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Chapter 1. Introduction 

1.1. An introduction to heterogeneous catalysis, and the need for surface 

sensitive characterisation, and model catalysts 

Formally, a catalyst is defined as a species which increases the rate of a chemical reaction. 

This takes place without the catalyst itself being consumed.1 This is achieved by providing an 

alternate reaction route, with a lower activation energy than for the uncatalysed one (Figure 

1.1 A). For heterogeneous catalysts specifically the general reaction path is given in Figure 

1.1 B. First adsorption onto the catalyst surface occurs (usually an exothermic process), this 

is followed by reaction of the adsorbed species, perhaps via intermediate formation, 

followed by formation of the overall transition state (in which bond breaking and forming is 

seen). Finally desorption of the adsorbed product is seen in a typically endothermic process. 

Catalysts allow manufacturers of chemical products to reduce the energy input required. 

They can also allow the reaction to be directed along a specific pathway, to give products 

that cannot usually be produced. Catalysts are therefore of significant industrial importance, 

and are used within the production of the majority of consumer goods. Examples include the 

Haber process, in which iron is used to catalyse the conversion of nitrogen and hydrogen to 

ammonia. This process is used in the production of fertiliser.2 Another such example is the 

use of catalysts for crude oil refining, in the production of automotive fuels. Catalysts are 

used both in the refining and final emission control stages.3 Therefore the study of catalysis 

is not only potentially important for commercial reasons, but also has wide-ranging impact 

across many application areas.  
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Figure 1.1. Schematic of the A) generic reaction path (energy vs. reaction progress) for catalysed and un-catalysed 

reactions, where Ecat and Euncat are the activation energies for the catalysed and uncatalysed reaction respectively, 

and B) reaction path for heterogeneous catalytic process, where  𝐸𝑎 is the activation energy for the overall process. 

Catalysis is an umbrella term that can be split broadly into three fields: homogeneous, 

enzymatic, and heterogeneous. In homogeneous catalysis, the catalyst is in the same phase 

as the reactants and products, the liquid phase is one of the most common.4 Enzymes are 

responsible for catalysis in biological systems were their nature is somewhat intermediate of 

heterogeneous and homogeneous catalysts.2 In heterogeneous catalysis, the catalyst and 

reactants are in different phases, i.e. solid catalysts with gas and/or liquid reagents.5 Around 

90% of the catalysts used in petrochemical-based industrial processes are heterogeneous. In 

addition, many processes in the energy, automotive, and fine chemical sectors are mediated 

primarily by heterogeneous catalysts.6,7 There are various reasons for the widespread use of 

heterogeneous catalysis over homogeneous systems in industry, which include ease of 

separation, catalyst recyclability, as well as continuous plant use over that of a batch 

process.2 However, one major disadvantage of heterogeneous catalysis, and in particular 
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solid state catalysts, is that the reaction mechanisms are relatively less well understood than 

their homogeneous counterparts. This is particularly true in terms of understanding of these 

processes under realistic operating pressures and temperatures.6 The deduction of 

mechanisms in solid-state catalysis, is made somewhat more complicated by interfacial 

properties such as surface diffusion and adsorption, which can impact upon the reaction 

rate. Such properties are challenging both to measure experimentally, and to separate from 

the surface chemistry. For example, it is relatively simple to study the disappearance of 

reactant, and appearance of product. It is, however, more difficult to measure other 

properties such as the rates and energetics of adsorption, the structure of the active surface, 

or the nature of reactive intermediates.5 In contrast, solution-phase catalysts may be 

monitored using dynamic techniques, such as nuclear magnetic resonance (NMR) 

spectroscopy. Additionally, reaction mechanisms in homogeneous catalysis involve 

intermediates that can be isolated and characterised using techniques such as NMR 

spectroscopy and X-ray diffraction (XRD). For solid heterogeneous catalysts, reaction 

chemistry occurs at the surface. If we wish to understand the reaction kinetics and the overall 

mechanism, then we must probe at the catalyst surface. Surface-specific analytical 

techniques, such as X-ray photoelectron spectroscopy (XPS) and low-energy ion scattering 

(LEIS), may be used in combination to gain information on the surface structure of the 

catalyst and allow mechanistic understanding to be ascertained. If such techniques take 

place as the reaction occurs (under realistic operating conditions), then more relevant and 

realistic data might be gained. This has given rise to the use of surface sensitive in situ and 

operando characterisation techniques (see Chapter 1, Sections 1.2, and 1.3 for details).6,8  

Also of importance in interrogating catalyst properties, is developing a suitable model 

catalyst. The complexity of an industrial catalyst can complicate spectroscopic and kinetic 

interpretation. This is due to the catalyst having a varying range of properties including 

particle size, shape and additives. In contrast a model catalyst, a deliberately simplified 

catalyst material, can allow for the spectroscopy and kinetics to be measured on a well-

defined system. Complexity of different additives can then be added in individual steps. In 

its simplest form such a model catalyst might be a metal single crystal, which have been used 

to study an extensive number of metal-catalysed surface processes.9 Equally, more complex 

catalyst models may be needed to probe some phenomena that occur in catalysis, such as 

metal-support interactions or particle size effects.10 The single crystal approach is particularly 

useful in cases where the complexity of the catalytic system would otherwise be very difficult 
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or impossible to study. This allows for better understanding and expansion of the results 

obtained to systems closer to those present in practical catalysts.8  

The development of well-defined model catalysts, and the subsequent in situ study at the 

catalyst surface, during catalytically operational conditions, is the long term aim of this work. 

This takes place with the novel use of a total internal reflection (TIR) Raman spectroscopic 

technique as explored in Section 1.4. 

1.1.1. Why study heterogeneous catalysts in situ? 

Work in the field of catalysis initially focused upon monitoring of the reagent and the 

product, but this is often disparagingly viewed as “magic box” science referring to the 

unknown that exists between these two stages.11 It has been previously noted within this 

report that, for heterogeneous catalysts, such an approach is not sufficient to give detailed 

mechanistic understanding (i.e. reaction kinetics, reaction intermediates). In particular such 

an approach lacks any focus upon understanding interfacial properties such as adsorption. 

Much work has been done, to try to understand such interfacial properties. One prominent 

approach is the use of single crystals under ultra-high vacuum (UHV).  Such work uses a single 

crystal to model the catalyst system, and a UHV analysis with a high pressure chamber or cell 

allowing transfer between reactive gases and vacuum for analysis without exposure to air. 

This allows the surface chemistry to be studied after exposure to high pressures and 

temperatures,11 examples studied include ammonia synthesis,12–14 and Fischer-Tropsch.15–17 

Results have shown good correlation between the single crystal UHV and real catalyst 

systems.18,19,20 Many important findings have been made including the identification of the 

importance of defect sites,21 and the verification of the classification of reactions as structure 

sensitive and insensitive.22,23  

However, despite the correlation seen between the results for the two there was some 

question as to how well these systems modelled real catalysts under typical industrial 

pressures (1-100 atm). Differences in actual catalyst behaviour due to differences in the gas 

pressures used is known as the pressure gap. The pressure gap takes into account differences 

in surface structure and chemistry between catalysts in real and UHV conditions.16 

Underpinning concerns about the pressure gap was the belief that a material’s structure and 

composition might change upon experience of real world catalyst conditions. At the time 

post-mortem analysis of used catalysts had been employed to examine this theory, but the 

validity of results was debated, since the catalysts’ material properties might be reversible 

and change upon completion of the reaction and removal from the reactor.17 Publications 
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such as that by Rupprechter and Weilach began to explore the difference between single 

crystal and high vacuum techniques, with those done at more realistic conditions.24–26  

Under high pressure conditions Zaera et al. states that for a variety of reactions the catalyst 

surface might be covered in strongly bonded intermediates.27 Such intermediates are 

typically also observed using UHV techniques, so in this case at least some agreement 

between high pressure, real world, and vacuum systems was seen. Another example in which 

single crystal UHV studies successfully reproduced data for real catalysts is the methanation 

of hydrogen and carbon monoxide.28  

Despite some agreement being seen overall these considerations led to significant questions 

being posed about the validity of work conducted with these UHV single crystal systems. This 

led to the view that in situ surface characterisation techniques (i.e. ones that can be 

performed under more industrially applicable conditions) would be needed to provide a 

credible answer as to the true behaviour of the catalyst. This has given rise to a rapid 

expansion in the use of in situ surface spectroscopy. 

1.2. In situ techniques for studying heterogeneous catalysts  

Many techniques are available for in situ analysis of heterogeneous catalysts. For example 

the review by Zhang et al. details such techniques applicable to nanoparticle catalysis.29 The 

complementary use of such techniques is commonly used to build up information about the 

catalyst surface.30–32 It is our intention to use TIR Raman spectroscopy (Section 1.4) in such a 

manner. Therefore, the evaluation of the capabilities and limitations of other such 

techniques was required to illustrate how TIR Raman fits within this field. Such evaluation is 

given within the sections below. 

1.2.1. Sum frequency generation (SFG) 

Sum frequency generation (SFG) is a technique commonly used to study heterogeneous 

catalytic reactions. SFG can be used in situ as the reaction occurs and has allowed elucidation 

of much information about the nature of surface intermediates. The technique has found 

much use for high pressure, single crystal work. Its advantages include, that it is non- 

destructive, has surface sensitivity, has good spectral resolution, and the IR and visible light 

used pass through many gas atmospheres.33 One challenge faced by SFG is that it occurs at 

an interface, but the location and extent of this interface is not always clear due to limitations 

in the fundamental theoretical understanding. Furthermore SFG is a function of both 

orientation and concentration effects, so the data SFG generates can be harder to interpret. 
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The particular suitability of such a technique to the study of heterogeneous catalysis is 

exemplified using the short case study given below. 

Case study 

Yang, and Somorjai et al. used SFG spectroscopy to study adsorption and surface reaction.34 

Specifically, they monitored adsorption geometries and surface reactions for various C6 

hydrocarbons on a platinum(III) single crystal. This was conducted both with and without an 

excess of hydrogen. Such work had application into many fields including adhesion, 

lubrication, and molecular surface dynamics, as it could help provide information on two-

dimensional ordering and dynamic processes for large organics on surfaces. However, the 

intended goal of this work was the utilisation of SFG to study naphtha reforming, which is 

important for the synthesis of high octane fuels and so to heterogeneous catalysis. 

The motivation to use SFG for such analysis came from the greater pressure ranges available 

as compared to other analytical techniques. Techniques such as low-energy electron 

diffraction (LEED),9,35 and single crystal temperature programmed desorption (TPD),36,37 

which have been widely used for such studies, only operate under low pressure conditions 

(<10-6 Torr). At such pressures only strongly adsorbed species are present, weakly bonded 

species desorb quickly. The naphtha reforming process, however, is conducted under high 

pressures. Weakly bonded species could play crucial roles in the mechanism, and could 

represent key reaction intermediates. SFG was therefore used as it is a surface sensitive 

technique which can operate at the near ambient pressures required (1.5 Torr of C6 alkane, 

15 Torr of hydrogen). 

The authors chose to examine the following compounds: n-hexane, 2-methylpentane, 3-

methylpentane, and 1-hexene, at various temperatures both with and without an excess of 

hydrogen. A temperature dependent series, in which temperature was steadily increased 

from 296 to 453 K was recorded. This allowed the species on the surface to be traced under 

the varying conditions. The authors normalised the SFG signal obtained to the intensity of 

the incident infrared beam on the surface. This was necessary as gas molecules in a high 

pressure cell can absorb some of the incident beam. The SFG bands obtained were assigned 

to the various stretching modes present in the molecules, and from this the molecule present 

and in some cases its orientation was determined.   

Figure 1.2 schematically depicts the catalytic transformations seen. Using SFG the authors 

determined that, at 296 K and in the absence of an excess of hydrogen, n-hexane and 3-

methylpentane readily dehydrogenated to give a π-allyl c-C6H9 and a metallocyclohexane 
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(Figure 1.2, A)i) and A)ii)). Furthermore at 453 K the π-allyl c-C6H9 undergoes irreversible 

dehydrogenation to yield a hexylidyne as well as the unreacted metallocycle hexane. The π-

allyl c-C6H9 was assigned as a reactive intermediate for n-hexane as it undergoes 

dehydrocyclisation to form hexylidyne. It was, therefore, suggested that benzene formation, 

from n-hexane on platinum(III), goes via a 1-6 ring closure rather than a 5 member cyclic 

intermediate, whereas under conditions providing an excess of hydrogen, at 296 K, n-hexane 

and 3-methylpentane are inactive on platinum(III) (Figure 1.2, B)i) and B)ii)). Whilst, under 

these conditions, 2-methyl pentane and 1-hexene were dehydrogenated to yield 

metallocyclobutane and hexylidyne (Figure 1.2, C)i) and C)ii)). An increase of the reaction 

temperature to 453 K gave partial dehydrogenation of n-hexane and 3-methylpentane to 

yield a hexylidyne or metallocyclic species.  

 

Figure 1.2. Schematic for catalytic transformations that occur under differing temperatures and hydrogen 

pressures, adapted from Yang and Somorjai.34 

This example elucidates one possible use of SFG as a surface sensitive technique to probe 

reactive surface intermediates. Through determination of the nature and orientation of the 
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species present at the catalyst surface greater mechanistic insight was gained. Furthermore 

this was determined under a variety of more catalytically relevant feedstock conditions (i.e. 

at near ambient pressures). Also determined were the cases in which elevated reaction 

temperature were required to allow activation of surface species.  

1.2.1.1. Challenges to the analysis of nanoparticle catalysis via SFG 

One significant challenge for SFG is that for nanoparticle catalysts (an important field in 

heterogeneous catalysis, see Section 1.5 for details) the capping agents, inherently present 

from the catalyst synthesis, can cause significant issues. Firstly, they are thought to block 

reactants adsorbing on active surface sites and, secondly, they produce interfering signals 

that make reaction intermediates difficult to detect.38 One solution offered was to remove 

the organic capping material using UV light or solvent cleaning. For Krier et al. such removal 

of the organic capping agent, in this case of polyvinylpyrollidone for a platinum nanoparticle 

system (platinum/PVP nps), increased the number of active sites and allowed for detection 

of reaction intermediates.38 However, Baker et al. suggested that the organic capping (again 

for a platinum/PVP np system) was dynamic and in some cases increased the catalytic 

activity.39 Therefore, although removal of organic capping species might be expected to 

simplify or improve SFG analysis such removal is also thought to influence catalytic behaviour 

or reaction rates. This leads to inaccuracies in any analysis conducted in this manner.   

Overall SFG provides a useful technique to learn about surface adsorbates at more 

catalytically relevant pressures, but is experimentally complex to carry out and is 

fundamentally limited by the difficulty of separating intensity changes due to geometry from 

those due to concentration.  

1.2.2. Attenuated total reflectance infrared (ATR-IR) and diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS) 

ATR-IR and DRIFTS are both forms of infrared (IR) spectroscopic analysis. IR spectroscopy 

gives information on both the structure and environment of molecules. DRIFTS is a variation 

upon the traditional transmission IR spectroscopy. Use of DRIFTS for studying catalysts and 

absorbed molecules has increased with the widespread deployment of FTIR spectroscopy 

and instruments fitted with enhanced detectors. Such detectors include the mercury 

cadmium telluride (MCT) detector. The advantages of DRIFTS over transmission IR 

spectroscopy include the ease of preparation of samples, as a powder can be used without 

the need to compress into a disk as some catalysts cannot withstand such pressing. This is 

an important advantage for catalysis, as for a pressed disk it is not known if sufficient 
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diffusion into the pellet occurs for the catalyst to all be interacting with reactive gases during 

an in situ experiment. DRIFTS can also be used in a complementary sense, as it relies upon 

scattered photons, so if a species gives a poor transmission spectra due to scattering losses, 

its DRIFTS spectra may be better as the scattered photons carry the signal and so 

complementary use may be highly beneficial.40  

ATR-IR spectroscopy is one of the most powerful, and most frequently used tools for looking 

at the solid/liquid and solid/liquid/gas interfaces in heterogeneous catalysis. Various 

advantages and disadvantages exist for this technique. The process is non-destructive and 

capable of giving information about chemical and geometric features at the interface. 

Another advantage of ATR-IR is that it can be utilised to look at kinetics of complex reactions. 

This takes place by quantification of product and reactant concentrations. Like Raman 

spectroscopy, IR spectroscopy is sensitive to molecular structure, and when correctly applied 

ATR can probe the interface region specifically (i.e. the location where heterogeneous 

catalysis occurs). Although it should be noted that IR and Raman spectroscopic selection 

rules differ. Raman spectroscopy requires a change in polarisability whereas IR spectroscopy 

requires a change in dipole moment. As discussed in the Chapter 2, Section 2.1.5.2, Raman 

spectroscopy offers advantages over IR spectroscopy in the detection of molecules which are 

not IR-active (i.e. homonuclear diatomics), as well as having the ability to tolerate water in 

the sample. For this reason the complementary use of IR spectroscopic techniques with 

Raman spectroscopy is both common and effective. The further introduction of X-ray 

techniques (such as Extended X-ray absorption fine structure (EXAFS) spectroscopy and X-

Ray absorption near edge spectroscopy (XANES)) to Raman and IR spectroscopy can allow 

for probing of metal nanoparticles themselves (as well as adsorbates on their surfaces) under 

working conditions. The use of ATR has grown as immersion probes have become 

commercially available. It is anticipated that further growth might occur due to the 

widespread use of transmitting fibre optic materials, and as hardware and instrumentation 

improvements occur.41 

1.2.3. Extended X-ray absorption fine structure (EXAFS)/X-Ray absorption near edge 

structure (XANES) spectroscopy 

EXAFS and XANES spectroscopy are X-ray absorption techniques, and commonly achieved 

using synchrotron radiation.8,42 X-ray absorption techniques are principally based upon the 

idea of photons being absorbed giving rise to electron-energy transitions. Such transitions 

differ for different elements making the technique very element specific.8,42  
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XANES spectroscopy is a tool for characterising materials, and studying adsorbates, surfaces 

and solids.42 Advantages of XANES spectroscopy include specific element detection, the 

detection of detailed information for materials without long range order, as well as electronic 

information. Weckhuysen et al. (2004) detailed various improvements which could be made 

to XANES including: improvement of in situ cells, better quantitative analysis, and 

complementary use with new X-ray techniques.42 Many publications detail use of XANES 

spectroscopy for in situ analysis of heterogeneous catalysts, and its use alongside EXAFS 

spectroscopy is common.30,43–45  

EXAFS spectroscopy allows for exploration of surface catalysed processes under reaction 

conditions. EXAFS spectroscopy is based upon the backscattering interactions from 

neighbouring atoms and so it can provide information about the atoms local environment. 

The number, type, and distance from coordinating atoms can be distinguished.46 The 

detection method used in EXAFS spectroscopy is important, as it impacts upon both the 

depth that can be profiled and the ability to record measurements in situ. If the X-ray 

absorption is quantified using auger electrons and secondary scattering electrons, then total 

electron yield (TEY) can be used. When surfaces are probed using the TEY mode, the region 

studied is reduced to a few nanometres. This allows for relatively good surface sensitivities, 

which is an important factor in the analysis of heterogeneous catalysts. To demonstrate how 

these techniques are used in situ in detail, the complementary use of EXAFS and XANES 

spectroscopies, for the study of heterogeneous catalysis, is described as an example within 

the case study below. 

Case study 

Hard X-rays are often used to elucidate elemental structure. Material structure-function 

relationships are the determination of structure at the same time as properties that 

influence its function or activity. One such example is that a catalyst’s structure might be 

studied as a function of its performance e.g. activity or selectivity. Understanding such 

material structure property relationships is very important in catalysis, as a catalysts 

performance may be directly related to its atomic structure. Reaction conditions may cause 

structure variations, understanding this allows for systematic variation and possible 

enhancement of the catalytic properties. X-ray spectroscopic data can therefore be used as 

part of the deduction of material structure-function relationships. In catalysis amorphous 

and crystalline high surface area materials often exist beside each other. XANES and EXAFS 

spectroscopies can be used to determine the materials structure, as the catalysts 

performance is measured, allowing structure and materials properties to be determined 
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simultaneously.47–50 For this reason many groups have made in situ cells for conducting both 

EXAFS and XANES spectroscopies, and several considerations have been determined 

important in cell design. Such considerations include flow dynamics, energy range and signal-

to-noise. The work of Hanneman et al. demonstrated a cell design that could be used across 

wide temperature ranges (from 123 to 973 K) and record both fluorescence and transmission 

signals.51 A detailed description of the cell can be found within the publication, however, in 

general the cell was capable of operating on-line both in the gas- and liquid-phase. X-ray 

absorption spectroscopy (XAS), EXAFS and XANES spectroscopies, and in addition XRD were 

used to analyse the catalyst within the cell. Mass spectrometry or IR spectroscopy was used 

to analyse the effluent stream in the gas or liquid phase respectively. The catalyst studied 

could be powder or a self-supporting wafer. 

The cell was tested for a series of studies with the aim of elucidating structural information 

about working catalysts. Three studies were chosen, each chosen as they allowed data to be 

recorded at three differing beamlines. This was a function of the differing edge energies of 

the elements for the EXAFS measurements of the three examples. This allowed for a 

thorough evaluation of the cells capabilities and limitations across a variety of conditions. 

Firstly, flame spray pyrolysis monometallic and bimetallic catalysts, containing 0.1% platinum 

or gold with 0.1% of either palladium, rhodium or ruthenium were investigated in the cell 

with in situ XANES, during heating from 123 K under 5% hydrogen/helium. This enabled the 

temperature at which the metals reduced and the extent to which alloying occurred to be 

identified,51 and compared with other literature examples.52–54 This was supported by fitting 

of the Fourier transformed (FT) fluorescence EXAFS spectra. 

Secondly NOx storage and reactivation was tested for a platinum/barium/cerium dioxide 

catalyst. Oxidised metal and products of thermal decomposition were detected suggesting a 

reduced capacity for NOx storage.55 Catalyst reactivation, monitored by XRD, confirmed the 

conversion of barium to barium nitrate. The use of XAS fluorescence indicated the expected 

change in oxidation state had taken place for the platinum during NOx storage and 

reactivation. 

The final example explored was that of gold/copper oxide catalysts for liquid phase alcohol 

oxidation. Activity structure relationships were explored using XAS and IR spectroscopy with 

reduction of the initially oxidised gold to the metallic state taking place on exposure to the 

reaction mixture. A slight increase in activation was seen and attributed to acetophenone 

formation as characterised by IR spectroscopy. 
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Overall the cell performed well for low metal concentrations during both static and dynamic 

gas conditions. The performance was maintained for a range of temperatures, covering most 

temperatures required for spectroscopic analysis in catalysis. The cell could find application 

for a wide range of elements, and worked for different gas phase and liquid reactions. Overall 

this paper illustrated the suitability of EXAFS and XANES for in situ analysis of heterogeneous 

catalysts. This further exemplified the potential advantages of these techniques. It is our 

intention that such techniques would be used in a complementary sense with TIR Raman 

spectroscopy.  

1.2.4. Near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) 

XPS uses the photoelectron effect to produce emission spectra. These spectra correspond to 

the electronic energy level to vacuum level transitions in the molecule. High pressure XPS, 

also known as near ambient pressure XPS (NAP-XPS), has become achievable due to 

advances in vacuum and analyser techniques and design, with synchrotrons providing high 

flux X-ray photon sources. This was a major advantage as it has allowed pressures near to 

those at which many catalytic reactions take place to be reached. This technique allows for 

the study of surface chemistry and elemental composition. There has been particular success 

at examining systems where there have been several options for the active state of the 

catalyst.8 An example of the use of NAP-XPS for the understanding of heterogeneous 

catalysis under more realistic conditions is given in the case study below. 

Case study 

Real catalysts often consist of small particles, which expose different atomic terminations. A 

real catalyst surface may, therefore, have a high concentration of step edges, kink sites, and 

vacancies. Such features are often considered catalytically active.1,56 Correspondingly, a good 

model catalyst should be able to reproduce such features. Stepped single crystal surfaces 

have well defined surface structures and can be prepared, for example, with a vicinal surface. 

In such cases two high index surface functional groups are bonded to two adjacent atoms 

giving a high concentration of such sites. Stepped single crystals are, therefore, often used 

as models for such catalyst behaviour. Another related question is the effect of adsorbates 

on the surface structure, as has been observed under UHV conditions.57–59 However, as 

mentioned previously in this report, UHV conditions do not always reproduce results 

obtained under actual operating conditions. It is of importance to examine the structural and 

chemical changes that take place under realistic operating conditions. Tao et al. used NAP-

XPS in conjunction with scanning tunnelling microscopy (STM) to examine a single crystal 
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stepped platinum surface under high (not UHV) pressures (0.1 Torr of carbon monoxide).60 

An absorbing gas of carbon monoxide was chosen due to its widespread use in industrial 

catalysis and processes such as carbon monoxide oxidation in automobile catalytic 

converters. NAP-XPS and STM allowed for the determination of oxidation state, chemical 

nature of adsorbates, and atomic structure for the catalyst surface, under more realistic 

operating conditions. The use of STM imaging allowed changes in the surface structure to be 

monitored at similar gas pressures. This provided a method for following changes, such as 

the terrace width and step height variations, as the carbon monoxide pressure was varied. 

Complementary to this, NAP-XPS was taken under various pressures, and the varying 

intensity attributed to the changing concentrations of surface platinum atom sites on the 

cluster edge. This technique also allowed for examination of the coverage of carbon 

monoxide as the gas pressure was varied. This gave a method for attributing the changes in 

the carbon monoxide concentration to the structural variations seen by STM. This led to the 

conclusion that as carbon monoxide absorbs, at low pressures, subsequent restructuring of 

the surface steps occurs. This had been observed previously by Pearl et al. and was attributed 

to changes in the energetics of the electrons as well as the elastic interactions between steps 

on the surface.61 Further to the ability to reproduce results at low pressure, at high pressures, 

Tao et al. reported the reversible formation of triangular nanoclusters – platinum atoms that 

have been pulled out of the surface into small clusters.60 It was postulated that the high 

carbon monoxide concentration, as determined by NAP-XPS, led to strong repulsions 

between the carbon monoxide molecules. The formation of the nanoclusters was driven by 

this repulsion, as it allowed the carbon monoxide to sit on low coordinate edge atoms. In 

these positions the carbon monoxide molecules tilted away from the other adsorbed 

molecules reducing the repulsion they experienced. This led to the formation of the observed 

triangular nanoclusters. 

Density functional theory (DFT) was used to determine if the energetics of the system 

supported the experimental data. The most favourable structures at various pressures were 

calculated. The calculations agreed that at high pressures a triangular nanocluster would 

represent the lowest energy structure. The adsorbed carbon monoxide would then fan out 

on the edges of this nanocluster, to reduce repulsion between the adjacent carbon monoxide 

molecules. This led to the decreased energy of this structure. The low coordination platinum 

site and high carbon monoxide coverage, suggested by DFT, were consistent with the 

experimental results.  
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Overall the complementary use of NAP-XPS and STM allowed for determination of the large 

scale restructuring of the surface, which was seen for large coverages of adsorbates. The 

example illustrates the ability of, and the important results determined from, systems which 

take into account the stepped nature of the catalyst as well as allowing operation under 

realistic operating conditions. NAP-XPS is therefore an important tool in furthering 

understanding of the behaviour of real heterogeneous catalysts. It is the intention in this 

project that such techniques could be used in conjunction with TIR Raman spectroscopy. 

1.2.5. Summary of the use of in situ techniques for studying heterogeneous catalysis 

A variety of techniques for the in situ study of heterogeneous catalysts have been surveyed. 

The advantages and scope for complementary use with TIR Raman have been highlighted. 

The limitations of these techniques has also been discussed, such as the difficulties of SFG in 

providing quantitative information when other factors such as adsorption geometry change 

simultaneously. This sets the scene for understanding the place Raman spectroscopy (and in 

particular TIR Raman) sits within the current range of in situ techniques available. This will 

be discussed in more detail within the two sections which follow. 

1.3. Raman Spectroscopy with in situ heterogeneous catalysis 

1.3.1. Why use Raman spectroscopy? 

Raman spectroscopy is a technique that allows probing of all phases including mixtures and 

can in principle be employed over wide temperature and pressure ranges (-273 to >1000 °C, 

and 10-7 to > 106 Pa). The spectra obtained can provide molecular level information.62 The 

suitability of Raman to the field is partly due to its ability to complement other surface 

sensitive techniques (Table 1.1). Techniques such as SFG, and ATR-IR are often combined 

with Raman and TIR Raman spectroscopy in a complementary fashion.63 It can also be noted 

that Raman spectroscopy has certain advantages over techniques such as UV spectroscopy 

and electron energy loss spectroscopy (EELS). For example although EELS can provide 

detailed molecular structure information, similar to Raman spectroscopy, it can only be 

operated under UHV conditions. This does not allow for bridging of the pressure gap. Equally, 

for UV spectroscopy the chemical sensitivity is low, particularly if a mixture exists, although 

the use of elevated pressures is relatively straightforward. 

Raman spectroscopy does, however, have some limitations. Firstly, the sensitivity of Raman 

spectroscopy is generally low, particularly if the loading of the catalyst active material is low 

(which is often unavoidable). To overcome this intense laser beams are used to improve the 

number of Raman scattered photons. However, the laser light used for excitation can cause 
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damage to the sample, such damage is irreversible and will prevent spectra from being taken 

in that region of the sample. It may also produce misleading results. Finally, fluorescence 

from the sample, substrate or contaminants in the sample being probed can weaken or 

obscure Raman bands.64,65
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Table 1.1. Table to show comparison between capabilities of a range of techniques, for which Raman and TIR Raman spectroscopies can be used in a complementary sense with, or 

can provide an advantageous alternative. Surface sensitivity values for TIR Raman and ATR-IR spectroscopies were calculated from for the air silica interface at 73°. For the value for 

TIR Raman spectroscopy, calculations were made for a laser wavelengths of 660 nm. For ATR-IR spectroscopy a wavelength of 4000 nm (or 2500 cm-1).

 
SFG TIR Raman Bulk 

Raman 
ATR-IR SERS UV EELS 

Surface 

sensitivity: 
Intrinsically. Fair, better 

than ATR-IR 

(function of λ) 

– probing 

depth 54 nm. 

Moderate 

depending 

upon the 

lens. 

Reasonable, 

probing 

depth 652 

nm. 

Large 

enhancements 

when on or near 

surface. 

No. Yes ≈ 0.1 µm.66 

Quantification: No. Good. Good. Good. Good. If absorbs in UV can 

calculate 

concentration.67 

With suitable 

spectrometer.66 

Geometric effects: Very 

sensitive (if 

known 

quantity). 

Poor. Poor. Difficult. Possible? No. Yes. 

Focus on 

small/controllable 

areas for kinetics: 

Good. Good. No. Not good (IRE 

elements 

typically 

large). 

- No. Yes. 

Materials 

transparent to 

incoming and 

outgoing signal: 

Typically 

IR/vis 

needed. 

Near 

excitation; 

fluorescence a 

problem, 

usually visible. 

Near 

excitation; 

fluorescence 

a problem, 

usually 

visible. 

IR near signal 

of interest. 

Visible, limited to 

suitable SERS 

substrates. 

UV. Vacuum. 
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1.3.2. Literature use of Raman spectroscopy to study heterogeneous catalysts 

in situ 

This section aims to detail some of the work of others using different types of Raman 

spectroscopy (not including TIR Raman spectroscopy) for in situ studies of heterogeneous 

catalysts. No previous publications exist for the use of TIR Raman spectroscopy for in situ 

heterogeneous catalysis. One common use of Raman spectroscopy has been to study the 

surface of metal oxide heterogeneous catalysts such as zeolites, layered hydroxides, and 

supported metal oxides.62 It is worth noting that compared to nanoparticles these samples 

generally exhibit higher thermal stability and so illumination with intense laser beams is less 

likely to result in laser induced damage. The examples given in the section below focus on 

the study of such metal oxide catalysts. These examples are not exhaustive, and do not 

necessarily represent contributions in order of importance to the field (as this is somewhat 

debatable), but are intended to give a flavour of the types of experiment that have been 

used in this area. 

1.3.2.1. Operando Raman spectroscopy 

Operando and in situ techniques share similarities, and although the differences between 

the techniques are not consistently described in the literature a general distinction can be 

made between the two. For example the use of operando Raman spectroscopy is often 

considered as the: 

“simultaneous in situ Raman spectroscopic observation of the catalyst and online reaction 

product analysis (e.g. mass spectrometry, IR spectroscopy, Gas Chromatography (GC) 

etc.).”62 

The subject was first discussed extensively in 2002,68 but has since been the subject of many 

more publications, that have demonstrated the ability for Raman to be used in a variety of 

areas.69,70 Operando Raman spectroscopy has been used to elucidate the presence of surface 

species and intermediates, and has led to improved catalyst design.71,72 This was achieved by 

spectroscopic investigation of the catalysts’ active sites. The most common use of this 

technique is in methanol oxidation, where various different catalysts have been studied. Two 

such examples using molybdenum-based catalysts are reported by Brandhorst et al. and 

Guerrero-Perez et al..73,74  Brandhorst et al. used Raman-IR spectroscopy with online GC to 

study a supported catalyst (MoO3/Al2O3).73 Surface intermediates were detected by IR 

spectroscopy, and the surface molybdenum hydroxide species by Raman spectroscopy. The 
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appearance and disappearance of these species was then correlated with the conversion of 

methanol to formaldehyde, methyl formate, and diethyl ether determined by GC. Guerrero-

Perez et al. studied a tungsten-molybdenum catalyst during oxidative dehydrogenation of 

propane to propylene with the intention of improving propylene selectivity.74 The phases 

that gave the best product yield were identified. From this the selectivity was enhanced 

giving targeted and improved catalyst design. 

1.3.2.2. Quantitative Raman spectroscopy 

Raman spectroscopy can, in some configurations, be used quantitatively.75–77 Raman 

scattering cross sections result in the number of Raman photons observed being linear with 

concentration, the exception being when absorption occurs such that either the excitation 

photon flux is not uniform through the sample, or the scattered photons do not have an 

equal chance of being emitted from different depths within the sample. In such cases 

consideration must be given to what fraction of the sample is actually being probed.  

1.4. TIR Raman, and its applicability to in situ studies of heterogeneous catalysis 

TIR Raman spectroscopy is a variant of Raman spectroscopy for which an evanescent electric 

field acts as the excitation source.78 TIR Raman spectroscopy offers a range of potential 

advantages over standard Raman spectroscopy, which reduce or avoid some limitations of 

the bulk technique.79 The likelihood of laser induced sample damage is reduced in TIR Raman 

spectroscopy. This is due to the nature of the technique as the laser is reflected and not 

absorbed, within the sample bulk, and so excessive heating is much more limited (Section 

2.1.5). Another potential advantage is that the size of the sample spot, provided by the laser, 

can be increased without having to change the sampling depth. This can result in a smaller 

compromise in sample power for a given sampling depth, as the likelihood of laser induced 

damage is reduced. Accordingly higher laser powers can be used, and an improved signal to 

noise ratio is acquired.80 The IR spectroscopic probing depth in ATR-IR spectroscopy is 

significantly larger than that in Raman spectroscopy (Table 1.1). A discussion of the 

calculation of probing distances can be found in the Appendix. A shorter probing distance 

relates to a higher surface sensitivity, than the bulk or gas reagent sensitivity, as surface 

species alone are likely to be probed. Better surface sensitivity is, therefore, seen for Raman 

rather than IR spectroscopy. There are, however, disadvantages of Raman that apply equally 

to TIR Raman spectroscopy. The main disadvantage seen is fluorescence. Fluorescence still 

occurs in TIR Raman spectroscopy and is detrimental just as it is in bulk Raman spectroscopy. 

Measures can be taken to reduce the effect, such as careful selection of the substrate or the 

excitation wavelength.78 It is also possible to time gate out Raman spectroscopy, a fast effect 
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which takes advantage of fluorescence being a slower effect.81,82 However, time gating has 

not been done for TIR Raman spectroscopy as it is both expensive and technically ambitious. 

Sensitivity is also still an issue in TIR Raman spectroscopy. However, the restriction of the 

evanescent wave to the area of interest can contribute to improved surface selectivity. 

Although TIR Raman spectroscopy holds potential advantages its use is less common than its 

IR counterpart ATR-IR spectroscopy which also uses an evanescent wave. This can in part be 

attributed to the widespread use of surface enhanced Raman scattering (SERS) spectroscopy 

a surface sensitive technique which allows for enhanced sensitivity in Raman spectroscopy 

due to specific attributes of the material’s surface and molecules present at the surface.83 

However, SERS spectroscopy cannot be used in all cases, and restrictions are placed upon 

the substrates and materials that can be studied. Examples of such restrictions include: that 

the substrate must support a surface plasmon resonance, the species to be analysed must 

sit within a few nanometres of that support, and for transition metal species it is desirable 

to look at metals (such as copper or gold) that can support plasmons in the visible range and 

are resistant to corrosion.84 Quantification in SERS spectroscopy is also heavily reliant upon 

the substrate and so can be inherently unreliable, especially for in situ work where the SERS 

substrate, and consequently the enhancement factor, can change on exposure to different 

reaction conditions. For TIR Raman spectroscopy such restrictions do not apply and the only 

substrate restrictions are that it should not fluoresce and should be transparent around the 

wavelength of the excitation and Raman scattered light.78 If fully exploited TIR Raman 

spectroscopy could be used in cases which are not suited to SERS.78 

1.5. Nanoparticles as a model catalysts 

Developing a suitable model catalyst was of importance in interrogating catalyst properties. 

The complexity of an industrial catalyst, can make interpretation of spectroscopic data and 

correlation with kinetics difficult due to the range of particle sizes, shapes, and additives 

which may be present. The differences in actual catalyst behaviour due to differences in the 

materials properties used is known as the materials gap. The materials gap is related to both 

structural and compositional differences between a real industrial catalyst and a well-

defined model catalyst.16 One implication of the materials gap is that traditional kinetic 

studies vary significantly depending upon catalyst preparation, hence generalisation is not 

possible. A model catalyst can allow for the spectroscopy and kinetics to be measured on a 

well-defined system, allowing results to be better understood and expanded upon (and 

possibly in turn allowing meaningful studies of the practical catalyst to be performed).8  
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Nanoparticles offer advantages over traditional catalysts, as they allow accurate control over 

properties such as size and shape.85–89 This can result in monodisperse rather than 

polydisperse nanoparticle systems.90 Such control is important as surface structure is known 

to have significant impact upon catalytic rates and activities.33,91–94 Much work has been 

conducted, looking at colloidal systems as model catalysts.95–97 The area is claimed by some 

as the forefront of creating controlled property catalysts. 

In order to generate nanoparticles for use as model catalysts, it is instructive to briefly review 

the factors that control their synthesis. For colloidal synthesis this can generally be split into 

nucleation and growth processes. The following sections highlight how careful control of 

factors that affect these phenomena enable the controlled synthesis of particles with 

desirable properties. These properties include size control (monodispersity) or composition 

control. 

1.5.1. Methods of synthesising nanoparticles 

1.5.1.1. Top-up and bottom-down synthesis 

Various methods for nanoparticle synthesis exist. Broadly the topic can be divided into 

bottom-up and top-down approaches. Bottom-up approaches take smaller building blocks 

such as atoms or molecular components and combine them. Typically this takes place in the 

liquid or gaseous phase, to form nanoparticles.98,99 If such processes proceed in the solution 

phase they generally include dissolution and precipitation stages. Liquid phase examples 

include co-precipitation by metal reduction. In such processes stabilising agents are used to 

prevent rapid agglomeration. In the case of bottom up approaches these stabilising agents 

can deliver control either by charging (electrostatic repulsion) or steric effects. In the latter 

case capping agents are used. Top-down approaches involve the breaking down of larger 

particles, and most examples found in the literature are physical processes such as milling.100 

The work of Xia and Wang illustrates methods to prepare nanoparticles in both a bottom-up 

and top down manner.101 The bottom-up approach utilised thermal decomposition of 

bismuth acetate in solution with polyvinylpyrrolidone capping agent. The top down 

approach, in contrast, added a bismuth powder to a hot solvent. This resulted in melting of 

the powder to give large droplets. Stirring and emulsifying then broke the large droplets 

down to smaller more monodisperse nanoparticles. This approach is represented 

schematically in Figure 1.3. Bottom-up approaches are generally considered as more 

promising due to the inherently higher levels of control over nanoparticle formation. This 

leads to greater control of the properties of particles produced.  
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Figure 1.3. Schematic of chemical A) top-down and B) bottom-up synthetic routes to nanoparticles. Reprinted 

with permission from Wang, Y. & Xia, Y. Bottom-Up and Top-Down Approaches to the Synthesis of 

Monodispersed Spherical Colloids of Low Melting-Point Metals. Nano Lett. 4, 2047–2050 (2004). Copyright 2004 

American Chemical Society. 

1.5.1.2. Metal salt reduction 

A widely used bottom up approach to nanoparticle synthesis is metal salt reduction.102–106 A 

generic scheme for the process is given in Figure 1.4. A metal salt, comprised of a non-zero 

valent metal atom, was reduced to the metal oxidation state. Various methods of reduction 

can be utilised, one example being the use of strong reducing agents which are thought to 

aid quick or burst type nucleation. Thermal assisted reductions,107–111 a variant of metal 

reductions, typically use a refluxing solution of a high boiling point solvent. A coordinating 

reducing capping agent, or additional reducing agent species, brings about the metal 

reduction. Once the metal is reduced, the nucleation and growth processes can take place 

resulting in the formation of a nanoparticle. Further aggregation to the bulk metal 

thermodynamic product is prevented by the use of a capping agent.  

 

Figure 1.4. A generic scheme for metal salt reduction for the creation of nanoparticles. 

1.5.1.3. Capping agents 

The primary role of a capping agent is to prevent aggregation. They provide stabilisation of 

the metal nanoparticle, as shown in Figure 1.5. Capping agents can be classified as either 

steric or charge stabilising (it is quite common for capping agents to display a mixture of the 

two).112–114 With moieties such as bulky organics (e.g. oleylamine or dodecanethiol) providing 
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steric stabilisation and charge stabilisation being provided by the presence of strongly 

electron donating or withdrawing groups (e.g. cetrimonium bromide). One common example 

is polyvinylpyrrolidone which is one of the most commonly used homopolymers to stabilise 

nanoparticles. Part of its success is likely to stem from its ability to satisfy both steric and 

ligand requirements. Polyvinylpyrrolidone is sterically bulky with an Mw of several 1000 

a.m.u. (e.g. 55,000 a.m.u. was used in the present work), but also contains pyrrolidone 

nitrogen groups that can bind to the metal.56 Many other alternative polymers and 

biopolymers have also been used, such as polyvinyl acetate,115 cellulose,116,117 

polysaccharide,118,119 and poly acids.120,121 Organic capping agents are not limited to 

conventional polymers; a number of other molecules such as dendrimers,94,122 ligands,123,124 

micelles,125,126  and surfactants can also be used.127,128 A variety of commonly used capping 

agents are given in Figure 1.6. 

 

Figure 1.5. Schematic representation of the stabilisation (steric or electrostatic) provided to metal nanoparticles 

by a capping agent. 
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Figure 1.6. Examples of structures of capping agents commonly used in nanoparticle synthesis, including long 

chain hydrocarbons, surfactants, polymers, and dendrimer capping agents. 
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1.5.1.3.1. Capping agents and catalysis 

A key question when employing nanoparticles as catalysts or catalyst models, is whether 

organic capping agents affect the catalytic reaction taking place at the metal surface. Until 

recently the viewpoint has been that the organic capping agent blocks some surface metal 

sites. This reduces the metal surface area available, which in turn reduces the efficiency of 

the catalyst.129 For this reason (and because of possible interference with the spectroscopic 

techniques used to probe catalytic species, such as SFG – see Section 1.2.1) many groups 

aimed to remove the organic capping agent before using the nanoparticles as catalysts.115,130 

However, the possible promoting effects of capping agents for nanocatalysts has also been 

noted in a number of cases.131–135 In 2012 the work of Baker et al. suggested that in fact the 

organic capping agents (in this case polyvinylpyrrolidone and oleic acid) could, in some 

circumstances, act to increase the activity of the catalyst.136  They concluded that the organic 

capping agents were dynamic species that did not prevent catalysis. Further work by other 

groups also provided indications of such dynamic behaviour. One example is the work of Roy 

and Bhattacharya in 2013,137 in which the authors used polyvinyl alcohol as a capping agent 

for platinum nanoparticles with differing particle sizes and capping agent concentrations. 

They found that when the capping agent concentration was increased a decrease in the 

particle size was seen, with an increase in the particle diameter giving an increase in the 

catalytic activity for the alkaline oxidation of methanol. This was the opposite of the usual 

trend observed. Conversely, when the capping agent concentration was not changed a 

decrease in catalytic activity was seen. This was seen for an increased particle diameter due 

to lower surface area. This may in turn correspond with Baker’s notion of a dynamic capping 

agent, which changes the properties of the catalyst, rather than simply acting as a spectator.  

It is clear further work is needed to understand better the role of the organic capping agent 

in nanoparticle catalysis, but they provide an effect route to access an important class of 

model catalyst materials. Capped nanoparticles will be utilised throughout this work.  

1.5.2. Nanoparticle growth and nucleation  

Nucleation is the first stage in nanoparticle formation from a previously homogeneous 

system. In general we know that precipitation can occur if a factor that changes the solubility 

of a species is varied. Examples of such variables include concentration or temperature. It is 

this process that governs the nucleation of the precursor species during the synthesis of 

metal nanoparticles. This formation of small crystallites of the precursor (or reduced metal) 

is the process of nucleation. This is followed by crystallite growth. This process is summarised 

below in Figure 1.7. 
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Inducing nucleation does not, however, guarantee nanoparticles will form or will be 

monodisperse. One important parameter is the relative rate of the nucleation and growth 

stages. Fast or burst type nucleation,138,139 as the name suggests gives rapid access to many 

nucleation sites, before significant growth can occur. After the nucleation burst the 

conditions change so that no further nucleation occurs, but only particle growth. If growth 

then occurs at the same rate from particles nucleated at the same time, for example by the 

mechanism discussed below, then the formation of uniformly sized particles can take place. 

This is known as the La Mer mechanism.138 The creation of monodisperse particles from a 

slower nucleation stage, leading to simultaneous nucleation and particle growth, can be 

more difficult. This is due to new small nuclei which may still be being formed, after some 

have grown to an appreciable size. An energetic basis for an understanding nucleation can 

be gained from classical nucleation theory.140 

 

Figure 1.7. Simple schematic of nucleation and growth process from a homogeneous reagent solution. 

1.5.2.1. Classical nucleation theory 

Classical nucleation theory predicts that the total free energy cost Gtot of forming a nucleus 

for a spherical crystal, with radius r can be modelled by Equation 1.1.141  

∆𝐺𝑡𝑜𝑡 =  ∆𝐺𝑣 +  ∆𝐺𝑠 =
4𝜋𝑟3𝜌∆𝜇

3
+ 4𝜋𝑟2𝛾               Equation 1.1 

Where GV is the bulk volume contribution, Gs is the surface free energy contribution,  is 

the interfacial free energy,  is the density of the bulk liquid, and is the difference in 

chemical potential between the bulk solid and bulk liquid. 

It can be seen that the bulk volume term in Equation 1.1 scales as r3, whereas the surface 

term scales as a function of r2. This is shown graphically in Figure 1.8. The bulk term is always 

negative and therefore energetically favourable. This is due to the strong metal-metal bonds 

which exist in the bulk cluster. The interfacial free energy is always positive and therefore 

not favourable. As given in Equation 1.1, the total free energy is a sum of these energetic 
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two contributions. This means that for particles of sufficiently small radius the interfacial free 

energy will dominate, and the total free energy will be positive. In practice in the case of 

nanoparticles, capping agents are often present, which may reduce significantly the surface 

free energy term. This may perturb this simple picture by stabilising the interface between 

small particles and the liquid phase, but this is not currently well understood.  

 

Figure 1.8. Graphical representation of volume and surface contributions to total free energy as a function of 

particle radius. 

1.5.2.2. Classification of growth mechanisms 

Nucleated particles will grow in the reaction medium. Such growth is complex, and can be 

controlled by factors such as reaction or diffusion limitation or binding to templating agents. 

The growth that occurs first is due to the existing nuclei which act as growth sites for 

remaining metal in solution. Ripening can then occur via the following mechanisms: Ostwald 

ripening and digestive ripening. 

1.5.2.3. Ostwald ripening 

The early work of Wilhelm Ostwald, focused upon the nucleation of crystals in droplets. This 

gave rise to the observation that less stable polymorphs will nucleate first, and will later 

convert to the more stable polymorph.142 More importantly for this work, Ostwald’s 

observations of saturated solutions also led to the conclusion that such solutions, once left 

to equilibrate, invariably contained significantly more large particles than small. It was also 

noted that enhanced solubility resulted from the grinding of particles, which produced 

increased surface area and therefore higher surface free energy.143,144 The combination of 

these principle ideas led to the conclusion that in a closed system small crystals will dissolve 

and large particles will continue to grow. This growth occurs using the material resulting from 

the preferential dissolution of the smaller particles.  
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1.5.2.4. Digestive ripening 

Digestive ripening achieves the reverse of Ostwald ripening, or at least the control of particle 

size by gradual reduction in the particle dispersity towards a thermodynamically favoured 

size for the system of particle plus stabilising agent. In the case of nanoparticles this is often 

achieved by the refluxing of a nanoparticle solution in the presence of excess surface active 

capping agent. This is often known as a Digestive Ripening Agent (DRA). Use of a DRA leads 

to of the favouring of a particular particle size at which the surface-capping agent 

interactions are strongly stabilising. Digestive ripening then occurs through the break-up of 

large particles, and the increase in size of small particles, until a more monodisperse size 

distribution is achieved.145,146 The breaking of larger more thermodynamically stable particles 

may seem counterintuitive. However, in the presence of a DRA the strong metal to ligand 

(capping agent) bonds on the particle surface lead to the enhanced thermodynamic stability 

of smaller particles. This is due to optimisation of the balance of the surface area (for metal-

capping agent binding) and the metal-metal bulk bonding contributions. Defects present 

within larger particles are known to induce stresses capable of causing bond rupture. Given 

the thermodynamic drive in the presence of a DRA to smaller particles, such defects could 

have an impact upon the kinetics and rate of small particle formation.145  

Growth mechanisms for digestive ripening originated from studies of gold metal clusters, 

and alkane thiol DRA groups.146 The method has subsequently been expanded for a range of 

metals (including copper),148 and ligands such as amines,149–152 and phosphines have proved 

effective.153 Originally, digestive ripening was seen to take place via a three stage process 

known as solvated metal atom dispersion (SMAD). Firstly, the as formed colloidal particles 

were added to the DRA. Secondly the capped nanoparticles were separated from the other 

reagents and the products by precipitation. Finally the capped nanoparticles were refluxed 

in the DRA.145 However, it was seen that the same process may lead to particle control, in 

systems where the separation of these steps is less well-defined. Kim et al. described an 

alternative system in which digestive ripening was seen, where no additional precipitation 

stage was required.124 The synthesis gave small (3.5 nm) monodisperse palladium 

nanoparticles, via the thermal decomposition of a metal precursor, which was aged at 300 

°C in the presence of trioctylphosphine.  A digestive ripening type mechanism was proposed, 

based upon the TEM images recorded for variation of the ripening time. Ripening time is the 

term given to the period in which the reduced metal is held at a fixed high temperature. This 

allows for particles to grow or ripening to occur. In their work, particle size distributions 

shortly after the initial metal reduction (nucleation) were polydisperse with small irregular 
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shaped nanoparticles, while longer ripening times gave rise to smaller particles, with regular 

spherical shape and improved monodispersity. Zhang et al. summarised this effect,154 and 

described digestive ripening as nanoparticles:  

“Prepared by a SMAD (solvated metal atom dispersion) method or the chemical reduction of 

metal ions. The size distribution of these nanoparticles is then narrowed by refluxing the 

nanoparticles with a large excess of digestive agents in an argon-blanketed solvent for an 

extended period of time.”  

1.5.3. Introduction to the synthesis of small, stable, and size controlled copper 

nanoparticles 
As described in Chapter 4 the use of copper nanoparticles as a model catalyst is one major 

focus of this thesis. Over the years there has been a drive for the synthesis of small, high 

surface area, nanoparticles with a high degree of size uniformity or monodispersity. This has 

been achieved for a number of different metals, such as silver, gold and platinum.155–157 

Copper is a metal of interest due to its low cost and high catalytic activity.158–161 The synthesis 

of metallic copper nanoparticles has been less commonly carried out, due to the ease of 

oxidation of copper, into the copper(I) or copper(II) oxidation states. The formation of copper 

oxide nanoparticles is more common, but these are difficult to reduce to the metallic 

oxidation state without sintering and agglomeration (in part due to a large volume 

change).162–164 Instead, the focus of this work is to produce metallic copper nanoparticles. A 

surface layer of oxide may be present in such systems, usually as a result of post synthesis 

handling, but is more easily reduced than a nanoparticle where all the material is copper 

oxide and a large structural or volume change is required. A schematic depicting the size 

dependency of copper nanoparticles upon oxidation state is given in Figure 1.9. 

 

Figure 1.9. 2D representation showing the change in diameter of spherical copper particles as a result of volume 

change on oxidation – the same quantity of copper being present in each case. Literature densities of 8.51 g cm-3, 

6.31 g cm-3, and 6.00 g cm-3 (values from CRC Handbook of Chemistry and Physics) for copper (Cu), copper(I)oxide 

(Cu2O), and copper(II)oxide (CuO) along with their Mw values imply a volume ratio of 1 : 1.19 : 1.21.165 

Metallic nanoparticle synthesis by metal salt reduction, as described in the Chapter 2, goes 

via the reduction of the metal to the zero valent oxidation state.104,105 Unlike many 

nanoparticle systems in which the metal is not so readily oxidised, copper undergoes 
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oxidation very readily. In some cases this oxidation can create a problem by occurring after 

reduction of the metal salt but before the formation of nanoparticles as shown in Figure 1.10. 

This prevents nanoparticle formation because the oxidised species produced are generally 

stable in molecular form. This is highly detrimental to the formation of nanoparticles in 

considerable yields. 

Conversely a similar process that might occur, but does not affect nanoparticle yield, is the 

oxidation of as-formed nanoparticles to give a copper oxide shell. Since this happens on the 

surface of the formed nanoparticles after their synthesis, it does not prevent their formation 

and if the solid copper oxide is stable to dissolution will not lead to decomposition. Stable 

copper nanoparticles with a visible oxide shell are reported in a number of literature 

examples.166–168 Although few examples of copper nanoparticles with very small or very well 

controlled particle size have been seen. These processes are summarised in Figure 1.10. 

 

Figure 1.10. Diagram to show how ease of oxidation of copper metal can lead to either metal re-oxidation, 

metal nanoparticle decomposition, where no stable particles are formed, or to the formation of stable oxidised 

nanoparticles. 

1.5.3.1. Methods for the creation of small, stable, and size controlled copper nanoparticles 

Methods from the current literature for synthesis of small (sub 10 nm) as well as 

monodisperse copper nanoparticles will be discussed within the sections to follow (Sections 

1.5.3.2.1 to 1.5.3.2.6). With the goal of creating bimetallic silver/copper nanoparticles 
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(Chapter 4) certain constraints were put upon the synthesis conditions selected within this 

project. The motivations for producing copper bimetallics are explored in Chapter 4 and 

include the low cost and promising catalytic properties of such materials. In the synthesis of 

bimetallic nanoparticles both metals can either be added simultaneously, giving the potential 

for reaction and nucleation of both metals at the same time, or consecutively allowing one 

to nucleate first.169–172 Since neither case allows for any post-synthetic size modification it 

can be argued that synthesis outcomes should be more successful, in terms of obtaining size 

controlled nanoparticles, if both monometallic equivalents lead to a high degree of size 

control independently (under the selected conditions). Additionally, for application in 

catalysis and spectroscopy, certain capping agents were thought to be undesirable and so 

the use of syntheses involving especially polymer capping agents was avoided, since they can 

inhibit catalysis or contain impurities that fluoresce (as seen in Chapter 3, Section 

3.3).129,173,174 In the case of silver/copper bimetallic particles, the copper was found to be 

more difficult to produce in small and monodisperse nanoparticle form. The production of 

uniform copper nanoparticles was therefore a key stage in our work. 

1.5.3.2. Variation of synthetic parameters for furthering understanding of small copper 

nanoparticle synthesis 

In order to investigate copper nanoparticle synthesis, in terms of parameters influencing the 

formation of small stable nanoparticles, the systematic variation of the synthesis conditions 

was investigated (Chapter 4). A survey of the current state of the art in the literature in this 

field, detailing the impact upon the particles produced and its relevance to our desired 

applications, is given in the sections below (Sections 1.5.3.2.1 to 1.5.3.2.4), along with a 

section (Section 1.5.3.2.5) detailing proposed reaction mechanisms gained through variation 

of two such parameters (reduction conditions, and temperature). Finally microwave and 

other alternate synthesis routes are discussed within Section 1.5.3.2.6. 

1.5.3.2.1. The effect of variation of the reaction temperature upon copper nanoparticle 

synthesis 

The nucleation and growth stages in nanoparticle synthesis are crucial in determining the 

properties of the particles obtained (Section 1.5.2). Theories such as classical nucleation 

theory, Ostwald ripening, and digestive ripening, are key in understanding such behaviour, 

yet the mechanism operating in any particular case is difficult to elucidate. Temperature 

variations within nanoparticle synthesis have a significant impact upon particle nucleation 

and growth, and upon the outcomes expected when each of the mechanisms above are 

operational. This might be the enhanced solubility of particles in hotter solutions, or the 
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impact upon kinetics of different stages of reaction. Examples of the exploration of reaction 

temperature as part of the synthesis of small copper nanoparticles are given within this 

section. 

Mott et al. explored nanoparticle synthesis via reduction of a metal salt 

(copper(II)aceteylacetonate) at different reaction temperatures.175 Variation of the ripening 

temperature allowed for the manipulation of the size and shape of the resulting 

nanoparticles. Two distinct temperature ranges were seen. With temperatures in the range 

of 150 to 190 °C giving a domain in which particle size could be varied for broadly spherical 

particles as given in Figure 1.11, whereas 190 to 210 °C gave a domain in which shaped 

particles dominated. 

TEM for particles within the lower regime (150 to 190 °C) showed particles with a shape 

composed of coalesced spherical particles. This gave a variety of final shapes depending upon 

the number of particles coalesced, and so also resulted in variation in the particle size. 

Particles synthesised at 190 °C displayed a more spherical appearance as well as a higher 

degree of particle size dispersity.  A roughly linear relation between particle size and the 

reaction temperature was reported, with particle size increasing as a function of reaction 

temperature (Figure 1.11).  Some discrepancy was seen at higher temperatures, where the 

dispersion in the particle size was also seen to increase. The increase in particle size with 

reaction temperature was supported by TEM. The change in particle appearance seen from 

TEM imaging at temperatures above 190 °C suggested a change in the reaction mechanism 

had taken place. At these higher temperatures shape formation dominated. Particle size 

dispersity was larger in the shape dominated regime, this was in-line with the mechanism 

proposed in this domain as discussed in Section 1.5.3.2.5.2.  

In summary for Mott et al. exploration of reaction temperature allowed for variation of the 

resulting particle size and shape. However, further optimisation of the synthesis would be 

required to reduce the degree of size dispersity in the particle sizes obtained.  
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Figure 1.11. Reprinted with permission from (Mott, D., Galkowski, J., Wang, L., Luo, J. & Zhong, C. J. Synthesis of 

Size-Controlled and Shaped Copper Nanoparticles. Langmuir 23, 5740–5745 (2007)). Copyright (2007) American 

Chemical Society. 

Although not their primary focus, Effenberger et al. briefly investigated the reaction 

temperature at which particle synthesis was conducted, or at least the metal salt 

copper(II)acetate was reduced by varying the reaction temperature in increments of 10 °C.176 

The colour of the nanoparticle solution and UV-vis spectroscopy confirmed that stable 

nanoparticles were not formed for reaction temperatures below 200 °C.  They subsequently 

selected standardised preparation conditions using a temperature of 260 °C believing the 

reduction of the metal would be expected to take place efficiently at this temperature.  

1.5.3.2.2. The effect of variation of the capping agent upon copper nanoparticle synthesis 

The nature and concentration of the capping agent used in nanoparticle synthesis is known 

to be key to both the reproducibility and control over the properties of the particles 

produced.177–180 In the case of easily oxidised copper metal, the stabilising effect of the 

capping agent might be considered even more crucial. Examples of the effect of varying the 

capping agent relevant to the synthesis of small copper nanoparticles are given below.  

One key example is Effenberger et al. who investigated a number of mechanistic 

factors in the synthesis of copper nanoparticles, in particular the choice of capping agent 

used.176 The synthesis they discussed was broadly similar to that used in this thesis (Chapter 

4), based on a similar general reduction method and including in their screen the type of 

capping agents used here (oleylamine and oleic acid). Overall, however, they did not aim to 

produce small, monodisperse particles and wide particle size distributions were obtained. 
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Effenberger et al. synthesised copper nanoparticles by high temperature reduction of 

copper(II)acetate in a refluxing solution of diphenyl ether (approximately 260 °C) in the 

presence of a 1,2-octanediol reducing agent, and a capping agent.176 The impact of changing 

and removing the capping agent was explored. The capping agents explored were 1,2-

octanediol, oleic acid, and oleylamine.  

For samples containing equimolar concentrations of oleic acid, and oleylamine, XRD showed 

the successful formation of copper(0), both in oxygen free conditions or after exposure to air 

for 24 hours.  TEM imaging for particles synthesised in the presence of both capping agents 

and reducing agent, under the standardised conditions given above, gave large and 

polydisperse particles (approximately 30 to 200 nm). This might suggest further optimisation 

of the standardised preparation was required. For particles capped with only oleic acid, TEM 

showed a high degree of polydispersity (particle diameters range from a few to over 200 nm). 

Nanoparticles synthesised with only oleylamine capping agent displayed a high degree of 

agglomeration. Finally, for nanoparticles synthesised with both capping agents, in the 

absence of reducing agent, polydisperse hexagonal particles were seen.  

It would therefore appear that some complementary effect was present for nanoparticle 

synthesised from the equimolar mixing of the two capping agents. This effect was not seen 

when either capping agent was used alone. The literature presents many examples of the 

use of these two capping agents together,103,181–183 and there have been studies exploring 

the surface structure and stability of these dual capped nanoparticles.184,185 Despite these 

various attempts, a succinct and unified understanding as to the origins of this effect does 

not currently exist. It has additionally been reported that changing the ratio of the two 

capping agents can result in controlled variation of particle sizes, which might  be attributed 

to the reducing effect of oleylamine.186 

Addition of 1,2-octanediol reducing agent did not significantly alter the particle size. Instead, 

the particle shape alone appeared to change. This may be indicative of 1,2-octanediol also 

acting as a capping or structure directing agent. As it has been suggested that capping agents 

can influence shape formation, with differing capping agents favouring growth on certain 

crystal facet this might explain the formation of hexagonal particles upon removal of 1,2-

octanediol.175,187 

As to the relative capping agent efficiency of oleylamine versus oleic acid for preventing 

particle agglomeration, this study may point to a slight enhancement for oleic acid which 

prevented agglomeration, but didn’t control particle size effectively. However, given the 



34 
 

limited development of the standardised preparation used in this work along with the 

severity of polydispersity and agglomeration present throughout the samples, further 

studies would be required to confirm or further understand this observation. 

Xiong et al. made very small copper nanoparticles with an average size below 2 

nm.188 The role was investigated for one species (L-ascorbic acid) capable of providing both 

reduction of the metal precursor, as well as acting as a capping agent for the nanoparticles 

formed. UV-vis spectroscopy and TEM imaging were used to investigate the impact of varying 

the concentration of the reducing and capping agent, L-ascorbic acid. All UV-vis spectra 

displayed a strong band centred around 330 nm assigned to oxidised L-ascorbic acid. This 

might be linked to reduction of the copper salt.  A second peak centred around 570 nm was 

seen, and attributed to absorbance from the copper nanoparticles. As the capping and 

reducing agent concentration was increased the second peak broadened and the wavelength 

of the peak increased. This might suggest that larger particles were formed by increasing the 

concentration of L-ascorbic acid. Larger quantities of L-ascorbic acid might be thought to 

provide faster reduction, resulting in a faster particle nucleation. This then provides more 

time for particle growth to occur, leading to larger particle sizes. TEM imaging showed small, 

spherical and monodisperse particles of sizes below 2 nm. Within errors no significant change 

in particle size was seen as the concentration of L-ascorbic acid was varied. Hence no clear 

indication of the impact, of varying the concentration of the joint capping and reducing 

agent, was seen. 

The stability of the system was particularly important, as it allows some assessment of the 

capping ability of the L-ascorbic acid. The physical appearance of the particle solution was 

used to access stability. No sedimentation was seen for particles stored for up to 2 months 

(particle agglomeration could lead to sedimentation).  Precipitate was seen after initial 

nanoparticle formation, the precipitate was water soluble upon sonication. The precipitate 

may be due to the formation of larger heavier particles. It was unclear whether such large 

material was included in TEM imaging conducted. The capping functionality of the molecule 

also appeared to be key, and seemed to be interlinked with the water solvent system. It was 

therefore unclear if L-ascorbic acid would provide as strong a reducing and capping effect in 

other solvent systems. 

Another example of relevance showed control particle size from 3.6 ± 0.8 nm to 10.7 

± 0.7 nm, by varying the molar ratio of copper precursor; capping agent (between 0.08 and 

0.6).189 Particle size was seen to increase as a function of increasing capping agent 
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concentration. This is in contrast to the established idea that larger capping agent 

concentrations are required to allow formation of very small nanoparticles, due to their 

inherently larger surface areas meaning that a greater degree of stabilisation is required. The 

authors did not provide any argument as to the nature of this unexpected result. However, 

trioctylamine is present within the preparation, a species which is capable as acting as a 

capping agent. It is therefore possible that when the oleic acid concentration is lowered 

significantly trioctlyamine becomes the dominant capping agent. Given that the amine would 

be expected to give differing binding behaviour greater stabilisation may be provided 

resulting in the smaller particle size.  

1.5.3.2.3. Redox effects: The effect of variation of the reducing agent upon copper 

nanoparticle synthesis, focusing upon the reduction of copper metal and the stability of 

synthesised nanoparticles to oxidation 

Thermal reductions are commonly used in nanoparticle synthesis, and often rely upon the 

use of elevated reaction temperatures, to achieve reduction of the metal salt (to the metal 

oxidation state).107,108,110 In such cases the solvent may act as the reducing agent, for instance 

conventional polyol synthesis, where the alcohol functional groups of the solvent act as a 

weak reducing agent.129 Reducing, and coordinating capping agents such as oleylamine, 

which have a weak reducing effect, can also be used.186 However, reduction by these weak 

reducing agents is often slow, and so can lead to polydispersity in the particles created. 

Hence addition of stronger reducing agents can be used to quickly facilitate reduction of the 

metal salt. This leads to fast reduction and subsequent burst nucleation (i.e. all nucleation 

events take place together), which often results in a more monodisperse particle 

distribution, as well as access to smaller particle sizes.190 The effect of varying the 

concentration and nature of the reducing agent was explored for examples of relevance to 

the copper nanoparticle synthesis within this work. The efficient reduction of the copper 

metal, and the stability of the synthesized nanoparticle, with respect to decomposition are 

identified as key factors and explored within this section. 

Xiong et al. utilised a simple methodology at 80 °C with the reduction of 

copper(II)chloride dihydrate in water using L-ascorbic acid as both the capping and reducing 

agent.188 Water was used as a supposedly green solvent, however the synthesis of stable 

copper nanoparticles in the presence of water would arguably be expected to be challenging 

due to the ease of oxidation in such a system, especially as there is no indication the water 

was degassed before use. Therefore, very strong metal reduction and subsequent 

stabilisation via the capping agent species would be required. As discussed above, L-ascorbic 
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acid was used as both the reducing agent and the capping agent, and within error no 

significant change in particle size was seen as the concentration of L-asborbic acid was varied. 

In this particular case there was therefore no clear indication of the impact of varying the 

concentration of the reducing agent, although the reaction rates of processes in this example 

may be complicated by the dual role of ascorbic acid as both capping and reducing agent. 

A mechanism for the reduction by L-ascorbic acid was put forward in which it is oxidised to 

a dehydrated form. The reduction potential for the reduction of the dehydrated form to 

ascorbic acid is +0.060 V versus SCE. The reduction potential for copper(II) to copper(0) is 

0.340 V versus SCE, both are two electron processes and so the overall standard potential is 

+0.280 V, confirming its capacity to act as a reducing agent in this reaction.  Whether the role 

of L-ascorbic acid is dependent upon the water solvent system was unclear, and 

unfortunately being very hydrophobic, it is difficult to draw comparisons with the long chain 

amine and acid systems above and in the present work.  

Yin et al. also reported an assessment of the stability of small monodisperse copper 

particles with an oxide shell.189 After washing particles under inert gas, the washed particles 

dispersed in hexane were simply exposed to air and the solutions colour changed from 

burgundy to green. No additional oxidative treatment took place. Given the aim of the 

authors to make particles with a copper oxide shell, it was important to establish that 

oxidation occurred only at the metal surface. Reduction of the metal salt to the zero-valent 

copper nanoparticles, should have occurred during the preparation (conducted in inert 

conditions to exclude air or other oxidative media). As indicated in Figure 1.10, re-oxidation 

during nanoparticle synthesis before particles are formed can inhibit their formation or result 

in dissolution of the oxidised copper. The subsequent oxidation of the surface to give a 

copper(0) nanoparticle core to form a copper(I)oxide and/or copper(II)oxide shell should 

therefore occur only after the nanoparticle synthesis. To confirm such a process had taken 

place a number of characterisation techniques were employed. Firstly XRD showed the 

evolution of the cuprite (copper(I)oxide) type structure, for material exposed to air post 

synthesis. For freshly synthesised material phases seen were associated with copper metal, 

and only small amounts of the copper oxide (110) phase were seen. The intensity of the oxide 

phases were seen to grow with air exposure as expected. The phases associated with the 

copper metal core (Cu(110), Cu(200), Cu(220)) were still detected, and only small changes in 

the intensity of these peaks were seen. TEM imaging also gave evidence of oxide shell 

formation, with particles showing a dark core and a paler coloured shell. This was attributed 

to the copper nanoparticles and oxide shell respectively. Lattice plane distances, and the 
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presence of twinning, in HREM imaging, also gave an indication of an fcc copper(I)oxide 

structure. Both UV-vis spectroscopy and XPS, which is inherently surface sensitive, gave 

further evidence of a copper oxide surface structure. XPS gave an approximation of the 

thickness of the copper oxide surface layer as 0.5 nm. The analysis undertaken allowed some 

level of confidence that the material produced was composed of copper nanoparticles, with 

oxidised material present only at the surface. Such oxidation was likely to have taken place 

after the completion of the nanoparticle synthesis. There was therefore sufficient evidence 

of a copper nanoparticle core and oxidation at the surface only. 

The work described previously (Section 1.5.3.2.1) by Mott et al. also included an 

assessment of oxidative stability.175 To assess the particle stability of the as synthesised 

copper nanoparticles the solutions were left open to air for several weeks. No change in 

colouration was observed (although it is not clear if this experiment was performed on much 

larger nanoparticles where the surface/bulk ratio is much lower). Oxidation of the metal ions 

to either the copper(I) or copper(II) oxidation state could either result in an oxide layer 

growing or result in decomposition of the nanoparticle by dissolution of metal ions. Either 

would have given rise to a colour change to a green or blue nanoparticle solution, and a shift 

in the UV-vis and neither was observed, although it should be noted that the dark colours of 

nanoparticle solutions can disguise lower concentrations of the soluble oxidised copper ions. 

Nanoparticle oxidation was also investigated for the case of the Cu8 cluster prepared 

by Wei et al..191 XP spectra showed two bands, assigned to the 2p3/2 and 2p1/2 of copper(0). 

The authors noted the absence of copper(II) groups, but also the close proximity 

(approximately 0.1 eV) of copper(0) to copper(I) bands. The authors therefore suggested the 

likelihood of charge transfer to the capping agent, facilitating an oxidation state between 0 

and 1.  XP spectra appeared to be indicative of metal reduction having occurred. The strong 

binding of the thiolate capping agent, would be expected to provide sufficient stabilisation, 

against oxidation and subsequent decomposition and the small size of these clusters renders 

them somewhat more molecular in nature than the larger nanoparticles mainly under 

consideration. 

Effenberger et al. used XRD to confirm the formation of crystalline phases associated 

with copper(0) for the case of their standard preparation,176 which used equimolar 

concentrations of oleylamine and oleic acid. This was seen for a sample maintained in oxygen 

free conditions, as well as for that exposed to air for 24 hours. This indicated at least short 

term stability of the zero-valent metal nanoparticle, since XRD is only sensitive to crystalline 
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components of a sufficient size to be seen by diffraction, this does not exclude the possibility 

of a thin or amorphous oxide layer growing over the surface of the particle.    

Crystal phases associated with copper(0) were detected by XRD for all particles synthesised 

in the presence of a capping agent. This included material synthesised in the absence of a 

reducing agent, indicating full reduction to zero valent oxidation state could be achieved by 

thermal reduction alone, where one of the capping agents must play the role of reducing 

agent. In the absence of capping agent, two phases were seen of which 5% was attributed to 

copper(0) and 95% to copper(II)oxide. For particles in oxygen free conditions only copper(0) 

phases were seen by XRD, suggesting that nanoparticles were formed, but were oxidised in 

air as shown in Figure 1.10.  

1.5.3.2.4. The effect of variation of the reaction time upon copper nanoparticle synthesis 

Ripening time is the term given for the period in which the reduced metal is held at high 

temperature (sometimes referred to as aging) for particles to grow or ripening to occur. 

Variation of the ripening time can allow insights into the reaction mechanism. For example 

variation from short to longer ripening times may allow elucidation of whether the particle 

growth follows an Ostwald or digestive ripening type mechanism (Section 1.5.2).  No 

examples of ripening time variation in systems of direct relevance to the synthetic approach 

employed within this report were found.  

1.5.3.2.5. Mechanistic studies 

Examples of particular interest to increasing mechanistic understanding of the synthesis of 

small copper nanoparticles are detailed within this section. 

1.5.3.2.5.1. Reduction mechanisms 

The mechanism of reduction, or more specifically the oxidation of the reducing agent, 

proposed by Xiong et al. is given in Figure 1.12.188 The transformation of L-ascorbic acid 

through to dehydroascorbic acid via the loss of 2H+ was expected to facilitate the reduction 

of copper(II) to copper(0) (both are two electron processes). 
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Figure 1.12. Reaction scheme adapted from that proposed by Xiong et al.,188 for the reduction of copper(II) to 

copper(0), by L-ascorbic acid. 

For assessment of the capping ability of the L-ascorbic acid, two possible contributing factors 

were put forward. Firstly, it was suggested that interaction between the lone pairs of the 

electronegative oxygen groups of the ascorbic acid and the copper ions sp orbitals took place 

before reduction existed. It was suggested that this interaction facilitated subsequent 

capping, by locating the resultant copper atoms in close proximity.  The second contribution 

identified was that the dehydroascorbic acid oxidation product rapidly undergoes hydrolysis 

to form a polyhydroxyl species which likely serves as an effective capping matrix for the 

nanoparticles formed. FTIR analysis agreed with this type of hydrolysed structure being 

present on the surface of the nanoparticles.  

1.5.3.2.5.2. Mechanistic interpretation of temperature effects on particle size and shape 

Mott et al. considered the mechanisms giving rise to the size (lower temperatures) and shape 

(higher temperature) dominated regions they had reported.175 Firstly the change in particle 

appearance across the size dominated regime was examined, and it was noted that larger 

particles contained possible evidence for their origin being a number of smaller particles that 

had coalesced. It was proposed that higher reaction temperatures promoted the desorption 

of the capping agent. This may have led to the formation of the larger and more spherical 

particles seen for the 190 °C ripening temperature, since the desorption of capping agent 

would allow access of other particles or of metal atoms to the surface. They argue that 
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capping agent desorption is a requirement for particle growth.89,192  If such effects are not 

uniform throughout the sample or because the aggregation of different numbers of particles 

may result in different sizes then this might also explain the large degree of size dispersity 

seen at 190 °C, although beyond noting the much greater dispersity is observed this is not 

discussed by the authors. 

The authors went on to introduce the idea of surface melting of the copper nanoparticle, 

and linked it as being significant to this proposed mechanism. They suggest, based on 

depression in the bulk melting point of nanoparticles on going to smaller sizes, that surface 

melting of the copper should also occur more readily for smaller particles, which aids 

coalescence. It was the authors’ view that in their preparation surface melting of smaller 

copper particles also contributed to the particle coalescence observed, although specific 

evidence for this is not provided and other than by analogy to the melting point of whole 

nanoparticle it was not clear whether surface melting would occur for particles of this size 

under the preparation conditions used.  

For nanoparticles synthesised in the temperature range in which shaped particles 

dominated, the authors noted the absence of coalescence in the TEM imaging. This indicated 

a differing mechanism, to that seen in the lower temperature (150-190 °C) domain. The 

similarity in the shape formation exhibited to that in the work of Pileni et al. was noted.193 

They proposed that shaped precursors formed, and that preferential adsorption of the 

capping agents occurred on the nanocrystal facets. Given that two capping agents were used 

in the preparation, it was plausible that differing crystal facets were favoured by the two 

capping agents. The authors proposed that the differing shapes seen were attributed to 

differing seed precursors. Preferential adsorption of the two capping agents to these varying 

seeds lead to a variety of different shaped nanoparticles. The particle appearance fitted with 

a mechanism based upon inter-particle coalescence and capping agent removal. 

1.5.3.2.6. Microwave synthesis and other alternatives 

Small copper nanoparticles have been synthesised using microwave synthesis. Kawasaki et 

al.,194 is one such example.195–197 This synthesis claimed to offer the advantage of 

nanoparticle synthesis without the use of an organic capping agent. Capping agents can be 

detrimental to certain applications, and difficulty of removal can also be an issue. So 

synthesis in the absence of capping agent is seen by some as being highly advantageous. 

However, stabilising the recently reduced nanoparticles, and maintaining the zero-valent 

oxidation state, as well as preventing particle aggregation can be a significant challenge in 
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the absence of a capping agent. In this case 2.3 ± 0.25 nm particles were synthesized in 

ethylene glycol, and TEM imaging showed the monodispersity of the particles, although 

some evidence of particle aggregation was seen. However, the authors note the stability of 

the particles is likely due to the formation of polyethylene glycol by ethoxylation of the 

ethylene glycol during the microwave reaction, so in practice it is likely the particles are 

polymer capped or polymer embedded and so probably not suited to applications in 

catalysis. In addition, microwave-based synthesis is not readily scalable, requires specialist 

equipment, and can suffer from difficulties in terms of reproducibly. Hence despite the 

excellent size and polydispersity of the nanoparticles synthesised by Kawasaki et al.,194 we 

do not believe microwave synthesis to be suitable for the copper nanoparticle applications 

intended in this work. 

Similarly other techniques such as micro-emulsion and electrochemical methods have 

produced promising small copper nanoparticles with the desired properties such as stability 

and monodispersity.198,199 However, such techniques are unlikely to be compatible with 

catalytic applications, and can be difficult to generate sufficient quantities of sample even 

for small scale testing.  

1.5.3.3. Summary of the overview of the state of the art 

To summarise, a number of differing methods for the synthesis of small stable copper 

nanoparticles have been explored. Mechanistic interpretation as well as evaluation of 

changing experimental parameters such as capping agent, or ripening temperature has been 

discussed. This has informed the starting point of the presently reported synthesis (drawing 

especially on work by Mott et al.).175 

Despite the obvious advances in the field, significant scope for furthering the understanding 

of the targeted synthesis of small stable copper nanoparticles still exists and is urgently 

needed for the proposed application of such materials in catalysis and spectroscopic studies 

of catalysts. This is the starting point and aim of the work conducted within this chapter. 

1.6. Catalytic systems and metals of interest to this study 

As detailed in Sections 1.1 to 1.5 it was the aim of this work to synthesise nanoparticles for 

use as model heterogeneous catalytic systems. TIR Raman would then allow for in situ 

surface sensitive characterisation of these catalytic systems. This aimed to elucidate greater 

mechanistic understanding for heterogeneous catalysis. Therefore, the careful selection of 

heterogeneous catalytic systems was required. Ethylene epoxidation was chosen as it 

represented a system in which a number of fundamental mechanistic questions remained, 
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particularly as to the nature of species at the catalyst surface, which TIR Raman is potentially 

ideally suited to answer. The system also included scope for the improvement of the model 

catalysts used, for example many studies have relied on traditional incipient wetness 

catalysts from metal nitrates where particle size and composition may be poorly controlled. 

Studies attempting to understand the interaction of copper and silver in bimetallic catalysts 

have relied on an inhomogeneous commercial (Sigma Aldrich) silver-copper powder.200 The 

synthetic goals of this thesis in producing small copper and copper bimetallic structures took 

this system as an inspiration.  

Furthermore, it was important to demonstrate that some of the nanoparticle systems made 

could be used directly in catalysis. The resulting catalysts were carefully tuned to display 

properties such as unusual and high activities or selectivities (one key example being that of 

furfural hydrogenation). The state of the art within these areas is discussed in the sections 

that follow (Section 1.6.1 onwards). 

1.6.1. Ethylene epoxidation, catalysts and mechanisms 

Epoxidation is the process in which partial oxidation of an alkene to an epoxide takes place. 

A scheme for the epoxidation of ethylene to ethylene oxide is shown in Figure 1.13. This 

example represents the simplest case, and one in which no allylic hydrogens are present. 

Ethylene oxide has a wide range of potential applications, producing an annual turnover of 

$18 billion.201 For example one application of ethylene oxide is as an intermediate in the 

creation of ethylene glycol. There is a high demand for ethylene glycol due to its use as a 

component in antifreeze, polyester, surfactants and detergents.202–204 Industrially the 

epoxidation of ethylene to ethylene oxide is typically performed using a silver catalyst on an 

α-alumina support; the process taking place in the presence of an oxygen gas feed. It is 

estimated that a 1% increase in selectivity in ethylene epoxidation would generate around 

$180 million annually.201  

 

Figure 1.13. Diagram to show epoxidation of ethylene and a higher olefin (but-1-ene). The latter shows the 

unselective preferential combustion pathway (preferential combustion of the allylic hydrogens). 
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As shown in Figure 1.13, the reaction becomes more complex in the presence of allylic 

hydrogens, where two different selectivity pathways are possible. In this case, allylic 

hydrogens can lead to aldehyde formation and so to preferential combustion. Preferential 

combustion gives the formation of water and carbon dioxide (which is thermodynamically 

preferred). This means the corresponding epoxide is not formed, or formed with significantly 

lower selectivity. Therefore a key requirement of the catalyst is selectivity to produce the 

epoxide product. Key parameters to increasing such selectivity include understanding the 

reaction mechanism as well as the role of promoters used (typically chlorine and caesium). 

1.6.1.1. Ethylene epoxidation mechanisms 

Initially it was hypothesised that a special kind of adsorbed oxygen might be present. This 

came from the work of Kilty et al.,205 who were one of the first to try to attempt to predict 

the mechanism for ethylene epoxidation. They hypothesised that there were two types of 

oxygen present, atomic oxygen (O) and charged molecular oxygen (O2
-). They believed that 

the molecular oxygen was chemisorbed onto the surface of the silver catalysts. They believed 

this to be responsible for the selective epoxide forming route, while the atomic oxygen gave 

rise to the unselective preferential combustion route. Under these conditions the authors 

concluded that the maximum achievable selectivity would be 86%.  

However, a decade later groups began to achieve selectivities above 86%. Furthermore Grant 

and Lambert used temperature programmed desorption (TPD) to remove the molecular 

oxygen from a silver(111) surface.206 This experiment showed no influence upon the 

production of ethylene oxide. The reaction had to be occurring via the atomically absorbed 

oxygen. They believed that two types of adsorbed oxygen were present. One form was low 

valence charged and electrophilic, and gave rise to the selective route. The other form was 

electronegative, with a high valency and also charged. They believed the second form of 

oxygen abstracted hydrogen (due to its electronegativity) and so gave rise to the preferential 

combustion. 

However, in 2002 Linic and Barteau postulated a very different mechanism.207  They believed 

that the nature of the absorbed oxygen on the silver surface, was not the factor determining 

the selectivity. Instead, based upon DFT calculations, they argued an intermediate 

oxametallacycle existed. From this intermediate two routes were possible. These two routes 

were predicted to be similar in energy, and gave rise to the selective and unselective 

products. The scheme for these two routes is shown below in Figure 1.14. It is noted that at 

the time there was debate as to whether the OME (oxametallacycle bound to one silver with 
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a 4 membered ring) or OMME (oxametallacycle bound to two silver with a 5 membered ring) 

existed, hence both are shown in the scheme.  

 

Figure 1.14. Reaction Scheme for  reaction mechanism for ethylene epoxidation as proposed by Linic and Barteau 

in 2002.207  OME and OMME represent the two differing oxametallacycles predicted. 

As mentioned previously, an increase in selectivity, to the epoxide, was seen in the presence 

of chlorine and caesium promoters. Linic and Barteau used the proposed mechanism to 

explain this enhanced selectivity.207 They believed that chlorine acted through the surface to 

stabilise the selective intermediate. They proposed that caesium acted through space in 

much the same way. 

However, experimental work by Waugh and Hauge (2005) contradicted these findings.208,209 

Firstly, they found that the ethylene oxide selectivity was a function of the silver-oxygen 

bond strength (for a silver catalyst). A weaker silver-oxygen bond was seen to be more 

selective. Their explanation of the chlorine and caesium promoter effect, was that chlorine 

promoted the weakening of this silver-oxygen bond. This then led to increased ethylene 

oxide selectivity. They proposed that caesium occupied the sites in which the strongest 

silver-oxygen bonds were formed, this prevented them from forming and aided selectivity. 

The work of Waugh and Hauge in 2010 furthered these observations by proposing an 

alternate epoxidation mechanism.210 This mechanism suggested that an oxametallacycle was 

not formed. Instead they believed a different common intermediate was created. This 

intermediate is shown in the reaction scheme which is given in Figure 1.15. It was suggested 

that upon intermediate formation two pathways were available. The bond could either 

undergo silver-oxygen breaking to give the desired epoxide product, or hydrogen abstraction 

could occur to give preferential combustion. A weak silver-oxygen bond favoured the prior, 

and a strong bond the latter. The selectivity enhancement of the promoting species was 
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rationalised in that chlorine weakened the silver-oxygen bond and so increased the epoxide 

selectivity. Caesium was held on the stepped silver surface, and so prevented strong silver-

oxygen bonds from forming. This was in agreement with the group’s previous theory. 

  

Figure 1.15. Reaction scheme for reaction mechanism for ethylene epoxidation as proposed by Waugh and Hague 

2010.210 Scheme details one common intermediate, and two paths to selective and unselective routes to ethylene 

epoxidation. 

It should be noted that not all of the literature is in agreement with this explanation. For 

example the review by Bukhtiyarov and Knop-Gericke,211 published in 2011, postulated a 

largely similar mechanism, but with some details differing. The mechanism given for ethylene 

epoxidation over a silver catalyst followed the scheme given in Figure 1.16. Their mechanistic 

understanding was underpinned by the belief that two types of oxygen were present. These 

were electrophilic and nucleophilic oxygen, in agreement with much older mechanistic 

theories. As can be seen in Figure 1.16, they believed that the electrophilic oxygen was 
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required to form the cyclic ethylene oxide. Furthermore they stated that the nucleophilic 

oxygen led to preferential combustion. They also proposed that under reaction conditions 

further oxygen species could be formed, and it was these which lead to acetaldehyde 

formation. This then gave preferential combustion.  This mechanism was proposed for an 

unsupported silver catalyst. For a supported silver catalyst, for example on alumina as is 

typical for this reaction, the authors believed the mechanism would be altered. The proposed 

mechanism changed only by the electrophilic oxygen delivery method, which was via the 

defect phases on the silver. The authors also drew attention to the ability of the support to 

prevent sintering. 

The explanation of the chlorine promoter effect was again based upon its electronegativity 

(in accordance with Waugh and Hague).210 However, unlike Waugh and Hague, Bukhtiyarov 

and Knop-Gericke felt that the electronegativity seen instead led to an increase in the heat 

of ethylene absorption, and so in turn to an increase in the amount of ethylene absorbed 

onto the silver catalyst. This theory was based upon both TPD data and the literature at that 

time.212,213 

 

Figure 1.16. Proposed reaction mechanism for ethylene epoxidation on a silver catalyst. Adapted from Bukhtiyarov 

and Knop-Gericke.211 

1.6.1.1.1. Summary of mechanisms for ethylene epoxidation 

It can be seen that there is still much debate as to the reaction mechanism for ethylene 

epoxidation and as to the role of the promoter species. This question is of importance due 

to the industrial significance of ethylene oxide and ethylene glycol. Ethylene epoxidation, is 

therefore, a system of considerable interest and one that we would like to study with TIR 

Raman. The capabilities of TIR Raman (see Section 1.4) make it ideally suited to answering 

such questions of surface reactivity, and intermediate detection. 

1.6.1.2. Ethylene epoxidation catalysts: traditional and alloy type catalysts, for ethylene 

epoxidation 

Typical ethylene epoxidation catalysts comprise of silver supported on α-alumina.214–217 

However, as mechanistic knowledge increased so did the optimisation of catalyst 

formulations. One successful technique which has been used, at lab scale, is to employ an 

silver-copper bimetallic alloy catalyst. In 2004 Linic et al..218 varied the catalyst composition 
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in order to try to improve its selectivity. The work was underpinned and relied upon the 

proposed oxametallacycle mechanism, along with earlier studies of the transition state 

energies,219 kinetic isotope effects,220 and microkinetics.221 DFT computational modelling, 

was combined with combinational screening in order to calculate the binding energy, and 

geometry for a series of the silver-metal alloys. Only small amounts of the alloy metal were 

added. This was with the intention that under such conditions, the surface chemistry and 

reaction mechanism would not change. The catalysts screened by DFT were then classified, 

as either good or bad. Catalysts were good if the barrier to acetaldehyde, from which it is 

postulated that preferential combustion occurs, was higher than that to ethylene oxide. The 

best catalysts were then synthesised and supported to allow for catalytic testing. From this 

approach a silver/copper blend catalyst was created, which the authors supported on an 

alumina monolith, using a wet impregnation. It should be noted that the authors were not 

the first to use copper as an epoxidation catalyst. Earlier work by Cowell et al.,222 and Santra 

et al., had explored copper as a catalyst for styrene epoxidation and suggested that in some 

ways copper might be considered a more effective catalyst.223 They had noted both the lower 

temperature required by the copper catalyst for epoxidation of styrene, as well as the lower 

quantities of combustion products created. Some precedent, therefore, existed for the use 

of this metal, and it would be of particular interest to understand the effect of combining the 

two metals. 

Catalytic testing gave some early indications of improved selectivity and activity. However, it 

should be noted that two catalyst batches were made (batch A and batch B). The batches 

were described as being made from differing “lots” of silver, copper, and alumina, 

presumably referring to differing batches of material from the same supplier. The catalytic 

activity of the base silver catalysts made for each batch was seen to differ. Furthermore the 

copper loadings used for batches A and B were not the same. This made it difficult to directly 

compare catalytic activity or selectivity between the two batches. However, in general an 

increase in catalytic activity was seen for the silver/copper catalyst compared to the silver 

alone. Proposed trends in ethylene oxide selectivity, may have been less significant in light 

of such errors. Selectivity results were normalised, by comparing the measured selectivity to 

that of the bulk catalyst (the batch used and that compared against was not specified). The 

authors deduced that the maximum selectivity of the silver/copper alloy was around 1.5 

higher than that of the silver catalyst. This was for a composition, in terms of moles of copper 

per mole of silver, of approximately 0.8%. However, this was very much a preliminary result, 

as only one set of conditions for temperature and feed pressure were used. As the copper 
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content was increased from zero, a rapid increase in selectivity was observed. However, the 

rate of this effect decreased for copper contents above approximately 0.25% copper mole 

per mole silver. Therefore, despite 0.8% of copper giving the highest outright selectivity, it 

may not have represented a region of best rate of change of the selectivity.  

Finally, the authors recorded post reaction XP spectra for a selection of the catalysts. The 

copper concentration on the top few layers of the surface, was significantly higher than 

expected from the bulk copper content. It was postulated that copper migrates to the 

surface, due to its higher affinity to oxygen than the silver. It should be noted that the 

conditions the XPS was performed under were not described. If the sample was exposed to 

air, oxidation of the copper may have occurred. Therefore the sample may not be 

representative of the catalyst under reaction conditions. 

In conclusion, this paper provides some preliminary evidence, that silver/copper bimetallic 

catalysts may increase catalyst selectivity when compared to traditional silver only catalyst 

blends. However, error analysis, particularly related to variation of the properties of the two 

batches of catalyst synthesised, as well as further mechanistic studies would also enhance 

the evidence presented. Furthermore, the work of course relies upon the formation of an 

oxametallacycle and the corresponding reaction mechanism.  The DFT calculations and the 

selection of suitable alloys were determined from this assumption. As discussed previously 

there is still much debate as to whether this intermediate exists. This does, therefore, place 

some doubt upon the validity of the corresponding mechanism, and so upon the results 

presented. DFT calculations using an alternate reaction mechanisms might have yielded 

differing results and lead to the optimised selection of a different catalyst blend.  

1.6.1.3. Further exploration of alloy type catalysts, for ethylene epoxidation 

In 2005 Jankowiak et al.,224 expanded upon the work of Linic et al..218 The authors undertook 

an in-depth study of the catalysts proposed by  Linic et al..218 Systematic variation of the 

reaction conditions took place, in order to allow determination of the RDS. The kinetics of 

the reaction were studied, using thermal conductivity detector (TCD) gas chromatography. 

This lead to determination of the reaction rates and order. Reaction feed and temperature 

were also varied, with the intention of elucidating further mechanistic insight. Finally, 

simultaneous feedstock variation allowed for the production of a 3-dimensional selectivity 

contour map. 
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1.6.1.3.1. Probing of reaction mechanism and Rate Determining Step (RDS) 

It was proposed that the RDS varied as the catalytic conditions were altered. The authors 

suggested two possibilities for the RDS. Firstly that the RDS was the dissociative adsorption 

of the oxygen. Secondly that the RDS was the surface mediated reaction of ethylene and 

oxygen to form the oxametallacycle. The equations for these two steps are shown in 

Equation 1.2. For which * represents unoccupied surface sites. A gas phase species is 

depicted by (g), and by (a) a species which has been adsorbed onto the catalyst surface. 

𝑂2(𝑔) +  2 ∗ ⇋ 2𝑂(𝑎) 

                                    𝐶2𝐻4(𝑎) + 𝑂(𝑎)  ⇌  𝐶𝐻2𝐶𝐻2𝑂(𝑎) + ∗                Equation 1.2                                                                                

 

The authors aimed to observe a change in the RDS. This was targeted by systematically 

varying the feed conditions whilst monitoring the reaction conversion, selectivity and rate.  

1.6.1.3.1.1. Variation of copper content, and reaction feedstock for the monometallic and 

alloy catalysts 

Catalysts with varying copper contents were prepared by wet impregnation. The following 

molar percentages of copper where used: 0.1%, 0.2%, 0.5% and 1%.  Two batches of catalyst 

were prepared. It can be seen that fewer copper concentrations were investigated than by 

Linic et al.,218 but a larger range of values were targeted.  Again, significant batch variation 

was seen. The origin and impact of such variation upon the results obtained was not 

discussed.  Each catalyst blend was held in the reactor for 24 hours (a process referred to as 

lining out). All samples were held under the same conditions. This allowed for stabilisation 

of the catalyst activity and selectivity.  The reaction conditions were then altered, with the 

oxygen and ethylene gas feed content varied. The effect upon the catalyst activity and 

selectivity was monitored. The alloys outperformed the silver only catalyst, in terms of 

activity and selectivity, under all reaction conditions. Variation of the ethylene concentration 

did not significantly affect the reaction rate, whereas an increase in the oxygen content gave 

an increased the reaction rate.  

Reaction orders were calculated, for ethylene and oxygen, using power law kinetics. This was 

done with either the oxygen or ethylene content fixed (to 10%), while the other feed was 

varied from 10 – 60% and the temperatures varied to 500, 520, and 540 K. The corresponding 

reaction orders seen were zero or negative order, with respect to ethylene. The reaction was 

positive order with respect to oxygen. This indicated a dependence upon the oxygen feed 

content only. This was in agreement with the activity and selectivity data given. 
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1.6.1.3.2. Determination of reaction order, from variation of reaction feedstock and 

temperature 

Reaction orders for oxygen and ethylene were then calculated. Calculations used data for 

ethylene consumption, and ethylene oxide and carbon dioxide formation. The authors 

concluded that under ethylene rich feedstocks, the RDS was not dependent upon ethylene. 

The RDS was, therefore, the dissociative adsorption of oxygen. Under oxygen rich feedstocks 

the RDS was seen to be dependent upon oxygen. This meant the RDS could be either of the 

two steps. In order to determine which step was rate determining, the ethylene reaction 

order was measured under oxygen rich conditions. Conditions of 10% to 30% ethylene and 

60% oxygen were used. It was concluded that the RDS was influenced by the feed 

composition. Reaction orders for ethylene oxide and carbon dioxide were then measured, 

under both ethylene and oxygen rich feed conditions. This was first conducted for the silver 

only catalyst. This allowed deduction of the effect of changing the feedstock composition 

upon the product distribution. At high ethylene contents the ethylene oxide production went 

down. This corresponded to the reaction order decreasing from 0.2 to -0.2. The reaction 

order also decreased as the reaction temperature was reduced. Correspondingly, increasing 

the ethylene content was found to lead to a decrease in catalytic activity.  

Carbon dioxide formation showed a negative dependence on the ethylene feedstock. 

Reaction orders went from -0.2 to -0.4 as the ethylene content was increased. Again some 

differences were seen between the behaviour of the two catalyst batches. Qualitative trends 

were reproduced, but some variation was seen between the values received for the two 

batches. The discrepancy seen was small. 

Overall increasing the ethylene concentration lead to an increase in selectivity for the silver 

catalyst. This was at the expense of the catalyst’s activity. For oxygen rich feedstocks 

ethylene oxide reaction orders ranged from 0.4 to 0.7 and carbon dioxide from 0.2 to 0.3. 

This indicated that both selectivity and activity could be enhanced, by increasing the oxygen 

concentration. Again some differences in these values were seen between the two catalyst 

batches. The magnitude of these differences was not excessively large. The authors stated 

that this result was in agreement with the work of Monnier et al.,225 in which an increased 

olefin concentration gave increased selectivity in butadiene epoxidation. However, Monnier 

et al. stated that the selectivity trends seen for butadiene epoxidation,225 were the opposite 

of those seen for the reaction of ethylene to ethylene oxide.226,227 A number of notable 

differences exist between the two reactions. These include the alternate reaction pathway 
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seen for ethylene epoxidation, which gives preferential combustion forming carbon dioxide 

and water. Such a pathway was not seen for the butadiene reaction. For ethylene 

epoxidation this causes the ethylene feed concentration to be inversely proportional to the 

ethylene oxide concentration. Therefore selectivity results between the two systems may 

not be not comparable.  

The effect of the alloy catalyst upon the ethylene oxide selectivity was examined by fixing 

the ethylene conversion for the silver and alloy catalysts. Differing feed compositions were 

then used. For all of the alloy catalysts high ethylene contents gave increased selectivity. This 

was in agreement with the data obtained for the silver catalyst.  The alloy catalyst 

consistently gave enhanced selectivity compared to the silver catalyst. Clearly it can be seen 

that positive results have been obtained by mixing silver and copper as an ethylene 

epoxidation catalyst, yet the detailed understanding of the surface or adsorbate structure 

has remained elusive. This is the reason copper and copper silver nanoparticles, that would 

give a high degree of control of size and composition and in due course be amenable to in 

situ spectroscopic investigations, have been a focus of this project.  

1.6.1.4. Mechanistic insights into copper as an epoxidation catalyst: DFT modelling, and in 

situ XPS studies of the nature of the copper-silver alloy catalyst surface 

Work by Piccinin et al. went on to explore the surface chemistry of copper and silver alloy 

catalysts for epoxidation under more realistic reactions conditions (i.e. not UHV).200 In 

parallel, DFT modelling allowed for surface phase diagrams to be produced and an initial 

understanding of the composition of the catalyst surface. In situ XPS was then used during 

catalytic testing in order to allow for testing of the theoretical predictions. This allowed for 

the on-line monitoring of species present at the catalyst surface. Offline TEM and XRD 

analysis were also used allowing for deduction of the particle appearance and crystallinity of 

the used catalyst, although the sample used was a relatively ill-defined copper-silver mixture. 

DFT pointed towards there being a dynamic surface of copper and silver oxides, which varied 

strongly as a function of oxygen concentration, but didn’t necessarily exist as the surface 

alloy predicted previously. 

To test these theoretical predictions in situ XPS was conducted. The catalyst used was an 

unsupported commercial silver-copper nanopowder purchased from Sigma Aldrich. This was 

in contrast to the incipient wetness prepared supported catalysts used by Linic et al.,218 and 

Jankowiak et al..224 Some material differences may have existed between the two systems. 

The in situ XP spectra allowed for assignment of the surface species present as 
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copper(I)oxide, and copper(II)oxide. Oxidised copper was therefore seen to dominate at the 

catalyst surface. From XP spectra the atomic ratios of silver, copper, oxygen, and carbon at 

the surface could then be calculated. Calculating such stoichiometry does have an associated 

error, as a proportion of the oxygen present could be reacting with the silver. However, the 

results revealed that there was significantly more copper present, at the catalyst surface, 

under oxygen rich conditions than in a vacuum. This result was in agreement with the copper-

oxygen phases predicted by DFT. Under hydrogen rich conditions the copper content was 

still enhanced relative to vacuum conditions, although this enhancement was lower, than 

those seen with oxygen rich or standard reaction conditions. Post-mortem XRD showed 

diffraction patterns for silver only. The absence of a diffraction pattern for copper is 

consistent with the hypothesis that only a thin layer of copper might have been present at 

the catalyst surface. In contrast to the in situ results, post reaction TEM showed pure silver 

surface along with the segregation of copper-oxygen areas. In conclusion the theoretical and 

experimental results indicated that, during the epoxidation reaction, the catalyst surface 

may not be comprised of the expected silver-copper species. Instead silver(II)oxide-

copper(II)oxide and copper(II)oxide thin films may exist upon the silver substrate. It would 

be very revealing to explore how reaction conditions impact upon surface coverage for more 

well-defined catalyst models, such as have been produced in this thesis, under reaction 

conditions. Raman spectroscopy is also sensitive to both adsorbates and metal-oxygen 

bonding and so it is envisaged that the TIR Raman technique developed for looking at 

nanoparticle catalysts could be very valuable in probing the structure-activity relationships 

really present in this context. 

1.6.2. Furfural hydrogenation 

The hydrogenation of furfural to furfural alcohol has been the source of much research due 

to the wide spread use, and chemical importance of the product. Furfural alcohol is an 

intermediate for a variety of products including plasticizers, lubricants, resins, and dispersing 

agents.228–230 Although current industrial catalysts for furfural hydrogenation show 

reasonable activity and selectivity, the copper chromite catalyst used poses a significant 

threat to human health.231,232 Consequently work has been undertaken to find a suitable 

replacement. A variety of metals (such as nickel, ruthenium, platinum, cobalt, copper) have 

been investigated as potential catalysts, with reactions trialled in both the vapour and liquid 

phase.230,233–236 Platinum catalysts in particular have emerged as a promising candidate for 

vapour phase furfural hydrogenation,237–239 and a variety of factors including the support 

nature and particle size have been shown to be important.230,237,240,241 Kyriakou et al. 
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atomically dispersed a surface of a catalytically active metal (such as platinum or palladium) 

onto a more inert support material, which was completely inactive for hydrogenation, in this 

case copper.242–245 The group were the first to find that the addition of isolated palladium 

atoms to a copper surface gave differing catalytic properties to that of copper or palladium 

alone. This strategy was seen to achieve not only the desired cost reductions, but also to 

provide significant enhancements in reaction selectivity. The idea investigated in this thesis 

is based upon that put forward by Kyriakou et al. in which the hydrogenation of styrene and 

acetylene was studied.245 In collaboration with Aston University (and as is discussed in 

Chapter 6, Section 6.2, with further introduction to the topic in Section 6.2.1) the doping of 

atomic quantities of metals such as palladium or platinum onto the surface of copper catalyst 

(referred to as SAAs) has been undertaken using galvanic displacement. Catalytic testing for 

furfural hydrogenation has shown enhancements in catalyst selectivity.  

1.6.3. Platinum catalysis and nanoparticles 

Platinum is a material that is intensively studied in catalysis for its high catalytic activity in 

many reactions. Key areas in which platinum catalysts are of interest include in the 

petrochemical and automotive industries. The metal is both corrosion resistant and stable 

to oxidation at high temperatures.246 Platinum is often used as a catalyst in organic reactions 

such as carbon-carbon multiple bond formation, oxidation, hydration, hydrogenation and 

dehydrogenation.247 There are many examples of the interesting properties of platinum as 

well as its creative use, in ways which enhance catalytic properties. For example Chen et al. 

used mesoporous supports,248 such as SBA-15, to restrict the growth of platinum into 

nanowires. Using such mesoporous hosts stabilised growth, and prevented agglomeration, 

such properties are crucial in preparing a reproducible and surface active catalyst. For these 

reasons, platinum was a metal of interest to study within this thesis. One area of particular 

interest was that of platinum nanoparticles. Platinum/PVP nps are a system studied within 

this report, and are focussed upon due their application in ethylene epoxidation (as 

discussed above in Section 1.6.1.). A schematic of the structure of a platinum/PVP np is 

illustrated in Figure 1.17 (although not depicted in the figure binding takes place via the 

electronegative oxygen group).  

 

Figure 1.17. Schematic to illustrate the structure of platinum/PVP nps. 
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1.6.4. Silver catalysts and nanoparticles 

Silver finds widespread use in catalysis which is in-part attributed to the high oxidation power 

of silver-complexes.249 Use in a variety of areas are seen with examples including: 

heterogeneous catalysed systems such as NOx reduction,250–252 and carbon monoxide 

oxidation,253,254 as well as homogeneous examples such as Aldol-type reactions,255–257 and 

Michael additions.258,259 Within this work we focus upon the use of silver nanoparticles with 

oleylamine and oleic acid capping agents. They are studied by TIR Raman, bimetallic catalysts 

compromised of silver and copper were also investigated (Chapter 4). 

1.6.5. Palladium catalysis and nanoparticles 

Palladium finds widespread use in a variety of catalytic transformations: from carbon bond 

forming reactions such as Heck or Suzuki coupling,260–265 through to use in heterogeneous 

catalysis such as in the Lindlar catalyst (which has applications such as selective 

hydrogenation).266–268  The doping of sub-stoichometric amounts of palladium, into the 

traditional copper catalysts used for furfural hydrogenation, has been seen to give unusual 

and desirable properties (Section 1.6.2).  Palladium nanoparticles capped with oleylamine 

(palladium/OAm nps) where synthesised for use in both TIR Raman studies (see Section 1.4), 

and the catalytic transformation of cinnamyl alcohol to cinnamaldehyde.269 In the latter case 

palladium was chosen as it gave high selectivity of the alcohol to the aldehyde.270,271 This was 

important in allowing the challenging cascade reaction of cinnamyl alcohol to 

cinnamaldehyde and then to cinnamic acid, in which typically side reactions such as 

cinnanmyl alcohol to 3-phenylpropionaldehyde (in the presence of a platinum catalyst) leads 

to low product yields (see Chapter 6).315  
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1.7. Aims of the thesis 

The work detailed within this thesis aimed firstly to provide new synthetic routes for 

preparing or modifying nanoparticles as model heterogeneous catalytic systems, and 

subsequently to develop the use of a surface spectroscopic technique (TIR Raman) for use 

with such metal nanoparticles, the long term goal being to allow the expansion of the current 

understanding of mechanisms taking place at catalyst surfaces.  

Initial studies using confocal Raman spectroscopy were first undertaken, and allowed for 

comparison of the TIR Raman technique that was developed, and for clear demonstration of 

the improved sensitivity of TIR Raman in trying to study species adsorbed on metal 

nanoparticles. Chapter 3 explores the preparation, deposition (using Langmuir Blodgett 

techniques), characterisation (using a variety of techniques such as NMR, UV-vis 

spectroscopy, and mass spectrometry), and study via confocal and then TIR Raman of the 

various nanoparticle systems discussed within Section 1.6. This provided a proof of concept 

for the use of TIR Raman within the field of in situ heterogeneous catalysis studies. Chapter 

4 details the development of synthetic routes to prepare copper and copper/silver 

bimetallics, for intended use in ethylene epoxidation, which is a catalyst system of particular 

interest to the long term goals of using TIR beyond this study (Section 1.6.1). Chapter 5 then 

focuses upon the specification, design, construction and setup of a specialist TIR Raman 

system which was designed and built in house. This system was then used for the study of 

various nanoparticle systems, synthesised in the previous Chapters. The systematic design 

of this set-up lead to improvements in reliably sensing sub-monolayer quantities of 

compounds at the reaction surface. Chapter 6 showcases the applicability of the 

nanoparticles prepared in this thesis to some additional catalytic reactions of interest by 

detailing the catalytic testing of nanoparticle systems in applications such as furfural 

hydrogenation, amide bond formation reactions and selective oxidation. This demonstrated 

the ability of these nanoparticles to be used for studying and better understanding real 

catalytic reactions.  
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