~0.8
14a

 

20 nm 

5 nm 
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to ~22.5 nm. As for supported, activated and aggregated Au9, no conversion was observed for 

the large Au8 nanocatalysts (see Table 5.9).
68

  

  

Figure 0.32: Left: a representative TEM image of treated 1.0 wt% Au8/C (washed with toluene 

followed by calcination under static air at 100 
o
C for 3 hours) deposited onto carbon film coated 

copper TEM grid; Right: Particle size distribution histogram. The average particle size of gold 

particles was determined to be 22.0 ± 2.0 nm (two standard deviations of the mean). 

 

Figure 0.33: The size effect on conversion (C%) and selectivity (S%) of Au8/C, Au9/C and Au101/C 

gold nanocatalysts.  The selectivity for methyl benzoate lies almost exactly on the curve for 

conversion. 

After treatment, the particle sizes increase in the order Au101< Au9< Au8.  Figure 5.33 shows 

the effect of the size of activated nanocatalysts on conversion and selectivity for benzyl 

alcohol oxidation. Au101/C, with a gold particle diameter of approximately 3±0.1 nm, was the 
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most active catalyst with 75% conversion.
28a, 56

 Au8 and Au9 clusters proved to be inactive 

due to substantial gold aggregation.
64, 66-67

 Activated Aucitrate/C with ~11.5 nm particle size 

showed reasonable activity but the very large gold particles obtained as a result of cluster 

(i.e., Au8 and Au9) aggregation upon immobilization and activation did not show any 

conversion. Evidently gold particles prepared with PPh3 capping agents are more sensitive to 

activation conditions.
64, 66-67

  

5.2.2.2 Comparisons of the catalytic activity among Au101, “naked” gold 

and gold citrate particles immobilized on different types of carbon  

The Au101, “naked” gold and gold citrate (1.0 wt %) immobilized on Norit activated carbon 

powder and Vulcan carbon, with average particle diameters ranging from 1.6 to 12 nm, was 

used to investigate the effect of gold particle size on benzyl alcohol oxidation.  

5.2.2.2.1 Au101, “naked” gold and gold citrate immobilized on Norit 

activated carbon (powder) 

The 1.0 wt% Au101/C washed with toluene followed by calcination under vacuum at 100 
o
C 

for 3 hours showed the highest activity of 91%. However, the highest selectivity of 7:1 

towards methyl benzoate belonged to 1.0 wt % Aunaked/C calcined under static air. Overall, 

gold particles calcined under vacuum showed higher activity than the calcination under static 

air.   
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Table 0.10: Comparisons of conversion and selectivity among 1.0 wt % Au101, Aunaked and Aucitrate 

immobilized on Norit activated carbon (powder) for 3 hours reaction time. 

Catalyst code 
*
Activation  Conversion%  Selectivity%  

   Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 
1.0% Au101/C W+ static air 75 0 24 76 
1.0% Au101/C W+ vacuum 91 0 24 74 

1.0% Aunaked/C W+ static air 73 0 12 87 
1.0% Aunaked/C W+ vacuum 88 0 16 84 
1.0% Aucitrate/C W+ static air 70 0 25 75 
1.0% Aucitrate/C W+ vacuum 79 0 27 73 

*
Activation: Gold catalysts washed with toluene or NaOH in MilliQ water (0.1 M) followed by 

calcination under static air or vacuum at 100 
o
C for 3 hours. 

5.2.2.2.1.1 Au101 nanoparticles 

Figures 5.34 – 5.36 present HRTEM images and associated particle size distributions for 

Au101 immobilized on Norit activated carbon, either un-treated or activated. The low activity 

un-treated nanocatalysts had an average gold particle diameter of 2.6 ± 0.1 nm. Activity rose 

substantially for systems with larger particle diameter (≤ 3.5 nm). The highest conversion of 

91% was recorded for 1.0 wt% Au101/C washed with toluene and calcined under vacuum at 

100 
o
C for 3 hours, for which the average particle size was 3.5±0.1 nm, with particles as large 

as ~ 6.6 nm also being present.
28a, 56

 

  

Figure 0.34: Left: a representative TEM image of gold nanoparticles immobilized on Norit activated 

carbon (un-treated) deposited onto carbon film coated copper TEM grid; Right: Particle size 

distribution histogram. The average particle size of gold particles was determined to be 2.6 ± 0.1 nm 

(two standard deviations of the mean).      
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Figure 0.35: Left: a representative TEM image of treated of Au101/C (washed with toluene followed 

by calcination under static air at 100 
o
C for 3 hours) deposited onto carbon film coated copper TEM 

grid; Right: Particle size distribution histogram. The average particle size of gold particles was 

determined to be 3.0 ± 0.1 nm (two standard deviations of the mean).     

 

Figure 0.36: Left: a representative TEM image of treated Au101/C (washed with toluene followed by 

calcination under static air at 100 
o
C for 3 hours) deposited onto carbon film coated copper TEM grid; 

Right: Particle size distribution histogram. The average particle size of gold particles was determined 

to be 3.5 ± 0.1 nm (two standard deviations of the mean). 

5.2.2.2.1.2  “Naked” gold nanoparticles 

Figures 5.37 – 5.39 show that the average particles size of “naked” gold particles increased 

from 3.8 ± 0.1 nm (un-treated) to 4.2 ± 0.1 nm when washed with toluene and calcined under 

static air or 4.4 ± 0.1 nm when washed with toluene and calcined under vacuum. Although, 

the treated gold naked nanocatalysts with the lower average particle diameters (~4.2) nm 

showed reasonable conversion of 73%, higher conversion (88%) was achieved by the catalyst 

with 4.4 nm average diameter. The main product was methyl benzoate (static air calcination: 

87% and vacuum calcination: 84%). 
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Figure 0.37: Left: a representative TEM image of gold naked immobilized on Norit activated carbon 

(un-treated) deposited onto carbon film coated copper TEM grid; Right: Particle size distribution 

histogram. The average particle size of gold particles was determined to be 3.8 ± 0.1 nm (two 

standard deviations of the mean). 

  

Figure 0.38: Left a representative TEM image of treated gold naked immobilized on Norit activated 

carbon (washed with toluene followed by calcination under static air at 100 
o
C for 3 hours) deposited 

onto carbon film coated copper TEM grid; Right: Particle size distribution histogram. The average 

particle size of gold particles was determined to be 4.2 ± 0.1 nm (two standard deviations of the 

mean). 
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Figure 0.39: Left: a representative TEM image of treated gold naked immobilized on Norit activated 

carbon (washed with toluene followed by calcination under vacuum at 100 
o
C for 3 hours) deposited 

onto carbon film coated copper TEM grid; Right: Particle size distribution histogram. The average 

particle size of gold particles was determined to be 4.4 ± 0.1 nm (two standard deviations of the 

mean). 

5.2.2.2.1.3 Gold citrate colloids 

After immobilization on the activated carbon support gold citrate colloidal particles form a 

type of “chain” arrangement with the average diameters of the individual gold particles 

insignificantly changed from 12.6 ± 0.2 nm as synthesized (see in Chapter 2, Section 2.4.1.6) 

to 12.5 ± 0.2 nm. Treatment by washing with toluene followed by calcination under static air 

at 100 
o
C for 3 hours caused the gold particle size to increase to 13.1± 0.2 nm (see Figures 

5.40 and 5.41). The resulting material showed no conversion (see Table 5.10). For gold 

citrate catalysts washed with 0.1 M NaOH in MilliQ water, then calcined under static air or 

vacuum at 100 
o
C for 3 hours, the gold particles size decreased from ~12.5 to ~ 11.1 and 

~11.5 nm, respectively (see Figures 5.42-5.43). At the same time, chain arrangements of the 

gold particles were broken down. Comparisons of the TEM images between un-treated and 

activated gold citrate nanocatalysts confirmed that the washing procedure removed the citrate 

from the gold cores and consequently separated the gold particles. The catalytic activity of 

the gold particles increased to 72% after calcination under static air and 79% after calcination 

under vacuum. The product ratio was approximately 3:1 in favour of methyl benzoate.  

5 nm 
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It can be inferred that the catalytic performance for this type of gold particles is directly 

related to the distance between particles for more connection between the gold particles and 

reactants.
42

 In addition, washed Au clusters deposited on silica with NaOH solution (0.1 M) 

showed that the gold clusters preserved their size and so the clusters survived as individual 

entities under such condition.
70

 

 

Figure 0.40: Left: a representative TEM image of gold citrate nanoparticles immobilized on Norit 

activated carbon (un-treated) deposited onto carbon film coated copper TEM grid; Right: Particle size 

distribution histogram. The average particle size of gold particles was determined to be 12.5 ± 0.2 nm 

(two standard deviations of the mean).  

     

Figure 0.41: Left: a representative TEM image of treated gold citrate nanoparticles immobilized on 

Norit activated carbon (washed with toluene followed by calcination under static air at 100 
o
C for3 

hours) deposited onto carbon film coated copper TEM grid; Right: Particle size distribution 

histogram. The average particle size of gold particles was determined to be 13.1 ± 0.2 nm (two 

standard deviations of the mean). 
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Figure 0.42: Left: a representative TEM image of treated gold citrate nanoparticles immobilized on 

Norit activated (washed with NaOH in MilliQ water (0.1 M) at water followed by calcination under 

static air at 100 
o
C for 3 hours) deposited onto carbon film coated copper TEM grid; Right: Particle 

size distribution histogram. The average particle size of gold particles was determined to be 11.5 ± 0.6 

nm (two standard deviations of the mean). 

 

Figure 0.43: Left: a representative TEM image of treated gold citrate nanoparticles immobilized on 

Norit activated (washed with NaOH in MilliQ water (0.1 M) at water followed by calcination under 

vacuum at 100 
o
C for 3 hours) deposited onto carbon film coated copper TEM grid; Right: Particle 

size distribution histogram. The average particle size of gold particles was determined to be 11.1 ± 0.2 

nm (two standard deviations of the mean). 
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Figure 0.44: The particle size effect on the conversion (C%) and selectivity (S%) of gold citrate 

immobilized on Norit activated carbon. 

Figure 5.44 shows the dependence of catalytic activity of gold citrate on size. When the 

average particle diameter decreased from 12.5 ± 0.2 to 11.5 ± 0.6 or 11.1 ± 0.2 the activity of 

the gold catalysts increased to ~70% or 79%, respectively. Washing with 0.1 M NaOH 

reduced the distance between the gold particles and reactants by removing citrate from the 

gold cores.
42, 70

 The selectivity of the gold catalyst was towards methyl benzoate with a 3:1 

product ratio in favour of methyl benzoate. 

5.2.2.2.2 Au101, gold citrate and “naked” gold immobilized on Vulcan 

carbon 

In this part, “naked” gold and gold citrate nanoparticles are compared with Au101 

nanoparticles deposited on Vulcan carbon. 
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Table 0.11: Comparisons of conversion and selectivity among Au101, Aunaked and Aucitrate immobilized 

on Vulcan carbon (1.0 wt%)  for 3 hours reaction time.  

#
Catalyst code 

*
Activation  Conversion%  Selectivity%  

   Benzaldehyde Benzoic  

acid 

Methyl 

benzoate 
1.0% Au101/Cv W+ static air 0 0 0 0 
1.0% Au101/Cv W+ vacuum 0 0 0 0 

1.0% Aunaked/Cv W+ static air 20 2 13 85 
1.0% Aunaked/Cv W+ vacuum 32 2 11 87 
1.0% Aucitrate/Cv W+ static air 52 0 13 87 
1.0% Aucitrate/Cv W+ vacuum 56 0 16 84 

#
Catalyst code: Au101/Cv, Aunaked/Cv and Aucitrate/Cv=Au101, Aunaked and Aucitarte particles immobilized on 

Vulcan carbon, respectively. 
*
Activations: Gold catalysts washed with toluene or NaOH in MilliQ 

water (0.1 M) followed by calcinations under static air or vacuum at 100 C for 3 hours. 

The highest activity of the gold nanocatalysts belonged to the activated gold citrate 

immobilized on Vulcan carbon 52% (washed and static air calcination) and 56% (washed and 

vacuum calcination) as shown in Table 5.11. There was no conversion for Au101 immobilized 

on Vulcan carbon. The main product was methyl benzoate with 87% and 84% for calcination 

under static air or vacuum, respectively. Benzaldehyde appeared as a very minor product 

(2%) for naked gold immobilized on Vulcan carbon.    

  

Figure 0.45: Left: a representative TEM image of treated of Au101/Cv (washed with toluene followed 

by calcination under static air at 100 
o
C for 3 hours) deposited onto carbon film coated copper TEM 

grid; Right: Particle size distribution histogram. The average particle size of gold particles was 

determined to be 3.4 ± 0.2 nm (two standard deviations of the mean). 

Figure 5.45 shows that the average particle size of activated Au101 nanoparticles immobilized 

on Vulcan carbon (washed with toluene followed by static air calcination at 100 
o
C for 3 

5 nm 
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hours) was 3.4 ± 0.2 nm. Despite there being many small gold particles of around 3 nm 

diameter for this type of catalysts, no conversion benzyl alcohol was observed. The small 

gold nanoparticles might block the Vulcan carbon pores when the particles size is nearly 

equal or smaller than pore size.
42

 Additionally, small gold particles are inaccessible for 

reactants in Vulcan carbon (see Section 5.2.1.3.4.1).
45b

 

  

Figure 0.46: Left: a representative TEM image of treated of Aunaked/Cv (washed with toluene followed 

by calcination under static air at 100 
o
C for 3 hours) deposited onto carbon film coated copper TEM 

grid; Right: Particle size distribution histogram. The average particle size of gold particles was 

determined to be 7.4 ± 0.5 nm (two standard deviations of the mean). 

According to Figure 5.46 and Table 5.11, the catalytic activity (32%) of the treated “naked”  

gold nanocatalysts (washed with toluene and followed by calcination under static air at 100 

o
C for 3 hours) increased reasonably as the average particle diameter increased from ~3.8 ± 

0.1 (un-treated) to 7.5± 0.5 nm after catalyst activation.  

5 nm 
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Figure 0.47: Left: a representative TEM image of treated of Aucitrate/Cv (washed with NaOH in MilliQ 

water (0.1 M) followed by calcination under static air at 100 
o
C for 3 hours) deposited onto carbon 

film coated copper TEM grid; Right: Particle size distribution histogram. The average particle size of 

gold particles was determined to be 12.3 ± 0.3 nm (two standard deviations of the mean). 

Based on Figure 5.47, the gold citrate immobilized on Vulcan carbon and then treated 

(washed with 0.1 M NaOH in MilliQ water followed by calcination under static air at 100 
o
C 

for 3 hours) showed a slight decrease in average particle diameter from ~12.5 to ~12.3 nm 

due to the removal of citrate from the gold core. Washing caused size-preservation and 

reduced the distance between gold particles and reactants by removing citrate from the gold 

core particles which led to a better connection between the gold particles and reactants.
42, 70

 

This can be related with reasonable conversion (52%) of benzyl alcohol with the gold 

catalysts (see Table 5.11).  

5.3 Conclusions 

The catalytic activity for benzyl alcohol oxidation of gold nanoparticles can be greatly 

affected by the size of the gold particles. Small activated gold nanoparticles immobilized on 

powder Norit activated carbon (1.0 wt% Au101/C) demonstrated the highest activity when the 

size of gold particles was ~3.5 nm. When the size of gold citrate particles increased, their 

catalytic activity decreased. The catalytic activity of activated gold particles immobilized on 

Norit activated carbon powder decreased in the order: Au101/C >Aunaked/C >Aucitrate/C. No 

conversion was observed when supported gold citrate particles were washed using toluene as 

5 nm 
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a solvent. However, washing with 0.1 M NaOH in MilliQ caused a big improvement in 

catalytic activity of this gold catalyst. 

While no conversion was observed for small gold particles (Au101: 3.4 ± 0.2), reasonable 

conversions were observed for bigger particles (i.e., Aunaked: 7.4 ± 0.5 nm and Aucitrate: 12.3 ± 

0.3 nm) immobilized on Vulcan carbon. The activity of gold particle immobilized on Vulcan 

carbon increased in the order: Au101/Cv ˂ Aunaked/Cv ˂ Aucitrate/Cv. Catalysts made using 

Vulcan carbon as a support demonstrated lower activity in comparison with ones made using 

Norit carbon. Hence, the average gold particles diameter and the activity of gold catalysts 

seem to be affected by the nature of carbon support.  

Support immobilization of noble metal nanoparticles plays a key role in defining the catalytic 

activity and selectivity due to both the support structure and specific interactions occurring 

between the gold particles and the support. Small gold nanoparticles (Au101: ~1.6 nm) 

immobilized on Norit activated carbon powder and mesopores carbons (i.e., CMK-3, CMK-8 

and NCCR-41) showed higher activity in comparison with, Vulcan carbon or granular Norit 

activated carbon, even when the latter was modified with –SH or –SO3H groups. The higher 

performance of gold nanoparticles immobilized on mesopores carbons is mainly due to the 

fact that the large pore diameter makes it easier for smaller gold particles to access the pore 

channels and also limits the agglomeration of the particles both in the pore entrance and on 

the pores surface of the support. Meanwhile, Au101 immobilized on CMK-8 mesopores 

carbons, with the largest pore diameter and 3-D network structure as key factors, showed 

higher performance in comparison with powder Norit activated carbon. Gold nanoparticles 

immobilized on Vulcan carbon demonstrated lower activity in comparison with powder Norit 

activated carbon and meso-pores carbons, too. Gold particles smaller than ~ 4 nm probably 

block Vulcan carbon pores and reduce accessibility for the reactants.  
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Overall, the catalytic testing showed that carbon supports for activated (washed and followed 

by calcinations under static air at 100 
o
C for 3 hours) small gold particles (Au101) behave in 

the following order: mesopores CMK-8 > powder Norit activated carbon > mesopores CMK-

3 > mesopores CMK-41 > Vulcan carbon. However, when calcination was swapped to under-

vacuum, the gold catalysts behaved in the following order: mesopores CMK-8 > Norit 

activated carbon (powder) > mesopores CMK-41> mesopores CMK-3 > Vulcan carbon. 

Overall, activated 1% Au101/C41 (washed with toluene followed by calcination under vacuum 

at 100 
o
C for 3 hours) with 2.6 ± 0.1 nm gold particle size showed high conversion (C%: 

88%). In fact, it also showed the highest selectivity towards methyl benzoate as the main 

product (S%: 88%) after 3 hours reaction time. However, according to the findings discussed 

in Chapter 4 of this thesis, activated 1% Au101/C (calcination in O2 -H2 at 100 
o
C for 3 hours) 

with 6.6 ± 0.3 nm gold particle size showed the highest selectivity towards benzoic acid as 

the main product (S%: 86%); the catalyst exhibited high conversion (C%: 94%) after 24 

hours reaction time. In addition, activated 1% Au101/C8 (washed with toluene followed by 

calcination under vacuum or in static air at 100 
o
C for 3 hours) with 3.0 ± 0.1 nm gold 

particle size showed the highest conversion (C%: 96%) after 3 hours reaction time.  
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Chapter 6: Catalysis by Palladium 

Nanoparticles Immobilized on Wool 
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6.1 Introduction 

Platinum group metals, such as platinum itself, ruthenium and palladium, have long been 

known as active and selective catalysts in many applications, even in their bulk phases;
1
 but, 

as bulk materials, their industrial utility is diminished by their high cost and low surface 

area.
2
 Recently, nanoscale palladium has been extensively studied because nanoparticulate 

materials can provide a greater surface area at much lower costs, and have been found to 

exhibit remarkable properties as highly active and selective catalysts, particularly for a broad 

range of hydrogenation reactions involving unsaturated substrates,
3
 such as cyclohexene,

4
 

hex-1-ene,
4-5

 styrene,
4, 6

 acrylic acid
4, 7

 and allyl alcohol.
8
 Table 6.1 provides selected 

examples illustrating the use of supported palladium nanoparticles as a high-performance 

catalyst in various types of reactions.  

In the majority of current industrial applications, metal nanoparticles are immobilized on 

robust supports, such as oxides or activated carbon.
9
 In recent years, however, polymeric 

supports have attracted attention because they provide additional qualities, such as tunable 

surface chemistry and mechanical process-ability. In principle, the choice of a specific 

polymer with certain functional groups could be used to fine-tune the performance of such 

systems.  

Polymers can stabilize metal nanoparticles by incorporation them into the polymer 

framework or by binding weakly to the nanoparticle through stabilizer ligands.
10

 Following 

the polymerization initiation process, the polymer chains grow, by consuming monomers, 

until they reach a termination length that depends on the polymer composition, reaction 

conditions, the solvent, etc. Stabilizer ligands or surfactants may also play a major role in 

prevention of particles aggregation and precipitation.
10,

 
11
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Table 0.1: Example of reactions catalysed by supported palladium nanoparticles. 

Catalyst code Reaction *C% TOF *Y% Reference 

Pd/Fe3O4/s-G Suzuki–Miyaura 

cross-coupling 

reaction 

90 — — Hu et al.
12

 

Pd
II
/50WX2 3-hexyn-1-ol 

hydrogenation 

90 — — Marrodan 

et al.
3
 

Pd/Glass-polymer Ethyl cinnamate 

hydrogenation 

100 — — Mennecke 

et al.
13

 

Pd/Polyelectrolyte Un-saturated 

alcohols 

hydrogenation 

— ~1500 — Kidambi et 

al.
7
 

Pd/Al2O3 Un-saturated 

alcohols 

hydrogenation 

— 60 –700 — Kidambi et 

al.
7
 

Pd/Polyacrylic 

acid 

propyne 

hydrogenation 

20<C< 80 — — Gröschel et 

al.
14

 

Pd/SiO2 – CS Ketone 

hydrogenation 

— — 30<Y< 100 Yin et al.
15

 

Pd/Cellulose Heck reaction of 

acrylic acid or 

styrene with aryl 

iodides 

— — ~ 90 Xu et al.
16

 

Pd/Wool Ortho- or para-

substituted styrene 

hydration 

— — ~ 90 Wang et 

al.
6
 

Pd/Wool Diacetone alcohol 

hydrogenation 

— — 30<Y< 70 Yin et al.
17

 

Pd/Wool 3-methyl-2-

butanone 

hydrogenation 

— — 90<Y< 100 Yin et al.
17

 

*C%: How much of a reactant was reacted & Y%: The amount of a specific product.  

 The catalytic properties of nanosized metal particles dispersed within a polymeric matrix can 

be tailored by adjusting the natures of both the nanoparticles and the support materials.
18

 

Miyazaki et al. found that the polymer can also help to control the morphology and size of 

metal particles.
19

 They used poly (N-vinyl-2-pyrrolidone) (PVP), poly (N-

isopropylacrylamide) (NIPA) and sodium poly (acrylate) (SPA) and found that the Pt 

nanocrystals shapes were hexagonal, square and triangular with the average sizes of 6.9, 13.6 

and 14.6 nm, respectively.
19
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Metal nanoparticles stabilized by polymers have shown promising results in terms of catalytic 

efficiency and selectivity because of their small size and relatively narrow dispersity.
20

 

Polymers, such as PVP,
13, 21

 poly (ethylene glycol) (PEG) 
4
, poly–acrylonitrile and poly 

(acrylic acid) ( see Figure 6.1)
14

 have been utilized as efficient supports for catalysis.  

 

Figure 0.1: Palladium particles stabilized by 

poly-acrylic acid. The stabilizing effect is due 

to interactions of the nanoparticle with the 

polar part of the block copolymer. 

Reproduced from Groschel et al.
14

 

 

 

 

 

 

Suspensions of nanoparticles stabilized by polymeric composite materials are sometimes used 

as homogeneous catalysts.
22

 As an example, palladium nanoparticles are stabilized in organic 

solvent by poly-acrylic acid, with the help of the latter’s hydrophilic and lipophilic 

components. The hydrophilic polyethylene oxide chain adsorbs to the electropositive surface 

of the nanoparticles, while the lipophilic polystyrene section orients towards the solvent (see 

Figure 6.1).
14

 As another example, catalytic hydrogenation of a range of olefins was carried 

out by palladium nanoparticles dispersed in polyethylene glycols (PEGs), with the double 

bond of cyclohexene being hydrogenated with 100% selectivity.
4
 However, as mentioned 

earlier, homogeneous catalysts lead to  separation difficulties,
14

 and the catalyst system can 

become contaminated by ligand residues in the products.
23
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In recent years polymers have also been developed as “heterogeneous” supports for noble 

metal particles.
24

 This type of catalyst systems contains multiple types of active sites, located 

on the outer and inner surfaces of polymer films (see Figures 6.2).
23a, 25

 The outer surface is 

directly in contact with the reactants, which diffuse through the polymer to the metal particles 

where the reaction occurs.
25

 The ratio of polymer to metal particles is important to the 

catalytic activity; a ratio greater than one can lead to an increase of the surface area and hence 

provides better accessibility of the  reactants to the active sites of catalyst.
11

 

Multilayer polyelectrolyte films attached to solid substrates, such as alumina or silica 

particles, are utilized as efficient composite supports for catalyst materials occupying the 

niche between truly homogeneous and heterogeneous classes. Such catalytic systems have 

shown excellent properties in facilitating mass transfer of reactants to the active sites at the 

metal nanoparticles, especially in hydrogenation reactions.
13

  

I) II)  

Figure 0.2: Model of Pd particles (black dots) attached on polymer layers on alumina I) & silica II) 

surfaces. Reproduced from Kidambi et al
7
 and Huang et al.,

11
 respectively.  

Polymer brushes are another type of appealing polymeric support. The polymer chains are 

attached at one end, in relatively high coverage, to an interface (i.e., a solid support, like gold)  

from which they stretch into solution to form a brush-like structure.
26

 The metal ion particles 

reside on top of, or within, the brush. The whole system is maintained in suspension by 
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interactions between the polymer brush and the solvent.
26-27

 In addition, a polar end group 

(attached to a hydrocarbon chain) is insoluble in polar solvents.
26

  

The catalytic activities of the embedded metal nanoparticles in polymer-brush systems are 

strongly affected by the nature of the polymers.
27

 One type of system is shown in Figure 6.3. 

Here, the metal nanoparticles reside within the brush layer, near the surface of the core 

heterogeneous support particles. The external layer is directly in contact with the reactants, 

which diffuse rapidly through the polymer brush to the metal particles.
25, 27

 The nanoparticles 

have partial freedom of movement within the brush.  

 

Figure 0.3: A schematic illustration of Pd particles in 

spherical polyelectrolyte brushes. Reproduced Mei et 

al.
27

 

 

 

 

 

 

Micro- and meso-porous materials with large specific surface areas are potentially of great 

practical value in the fields of catalysis,
28

 due to their ability to capture metal nanoparticles 

within a matrix (see Figure 6.4).
29

 For example, Ogasawara et al. recently reported that 

porous polymeric supports could be used to minimize, or prevent, aggregation of palladium 

nanoparticles with narrow size distributions.
29

 Such supports can also control the growth of 

Pd particles involving dendrimeric ligands (see Figure 6.4), for example by limiting the size 

of Pd-containing particles to a diameter ~2 nm.
29

 Such flexible materials can be used as 

supports for fabrication of truly heterogeneous catalytic systems for processes  like carbon 

cross-coupling reactions, with both high activity and selectivity.
29
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Figure 0.4: Schematic outline 

of micro-porous polymers 

(dendrimer structures) 

containing Pd particles. 

Reproduced from Ogasawara 

Kato.
29

 

 

 

 

Recently, environmental pollution has been one of the biggest concerns for scientists.
30

 

Despite concerns about plastics contamination, plastics are widely used in many industries, as 

packaging, in construction, medical devices, electronics, automotive and aerospace 

materials.
31

 In 2009, about 230 million tonnes of non-bio-degradable plastics was produced 

globally.
32

 Micro-plastic materials don’t fully degrade; they simply break down, due to 

effects of heat, light and physicochemical processes,
33

 into very small (ultimately 

microscopic) fragments that can contaminate both soil and water (see Figure 6.5).
34

 They are 

dangerous to living organisms because they have rather significant environmental lifetimes. 

For example, the degradation dust of a plastic six-pack collar is estimated to last 

approximately 450 years.
35

 Another disadvantage of the use of synthetic polymeric supports 

in catalytic systems is their current feed-stocks, which are derived from non-renewable 

organic substances such as oil and natural gas. 

In recent years, with increasing concerns of environmental protection, development of 

environmentally benign chemical processes and methodologies has received much attention, 

along with a strengthening interest in renewable materials.
4
 Although some catalysts made 
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using synthetic polymeric supports exhibit remarkable activity and selectivity, they are 

resilient to bio-degradation and consequently can accumulate in the environment.  

 

 

 

 

Figure 0.5: Locations of the sites collected 

sampled of micro-plastic. Reproduced from 

Cauwenberghe et al.
30b

 

 

 

 

 

 

 

Potential alternatives to synthetic polymer include natural bio-polymeric fibers, and recently 

there have been developments of catalysts based on these supports. Bio-polymers have 

several advantageous properties; in particular they are environmentally friendly (e.g., they are 

renewable and bio-degradable, although one must remember that waste generated by natural 

fiber industries is still substantial).
18, 36

 Wool can degrade within one to five years, while 

cotton can degrade within one to five months.
35

 They also have variability in characteristics 

which affects their porosity and hence their diffusion properties and accessibility to internal 

sites, etc.
25

 Thus far, researchers have predominantly focused on a few selected natural bio-

polymers, such as chitosan,
15

 cellulose,
16, 37

 silk
38

 and wool,
6, 20b, 24

 in pioneering 

developments of novel metal systems. Each of these could be used reasonably cheaply for 

certain applications without any additional treatment.
24

 



238 
 

Important studies have been performed using synthetic polymers that take a leading position 

in the world fibre market in terms of production and consumption. However, the emerging 

fields of interactive textiles and smart fabrics have recently attracted much attention.
23b

 The 

potential applications of  thermal conductivity fibres span a wide range of fields from 

traditional clothing sectors, including sportswear and work clothing, to home ware (carpet, 

upholstery) and industrial textiles (building, automotive and filtration), as well as highly 

innovative electronics and biomedical end-uses.
16, 39

 For instance, recent advances in wool 

grading and processing in New Zealand have led to the emergence of high-tech clothing 

brands, such as “Icebreaker”, yet most of New Zealand wool is sold at relatively low 

premium to carpet manufacturers.
40

 

Wool is a natural, multi-cellular staple fibre (see Figure 6.6) predominantly composed of 

amino acids and other organic substances, such as sugars, lipids and DNA/RNA etc.
24

 It is 

estimated that wool contains more than 170 different proteins, which are not uniformly 

distributed throughout the fibre with proteins of different structures being located in specific 

regions. The proteins, in turn, are composed of more than 20 amino acids. The amino acids 

are cross-linked by S–S bonds (see Scheme 6.1).
17

 This heterogeneous composition is 

responsible for the different physical and chemical properties of the various regions of wool. 
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Figure 0.6: Schematic structures of a) wool fibre & b) micro-fibril/ matrix assembly.
41 

 

Scheme 0.1: Chemical structure of a wool fibre.
42

 

Different grades of wool fibres have somewhat different structures leading to variations in 

texture, staple, elasticity and crimp formation.  

Wool has attracted interest in the field of heterogeneous catalysis because its fibres can be 

used as a solid-phase ligating (i.e., containing functional groups capable of acting as ligands) 

support with no need for further functionalization. It is also renewable, bio-compatible, bio-

degradable, hydrophobic and capable of supporting well-dispersed nanoparticles. Researchers 

have claimed that nanoparticles are distributed at surface defects and /or at edges of the wool 

fibre cells (Figure 6.7), with aggregation being prevented due to interactions with structurally 
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ordered amino acid chains.
43

 However, wool’s potential in such applications largely remains 

unexplored.
18

  

 

Figure 0.7: SEM images at increasing magnification (left to right) of a nanogold wool fibre showing 

gold nanoparticles (white dots) on the surface of the fibre, particularly along the cuticle edges. 

Rreproduced from Johnston et al.
40

 

R–NH2 + HCl → RNH3
+
 + Cl

-
  

2RNH3
+

 + PdCl4
2-

 → (RNH3
+
)2PdCl4

2-
 

Scheme 0.2: Interaction between palladium atoms and wool fibres. Reproduced from Yu et al.
20b

 

 

 

 

 

 

 

Scheme 0.3: The possible structure of 

palladium atoms embedded on wool 

fibres. Reproduced from Yin et al.
17
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Metal particles fabricated and/or supported on wool have been proposed for use in a wide 

range of potential applications, such as colourfast pigments for high-end boutique textiles
40, 44

 

and antibacterial textiles.
43b, 45

 Compared to the overall number of relevant studies on 

synthesis, characterization and various other applications of such materials, there are only a 

very few examples of their use in catalysis. Professor James Johnston and co-workers at 

Victoria University of Wellington have fabricated a range of safe and environmentally 

friendly materials containing metal nanoparticles of Au (Figure 6.7),
40, 46

Ag (Figure 6.8)
44

 

and Pd
43a

 supported on natural bio-polymeric supports such as Merino and/ or crossbred wool 

fibres. However, among all of the materials developed by his research group the only 

catalytic trial has been for 3-hexyne hydrogenation by gold particles immobilized on wool.
46

 

 

Figure 0.8: TEM images of a cross section showing silver nanoparticles immobilized on Merino wool 

fibres. Reproduced from Johnston et al.
44

 

A pioneering study by Yin et al. in 1999 reported the use of Pd nanoparticles immobilized on 

wool fibres (Pd/wool) as a catalyst for asymmetric hydrogenation of diacetone alcohol at 30 

o
C for 10 hours under 1 atm of H2.

17
 They investigated the effect of Pd content (mmol/g) and 

reproducibility on the catalytic activity of the Pd catalysts.
17

 In a more recent study, Ma et al. 

reported heterogeneous catalysts using Pd/wool for water-mediated coupling reactions of aryl 

iodides and bromides with arylboronic acid in the presence of potassium carbonate (as a base) 

for 5 hours between 25 and 85 
o
C.

24
 Importantly, this specific catalyst system has the 

advantage of substantial catalyst recyclability.
24
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The novelty of wool as an “environmentally friendly” support and the potential of adding 

value to wool by fabricating Pd/wool catalysts was the stimulation for the project work 

undertaken in this thesis. The aims for this chapter are to test Pd /wool composites as 

catalysts in liquid-phase hydrogenation of cyclohexene to cyclohexane, as a simple model 

reaction of hydrogenation of a double bond (C ═ C), to assess their performance and stability 

and compare them to commercially available Pd particles on charcoal. I also will briefly 

outline a simple and general synthesis procedure originally developed by Professor 

Johnston’s group (as I described in Chapter 2, Section 2.5.3) to obtain Pd nanoparticles 

stabilized by wool fibres. Effects of various parameters of this process will be discussed in 

detail below. 

6.2 Results and discussion 

Hydrogenation of cyclohexene to cyclohexane
47

 was chosen as a model reaction because Pd 

is known to be an active catalyst for hydrogenation of unsaturated hydrocarbons. It was 

hypothesized that the catalytic activity of Pd/wool would depend on reaction conditions such 

as stirring rate, gas pressure and target temperature. The reaction was investigated using 

Pd/wool samples provide in two batches from the Johnston laboratory.  These were labelled 

Sn,1/ Sn,2 where the 1 and 2 indicate the first and second batch, respectively, and  n 

corresponds to a specific sample number within each batch. Sn,1 catalysts were received 27 

January, 2010, whereas Sn,2 catalysts were received 18 December, 2010. S5 and S6 catalysts 

were received in the second batch only (as described at 7.3, Catalytic testing of supported 

palladium nanocatalysts). Generally, reactions were performed in triplicate with analysis by 

using the GC-FID method described at section 7.3.1, Apparatus and hydrogenation reaction. 

The conversion results are reported as means with uncertainties corresponding to two 

standard errors (± 2SE) of the mean. 
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For industrially relevant catalysis, the use of a neat starting material, with no solvent, would 

help to minimize costs and the need of separation, and also to improve safety and minimize 

environmental risks. However, in the case of these test reactions, there are practical 

limitations that require the use of a solvent. To achieve affective stirring, the volume of liquid 

in the reactor must be no less than about 25 mL, which corresponds to 20.3 g (0.247 mol) of 

cyclohexene. An H2 gas pressure of 400 psi was chosen, which is within the safe operating 

range of the reactor and corresponds to mild pressure conditions.
48

 By running reactions with 

100% conversion using commercial Pd-on-charcoal catalysts, this pressure was found to 

correspond to ~0.13 mol H2 within the reactor. Consequently, any reaction using more than 

~0.13 mol (10.7 g or 13.2 mL) of cyclohexene, will be limited by the amount of H2 and 

calculations based on the initial amount of cyclohexene will realise an erroneously low 

conversion factor. To circumvent this problem while maintaining an appropriate liquid 

volume, reactions were performed with ~10 g of cyclohexene (~12.3 mL or 0.122 mol) 

diluted with ~10 g (12.8 mL) of cyclohexane, which was chosen because it is miscible with 

the reactant and (as the reaction product) will not interfere with the test reaction.    

 

6.2.1 Effect of the stirring rate 

Stirring rate is an important factor in batch-style heterogeneous catalytic tests since it can 

affect mass transfer. The results using S1,1 and under solvent-free conditions (i.e., initially 

with pure cyclohexene reagent) at 40 
o
C and 400 psi hydrogen gas pressure for 24 h are given 

in Table 6.2.  
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Table 0.2: The effect of stirring rate on the conversion of cyclohexene over 24 hours.  

Sample # 

(Pd/wool) 

Stirring rate 

(rpm) 

Initial mass of 

cyclohexene (g) 

Initial mass of 

cyclohexane (g) 

Conversion% 

S1,1 1100 20.01 0.00 29  6 

S1,1 750 20.35 0.00 97  5 

S1,1 0.0 20.35 0.00 16  5 

The Parr reactor can operate at stirrer rates up to 1200 rpm, but control below 750 rpm is not 

very reproducible. Tests using S1,1 at a high stirring rate of 1100 rpm, usually regarded as 

near optimal for minimizing mass transfer limitations, resulted in only 29  6% conversion. 

Such low value can be explained by visually observed mechanical damage to the fragile 

catalyst system at the end of the test (see Figure 6.9.B). A test using S1,1 catalyst without any 

stirring (bottom entry in Table 6.2) gave an even poorer result of only ~16 ± 5% conversion. 

However the intermediate stirring rate of 750 rpm (the lowest stable rate) led to substantially 

improved conversions, with C  97 ± 5%. Importantly, under such conditions visual 

examination confirmed that damage of Pd/wool material (Figure 6.9.A) was not anywhere 

near as pronounced as for the higher stirring rate.  

a)      b)  

Figure 0.9: The effect of stirring rate a) 750 rpm & b) 1100 rpm on the mechanical damage of wool 

fibres after 24 hours reaction time. At the higher stirring rate the damage is visually much more 

substantial. 
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Results from these experiments suggest that mechanical instability of Pd/wool impairs its 

catalytic activity at high stirring rates. Without stirring, activity is also limited, presumably 

due to poor mass transfer.
49

 Comparison among different ranges of stirring rates of Pd/wool 

showed that Pd/wool can be active catalysts only under moderate rates of stirring (i.e., 750 

rpm) due to reasonable mass transfer without substantial physical degradation.
50

 All further 

tests were performed using stirring rate of 750 rpm.  

6.2.2 Optimization of H2 introduction 

Hydrogen pressure can be an important parameter in obtaining the highest conversion
51

 

because of its consequence on determining surface coverage by H2.
52

 The effect of this was 

studied using two protocols while keeping other parameters fixed (~10 g: ~10 g; reactant and 

solvent composition, stirring rate: 750 rpm and target temperature: 40 ± 2 
o
C).  

 Protocol 1: The reactor was initially purged with dry H2 gas three times and then 

pressurized with hydrogen gas to 400 psi prior to heating to 40
 o
C.  

 Protocol 2: The reactor was initially purged three times with dry N2 gas and then 

pressurized to 3 psi with dry nitrogen gas to avoid exposure of hydrogen to 

atmospheric oxygen during the heating step. The temperature was raised to 40
 o
C, at 

which point the reactor was flushed and pressurized to 400 psi with hydrogen.  

From Table 6.3 it can be seen that the method of introducing H2 gas had no significant effect 

on the conversion of cyclohexene. For further experiments it was decided to use the simpler 

procedure of pressurising the reactor with 400 psi of H2 gas from the start.  

Table 0.3: Effect of the way H2 gas was introduced during the test on the conversion over 24 hours. 

Sample # 

(Pd/wool) 

Initial mass 

cyclohexene 

(g) 

Initial mass 

cyclohexane 

(g) 

Initial 

pressure 

H2 (psi) 

Initial 

pressure 

N2 (psi) 

Pressure 

H2 (psi) at 

40 
o
C 

C% 

S1,1 10.16 10.12 400 0 0 83  5 

S1,1 10.14 10.06 0 3 400 76  6 
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6.2.3 Reaction temperature 

The target temperature at which the reaction was carried out was considered as another option 

for optimization. Reactions were carried out at 30, 40 and 50 ± 2 
o
C while keeping all other 

parameters fixed (~10 g: ~10 g reactant and solvent composition; 750 rpm stirring rate; initial 

H2 gas pressure of 400 psi). The conversion increased from 46% to 83% when the 

temperature was increased from 30 to 40
 o
C, but then decreased to 66% when the temperature 

was increased further to 50
 o
C (see Table 6.4). The palladium catalysts seem to be less active 

at higher temperatures (above 40
 o
C); perhaps at the elevated temperature, the wool fibers are 

less stable, leading to mechanical degradation.
53

 

Table 0.4: The effect of temperature on conversion over 24 hours. 

Sample # 

(Pd/wool) 

Initial mass of 

cyclohexene (g) 

Initial mass of 

cyclohexane (g) 

Temperature 

(
o
C) 

C% 

S1,1 10.01 10.03 30 46  5 

S1,1 10.16 10.12 40 83  5 

S1,1 10.23 10.31 50 66  4 

6.2.4 Comparison with palladium on charcoal 

Palladium nanoparticles immobilized on charcoal (Pd/C) are recognized as effective catalysts 

for hydrogenation of organic compounds, so commercially available Pd/C was used as a 

benchmark against which to measure the catalytic activity of Pd/wool for hydrogenation of 

cyclohexene to cyclohexane. Tables 6.5 and 6.6 show that 95 ± 5% conversion can be 

obtained by using the second batch of S1 of Pd/wool catalyst over 5 hours. However, under 

the same conditions the commercial Pd particles immobilized on carbon (Pd/C) catalysts 

achieved effectively 100% conversion in just an hour.  

This comparison suggests that the catalytic activity of palladium nanoparticles strongly 

depends on the type of support.
54

 The main constituent of a wool fibre is keratin, a complex 

protein containing amine, sulfur, carboxylate and hydroxyl functional groups
41

 that can bind 
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to Pd nanoparticles.
43a

 Keratin at the cuticle edges has higher levels of sulfur to which the Pd 

can preferentially bind, as confirmed by the SEM and EDS presented in Figure 6.10.
43a

 TEM 

images show the palladium nanoparticles have a poly-disperse size distribution over a core-

diameter range from 2 to 30 nm because SEM and EDS images showed larger Pd particles 

(>5 nm) located on the surface of the fibre and smaller particles (˂5 nm) within the fibres.
43a

  

Table 0.5: Size and size distributions of the Pd/wool complexes. Reproduced from Fonseca-Paris and 

Johnston.
43a

  

Sample # 

Pd/wool 

Mean size 

(nm) 

Size 

distributions 

Concentration of 

PdCl2 (mg/L) 

Types of wool 

S1 4.9 ± 0.1 2 - 30 260 Merino 

S2 4.5 ± 0.2 2 - 20 260 Crossbred 

From Table 6.5 and Figures 6.10 – 6.12 the Pd particles in S1 and S2were typically 

approximately 5 nm in core diameter size with some larger particles of 20 – 30 nm 

corresponding to agglomerates. The size of the Pd particles was also found to depend on the 

concentration of PdCl2 and the type (i.e., Merino or crossbred) of the wool fibres.
43a
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Figure 0.10: a) Backscatter SEM images of nanopalladium–Merino wool composite prepared from a 

260 mg.  L
-1

 of Pd
2+

 solution at 100 ˚C and pH 3.0; b) corresponding EDS elemental maps for Pd. c) 

Backscatter SEM images of a palladium nanoparticle – Merino wool composite from a 260 mg.  L
-1

 

Pd
2+

 solution at 100 ˚C and pH 3.0; d) corresponding EDS elemental maps for Pd. The images were 

taken by Fonseca-Paris at Victoria University of Wellington.  

 

 

Figure 0.11: A representative TEM image of S1 

(Pd/wool) was taken by Fonseca-Paris at Victoria 

University of Wellington. 

 

 

 

 

10 μm 

1 μm 

5 nm 
5 nm 

5 nm 



249 
 

 

Figure 0.12: TEM images of a cross section of a nanopalladium – Merino wool catalyst at different 

magnifications showing the palladium nanoparticles on the surface of the merino wool fibre were 

taken by Fonseca-Paris at Victoria University of Wellington. 

It seems that not only size and size distributions,
55

 but also the locations of the Pd particles,
22, 

56
 affect the catalytic activity of the Pd/wool. It is likely that Pd particles with diameters 

smaller than 3 nm are more intrinsically effective than larger ones for hydrogenation of 

organic compounds.
55b, 57

 However, since the very small particles are encapsulated within the 

wool fibres, it will be difficult for the reactants to access them. It therefore seems likely that 

the observed catalytic activity for these samples actually arises from particles with diameters 

of ~5 nm or larger located at the fibre surfaces.
55a, 56, 58

 Negligible conversions by samples 

S5,2 and S6,2, both with very small particles sizes and narrow size distributions from 1 to 4 

nm, support this hypothesis.  

According to previous research, metal loading is also one of the important factors that can 

affect the catalytic activity of nanocatalysts.
59

 In our preliminary studies, catalysts S1 and  S2 

with 2.6 wt% Pd loadings, showed appreciable activity (initially estimated indirectly by 

monitoring the H2 pressure drop) and thus their testing was performed using shorter, 5-hour 

test runs. S3 to S6 (i.e., for both batches), with loadings between 1.6 and 6.4 wt% Pd, gave 

low conversions (see Tables 6.6 and 6.7), even in 24-hour tests.  S1,2 from “the second batch” 

of catalysts, consistently showed the best performance with a H2 pressure drop of 280 psi 

within the first hour and C = 95  5% over 5 hours,  a conversion comparable with 
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commercial Pd/C  albeit over a substantially longer reaction time. In comparison, S1,1  

managed just C = 83  6% after a much longer period of 24 hours (see Tables 6.4 and 6.7). 

The difference was that S1,2 was tested very much sooner after its synthesis, which suggests 

that the freshly made catalysts have higher activity.  

Table 0.6: The catalytic activity of “the second batch” of Pd/wool nanocatalysts. 

Sample # 

(Pd/wool) 

Initial mass of 

cyclohexene  (g) 

Initial mass of  

cyclohexane (g) 

Time 

(h) 

Conversion% 

(First run) 

S1,2 10.16 10.12 5 95  5 

S2,2 10.26 10.01 5 78  6 

S3,2 10.08 10.21 24 2  1 

S4,2 10.13 10.19 24 9  5 

S5,2 10.10 10.10 24 1  1 

S6,2 10.01 10.01 24 2  1 

 

Table 0.7: Comparison the reproducibility of Pd/wool nanocatalysts tests between “the first batch” 

and “the second batch”. 

Sample # 

(Pd/wool) 

Initial mass of  

cyclohexene (g) 

Initial mass of  

cyclohexane (g) 

Time 

(h) 

Conversion% 

(First run) 
S1,2 10 10 5 95  5 
S1,2 10 10 5 95  6 
S1,1 10 10 24 83  6 
S2,2 10 10 5 78  4 
S2,2 10 10 5 55  5 

S3,2 10 10 24 2  1 

S3,1 10 10 24 3  1 

S3,1 10 10 24 2  1 
S4,2 10 10 24 6  2 
S4,1 10 10 24 5  2 
S4,1 10 10 24 4  1 
S5,2 10 10 24 1  1 
S6,2 10 10 24 2  1 
S6,2 10 10 24 1  1 

It is apparent from Tables 6.6 and 6.7 that factors in addition to metal loading are important 

in defining catalytic activity. A study is pending of how catalyst morphology (i.e., 

accessibility of the metal nanoparticles to the reagents and the presence of functional groups 

capable of influencing catalytic activity of metal nanoparticles in the matrix of the support) 

affects catalytic performance.  
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In Table 6.7, results are shown for repeated triplicate tests for some samples. The results are 

generally quite reproducible for the same sample from the same batch. However, the 

reproducibility between batches is not as strong, even for the same particle size. For example, 

the activity of S1,2 is very reproducible (C = ~95% over 5 hours), but significantly greater 

than for S1,1 (C = ~83% over 24 hours) even though the samples are ostensibly the same.   

Since every sheep’s wool is unique it is possible this difference can affect the catalytic 

activity of the catalyst. 

The TEM images show that the nanoparticles of palladium range from 2 to 50 nm in diameter 

localized on the surface and within the fibre. The nanoparticles have a poly-disperse particle 

size distribution with larger nanoparticles located on the surface of the fibre and smaller 

particles within the fibres. It seems that the location of particles provides accessibility of Pd 

catalysts for the reactants. The small particles in S3 to S6 are incorporated into the fibres and 

cannot interact with the reactants efficiently. However, for S1 and S2 the big particles are at 

the surface of fibres where they are easily accessible to the reactants.  

6.3 Conclusions 

This study investigated the catalytic activity of Pd/wool with loadings from 1.56 to 6.4 wt% 

controlling the stirring rate, pressure and target temperature. It is inferred that the catalytic 

activity of nanocatalysts can be influenced by the few controllable reaction parameters in 

play here, along with the nature of the wool (its surface chemistry etc.), which can affect the 

accessible metal loading, as well as the size and size distributions of Pd nanoparticles that are 

accessible (i.e., on the surface of the fiber). Samples S1 and S2, with average particles sizes 

around 5 nm and broad size distributions (2 – 30 nm) proved to be the most active catalysts. 

S1 and S2 with Pd particles on Merino wool fibres showed higher activity than those with 

particles on crossbred fibres. However, sensitivity of Pd/wool catalysts to mechanical damage 
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upon stirring and high temperature, as well as low reproducibility between different batches 

of the supposedly the same material, make wool as a support for catalysts inferior compared 

with currently industrially used activated carbon. Indeed, current study showed that the 

activity of Pd/C is far superior to that of Pd/wool implying that Pd/wool catalyst cannot be 

considered as a highly active catalyst under catalytic testing conditions used in this study.  
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Chapter 7: Activation of Catalysts 

Based on the Shape-Specific Ru 

Nanocrystals Immobilized on Silica for 

Cyclohexene Hydrogenation  
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7.1 Introduction 

Catalysis by an ideally flat surface of a transition-metal single crystal depends on the type of 

the exposed face.
1
 When heterogeneous nanocatalysts are used, the reaction usually occurs on 

the surface of nanoparticles,
2
 where the active site is a collection of surface atoms that adsorb 

reactants and facilitate transformations of chemical bonds. The nature this active site can 

have a strong influence on the outcome of heterogeneous catalytic reactions (see Figure 7.1).
3
 

Structure-sensitive reactions show a dependence of activity and selectivity on the specific 

exposed crystallographic face of a metal or the particle size and shape (via the relative 

proportions of atoms occupying vertices, edges and faces) of a catalyst.
4
 Surface 

reconstruction or dissolution of active atoms on corners or edges by one or more of the 

reactants or even the solvent is expected to take place during catalysis.
5
 Such crystal 

restructuring can influence the catalytic efficiency.
6
  

 

 

 

 

 

 

 

 

 

Figure 0.1: Shape-dependent selectivity of metal 

catalysts towards CO oxidation shows the highest 

selectivity of CO2 for cubic particles (100). 

Reproduced from Linic et al.
3
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The surface chemistry of heterogeneous catalysts is complex, with numerous surface 

phenomena playing important roles–surface defects (steps and kinks) affect chemisorption 

and catalytic activity, while adsorbate-induced restructuring of surfaces can control adsorbate 

mobility under reaction conditions.
7
 For example, the catalytic activity of platinum 

nanocatalysts covered with a strongly adsorbed carbonaceous monolayer has been 

investigated for hydrocarbon hydrogenation and dehydrogenation. The results showed that 

bond breaking and chemical rearrangement of the reactants takes place at uncovered sites of 

the metal catalysts.
8
 Among three commonly exposed crystal faces of Pt, (111) is relatively 

defect free, while high concentrations of steps and kinks in the steps exist in the higher Miller 

index (557) and (679) surfaces.
9
  

Metal particles with different shapes have various facets (resulting from the loss of atoms at 

their locations); consequently, the ratios of the numbers of atoms on corners and edges to 

those on facets are different.
2-3

 This has opened possibilities for the design of heterogeneous 

catalytic materials that have different shapes and surface facets.
3, 10

 For example, the catalytic 

reaction between hexacyanoferrate (III) and thiosulfate ions using tetrahedral, cubic, or “near 

spherical” platinum nanocrystals has demonstrated that the catalytic activity of these 

nanocatalysts is correlated with the fraction of surface atoms located on corners and edges.
11

 

An ability to control the specific type of surface facet exposed to reactants could therefore 

lead to fine-tuning of the outcome of catalytic processes.
3
  

Nanostructured metals have been of significant interest for technological applications in 

several areas of science and industry, particularly in catalysis.
1, 3, 5-6

 Their catalytic activity 

and selectivity are believed to be related to particles size,
12

 the nature of the support,
13

 and 

particle shape (number of corners, edges and face atoms available for adsorption and 

activation of the substrate).
2, 4

 As an example, Lee et al. investigated the conversion of cis- 
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and trans-2-butenes on shaped-specific platinum particles and found that cubic Pt particles 

promote isomerization to 1-butene and retard hydrogenation to butane in comparison with 

tetrahedral Pt particles.
6
 Specific-shaped metals can be catalytically active for hydrogenation 

of organic compounds, such as light olefins.
14

 Somorjai et al. showed the importance of the 

shape and surface structure by using ethylene hydrogenation and carbon monoxide adsorption 

and oxidation as surface reaction probes.
15

 The influence of the shape and surface structure of 

Pt nanoparticles supported on carbon on the selective hydrogenation of crotonaldehyde 

(C4H6O) and cinnamaldehyde (C9H8O) was studied.
16

 The results showed that catalytic 

activity and selectivity depend on the surface structure of the Pt catalysts. Despite Pt(100)/C 

showing higher conversion of reactants, Pt(111)/C exhibited  higher selectivity towards 

cinnamyl alcohol.
16

 Although, specific-shape nanocatalysts possess a number of advantages, 

they do have significant problems in application. One of the critical problems is that shaped 

metal nanocatalysts particles can be easily reshaped during catalytic process.
2, 5

 

The complexity of the metal-support interaction and the difficulty of obtaining metal particles 

with well-defined morphologies have motivated researchers to fabricate model supported-

metal catalysts using lithography.
17

 Lithography is a physical method of transferring a pattern 

to a photosensitive material by selective exposure to a radiation source, such as light
18

 or an 

electron beam,
17, 19

 which makes the properties of the exposed part of surface distinctly 

different from those of the unexposed part (see Figure 7.2).
18

 Somorjai used electron-beam 

lithography as a method of preparing model Pt-based catalysts with uniform and relatively 

large (~50 nm) particles sizes.
7
 Somorjai also fabricated model catalysts using optical 

lithography, which allowed spatial control over the metal particles in the micrometre size 

range.
7
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Figure 0.2: A schematic diagram of sample preparation of a Pt-patterned surface with the electron 

beam lithography (EBL) process. Reproduced from Grunes et al.
17b

 

Metal nanostructures have been fabricated over a large area with high uniformity using 

various lithographic techniques, including electron-beam lithography,
20

 soft lithography,
21

 

nanosphere lithography
22

 and colloidal lithography,
23

 which uses hexagonally ordered 

colloidal nanoparticles. These methods are strong candidates for generating nanoscopic metal 

nanostructures with at least some control over their morphology. However, flat surfaces 

and/or big particles size are considered as the biggest limitations of lithographic methods in 

fabrication of shaped metal particles as catalysts due to low catalytic performance.
7, 24

  

Another common, physical, surface-science approach towards control of the particle size is to 

evaporate metal onto a flat oxide support under ultrahigh-vacuum (UHV) conditions and to 

attempt to control the particle size distribution by carefully controlling the nucleation 

conditions.
25

 TiO2-supported Au nanoclusters have been fabricated in this way and were used 
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for low-temperature catalysts CO oxidation.25b However, it is very hard to achieve good 

particle shape control using this approach. 

Chemical synthesis opens other opportunities in controlling particle shape. A multitude of 

shape-specific nanosized materials, such as fibres
26

, spheres, tetrahedral, stars (see Figure 

7.3),
27

 rods, tubes, sheets, wheels, cages, wires (see Figure 7.4.a),
28

 cubes (see Figure 7.4.b)
28

 

and dendrites have been fabricated by a variety of synthetic approaches involving self-

assembly. However, such synthetic materials have been very rarely used to prepare supported 

heterogeneous catalysts.
29

 

 

 

 

 

 

Figure 0.4: HRTEM images of silver nanostructures a) nanowire and b) nanocube. Reproduced from 

Christopher et al.
28

 

 

 

Figure 0.3: A TEM image of gold nanostars. 

Reproduced from  Minati et al.
30
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The morphology of metal nanostructures fabricated by chemical methods is strongly 

influenced by the reduction methods and conditions.
15, 31

 For example, Pt nanoparticles can 

be formed as cuboctahedra, cubes or porous particles depending on manipulation within the 

reduction method (see Scheme 7.1).
15

 Additionally, the choice of a protective polymer or 

capping agent can be important for controlling the particle morphology as well as for the 

stabilization and suspension/solvation of the resulting colloids.
32

 The effect of the surfactants 

oleyl-amine and hexadecylamine on the growth of ruthenium hourglass nanocrystals was 

investigated by Tilley et al.
33

 with oleyl-amine as the stabilizer, the nanocrystals were 14± 7 

nm long and resembled ill-defined hourglasses and other irregular shapes. With 

hexadecylamine as the stabilizer, the nanocrystals had dimensions of 9 ± 6 nm and near-

spherical, worm-like or irregular shapes.
33

 Overall, fabrication by chemical methods can be 

more appropriate than fabrication by physical methods if one aims to obtain small, well-

defined and uniform shaped metal particles.
34

 

 

Scheme 0.1: Reduction of a metal-surfactant complex can be kinetically controlled to produce 

cuboctahedra, cubes and porous particles. Reproduced from Lee et al.
15

 

Recently, some researchers have proposed that in some cases the presence of capping agents 

or surfactants can be essential for the catalytic activity of some systems because the metal 

particle remains isolated on the support surface and can easily agglomerate.
35

 As an example, 

Jin et al. hypothesised that a core-shell (thiolate) structure is primarily responsible for the 

catalytic activities of thiolated gold clusters.
36

 However, other researchers believe otherwise; 

while surfactants and organic ligands can be indispensable in the synthesis of metal particles, 
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they can be detrimental to catalysis because they block the access of the  reactant molecules 

to surface particles.
6
 Chemical reactions can also occur effectively on catalytically un-

covered particles when the reactants are adsorbed more strongly to the particle surface (see 

Figure 7.5).
35e

 Surface impurities, ligands and/or surfactants can block a significant 

proportion of metal catalysts active sites.
35e

 Hence, for catalytic applications of chemically 

made nanoparticles, it is critical to establish procedures for surface cleaning and removal of 

surfactants without inducing particle size and morphology changes.
6, 35e

  

 

Figure 0.5: The effect of surfactant removal on the catalytic activity of Pt nanocatalysts. Reproduced 

from Li et al.
35e

 

Calcination under various oxidative or reductive conditions can be used for activation of 

catalysts by removing surface impurities that would otherwise impair catalytic performance 

(see Chapter 1, Section 1.7, for a review of catalysts activation).
3
 Methods that have been 

applied to remove oleyl-amine surfactant include thermal annealing, acid treatments (using, 

e.g., acetic acid
37

 or hydrogen chloride acid
38

) and UV–ozone irradiation.
37-39

 Tests using the 

resulting materials as electro-catalysts for the oxygen reduction
35e

 have suggested that low-

temperature (∼185 °C) thermal annealing in air is the most effective way for surface cleaning 

without inducing particle-size and morphology changes.
35e

 Removal of oleyl-amine adsorbed 

onto Y2O3-doped CeO2 nanocrystals surfaces has also been attempted by heating to 200 °C 

under an oxygen atmosphere and by treatment in aqueous H2O2 solution in an autoclave at 
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200 °C.
40

 Ru nanocatalysts display oxophilicity (i.e., a tendency to oxidise by hydrolysis or 

abstraction of oxygen), and hence oxidative treatments would cause poisoning by formation 

of an oxide layer.
41

 However, recent studies have shown that reductive treatments can 

improve the catalytic activity of Ru nanocatalysts by removing the oxide (RuO2) layer.
41-42

   

Another important challenge is that shaped metal nanocatalysts can be spontaneously 

deactivated due to effects including sintering, leaching of active components, poisoning (by 

heteroatom-containing molecules, deposition of inactive metal or metal oxide, and impurities 

in solvents and reagents), structural or morphological changes of the active sites and surface 

oxidation.
41, 43

 In addition, surface deposition of products can reduce activity, stability and 

recyclability.
6
 Thermal treatment has been considered as a method for reactivating the 

catalytic properties of supported Ru nanoparticles.
14a, 42, 44

 Lenzi et al. showed that drying  in 

vacuum at 200 
o
C for 24 hours and calcination under air at 600 

o
C for 5 hours increased the 

surface area of Ru/SiO2 (as determined by BET) from 301 to 515 m
2
/g.

42b
 Ma et al. activated 

Ru/SiO2 through temperature-programmed reduction (TPR). The catalyst samples were 

heated in Ar at 350 
o
C for 0.5 hour before being subjected to a flow (20 ml/min) of 4.97% H2 

in Ar at a heating rate of 15 
o
C. min

-1
. A cold trap (liquid nitrogen and iso-propanol) was used 

to remove water that was produced during TPR activation. The resulting catalysts were 

utilized for hydrogenolysis of glycerol with 17% conversion.
42a

  

Shape-specific metal particles fabricated and immobilized on a support have been proposed 

for use in a wide range of catalytic applications. Associate Professor Richard Tilley and co-

workers (our collaborators at Victoria University of Willington) synthesized some specific-

shape particles and crystals with a variety of morphologies, such as branched nickel 

nanoparticles (monopod, linear bipod, bent bipod, tripod, regular tetrapod and planar tetrapod 

– see Figure 7.6.a)
45

 and  ruthenium hourglass nanocrystals (i.e., a crystalline nanoparticle – 
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see Figure 7.6.b).
33

 Despite this success, examples of the use of such shape-specific materials 

in catalysis are still very limited.  

a)    b)   

Figure 0.6: Transmission electron microscopy of a) branched nickel nanoparticles (monopod) & b) 

ruthenium hourglass nanoparticles. Reproduced from Tilley et al.
33, 45

 

The novelty of shape-specific Ru nanocrystals and the potential for fabricating Ru/SiO2 

catalysts containing shape-specific particles has stimulated the work presented in this chapter. 

There is a major concern about deactivation of Ru catalysts. The effectiveness of the 

treatments for removing protective layers of surfactant and reduction of the Ru surface (for 

removing RuO2) while retaining the particle shape is of particular interest.
42b, 44a

 The aims 

here are to assess the catalysts’ performance of shape-specific Ru catalysts in liquid-phase 

hydrogenation of cyclohexene to cyclohexane as a simple model reaction of hydrogenation of 

a double bond (C ═ C).
14a

 A series of catalysts was made by depositing pre-synthesised, 

shape-specific Ru nanoparticles onto SiO2 and then activating them in different ways. The 

effects of various activation protocols, such as thermal treatments under specific conditions 

on the catalytic performance were determined by conducting tests under mild conditions to 

prevent Ru crystals from aggregating.
14a, 44a

 It was hypothesised that activated catalysts would 

show better activity due to the removal of surfactants from the metal surface
46

 and/or 

reduction of the surface oxide layer of metal particles
41, 43

 which could lead to a stronger Ru-

support interaction.   

20 nm 
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7.2 Results and discussion 

A brief outline of the simple and general Ru particle-synthesis procedure developed by 

Tilley’s group was presented in Chapter 2 (see section 2.4.2). The Ru crystals were 

immobilized on silica under as mild as possible conditions by David Anderson from Doctor 

Golovko’s group (as described in Chapter 2, Section 2.5.1.2) to give 0.1 wt% Ru/SiO2. 

Catalysts described as “as-made” were not sub ect to any additional activation treatments. 

The result of various activation procedures was investigated by carrying out test reactions 

involving the catalytic hydrogenation of cyclohexene in ~10g:10g mixtures of 

cyclohexene/cyclohexane in a Parr reactor while controlling the stirring rate (1200 rpm), H2 

pressure (400 psi) and target temperature (75 
o
C). After each catalytic test, the product 

mixtures were separated from the catalyst, which was recovered by washing with fresh 

cyclohexane (50 mL), centrifugation (5000 rpm, 15 minutes) and drying under vacuum for 

one day to remove reactant and product residues. To check the recyclability of ruthenium 

catalysts, each test was run three times using the same catalyst with a fresh reaction mixture.  

7.2.1 “As-made” catalyst Ru nanocrystals as deposited on SiO2 

As shown in Table 7.1, the results for “as-made” 0.1% Ru/SiO2 indicate poor recyclability of 

the un-activated catalyst, with a ten-fold drop in conversion (from 43% to only 4%) over 

three cycles. Experiments (such as AAS and TEM) to establish the cause of this decrease 

were not performed due to limited time and equipment access (due to earthquake-related shut 

down of facilities), along with a judgement that the reason was of much lower priority that 

the empirical observations of an underperforming system. This decrease could be due to 

catalyst reshaping, products depositing on the catalyst surface, Ru leaching or particle 

aggregation (particularly in organic solvents).
2, 11a, 44a, 47
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Table 0.1: The effect of recyclability of 0.1 wt% Ru/SiO2 catalysts (“as-made”) on 

cyclohexene conversion.  

0.1 wt% Ru/SiO2 Mass of  

cyclohexene (g) 

Mass of 

cyclohexane (g) 

Cx% Time (h) 

1
st  

run (fresh) 10.06 10.02 43 24 

1
st  

recycle 10.08 10.03 13 24 

2
nd 

recycle 10.12 10.05 4 24 

The observed decrease in activity with recycling is in line with earlier observations.
48

 

Narayanan and El-Sayed showed that size and shape of colloidal shape-specific Pt particles 

changed during catalysis of the electron-transfer reaction between hexacyanoferrate (III) and 

thiosulfate to form hexacyanoferrate (II) and tetrathionate ions. TEM images proved that 

tetrahedral Pt particles of approximately 5 nm size changed to spherical particles (~5.2 nm) 

after the first cycle and that the spherical particles increased to ~5.7 nm after the second 

cycle.
48

 Manyar et al. found that 1 wt% Ru/SiO2 significantly loses activity in the 

hydrogenation of butan-2-one on recycling, from 100% to 85% for the second cycle, and then 

to 25% for the third cycle. They attributed deactivation to the fast oxidation of the catalyst 

surface to RuO2 by air.
44a

  

7.2.2 Effect of different catalyst activation protocols 

Thermal activation (calcination) treatments were performed in a vacuum (in a Schlenk tube) 

or in a hydrogen-containing atmosphere in a tube furnace (MTI). The activated 0.1 wt% 

Ru/SiO2 samples were tested in the hydrogenation of cyclohexene using exactly the same 

experimental conditions as above. 

After calcination in a vacuum using a Schlenk tube (as described in Chapter 2, Section 2.6.2), 

0.1 wt% Ru/SiO2 nanocatalysts exhibited 77% conversion after 24 hours. Hence, improving 

the catalytic activity by partially removing the surfactants or/and RuO2 can be considered as 

an effective catalyst activation method.
39, 49

 A significant increase in conversion from 43% 

(un-treated) to 77% was observed when Ru catalysts were activated using a Schlenk tube 
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under vacuum at 200 
o
C for 2 hours. It is hypothesised that this increase is due to removal of 

the surfactant  from the catalysts surface by vacuum calcination.
42b

 However, further 

experiments are necessary to confirm retention of particle shape or removal of surfactant 

using this activation treatment. 

In the next stage, for improvement of the catalytic activity of 0.1 wt% Ru/SiO2, the Ru 

catalyst was activated by calcination using time-programmed temperature protocols.
14a, 42, 44b

 

Ru catalyst deactivation is attributed to fast oxidation of surface Ru to RuO2, whose presence 

has been confirmed by X-ray line broadening. Reduction by hydrogen was chosen as a means 

to reduce any ruthenium oxide species.
42, 44a

 The minimum temperature for such reduction is 

approximately 200 
o
C.

42
 The temperature, gas composition and duration of each reaction 

stage could be critical in determining the activity of the catalyst due to associated chemical 

changes of the key components of the catalyst system.
42, 44a

   

The furnace was programmed according to the five protocols based on calcination 

temperature (200, 400 
o
C), lengths of time of calcination (1 & 2 hours) and high or low 

reduction gas flow rates; these protocols are presented in Figures 7.7, 7.9, 7.11, 7.12 and 

7.13.  All measurements were carried out in a flow of H2/N2, except for protocol No. 5 which 

was carried out in pure H2. The temperature was ramped from: a) 20 to 100 
o
C for protocols 

No.2 and 3, or 200 
o
C for protocols No.4 and 5 at a rate of 5 

o
C/min; b) 100

  
to 200 

o
C for 

protocols No.1, 2 and 3, or 400 
o
C for protocols No. 4 and 5 at a rate of 9 

o
C/min. The 

Ru/SiO2 catalysts were calcined at 200 
o
C over 60 (protocol No.1) or 120 minutes (protocols 

No. 2 and 3) in the first three protocols. In protocol No.3, the activated sample was kept 

under vacuum at 22 
o
C over 24 hours before performing the catalytic testing experiments. In 

protocols No.4 and 5, a calcination temperature of 400 
o
C was used over a period of 60 

minutes under hydrogen and nitrogen gas or hydrogen gas, respectively. 
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Figure 0.7: Furnace temperature, gas flow and time programme for protocol No.1. 

Figure 7.8 displays TEM images taken after treatment according to protocol No.1. In 

comparison with Figure 7.10 the shape of Ru particles is relatively preserved with a little 

thickening at the necks of the hourglass Ru nanocrystals. An explanation for the relatively 

small degree of change could be that the calcination was performed at a relatively low 

temperature (200 
o
C) over only one hour (see Figure 7.7). The TEM images in Figure 7.8 also 

confirm that  low-temperature reduction prevented significant aggregation of the Ru particles, 

which is in line with an earlier report by Ma et al.
42a

 

          

Figure 0.8: TEM images of the activated Ru nanocrystals using protocol No.1. 

 

 

  

10 nm 
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The Ru catalysts activated using protocol No.1 showed the highest activity (100% and 49% 

conversion over 24 hours and 4.5 hours of reaction time, respectively) among the activated 

Ru nanocatalysts (see Table 7.3). My hypothesis is that such high activity is attained due to 

the cleaned surfaces and preserved shapes of the Ru nanoparticles, although it was difficult to 

make a detailed estimate of the change in shape due to the limited number of Ru samples 

studied and limited number of TEM images received from our collaborators.  

 

Figure 0.9: Furnace temperature, gas flow and time programme for protocol No.2. 

          

Figure 0.10: TEM images of the activated Ru nanocrystals using protocol No.2 (TEM images were 

taken by the group of Tilley at VUW). 

 

 

 
5 nm 
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Figure 7.10 displays TEM images of Ru nanoparticles after activation at 200 
o
C for 2 hours 

according to protocol No.2. These particles were slightly deformed with necks that were 

nearly broken to give two particles. Catalytic testing results showed 74% conversion over 24 

hours using this activation protocol. If treatment under an atmosphere of 65 sccm N2 and 20 

sccm H2 at 200 
o
C results in removal of surfactant and/or RuO2 layer (as expected based on 

earlier reports) the longer treatment time of 120 minutes in protocol No.2 (compared with 60 

minutes in protocol No.1) should give a greater degree of removal. Hence, the lower 

conversion suggests that, as Ru nanocrystals substantially lose their shape, their catalytic 

activity decreases (see Table 7.2), despite a cleaner surface being available for the reaction.  

 

Figure 0.11: Furnace temperature, gas flow and time programme for protocol No.3. 

The only difference between protocols No.2 (Figure 7.9) and No. 3 (Figure 7.11) is that, in 

the case of the latter, the activated sample was kept in vacuum overnight prior to the catalytic 

test in order to check the storage stability of the catalyst. Despite being kept under vacuum, 

the cyclohexene conversion decreased to 63%. Perhaps even traces of oxygen present under 
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the relatively low vacuum achieved using rotary vacuum pump can result in mild passivation 

of catalysts during storage. This result suggests that catalytic testing should be performed 

immediately after activation. Indeed, all other catalytic experiments reported in this chapter 

were performed immediately after activation. 

 

Figure 0.12: Furnace temperature, gas flow and time programme for protocol No.4. 

In protocol No.4 (see Figure 7.12) the sample was activated at a higher temperature (400 
o
C) 

for 60 min under a mixture of 65 sccm N2 and 20 sccm H2. The resultant catalyst showed the 

lowest cyclohexene hydrogenation conversion (7%). TEM images of these samples were not 

obtained. 

Figure 7.14 demonstrates that the shapes of the Ru particles changed very significantly during 

activation using protocol No.5 (activation at 400 
o
C for 60 minutes under pure H2). As 

expected (based on earlier studies of the effect of temperature on particle aggregation 

discussed in Chapter 4, Section 4.1), this result showed that calcination at high temperature 

(400 
o
C) under a reductive (H2) atmosphere may accelerate aggregation of Ru particles and 

lead to shape deformation.
42
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Figure 0.13: Furnace temperature, gas flow and time programme for protocol No.5 

 

 

 

 

 

 

 

 

 

Ma et al. found the crystal size of Ru catalysts increased from 15 to 16 and then 18 nm when 

calcined in H2 at 350 and 450 
o
C, respectively.

42a
 Therefore, a high reduction temperature 

leads to a decrease in catalytic performance of Ru/SiO2.
42a

 Changes in metal core 

morphology (both size and shape) are responsible for decreased conversion (47%) achieved 

using 0.1 wt% Ru/SiO2 nanocatalysts activated using this protocol (see Table 7.2).  ased on 

earlier reports, one could expect that surfactant removal
35e

 and Ru oxide reduction
42
 would be 

more efficient at the higher temperature used here (cf. 200 
o
C used earlier in this chapter). 

20 nm 

 

 

 

 

Figure 0.14: A TEM image of the Ru nanocatalysts activated 

using protocol No.5. 

20 nm 
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Hence, this analysis allows us to hypothesise that the low activity observed here is due to the 

changes of the metal core rather than poisoning due to surfactant or oxide. 

Table 0.2: The effect of thermal treatments of 0.1 wt% Ru/SiO2 catalysts on cyclohexene conversion 

(in the first test run). 

Protocol 

No. 

Calcination 

temperature 

(
o
C) 

Calcination 

period  

(min) 

N2:H2 Mass of 

cyclohexene 

(g) 

Mass of 

cyclohexane 

(g) 

Cx 

(%) 

Reaction 

time (h) 

1 200 60 65:20 10.25 10.00 100 24 

2 200 120 65:20 10.05 10.00 72 24 

3 200 120 65:20 10.34 10.10 63 24 

4 400 60 65:20 10.41 10.66 7 24 

5 400 60 0:20 10.45 10.20 47 24 

Comparison between the catalytic activity of protocols No.4 and 5 shows that hydrogen is 

more effective at activating these nanocatalysts in the absence of nitrogen, which suggests 

that pure hydrogen, is better at reducing RuO2. However, a detailed TEM study (which was 

not performed due to poor performance of materials activated by protocol No. 4) is required 

to rule out the possibility that this significant drop in activity was not due to severe 

aggregation under the mixed atmosphere. 

Recyclability of the catalyst is another important criterion for the development of industrially 

relevant catalysts. We investigated the long-term recyclability of the material produced after 

treatment protocol No.1 since this was the most active. The material was freshly activated 

before the first catalytic run and then recovered and re-used for each of the four consecutive 

experiments (1
st
 to 4

th
 recycles of Table 7.3). As shown in Table 7.3, a significant drop in 

conversion, from 100% in the first catalytic run to only 16% in the 4
th

 recycle experiment.  
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Table 0.3: Recyclability of 0.1wt% Ru/SiO2 catalysts samples for protocol No.1. 

Protocol 

No. 

0.1 wt% 

Ru/SiO2 

 

Mass of 

cyclohexene 

(g) 

Mass of 

cyclohexane 

(g)  

Cx (%) Reaction 

time (h) 

1 1
st
 run (fresh) 10.25 10.00 100 24 

1 1
st
 recycle 10.07 10.01 36 24 

1 2
nd

 recycle 10.09 10.13 22 24 

1 3
rd

 recycle 10.02 10.07 17 24 

1 4
th
 recycle 10.08 10.19 10 24 

7.3 Conclusions 

The effects of catalyst activation treatments on the performance of catalysts based on shape-

specific Ru nanoparticles immobilized on SiO2 have been investigated using a model reaction 

– the hydrogenation of cyclohexene to cyclohexane. “As-made” catalyst, a catalyst calcined 

under vacuum at 200 
o
C or activated under reductive atmospheres (mixture of N2 and H2 or 

pure H2) at 200 or 400 
o
C and over 1 or 2 hours has been tested under systematically identical 

catalytic conditions. The highest activity (100 %) was achieved during the first test run of a 

catalyst activated by calcination by protocol No.1 in a furnace under the mildest reductive 

conditions studied here (temperature of 200 
o
C over the shortest calcination time of 1 hour). 

HRTEM showed only minor deformation of the Ru nanoparticles and minimal aggregation, 

implying that both size and shape are important to achieving the highest activity. It seems that 

reduction of Ru/SiO2 nanocatalysts in pure H2 is more efficient at removing RuO2 species 

than reduction under H2 plus N2 mixtures, although a further TEM study is required to rule 

out an alternative scenario of severe particles aggregation. A higher temperature and/or 

longer activation time (for protocols No.2 to 5) caused decreases in the activity of 0.1 wt% 

Ru/SiO2 catalysts. The catalysts studied here suffer from poor recyclability as evidenced by 

two tests of long-term recyclability. The observed decreases in activity could be due to metal 

leaching, particle aggregation during reaction or formation of oxide species upon exposure to 

air. 
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Chapter 8: Summary and Future Work 
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8.1 Summary 

Noble metal nanoparticles have been reported to show remarkable catalytic activity for 

oxidation and hydrogenation of organic compounds. Palladium nanoparticles often show 

particularly remarkable catalytic activity and selectivity for the hydrogenation of unsaturated 

hydrocarbons. Catalytic hydrogenation of liquid-phase cyclohexene to cyclohexane, using a 

Parr high-pressure reactor, was used as a model reaction to investigate the catalytic activity of 

palladium nanoparticles immobilized on wool (Pd/wool). Optimized conditions, including a 

H2 gas pressure of 400 psi and stirring rate of 750 rpm at a temperature of 40 
o
C, proved that 

the catalysts were not very effective for the conversion of cyclohexene to cyclohexane.  

The catalytic activity and selectivity of noble metal nanoparticles are often said to be related 

to the particle size
 
and shape, as well as the nature of the support.

  
Comparison of the catalytic 

activity of small (≤ 10 nm) nanoparticles may highlight the effects of particles shape and their 

interaction with support material. Shape-controlled (specific-shape) ruthenium nanoparticles 

immobilized on silica (0.1 wt% Ru/SiO2) were studied for the hydrogenation of cyclohexene 

by using a H2 gas pressure of 400 psi and stirring rate of 1200 rpm at a temperature of 75 
o
C 

for approximately 24 hours. The Ru/SiO2 was calcined using a Schlenk tube or one of five 

time-programmed temperature protocols (from 200 
o
C to 400 

o
C) involving a furnace. The 

highest activity was achieved when the catalyst was calcined at 200 
o
C over 60 minutes 

(protocol No.1). It seems that higher calcination temperatures (~ 400 
o
C) caused the 

ruthenium nanocatalysts to be reshaped, which consequently decreased their catalytic 

activity. 

Gold nanoparticles and nanoclusters immobilized on different types of carbon were studied 

for oxidation of benzyl alcohol in methanol. The effects of activation methods, including 
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washing with toluene or NaOH in MiiliQ water (by reflux) and calcinations, along with size 

and support materials, were investigated using a mini reactor. The conclusions drawn are: 

 Under optimized conditions, carbon-supported Au101 gold nanoparticles (Au101/C) are 

effective nanocatalysts for benzyl alcohol oxidation with benzoic acid and methyl 

benzoate being the main products. The activity and selectivity depend on the amounts 

of benzyl alcohol and base, the temperature, gold loading and the nature of the 

solvent. Gold appears to be a very promising catalyst for sustainable processes using 

simple and relatively environmentally benign reagents, particularly O2, often in 

aqueous solution or in the presence of a solvent (methanol), under mild conditions.  

 Un-treated gold nanocatalysts were found to be reasonably active over 24 hours 

reaction periods.  

 Some of the gold nanocatalysts showed high activity after only 3 hours. Washing with 

toluene followed by calcinations under static air (75%) or vacuum (91%) at 100 
o
C for 

3 hours, proved to be an effective for removal of the stabilising phosphine ligands 

from the gold nanocatalysts. In line with previous research, catalysts calcined at mild 

temperatures (100 – 200 
o
C) are more active than those calcined at higher 

temperatures (more than 200 
o
C), probably because of sintering of particles at the 

higher temperatures. Thermal treatments at a lower temperature (100 
o
C) allow more 

control over ligand removal while avoiding the formation of larger particles.  

 Better control on the size and stability of gold nanoparticles could be achieved by 

further optimization of the activation processes. The catalytic activity of gold 

nanoparticles is partly related to their size and size distribution, particularly in the 

nanometre range. No conversion was observed for benzyl alcohol oxidation using 

gold nanoclusters with sizes smaller than 1 nm (e.g., Au9 and Au8 nanoclusters) 

immobilized on Norit activated carbon. However, bigger nanoparticles (e.g., Au101, 
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Aunaked and Aucitrate  particles) immobilized on Norit activated carbon showed high 

activity for benzyl alcohol oxidation. The higher conversion may be related to factors 

including the particle size, size distribution and gold dispersion. The highest 

conversion was obtained when the average particle diameters were 3.5 ± 0.1 nm for 

Au101/C; whereas the lowest conversions were observed for average gold particles 

diameters of 10.5 ± 0.7 and 22 ± 2.0 nm for Au9/C and Au8/C, respectively. The 

results of this study support the view that particle size plays a key (but far from 

exclusive) role on the catalytic performance of gold catalysts.  

 Support materials also play important role in the catalytic activity of gold catalysts 

due to the interaction of the gold particles with the support substrates. Activated 

carbon has the advantage of being an oxide support with a high specific surface area 

of up to 1000 m
2
/g. The choice of the support has been also directly connected with 

the reaction to be catalysed by gold catalysts. Gold nanoparticles immobilized on 

mesoporous carbons, such as CMK-8, exhibited the highest activity (~96% 

conversion) for benzyl alcohol oxidation for 3 hours. Granular activated carbon, even 

when modified with –SO3H and –SH, showed essentially no activity. Interestingly, 

good correlations were observed between gold size, size distribution, dispersion 

carbon support and catalytic activity of gold catalysts. 

8.2 Future work 

The results presented in this work, particularly those for benzyl alcohol oxidation, open new 

perspectives for future experiments to gain deeper insights on: 

 The activation of supported noble metal nanoparticles: other methods (post- and 

pre-treatments) at lower temperatures and for shorter times might be more effective 

at promoting catalytic activity for oxidation or hydrogenation reactions.  
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 Bi-metallic catalysts (e.g., iron or ruthenium components in gold nanoparticles) 

could have properties that enhance the activities, selectivities and stabilities of 

nanocatalysts. 

 Benzyl alcohol has been used as a model reactant for oxidation. Catalytic 

applications could be expanded to other reactions, for example alkenes, cyclic 

alkenes and alkynes. Further research should address nanocatalytic oxidation and/or 

hydrogenation of other alcohols and other types of organic compounds. 

 Further work should investigate different types of reducible (e.g., TiO2) and 

irreducible (e.g., carbon bases like MOFs) supports.  

 It may be possible to reduce sintering during thermal treatments by substituting 

support calcination pre-treatments by catalyst calcination post-treatments. It would 

be interesting to repeat the low-temperature ligand-removal experiments, which 

might allow further control over the rate at which particles degrade to larger metal 

particles. 

 Supported gold particles with average gold particle sizes around 20 nm were found 

to be more active than smaller particles for selective hydrogenation. It seems that 

the large gold particles, like gold citrate, immobilized on an appropriate support, 

can be considered to be active catalysts for hydrogenation of organic compounds.   

 The modification of supports can improve the catalytic activity of supported metal 

nanoparticles. Investigations into improving the catalytic activity of gold catalysts 

on other types of carbon could be interesting. 

 Appropriate characterizations for metal nanocatalysts are suggested as below: 

 X ‒ ray photoelectron spectroscopy (XPS) to provide an estimate of the 

chemical composition of the few uppermost layers of the materials in order to 
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get further insights into the nature of the functional groups on the catalyst 

surfaces. 

 Infrared (IR) spectroscopy for characterization of ligands on supported metal 

clusters and to probe the local surface structure of surface-bound species. 

 Temperature programmed desorption (TPD) profiles for the determination of 

the amount of oxygen ‒ containing functional groups on the carbon surface. 

 Atomic adsorption spectroscopy (AAS) and CO ‒ TPD experiments can be 

considered as further studies needed to understand the effect of gold loading on 

the gold particle size. Specifically, such studies could explain why higher gold 

loadings reported in the current thesis resulted in smaller gold particle sizes. 

The present study is one of fundamental research. Future work should aim to discover and 

develop nanocatalysts for industrial applications. Rational approaches need to be developed 

in the direction of novel, attractive and eco-friendly catalysts for oxidation and hydrogenation 

processes.  
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Notation and calculations 

 

The following calculations are used to calculate the conversion and selectivity for the 

catalysed hydrogenation of cyclohexene to cyclohexane. 

Notation: 

-Cyclohexene = e 

-Cyclohexane = a 

-Decane = d 

-Other product = o 

-Initial amount = i 

-Final amount = f 

-Mass (g) = m 

-Amount (mole) = n 

-mole ratio = x 

-Number of moles from chromatography (GC-FID) result = g 

-Conversion = C 

-Selectivity = S 

We have two competing processes: 

a)  
    
→    
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 and 

b) e 
    
→     

The initial amounts (mole) of reaction components are (ne)i and (na)i . 

After the reaction, we have amounts (ne)f , (na)f  and no. 

Conversion and selectivity are, respectively, defined:  

C =  
             

      
  1 - 

      

      
 

S =
            

             
 

The total mass of the product mixture is  

mprod = (me)f + (ma)f + mo  

A sample of mass msamp is taken from the product mixture and spiked with an amount nd of 

decane, which acts as an internal GC standard. Hence, the amounts in the sample are  

ge = 
            

     
 

ga = 
            

     
 

These can be determined by chromatography (GC-FID), and then rearranging gives 

      = 
       g 

     
 

      
       g 

     
 

Now substituting these expressions in to those for C and S from above; 
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C = 1- 
     

     
 

g 

      
 

S = 

     

       
 g        

       
     

     
 g 

 

So, we need to know: 

a) The initial amounts of cyclohexane and cyclohexene (which are readily obtained from 

the initial masses) 

b) The chromatography results on the final product mixture. 

c) The ratio of the total mass of the product mixture to the mass of the sample (to be 

spiked).  

The main problem lies with determining the mass of the product.  Since there is the 

possibility of side products, this mass may not be determined purely by the degree of 

conversion. There are several methods (1- 4 below) to deal with part c): 

1. Measure the mass of the whole product mixture before the sample is removed, and then 

measure the mass of the sample before it is spiked. 

2. Spike the whole product mixture. In that case, we have  

   
       

     
 = 1 

hence: 

C =1- 
g 

      
 

S = 
g        

       g 
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3. Assume that there are no side products in which case  

S = 
             

            
 =1 

 So we have  

             =              = na + ne 

That is the total amount of cyclohexane and cyclohexene is unchanged (due to the 1:1 

stoichiometry).  

Defining: 

xi =  
     

     
 

xf =  
     

     
 

then, we have 

Cx = 1- 
  

  
  

where xi is obtained from the original amounts; 

xi = 
     

           
 

and 

 xf  is obtained from the chromatography data; 

xf   = 
g 

g  g 

 = 
 

  
ga
ge
 
 

4. Calculate the final mass of the product mixture from the initial masses of cyclohexane 

and cyclohexene also the change in the mass of H2 gas.  
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mprod = (ma)i + (me)i - ∆m      

∆m      = (      )  (      )   

=[(      )  (      ) ]   (       ) 

  [
     

   
 

      

   
]  (       ) 

Assuming that, the gas volume does not change significantly throughout the reaction. 

∆m       
          

  
[
  

  
  

  

  
] 
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Abbreviations/Glossary 

AAS Atomic adsorption spectroscopy 

Au1   AuClPPh3 

Au8 Au8 (PPh3)8(NO3)2 

Au9 Au9 (PPh3)8(NO3)3 

Au55 and Au101     Au101 (PPh3)21Cl5 

Aucitrate         Gold citrate colloids 

Aunaked   “Naked” gold particles   

Aqua regia  2:1, v/v mixture of concentrated HCl and HNO3 

CCMK-3 Mesopores carbon CMK - 3 

CCMK-8 Mesopores carbon CMK - 8 

CNCCR-41 Mesopores carbon NCCR - 41 

Cg Granular activated carbon    

Cg.p Granular activated carbon was powdered   

C-SH                          Granular Norit activated carbon was modified with –SH 

C-SO3H                          Granular Norit activated carbon was modified with –SO3H 

CV Vulcan carbon 

CHCl3 Chloroform 

CH2Cl2 Dichloromethane 

C Conversion 

DOWEX
®
50WX2 Cation-exchange resin 

EtOH Ethanol 

FE-SEM Field Emission Scanning Electron Microscope  

FTIR Fourier transform infrared spectroscopy 

GC-FID      Gas chromatography - flame ionization detector 

HPLC         High-performance liquid chromatography 

HAuCl4.3H2O   Hydrogen tetrachloroaurate (III) hydrate 

IR Infrared (IR) spectroscopy 

MHz Mega hertz  

MeOH  MeOH 

mM Millimolar 

mL Millilitre 

min Minutes 

MQ MilliQ 

NaBH4 Sodium borohydride 

nm Nanometers 

NMR Nuclear magnetic resonance 

NMNPs   Noble metal nanoparticles 

No Number 

PPh3 Triphenylphosphine 

Psi Pounds per square inch, as to measure the amount of pressure per area 

(1 bar = 14.5 psi). 

sccm A standard cubic per minute (sccm) is an effective measurement of gas 

flow that indicates how many cubic centimetre of air pass a stationary 

point in one minute under standard conditions of temperature (32 
o
F = 

0 
o
C = 273 K) and pressure (14.72 psi = 1 atm = 1.014 bar). 

S Selectivity  



viii 
 

s Second 

SEM Scanning electron microscope 

s-G Sulfonated graphene  

SiO2 – CS Silica-supported chitosan 

TEM Transmission Electron Microscopy 

THF Tetrahydrofuran 

TOABr Tetraoctylammonium 

TOFs Turnover of frequencies  

TPD Temperature programmed desorption 

UC The University of Canterbury 

UV-Vis Ultraviolet-visible spectroscopy 

VUW The University of Victoria of Wellington 

XPS X-ray photoelectron spectroscopy 

Y Yield 
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