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Abstract 
 

In this thesis, new synthesis methodologies for colloidal metal spherical and 

anisotropic nanoparticles have been probed in order to study their size-shape effect 

and to test their catalytic capability.  

There is a growing amount of studies of the properties, structure and catalytic 

capabilities of noble metal nanoparticles such as gold (Au), silver (Ag), palladium (Pd) 

or platinum (Pt) that have formed the basis for preparation of new heterogeneous 

catalysts that can be used to improve reactivity in chemical reactions such as selective 

oxidations, selective reductions or photocatalysis.  

 If we are capable to understand the effects that size and shape will have on the 

properties of metal nanoparticles and establish a correlation between these and the 

catalytic activity, we would be able to develop catalysts supporting a specific reaction 

with great yield (high conversion and selectivity). Hence, the scope of this project has 

been to understand the synthesis methods of different nanoparticle morphologies, 

using mainly first, sonication-assisted method for spherical nanoparticles, and 

particularly gold anisotropic nanoparticles such as gold nanorods (AuNRs) and gold 

nanostars (AuNSs) methods, to finally support these noble metal nanoparticles and 

find out their catalytic activity. This should lead to new heterogeneous catalysts that 

can show enhanced activity in a number of important reactions, such as selective 

oxidations or reductions, photocatalysis and other future applications. 

This work aims to develop a rapid and efficient strategy for preparing supported metal 

catalysts for catalytic applications. The sonication-assisted reduction-precipitation 

method was employed to prepare the heterogeneous mono- and bi-metallic catalysts 

for photocatalytic degradation of Methyl Orange (MO) and preferential oxidation 

(PROX) of CO in H2-rich gas. In general, there are three advantages for the sonication-

assisted method as compared with the conventional methods, including high 

dispersion of metal nanoparticles on the catalyst support, the much higher deposition 

efficiency (DE) than those of the deposition-precipitation (DP) and co-precipitation 

(CP) methods, and the very fast preparation, which only lasts 10-20 seconds for the 



	

deposition. In the AuPd/TiO2 catalysts series, the AuPd(3:1)/TiO2 catalyst is the most 

active for MO photocatalytic degradation; while for PROX reaction, Ru/TiO2, Au-

Cu/SBA-15 and Pt/g-Al2O3 catalysts are very active, and the last one showed high 

stability in the lifetime test. The structural characterization revealed that in the 

AuPd(3:1)/TiO2 catalyst, Au-Pd alloy particles were formed and a high percentage of 

Au atoms was located at the surface. Therefore, this sonication-assisted method is 

efficient and rapid in the preparation of supported metal catalysts with obvious 

structural characteristics for various catalytic applications. 

 

The aim of this project has been to understand the synthesis of various morphologies 

of noble metal nanoparticles. These and their specific properties can be then explored 

in supported form in different chemical transformations. Thus, colloidal synthesis 

methods provide us with optimum control of nanoparticles morphologies for different 

shapes with a narrow particle size distribution. So, we will use the advantages of these 

methods to immobilize the different nanoparticles synthesized using the sol-

immobilization method for this purpose. 

 

Finally, this study has demonstrated that anisotropic gold nanoparticles nanorods 

(AuNRs) and nanostars (AuNSs) possess catalytic activity for reactions such as 

reduction of 4-nitrophenol in the case of AuNSs, selective oxidation of 

hydroxymethylfurfural (HMF) for AuNRs and photodegradation of Methyl Orange 

(MO) for both anisotropic structures. We have also supported them for the first time 

on titania via sol-immobilization method, showing that supported nanoparticles are 

stable and can be used long term. 
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1 Literature Overview 

 

1.1 Introduction 

In a world of exponential growth in energy demand and high consumption of non-

renewable resources, catalysis will need to play an indispensable part in materials 

science, chemical production, energy storage, and environmental remediation. 

Conventional heterogeneous catalysis heavily relies on high operating temperatures 

because of large activation energy barriers and thus suffers from numerous negative 

side effects: low energy efficiencies for inherent exothermic reactions, rapid 

deactivation of catalytic centres, poor selectivity for most partial redox reactions, and 

sometimes harsh operating conditions (1-3). Recent developments in nanotechnology 

affords the synthesis of well-defined metal nanoparticles for catalysts that could 

provide tools to improve this situation in chemocatalytic applications. 

 

Nanoscience is the scientific area that is dedicated to the creation and study of nano-

scale materials. It has required the development of innovative design and manipulation 

techniques of these systems, known today as nanotechnology (4), to understand and 

explore all the possibilities that nanotechnology could provide scientific society. The 

interest in this science lies in the new possibilities offered by the miniaturization of 

the systems and in the novel properties that these present (5-8).  

Currently, the most studied nanometric systems have been those composed of metals, 

semiconductors (9, 10) and magnetic materials (11-13). In relation to metals, gold and 

silver are noteworthy due to their high stability and the ease with which they can be 

functionalized on the surface (14-17). 

The reason for the boom in study of these systems (specifically gold) was due to the 

promising applications that have both in the energy field and in catalysis (18-23), like 

in biological (13, 24, 25) and biomedical (5, 26-28) applications. Most of the possible 

applications of these systems are based on the understanding of the properties that gold 

presents at the nanometre scale in comparison to bulk gold. According to band theory 

(29, 30), when gold is in bulk form, the electrons that are in the conduction band are 

highly delocalised (not confined), because the energy levels are very close to each 
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other, imparting these electrons with the ability to absorb electromagnetic radiation in 

a multitude of energy ranges. However, this property changes with reduction of 

particle size down to the nanometre scale (3, 31, 32), because the superficial electrons 

experience quantum confinement (Figure 1.1). This effect occurs when the 

wavelength associated with these electrons is of the same order as the particle size (the 

de Broglie wavelength), since at this point, the particles behave like quantum potential 

boxes, where the electrons get trapped. 

 

 

 
Figure 1.1. Schematic representation of the phenomenon of quantum confinement. 

 

 

The direct consequence of the decrease in particle size is an increase of the energy gap 

between consecutive energy states up to a critical size, where energy levels take 

discrete values. In summary, how much smaller the space in which the movement of 

electrons is allowed, the greater the energy separation between the allowed energies 

due to quantum confinement (33). 

As a consequence of this confinement, when light falls on a gold nanoparticle, the 

electric field of the radiation excites the electrons in the conduction band causing them 
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to be displaced from their original position. This phenomenon can be seen in Figure 

1.2: 

 
Figure 1.2. Schematic representation of the interaction between the conduction 

electrons of the nanoparticles and the electric field of light. 

 

 

When the electrons are displaced from the nucleus a dipole is created in which the 

equilibrium restoring force is a Coulomb type of force between the electrons and the 

nucleus so that these surface electrons begin to oscillate coherently with the electric 

field of light, producing what is known as surface plasmon resonance (SPR) (23, 34-

36). For this reason, an absorption of energy by the surface of the nanoparticle giving 

rise to an absorption band known as the plasmonic band takes place (37-40). The 

position and width of this plasmonic band depends to a large extent on parameters 

such as the refractive index of the solvent (26, 41) and the size and morphology of the 

particle (21, 22, 42). 

In 1908, this phenomenon was explained theoretically by solving Maxwell's equations 

on electromagnetic absorption and radiation dispersion by spherical particles (43-45). 

This theory allowed the calculation of the extinction spectra of spherical nanoparticles 

(from now on they will be called simply nanoparticles), where the function dielectric 

material was known, and the particles were much smaller than the wavelength of the 

incident radiation.  

Under these conditions, the electric field of light (46-48) can be considered constant, 

and therefore, the interaction between the two is governed by electrostatics rather than 

by electrodynamics (approximation quasi-static). For example, small particles (less 
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than 20 nm) produce dipoles that absorb in the UV-Vis spectrum region (around 520 

nm). Experimentally it is observed that as the size of the particle is increased, the 

intensity of the SPR decreases while increasing the width of the band. A slight 

displacement is also observed at lower wavelengths (29, 49, 50). In addition, in these 

particles the dispersion produced by the surface of the nanoparticles is important, since 

the mean free path of the electrons in conduction is in the range of tens of nanometres, 

and in this case, is limited by the particle size (26, 49, 51). Nanocylinders have optical 

properties different from nanoparticles, and therefore, to predict the theoretical spectra 

of these nanostructures the development of Mie's (52, 53) theory was necessary for 

ellipsoid nanoparticles (from now on they will be called nanocylinders) by Gans (54-

56). The results obtained explained the splitting of the plasmonic band (SPR), 

producing a band in the UV-Vis region similar to that observed in the nanoparticles, 

and another generally more intense one in the NIR region. It was determined that the 

first one was due to the excitation of electrons of the transverse axis of the 

nanocylinders (TSPR), and the second one to the excitation of the superficial electrons 

along the longitudinal axis of the nanocylinder (LSPR), (Figure 1.3). 

 

 
Figure 1.3. Schematic representation of the resonance of surface electrons 

throughout of the longitudinal and transverse axis of the nanocylinders (a). Typical 

UV-Vis spectra of gold nanorods where peaks show both SPR (b). 
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It should be noted that the plasmonic band corresponding to the longitudinal axis 

experiences a shift to longer wavelengths as the aspect ratio increases, with the aspect 

ratio being defined as the ratio of length of the nanocylinder to its width (37, 57, 58). 

The work presented in this thesis describes the preparation and characterization of 

gold nanoparticles using different colloidal synthesis methods for several 

morphologies, as well as the synthesis and characterization of different samples of 

gold nanocylinders by the method of seed growth (59) with different aspect ratio and 

thus, differences in the optical properties.  

Special attention will be directed to gold nanocylinders because of their ability to 

absorb different wavelengths controlled by the aspect ratio, which gives great 

versatility and properties suitable for use in large applications. For example, in the 

field of medicine, with the aim of reducing side effects from current cancer treatments, 

researchers are studying the feasibility of optical hyperthermia as a possible alternative 

or complementary therapy (26, 60-62).  

This technique is based on when the nanoparticles are irradiated with a beam of light 

tuned to their surface plasmon resonance (SPR), they absorb the light and quickly 

dissipate it to the medium in the form of localized heat. This characteristic can 

therefore be used to raise the temperature of tumour cells to exceed thresholds at which 

cell death would occur (60, 63). In addition, there are studies that demonstrate that 

nanorods have anti-angiogenic power since they interact selectively with certain 

growth factors, inhibiting thus the vascularization and, therefore, the proliferation of 

tumours (27, 60, 64, 65).  

Another application of great interest of gold nanorods directly related to their optical 

properties, is their use in solar energy devices to improve the collection of the solar 

spectrum in solar cells sensitized with colorant (66-68). In these solar cells, the peak 

absorption of most of the conventional dye molecules is usually centred around 500-

600 nm, while gold nanostars additionally have a very intense plasmonic band in the 

NIR region. In this way, an increase in photocurrent density is produced because the 

surface plasmon traps low-energy sunlight. In addition, it is possible to vary the 

wavelengths absorbed by adjusting the aspect ratio of the nanorods (69, 70). 
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1.2 Nanoparticle synthesis 

 

1.2.1 The colloidal method 

Colloids are individual particles, which are larger than atomic dimensions, but small 

enough to exhibit Brownian motion. If the particles are large enough, then their 

dynamic behaviour in suspension as a function of time will be governed by the forces 

of gravity and the sedimentation phenomenon will occur. If they are small enough to 

be colloids, then their irregular movement in suspension could be attributed to 

collective bombardments of a multitude of thermally agitated molecules in a liquid 

suspension. This range of particle size in a colloidal solution usually oscillate in the 

nanometre range, hence the colloidal method is an efficient method of nanoparticle 

production (71-73). This method consists of dissolving a salt of the metallic precursor 

or the oxide, a reducer and a stabilizer in a continuous or dispersing phase (a liquid in 

this case). The latter can play the role of the reducer, the stabilizer or both. In principle 

the average size, the size distribution and the shape or morphology of nanoparticles 

can be controlled by varying the concentration of the reactants, the reducing agent and 

the stabilizer and the nature of the dispersant medium. By this method, dispersions can 

be formed which are stable very long for periods. For example, Michael Faraday, in 

1857, created colloidal dispersions of gold, which today still remain stable (74, 75). In 

the 1950s, Turkevitch reported the first standard and reproducible method for the 

preparation of metal colloids (particles of 20 nm gold by means of the reduction of 

[AuCl4
-] with sodium citrate). Additionally, he was the first to propose a step-by-step 

mechanism for training nanoclusters based on nucleation and growth (76, 77).  

 

1.2.2 Photochemical and radiochemical methods 

Reduction synthesis of metallic nanoparticles modifying the chemical system by 

means of high energies is associated with the generation of highly active strong 

reducing species such as electrons, radicals and excited species. Photochemical 

reduction (photolysis) and chemical radiation (radiolysis) differ on the nature of the 

energy used. Photochemical synthesis is characterized by energies below 60 eV, while 

radiolysis uses energies of 103-104 eV. The methods of photochemical reduction and 
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radiochemistry possess advantages over the method of chemical reduction. Due to the 

absence of impurities found when useing chemical reducers, these methods produce 

high purity nanoparticles. Further, photochemical and radiochemical reduction allow 

the production of nanoparticles under solid state conditions and at low temperatures. 

Photochemical reduction in solution is often used to sinter noble metal particles. These 

particles are obtained from the corresponding salts in water, alcohol or organic 

solvents. Due to its availability and reproducibility, reduction by radiation to 

synthesize nanoparticles is of wide interest. In the liquid phase, the stages associated 

with the spatial distribution of the intermediary products play an essential role in the 

production of nanoparticles metallic cells. In contrast to photolysis, the distribution of 

intermediates generated during the synthesis process is more uniform, resulting in 

particles with narrower size distributions. The pulsed radiolysis method allows the 

synthesis of active metal particles with unusual oxidation states (78-80).  

 

1.2.3 Microwave irradiation method 

The irradiation technique with microwaves produces nanoparticles with very low size 

dispersion, although precise control in morphology is not always achieved, as happens 

in the majority of the "bottom up" techniques. The microwave acts as a high frequency 

electric field, capable of heating any material containing electrical charges such as 

polar molecules in a solvent or ions in a solid. Polar solvents are heated, and their 

component molecules are forced to rotate with the field and lose energy in collisions. 

The conductive and semiconducting samples are heated when ions and electrons 

within them form an electric current and the energy is lost due to the electrical 

resistance of the material. In recent years, the process of assisted heating by 

microwaves has been used as an attractive alternative for the synthesis of nanoscale 

materials, given that it is a fast, uniform and effective method, increasing the kinetics 

of reaction by one or two orders of magnitude. Colloidal nanoparticles of Pt, Ru, Ag 

and Pd stabilized by polymers have been prepared from the precursor salts of the 

dissolved metals in ethylene glycol solutions using microwave heating (78, 81). On 

the other hand, microwave heating of liquid samples decreases temperature 

fluctuations in the reaction medium, providing, as a consequense, a more 

homogeneous environment for nucleation and growth of metallic particles (17). 
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1.2.4 Use of dendrimers  

The synthesis of nanoparticles has also been carried out using micelles, emulsions and 

dendrimers as nanoreactors that allow the synthesis of particles with a defined shape 

and size. This is achieved by altering the nature of the dendrimers. Dendrimers are 

highly branched molecules, which include a central nucleus, repetitive intermediary 

units and terminal functional groups (82-84). Dendrimers represent new types of 

macromolecules that combine the high molecular weight and low viscosity of their 

solutions with their three-dimensional molecular structure and the presence of a spatial 

structure. The size of the dendrimers ranges from 2 to 15 nm and they represent natural 

nanoreactors. Dendrimers with a small number of intermediary units exist in an "open" 

manner while those involving many units form three-dimensional spherical structures. 

The terminal groups of the dendrimers can be modified with hydroxides, carboxyls, 

hydroxycarboxyls, among others. Dendrimers of different generations with several 

terminal functional groups have proved to be suitable templates for the synthesis of 

monometallic and bimetallic nanoparticles. Different polyamidoamines have been 

very popular as dendrimers for the synthesis of nanoparticles. With these dendrimers 

sintered gold nanoparticles of 1-3 nm have been prepared (85-87). Other studies, for 

example, have reported that this method is useful for the synthesis of nanoparticles of 

platinum and palladium with particle sizes between 1 and 2 nm incorporated in poly 

dendrimers (amidoamines) functionalized with amino groups. The dendrimers have 

also been actively used for the synthesis of bimetallic nanoparticles (88, 89) . 

 

1.2.5 Solvothermal synthesis method 

Solvothermal synthesis is a grouping of a series of techniques. A metal precursor 

dissolved in a liquid, in a closed container, is heated above its boiling point, which 

generates a, normally moderate, pressure higher than atmospheric pressure. The liquid 

applied is usually water, and hence the name "hydrothermal synthesis" is employed 

when it is applied; however, increasingly other liquid media are used: organic solvents, 

liquid ammonia, hydrazine, etc., and then the general term “solvothermal synthesis” 

is employed. In these types of techniques, the reaction times are long (compared to 

other chemical methods). Hydrothermal synthesis refers to heterogeneous reactions in 

an aqueous medium above 100 ° C and 1 bar. A distinctive feature of hydrothermal 
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synthesis is that reagents that are poorly soluble in water pass to dissolution by the 

action of the solvent itself or of mineralizers. The objective of this technique is to 

achieve a better dissolution of the components of a system and thus manage to 

dissolve, or make react, species which are sparingly soluble under usual conditions 

(eg, silica, aluminosilicates, titanates, sulfides). 

 

1.2.6 Sol-gel method  

The sol-gel method is a wet phase chemical process widely used in material science. 

This method is mainly used for the manufacture of nanomaterials (usually metal 

oxides). The typical precursors of the sol-gel process are the alkoxides of metals and 

metal chlorides, which undergo hydrolysis and polycondensation reactions to form a 

colloidal dispersion, which after limited polymerization forms a gel. In general, 

alkoxides are very sensitive to moisture (dehydrated they rehydrate very readily), that 

is why the hydrolysis for the formation of the gel is carried out using alcohols as a 

common solvent for the different immiscible liquids. A polymeric gel is an infinite 

macromolecular network, which is swollen by solvent. A gel can be created when the 

concentration of the dispersed species increases. The solvent is trapped in the particle 

network and thus the polymer network prevents the liquid from separating, while the 

liquid prevents the solid collapses into a compact mass. The partial dehydration of a 

gel produces an elastic solid residue that is known as xerogel. Finally, this material is 

completely dehydrated and eventually thermally treated in gas flow to obtain the final 

nanostructured material (71, 90).  

The sol-gel method has been used in recent years to prepare a broad variety of 

nanostructured materials. The method is attractive because it involves low temperature 

processes. Also, the high purity and homogeneity are attributable to its form of 

preparation in multicomponent systems (71).   
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1.3 Deposition methods of nanoparticles on metal oxides 

	

1.3.1 Impregnation 

Impregnation consists of filling the pores of the support with a solution of the metal 

precursor (usually a salt). The volume of solution may be that necessary to fill the 

volume of pores or an excess that after a period is removed by evaporation, in such a 

way that the metal precursor and its counter ion remain on the surface of the support. 

This is a simple and cheap method; therefore, it is the classic method of catalyst 

preparation at the industrial level; nevertheless, it possesses the disadvantage of little 

control the metal precursor interacts with the support, also the counter ion of the metal 

precursor. Is not readily lost Once the interaction of the metal precursors with the 

support is achieved, the material obtained is subjected to thermal treatment in reducing 

or oxidising gas mixtures, to obtain the nanoparticles deposited in the support (91). 

 

1.3.2 Ionic adsorption 

In this method, the adsorption of anions as well as cations can be employed. Cations 

can be adsorbed through electrostatic interaction with negatively charged surface 

groups, this is achieved when the pH of the solution in which it is suspended the 

support is higher than the isoelectric point of the support (IEP). Anionic species can 

be adsorbed on the positively charged surface support groups, when the pH of the 

solution is lower than IEP (91, 92). The surfaces of oxides or hydroxides can be 

protonated or deprotonated depending of the pH of the solution. The value at which 

the total electric charge of the surface is zero is the zero-load point, which has the same 

pH value as the IEP. 

 

1.3.3 Deposition-Precipitation (DP) 

This method consists of the deposition of a hydrated oxide or of a hydroxide on the 

surface of a support, as a result of a gradual and homogeneous increase of the pH of 

the solution in which the support is suspended. Typical basifying agents are 

hydroxides, such as NaOH, or KOH, carbonates or weak bases such as urea (91). The 

precipitate can be nucleated by the surface of the support, and when the deposition of 
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the entire active phase is carried out correctly it is linked to the support without it 

remaining floating in the solution. This method, as well as ionic adsorption, presents 

the advantage over impregnation that most of the counter ions of the metallic precursor 

can be removed efficiently by means of repeated washings of the samples after the 

deposition of the metal precursor. As in the previous methods, deposited nanoparticles 

are obtained after treatment of the metal precursor in interaction with the support, 

under reducing or oxidising atmospheres, depending on the chemical properties of the 

deposited species and the desired oxidation state of the deposited material. The size 

and morphology of supported particles is highly dependent on the synthesis 

parameters used (temperature, contact time, pH, type of gas and temperature used 

during heat treatment), of the support used (electronic characteristics, morphology, 

surface defect structure, etc.), and the metal precursor (91).  

 

1.3.4 Deposition of colloids  

In principle, the average size and distribution of particle size can be controlled by 

selecting properly the conditions of synthesis. The advantage of using a colloidal route 

to prepare supported metal materials lies in the fact that the conditions of preparation 

can be manipulated to obtain particles with a narrow size distribution around the 

desired size. A wide range of methods for the synthesis of metal colloids, in which a 

large number of reducers have been used such as sodium citrate, sodium thiocyanate, 

polyethylene imine, tetrakis [hydroxymethyl] phosphonium and sodium borohydride 

have been reported in the literature (76, 89). As mentioned above, also stabilizers can 

be used. Metal nanoparticles can be immobilized on the support by submerging it in 

the colloidal suspension, followed by a washing and drying process. In a successful 

preparation the particles, once supported, should not be significantly larger than the 

obtained in the solution. To achieve this, it is necessary to maintain a delicate balance 

between various parameters such as the nature and concentration of stabilizer, the 

metal / stabilizer ratio and, of course, the nature of the support (89). In principle, the 

deposition of colloidal particles is not a problem (93) unless it is necessary to remove 

the stabilizer by thermal treatment. 
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1.3.5 Photochemical deposition 

This method is based on the fact that certain metal cations with potential appropriate 

redox properties can be deposited on the support and reduced by photoelectrons 

created by illumination of semiconductor, such as oxides of zinc, tungsten and 

titanium. The photoreduction mechanism has been widely studied (94). In this method 

organic stabilizers such as PVA and PVP can be employed to limit particle growth 

(95). Supports that do not have a suitable bandgap (Fe2O3 and SnO2) usually are not 

suitable for use as supports in this method (87). The disadvantage of this method is 

that its effectiveness is very sensitive to the characteristics of both the bulk and the 

surface of the support. The biggest advantage is that it is not necessary to treat the 

samples thermally since during the preparation the metal precursor is reduced by UV 

irradiation. 

The two main anisotropic nanoparticles studied in this project have been gold 

nanorods and nanostars. 

 

1.4 Gold nanorods (AuNRs) 

Nanorods are not as easily synthesized as nanospheres since they require anisotropic 

growth, a process which does not happen spontaneously. Several different methods 

have been used to overcome this issue. Some of the most popular ones are synthesis 

in templates, seed-mediated growth in solution and non-seeded growth in solution. 

Synthesis in templates can be subdivided into two different categories; synthesis in 

hard templates and synthesis in soft templates. Hard templates are ready made 

nanoporous materials, commonly aluminium oxide membranes. The nanoparticle is 

produced either by chemically reducing the gold precursor inside the template pores 

or by electrochemical deposition of the gold precursor on the templates. Soft templates 

are, for instance, rod-like micelles and certain surfactants. The shape of the rod-like 

micelle, and the specific binding behaviour of the surfactants promotes the anisotropic 

growth of the nanoparticles (96). 

Seed-mediated growth and non-seeded growth are both wet chemistry methods. The 

difference is that in the seed mediated growth method gold seed particles are produced 

first and are then used to catalyse the synthesis of gold nanorods whereas the non-

seeded methods synthesize the rods in a single step. In short, both these methods mix 
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the gold precursor with some capping agent that promotes anisotropic growth. For 

gold, cetyl trimethyl ammonium bromide (CTAB) is commonly used. CTAB promotes 

anisotropic growth because it is less likely to stick to the edges than to the sides of the 

growing nanorod, allowing more gold ions to assemble at the ends of the rod. The 

reason for this preference is that the spacing of the gold atoms is closer to the size of 

the CTA+ headgroup that binds to the gold at the (1,0,0) plane than at the close-packed 

(1,1,1) plane of the Au NP (97). In the seed mediated growth method relatively weak 

reducing agents, such as ascorbic acid, are sufficient for the seed-mediated growth 

mechanism since the gold seeds act as a catalyst. In the non-seeded method, the strong 

reducing agent NaBH4 is commonly used to induce nucleation and a weaker reducing 

agent is used to promote growth as in the seed-mediated growth method. In addition, 

it has been shown that adding silver nitrate to the growth solution promotes the 

synthesis of higher aspect nanorods. It was long believed that this effect was due in 

some way to the effect of the silver ions. However, it is now understood that it is due 

to electrostatic screening of the CTA+ ends of the CTAB molecules by the NO3 - ions, 

making the binding of additional CTAB molecules to the gold particle more 

thermodynamically favourable (98). The CTAB capping process is illustrated in 

Figure 1.4. 
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Fig. 1.4 Cartoon illustrating “zipping”: the formation of the bilayer of CTAB 

(squiggles) on the nanorod (black rectangle) surface may assist nanorod formation as 

more gold ions (black dots) are introduced (99). 

 

The seed mediated method was used in the experiments as it has many advantages 

including the one that comes with the wet chemistry approach; no prefabricated 

templates are necessary. In addition, it has been shown to give a good yield of nearly 

mono-disperse nanoparticles (97).  

 

 

1.5 Gold nanostars (AuNS) 

The physical, chemical and optical properties of nanoscale colloids depend on their 

composition, size and shape. There is a great interest in using nano-colloids for photo-

thermal ablation, drug delivery and many other biomedical applications. Gold is 

particularly used because of its low toxicity (40, 100). The peak of the surface plasmon 

resonance mode depends on the structure and composition of the metal nano-colloids. 

Since the surface plasmon resonance mode is stimulated with light there is a need to 

have the peak absorbance in the near infrared region where biological tissue 

transmission is maximal. The typical gold nanostar synthesis method is based on a 

solution containing silver seeds that are used as the nucleating agent for anisotropic 

growth of gold colloids, where normally, about the 70 % of the nanostructures are 

nanostars and the other 30 % of the particles are amorphous clusters (101). The 
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absorbance peak of the nanostars is typically detected in the near infrared range 

depending on the synthesis procedure employed (102). 

 

 

1.6 Aims of project 

The aim of this project was to understand the synthesis of various morphologies of 

noble metal nanoparticles so that specific properties can be then explored in supported 

form in different chemical transformations (86). Colloidal synthesis methods provide 

an optimum control of nanoparticle morphologies with a narrow particle size. 
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2 Experimental: Materials and Methods 

 

2.1 Introduction 

In the experimental chapter, materials used, experiments undertaken including 

synthesis of nanoparticles and catalysts, reaction procedures and characterization 

techniques are described. Characterization techniques have been used in order to 

identify catalyst’s properties such a plasmon band resonance peak, real metal loading, 

particle size, etc. 

 

2.2 Materials 

Metal precursors such as hydrogen tetrachloroaurate trihydrate (HAuCl4.3H2O; 99%), 

palladium(II) chloride (PdCl2, 99.99 %), rhodium chloride, and sodium borohydride 

(NaBH4; 99%), L-lysine (≥98%), sodium hydroxide (NaOH ≥98%), 

tetraethylammonium hydroxide (TEAOH), aluminum nitrate, zinc oxide and cerium 

oxide and other chemicals such as  Methyl Orange were purchased from Sigma 

Aldrich, and Titanium (IV) dioxide P25 (TiO2 ≥99.5 %) and g-Al2O3 (Puralox, UR-

160, with a surface area of ca 160 m2/g) were gifts of Degussa and  SASOL, 

respectively.  

Cetyltrimethylammonium bromide (CTAB), L-ascorbic acid (AA), silver nitrate 

(AgNO3; 99%), and TiO2 P25 were used for the synthesis of supported gold nanorods 

and the following reagents for the oxidative reactions: 5-hydroxymethyl-2-furfural, 

2,5-furandicarboxylic acid 5-hydroxymethyl-2-furan carboxylic acid, levulinic acid, 

formic acid and sodium hydroxide. All products were obtained from Sigma-Aldrich. 

All glassware was cleaned with aqua regia (HCl/HNO3, 3:1 v/v), followed by a 

thoroughly rinse with double distilled MilliQ water prior to use
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2.3 Nanoparticle and catalyst preparation 

 

2.3.1 Preparation of the one-dimensional (1D) Al2O3 and CeO2 nanorods  

 

The synthesis of Al2O3 and CeO2 nanorods followed the hydrothermal method for the 

synthesis of 1D Fe2O3 except using Al(NO3)3 or Ce(NO3)4 respectively as the 

precursor. Typically, 5.0 g of Al(NO3)3.9H2O was added to 30 ml of 20 wt. % aqueous 

TEAOH solution in an autoclave, which was then heated in an oven at a temperature 

of 80 oC for 10 h. After the reaction, the precipitate was washed with DI water four 

times, dried in a vacuum oven at 100 oC overnight and calcined at 500 oC for 3 h (103, 

104).   

 

 

2.3.2 Sonication preparation of supported catalysts 

 

The sonication-assisted catalyst preparation has been carried out following the 

previous work reported (105) using lysine as the capping agent and NaBH4 as the 

reducing agent, and the used catalyst supports used were TiO2-P25, g-Al2O3 and CeO2 

nanorods, the commercial g-Al2O3 from SASOL, ZnO, CeO2, etc. In a typical catalyst 

preparation method, 0.5 g of TiO2 was put in 10 ml deionized water, and 5.08 ml of 

0.01 M HAuCl4 and 5.08 ml of 0.01 M lysine (Lys) were added subsequently. The pH 

of the suspension was adjusted to 5–6 with 0.1 M NaOH.  

 

The suspension was then subjected to sonication (Vibracell 500-Watt Ultrasonic 

processor, 20 kHz, 39 % energy efficiency) for 20 s, and during the sonication freshly 

prepared NaBH4 (0.1 M, 5–10 times the Au molar number) was injected instantly and 

the pH value at the end point was measured. The suspension immediately turned dark 

in color and was washed with deionized water four times by using centrifuge. In the 

case of Pd catalysts, PdCl2 was used as precursor and a low pH value below 3 was 

used because PdCl2 was not dissolved well in water at high pH values. Figure 3.1 

(next chapter) shows a schematic representation of sonication-assisted method. 
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2.3.3 Gold and Silver spherical nanoparticles (AuNP) 

	

Synthesis of Noble Metal Nanospheres 

 In a typical synthesis of supported noble metal nanoparticles, water solution of the 

metal salt(s) (HAuCl4, AgNO3, etc.) of desired concentration is prepared in a round 

bottom flask and then mixed with the appropriate stabilising agent solution under 

vigorous stirring. Three different stabilizers with their respective synthesis method as 

polyvinylpyrrolidone with average molecular weight of 10,000 g.mol-1 (PVP10) (106), 

polyvinyl alcohol (PVA) (107, 108) and Pluronic P-123 (109) were used in order to 

study their effect on the particle size and catalytic activity once the nanoparticles are 

supported. At that time, an aqueous solution of the reducing agent NaBH4 0.1 M was 

prepared and transferred into the flask dropwise (slowly) (NaBH4/metal=5 molar ratio) 

in all cases. The addition of NaBH4 leads to an alteration in the colour of the solution 

from colourless or pale colours (in the case of gold, very pale-yellow solution) to the 

corresponding colour depending on the nanoparticle size and composition. The as-

obtained solution was allowed to stir for 30 min.  

 

Immobilization of Colloidal Noble Metal Nanospheres 

The desired amount of titania was suspended in 25 ml of water and acidified to pH 1 

with sulfuric acid and added to the metal solution, using another 25 ml of water to 

wash down the glassware. After 2 h of stirring the solution was then filtered and 

washed with distilled water until a neutral pH value was achieved (checked with 

indicator pH paper). The solid was dried overnight at RT or in the vacuum oven. The 

powders were filtered and then refluxed with 50 ml of water at 80°C for 2 h to remove 

the excess of ligand and reducing agent (in the case of PVA synthesis  (110)). The 

catalyst was then filtered, washed with water again, dried overnight and finally ground. 
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2.3.4 Synthesis of Gold Nanorods (AuNRs) 

	

A- Synthesis of colloidal Gold Nanorods:  

Gold nanorods (AuNRs) with various aspect ratios (AR) were synthesized through the 

well-known method of El-Sayed (59) with modifications. Seed preparation was 

carried out mixing HAuCl4·3H2O (5 ml, 1 mM) with CTAB (5 ml, 0.2 M) solution, 

followed by addition of freshly made, ice cold, NaBH4 (600 µl, 10 mM) under rapid 

stirring for 1 min. NaBH4 is a strong reducing agent and its addition resulted in a 

brownish-yellow coloured solution. The mixture was then allowed to stand without 

disturbance at 28-30◦C for at least 1 hour before use.  

To make gold nanorods, the seeds were then added to a growth solution and incubated 

at 30◦C overnight to allow complete rod growth. The growth solution was typically 

prepared as follows: the desired amount of gold solution (HAuCl4.3H2O 1 mM), in 

order to achieve the desired metal loading, was first mixed with CTAB solution (0.2 

M). Then, it was acidified with HCl to reach a pH about 3. According to the rod 

dimension and longitudinal plasmon wavelength required, an appropriate amount of 

AgNO3 (1 mM) was added to the mixture, followed by the rapid addition of L-ascorbic 

acid (AA) solution (78.8 mM). The mixture turned colourless instantly and finally the 

rod growth process was initiated due to the addition of the seed solution as prepared 

above. The colour of the mixture would usually change within minutes, suggesting 

successful growth of seed particles. This method typically produces short nanorods 

(rods with aspect ratio (AR) up to 4-5).  

 

B- Immobilization of Colloidal Gold Nanorods:  

Before AuNR in colloidal solution can be immobilised, they must be purified by 

centrifugation in order to remove the excess of reagents, especially the surfactant 

CTAB. Typically, the solution was centrifuged at a speed of 14,500 rpm for 15 min to 

separate the gold nanorods. The colourless supernatant was very carefully discarded. 

The resultant solid pellet was then re-dispersed in an amount of deionised (DI) water 
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depending on the quantity of the residue. The centrifugation was repeated 2-3 times 

and finally the solid residue was re-dispersed in DI water. 

In the next step, the colloidal suspension was transferred to a 250 ml round bottom 

flask followed by the procedure outlined above with modifications (110). 25 ml of 

titania water solution was acidified to pH 1 with sulfuric acid and was added to the 

colloidal nanoparticle solution (and 25 ml more used to wash down the glassware) and 

it was left for 2 hours under vigorous stirring and then filtered and washed with 

distilled water until a neutral pH value was obtained. The solid was dried overnight in 

a vacuum oven at 60 °C and finally ground. No further treatments were performed. 

 

2.3.5 Synthesis of seed-mediated multipod Au nanoparticles (DMF/PVP) 

In this first method, gold nanostars were synthesised using the method reported in 

(101) where in a typical synthesis, an aqueous solution of chloroauric acid was mixed 

with different concentrations of  PVP (average MW = 10 000) solution in N,N-

dimethylformamide (DMF), followed by the rapid addition of  PVP-coated Au seeds 

in ethanol (111) under stirring. Within 15 min, the colour of the solution changed from 

pink to colourless and finally turned blue indicating the formation of gold nanostars 

in solution.  

These nanoparticles were not supported due to difficulties removing the polymers and 

lower catalytic activity compared to surfactant-free AuNSs. 

 

2.3.6 Synthesis CTAB-coated AuNSs  

CTAB-coated AuNSs were synthesized using a modified procedure (112, 113) . In a 

typical synthesis, Au seeds were first prepared mixing a solution of chloroauric acid 0.25 

mM with trisodium citrate 0.1 M in 20 mL of Millipore water. Then, freshly prepared, 60 

µL of ice-cold sodium borohydride 0.1 M was quickly added under moderate stirring. 

Immediately, the solution turned brown-pink and slowly developed into its final red colour 

due to formation of spherical gold nanoparticles approximately 4–5 nm in diameter. The 

sample was stored overnight in the dark in ambient conditions.  
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AuNSs samples were synthesized using CTAB as a template. A solution of CTAB 5 mM 

was mixed with solutions of chloroauric acid 10 mM and silver nitrate 0.01 M under 

vigorous stirring for 1 minute. Then, 0.1 mL of L-ascorbic acid 0.1 M was added dropwise. 

Upon addition of the last drop of L-ascorbic acid, the solution turned clear, and the 

appropriate volume of gold nanoseed was immediately added. Samples were left in the 

dark under ambient conditions until use.  

 

2.3.7 Synthesis of Surfactant-Free AuNSs 

Finally, free-surfactant method (102), gold nanostars (AuNSs) were prepared by a 

seed-mediated growth method. The seed preparation consists of the addition of 15 ml 

of 1 % citrate solution to 100 ml of boiling 1 mM HAuCl4 solution under vigorous 

stirring. After 15 min of boiling while keeping the solution volume stable, the solution 

was cooled and filtered using a 0.22 µm nitrocellulose membrane, and then kept at 4 

°C for long-term storage. For nanostar synthesis, 956 µl of the above citrate-stabilized 

seed solution was added to 96 ml of 0.25 mM auric chloride (HAuCl4) solution (with 

96 µl of 1 M HCl) in a 250 ml round bottom flask at room temperature under moderate 

stirring (700 rpm). Quickly, 956 µl of silver nitrate (AgNO3) of different 

concentrations (1–2 mM) and 480 µl of ascorbic acid (AA; 100 mM) were added 

simultaneously. The solution was stirred for 30 s as its colour rapidly turned from light 

red to blue or greenish-black.  

 

2.3.8 Surfactant-Free AuNSs Immobilization 

Immediately after synthesis, surfactant-free AuNSs were immobilized onto titania 

TiO2 using two different approaches. The procedure was exactly the same as the one 

described previously for the gold nanorods in Chapter 4; colloidal suspension was 

transferred to a 250 ml round bottom flask followed by the procedure outlined 

previously with modifications (110). 25 ml of titania water solution was acidified to 

pH 1 with sulfuric acid and was added to the colloidal nanoparticles solution (and 25 

ml more used to wash down the glassware). It was left for 2 hours under vigorous 

stirring and then filtered and washed with distilled water until a neutral pH value was 
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obtained. The solid was dried overnight in the vacuum oven at 60 °C and finally 

ground. No further treatments were performed. 

 

 

2.4 Catalytic Reactions  

 

2.4.1 Photocatalytic degradation of Methyl Orange (MO)  

 

The photocatalytic degradation of methyl orange (MO) was carried out at 25 oC using 

10 ml MO solution (40 mg/l) and 20 mg of solid catalyst under irradiation of the visible 

light (400-800 nm) with a chiller. The MO concentration was measured using a UV-

visible spectrophotometer by comparing the peak intensity at 465 nm. Prior to the 

reaction, the solution containing the photocatalyst was stirred for 2 h in the absence of 

any light to saturate the adsorption of MO on the catalyst surface.  

 

  
Figure 2.1 Photoreactor LuzChem ICH2. (16 UVA and 16 VIS lamps, 110 VAC, 

50/60 Hz cycle, 4 Amps.)  
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Figure 2.2. (Left) Photoreactor set up with 50 - 200 W research Arc Lamp Sources 

(Hg), produce collimated or focused output. (Right) photoreactor used in 

experiments for sonication-assisted nanoparticles. 

 

 

2.4.2 PROX reactions 

 

The PROX reaction was carried out in a fixed bed reactor at atmospheric pressure 

using a gas mixture of 1 % CO, 1 % O2, 78 % H2, 20 % He at a GHSV of 5000 h-1, or 

a mixture of 100 ppm CO, 100 ppm O2, 99.78 % H2, 0.2 % He at a GHSV of 50 h-1. 

The reactant and product gases were analyzed with a GC Shimadzu-14B equipped 

with both TCD and FID detectors. 

 

2.4.3 Selective Oxidation of 5-Hydroxymethyl-2-furfural (HMF) 

The oxidation of 5-hydroxymethyl-2-furfural (HMF) was carried out using an 

autoclave (Parr Instruments) reactor of 100 mL capacity. This reactor was equipped 

with a magnetic stirrer (0-1500 rpm), specifically was used a cross-magnetic stirrer 
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bar to achieve a homogeneous mixture of oxygen gas in solution. It was also equipped 

with measuring and control equipment of temperature and pressure.  

The reactor was charged with an aqueous solution (10 ml water) containing the 

appropriate amount of HMF, metal catalyst and base (NaOH) (molar ratio [1:0.01:4]). 

The temperature was increased to 60 ◦C and the reaction mixture was stirred at ca. 

1500 rpm for 4 h. The autoclave was purged 3 times with O2 (5 bar) and then 

pressurized at 20 bar. At the end of the reaction, the reactor was cooled into ice and 

the solution was filtered under vacuum using a filter paper of 0.2 µm PTPE.  

Then, the solution was diluted before analysis with a HPLC using a 0.01M H2SO4 

solution as the mobile phase. The identification of compounds was achieved by 

calibration using commercial samples. This reaction was conducted in collaboration 

with a visiting researcher and Erasmus student resident in the group, Susana Guadix 

Montero. 

 

2.4.4 4-Nitrophenol Reduction 

The catalytic properties of AuNSs both in colloidal suspension and immobilized 

nanoparticles were examined for the reduction of 4-nitrophenol to 4-aminophenol 

reaction in the presence of excess NaBH4. The reaction conditions reported by Ye et 

al (114) were adopted as we will indicate later on. 4-nitrophenol [4-NP] reduction was 

carried out in situ at room temperature in a standard quartz cell with a path length of 

1 cm.  

A- Colloidal: The aqueous solution of sodium borohydride (NaBH4) 0.1 M was 

freshly prepared (and kept ice-cold). First, 0.3 mL of a NaBH4 solution was mixed 

with 3 mL of 0.1 mM [4-NP]. Then, a volume of 25 µL gold nanoparticles was 

immediately injected.  

B- Solid: samples (10 mg) were added in the cuvette. Immediately following this, the 

same volume of [4-NP] was introduced and finally the NaBH4.  
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2.5 Characterization 

The equipment used to analyse and characterize the synthesized nanoparticles and 

catalysts is described below. 

 

2.5.1 UV-Vis Spectrophotometer 

UV-Vis absorption spectra of colloidal suspension of nanoparticles and methyl orange 

were recorded using a Thermo Scientific Evolution 220 UV-Vis spectrophotometer, 

while measurement of UV-Vis diffuse reflectance spectra of titania supported 

nanoparticles was carried out with a Shimadzu UV-2550 UV-Vis spectrophotometer.  

 

2.5.2 Transmission Electron Microscopy (TEM) 

The TEM images were obtained with a TEM Jeol 2100 operated at 200 kV. Sample 

was mounted on 300 mesh copper grids with a holey carbon film, dispersed in 

methanol by sonication and added as a drop. 

 

2.5.3 Scanning Electron Microscopy (SEM) 

SEM was carried out using Hitachi S-4800 Field –Emission Scanning Electron 

Microscope Oxford Instruments Inca |Energy EDX detector Meiji MT9430 Polarising 

Microscope. Samples were mounted on 300 mesh copper grids with holey carbon 

films, as received and dried in air. 

2.5.4 X-ray Powder Diffraction (XRD) 

XRD was carried out using a Panalytical X’Pert PRO HTS X-Ray Diffractometer 

employing Cu Kα radiation (λ = 0.154 nm).  Data were recorded in the 2θ range of 10-

90° in a transmission mode with a one-hour scan time. A few milligrams of sample 

were placed on the metal analysis grid. The equipment was located at the Centre of 

Materials Discovery (CMD). 
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2.5.5 ICP-OES 

For ICP-OES measurements, 10 mg of catalyst was dissolved in 1 ml of pure aqua 

regia and stirred under ambient conditions overnight. The noble metals like Au and 

Ag were dissolved in the suspension which was measured and used to calculate Au 

and Ag concentrations. Each value of Au and Ag was measured three times and 

averaged. ICP measurements were performed by the analytical services section within 

the Department of Chemistry. 

 

2.5.6 X-ray Photo-Electron Spectroscopy (XPS) 

XPS measurements were undertaken at The Institute of Chemical Engineering and 

Sciences (ICES) in Singapore.  XPS is useful technique to the study the near-surface 

chemistry of the catalyst as it provides information on the elemental composition, the 

oxidation state of the elements and in favourable cases, on the dispersion of one phase 

over another. 
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3 Sonication-Assisted Deposition-Reduction Method for Preparing Supported 

Metal Catalysts for Catalytic Applications 

 

3.1 Introduction 

In the preparation of heterogeneous catalysts, conventional methods such as 

impregnation usually lead to difficulties in the control of particle size, local 

composition, crystal phase and morphologies. Recent developments in nanoscience 

and nanotechnology may offer better possibilities for designing and preparing 

heterogeneous catalysts with control even at an atomic level. For example, designed 

bimetallic Pt-M electrocatalysts (M = V, Ti, Co, Fe, Ni, etc ...) were recently reported 

to show improved resistance to poisonous substances in comparison with conventional 

Pt catalysts (115). Also, the so-called “oxide-on-metal inverse catalysts” were 

prepared with more active coordinatively unsaturated (CUS) centres confined at the 

interface between a transition metal oxide (TMO) particle and a noble metal (NM) 

particle for catalytic applications (116).  

 

In addition, although the DP and CP methods work quite well for preparation of some 

catalysts, particularly for the supported gold catalysts (117), the deposition efficiency 

(DE, which is defined as the percentage of real metal loading to the theoretical metal 

loading) is usually below 30% except in the case of using urea as the precipitation 

agent (91), which means majority of Au is washed off in most of the catalyst 

preparations. 

 

It has been demonstrated that sonication is an effective tool to generate and facilitate 

the deposition of metal particles onto support surfaces. During the sonication process, 

extreme conditions such as high transient temperature (³ 5000 K), pressure (³ 20 MPa) 

and very high cooling rates (³ 1010 KS-1) can be reached (118), which can be utilized 

to decompose some volatile compounds used in the sonochemical synthesis. 

Meanwhile, the collapse of the bubbles can generate high speed micro-jets in the liquid 

medium near the solid surface (119), which can propel the small particles to the solid 

surface.  
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Gedanken et al. (120-122) did systematic work on the sonochemical synthesis of 

supported catalysts. However, most of the preparations need long-term sonication to 

decompose the precursor compounds and their deposition efficiency is still in doubt.  

The deposition-reduction process is widely used for the preparation of supported 

catalysts (93, 122, 123), in which there is involvement of very complicated 

interactions, e.g., the interaction between metal particle and capping agent when a 

capping agent is used, the particle-particle interaction and the particle-support 

interaction, etc. The former often involves chemical bond formation while in the latter 

two kinds of interactions are often related to the electrostatic interaction and/or 

chemical bonding formation (124, 125).  

 

The reduction step could be very fast but the deposition step probably not, or with low 

deposition efficiency. How to control the above-mentioned interactions to realize a 

highly efficient deposition and dispersion of metal particles onto support is still a big 

challenge (126).  

 

Previously we investigated the interaction of Au colloids with amino acids such as 

lysine, and found that, at low pH values, lysine molecules can crosslink Au colloids, 

and this crosslinking is stronger than the electrostatic repulsion among the Au colloids. 

In this case, large Au particles or linear Au aggregates will be obtained because of the 

crosslinking.  

 

However, at high pH values and under sonication, only isolated Au particles are 

obtained. At the high pH values, the amino acid capped Au colloids become more 

negatively charged on their surface and their electrostatic repulsion is stronger than 

that at low pH values, preventing their fast aggregation. Meanwhile, the application of 

sonication can break the Au linear aggregates and drive the Au colloids to deposit on 

the support surface with high efficiency.  

 

On the other hand, when the solution pH value is close to the isoelectric point (IEP) 

of the catalyst support, the electrostatic repulsion between the Au colloids and the 

catalyst support such as TiO2
 (with an IEP of about 6) becomes weak, which will 

facilitate deposition of Au colloids (127, 128).  
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Based on these findings, a sonication-assisted precipitation-reduction for preparation 

of supported Au catalysts on a series of supports has been carried out by us (105). This 

method is fast, and is suitable for the deposition of Au onto supports with an isoelectric 

point (IEP) above 5 with very high dispersion. However, we still wondered whether 

this method could be extended to the preparation of other supported metal catalysts, 

in particular, bi-metallic catalysts, as the latter often lead to different catalytic 

behaviour from the mono-metal catalysts. Also, the influence of some preparation 

parameters on catalyst preparation and the metal deposition efficiency were still not 

studied.  

 

In this work, the novel sonication method (105, 129) has been employed to prepare 

various mono- and bi-metallic catalysts supported on several supports under various 

experimental conditions. The resultant catalysts have been applied for two types of 

important reactions: (i) the photo-degradation of methyl orange (MO) and (ii) the 

preferential oxidation (PROX) of CO in H2-rich gas. The first reaction is related to the 

treatment of industrial wastewater and the second to H2 gas purification for industrial 

applications. 

 

3.2 Experimental  

 

3.2.1 Preparation of the one-dimensional (1D) Al2O3 and CeO2 nanorods  

 

The synthesis of Al2O3 and CeO2 nanorods followed the hydrothermal method for the 

synthesis of 1D Fe2O3 except for using Al(NO3)3 or Ce(NO3)4 as the precursor. 

Typically, 5.0 g of Al(NO3)3.9H2O was added to 30 ml of 20 wt. % aqueous TEAOH 

solution in an autoclave, which was then heated in an oven at a temperature of 80 oC 

for 10 h. After the reaction, the precipitate was washed with DI water for four times, 

dried in a vacuum oven at 100 oC overnight and calcined at 500 oC for 3 h (103, 104).   
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3.2.2 Sonication preparation of the supported catalysts 

 

The sonication-assisted catalyst preparation has been carried out following the 

previous work reported (105) using lysine as the capping agent and NaBH4 as the 

reducing agent. The used catalyst supports used were TiO2-P25, g-Al2O3 and CeO2 

nanorods, commercial g-Al2O3 from SASOL, ZnO, CeO2, etc. In a typical catalyst 

preparation, 0.5 g of TiO2 was put in 10 ml deionized water, and 5.08 ml of 0.01 M 

HAuCl4 and 5.08 ml of 0.01 M lysine (Lys) were added subsequently. The pH of the 

suspension was adjusted to 5–6 with 0.1 M NaOH.  

 

The suspension was then subjected to sonication (Vibracell 500-Watt Ultrasonic 

processor, 20 kHz, 39 % energy efficiency) for 20 s, and during the sonication freshly 

prepared NaBH4 (0.1 M, 5–10 times the Au molar number) was injected instantly and 

the pH at the end point was measured. The suspension immediately turned dark in 

colour and was washed with deionized water 4 times by using centrifuge. In the case 

of Pd catalysts, PdCl2 was used as precursor and a pH below 3 was used because PdCl2 

was not fully dissolved in water at high pH values. Figure 3.1 (next page) shows a 

schematic representation of sonication-assisted method. 
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Figure 3.1. Schematic representation of the sonication-assisted method 
 
 

 

 

3.2.3 Photocatalytic degradation of Methyl Orange (MO)  

 

The photocatalytic degradation of methyl orange (MO) was carried out at 25 oC using 

10 ml MO solution (40 mg/l) and 20 mg of solid catalyst under irradiation of the visible 

light (400-800 nm) with a chiller. The MO concentration was measured using a UV-

vis spectrophotometer by comparing the peak intensity at 465nm. Prior to the reaction, 

the solution containing the photocatalyst was stirred for 2 h in the absence of light to 

saturate the adsorption of MO on the catalyst surface.  
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3.2.4 PROX reactions 

 

The PROX reaction was carried out in a fixed bed reactor at atmospheric pressure 

using a gas mixture of 1 % CO, 1 % O2, 78 % H2, 20 % He at a GHSV of 5000 h-1, or 

a mixture of 100 ppm CO, 100 ppm O2, 99.78 % H2, 0.2 % He at a GHSV of 50 h-1. 

The reactant and product gases were analyzed with a GC Shimadzu-14B equipped 

with both TCD and FID detectors. 

 

 

3.3 Results and discussion 

 

In this section, the physical and catalytic properties of the laboratory synthesised metal 

nanoparticles are presented and discussed in detail. The characterization of prepared 

catalysts and analysis of their catalytic activities have been conducted using the 

following techniques; Transmission Electron Microscopy (TEM), X-ray Diffraction 

(XRD), Inductive Coupled Plasma- Optical Emission Spectroscopy (ICP-OES), UV-

Vis Spectroscopy, Gas Chromatography (GC) and X-ray Photoelectron Spectroscopy 

(XPS). 

 

 

3.3.1 Sonication-assisted preparation of the supported catalysts and 

hydrothermal synthesis of the one-dimensional (1D) support 

 

In the sonication-assisted deposition-reduction preparations, experimental parameters 

such as the types of metal and support, pH value, Au/Pd ratio, solvent, reagent addition 

sequence were varied. In general, it is found that with this method prepare various 

supported metal catalysts with high dispersion can be prepared, including Au, Pt, Rh, 

Ru and Pd supported on Al2O3, TiO2, ZnO and CeO2, etc. The sizes of most metal 

particles are usually between 2-6 nm (Figure 3.2), varying a little with the change of 

metal, support as well as the pH (the pH was usually maintained above 6). In the Pd/g-

Al2O3 catalyst and Au-Pd bimetallic catalysts, the metal particles are in the range of 
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5-20 nm in size (the TEM images are not shown here). The large Pd particle size and 

wide distribution probably are related to the nature of the Pd and the low pH used, 

because the PdCl2 precursor is not completely dissolved at high pH aqueous solution. 

TEM images in Figure 3.2, show the 1D g-Al2O3 and CeO2 materials were 

successfully prepared, the diameter of these nanorods was between 10 and 20 nm, and 

the aspect ratio between 5 and 20. These 1D nanostructures together with some 

commercial metal oxides were used as the catalyst supports. 
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Figure 3.2. TEM images of the supported metal catalysts prepared by the 

sonication-assisted method. 
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However, the low pH value leads to the growth of large particles due to the 

crosslinking of metal particles by lysine molecules (127). Ethanol and ethanol-H2O 

mixtures with various ethanol/H2O ratios were also employed as the solvent. However, 

it was found that the use of ethanol solvent led to the formation of larger metal 

particles, including Au and Pd, etc.  

 

The addition sequence of the reagent in the sonication-assisted preparation of Au-Pd 

catalysts was also varied. For example, to avoid the low solubility problem of PdCl2 

in H2O, PdCl2 or HAuCl4 + PdCl2 was dissolved in water at low pH below 3, followed 

by addition of NaBH4 and lysine in the solution with sonication. Au was also initially 

deposited on the support at one pH value followed by the deposition of Pd at another 

pH on the Au-deposited catalyst (catalyst 6 in table 1), or vice versa (catalyst 7). 

Unfortunately, these approaches did not lead to the formation of very uniformly 

dispersed metal catalysts. Their TEM images are shown Figure 3.3 and their catalytic 

performance will be outlined later.  

 

	

	

	

	

	

	

	

	

	

 

 

 

Figure 3.3. TEM images of the two 2wt%AuPd(3:1)/TiO2 catalysts prepared by 

changing the deposition sequence of Au and Pd. (A) Pd was first deposited followed 

by Au deposition (Catalyst 6 in Table 3.1), and (B) Au was first deposited followed 

A B 
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by Pd deposition (Catalyst 7 in Table 3.1).  The catalysts were calcined in air at 300 
oC for 1h. Some large particles were identified in these two samples.  

Table 3.1. ICP analysis of the catalyst composition 

 

Catalyst no. Theoretical 

atomic ratio of 

Au/Pd 

ICP analysis DE (%) pH 

 Au (wt%) Pd (wt%) Total (%)   

1(2wt%Au/TiO2) 1:0 1.84 0.0 1.84 92 5.5 

2(2wt%AuPd/TiO2) 3:1 1.55 0.29 1.84 92 1.6 

3(2wt%AuPd/TiO2) 1:1 1.17 0.63 1.79 89 1.4 

4(2wt%AuPd/TiO2) 1:3 0.45 1.05 1.5 75 1.4 

5(2wt%AuPd/TiO2-R) 3:1 1.39 0.21 1.6 80 9.6 

6(2wt%Pd-Au/TiO2) 3:1 1.31 0.16 1.6 74 2.8/1.3 

7(2wt%Au-Pd/TiO2) 3:1 1.29 0.26 1.6 77 3.0/2.8 

 

*Notes: DE = deposition efficiency. 
Catalysts 1–4: NaBH4 was added into the slurry Au and Pd precursors, lysine solution and support. 
Catalyst 5(#27): Au and Pd precursor solution was added into slurry containing NaBH4, lysine and 
the catalyst support (inverse sonochemical method). 
Catalyst 6 (#31): Pd was deposited first followed with Au deposition. 
Catalyst 7(#32): Au was deposited first followed with Pd deposition. 

 

In addition, it is seen from Figure 3.2 that the Pt particles supported on the g-Al2O3 

nanorods are not spherical but triangular or oval shapes. Upon close inspection, these 

particles can be seen to be small aggregates composed of 2-3 individual particles each.  

 

The most uniform metal particles are Au supported on various supports, and Rh 

supported on TiO2 (Figure 3.2). Once the metal particles are deposited on the support, 

the catalysts were calcined at 300 oC in air to completely remove the capping lysine 

molecules on them. Since this calcination temperature is much lower than that required 

for the other capping agents such as thiols (126), it has little effect on the final metal 

particle size. This low temperature calcination is one of the merits of the lysine capping 

agent.   

 

 One of the important indicators for successful preparation of the catalysts is the 

deposition efficiency (DE). Table 3.1 lists some of the DE values of the prepared 

catalysts by this sonication method. The highest DE value is observed for catalyst 1 

(Au/TiO2) and 2 (AuPd (3:1)/TiO2), which is 92 %. With increasing Pd content, the 
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DE value decreased but was still above 70 %. These DE values are much higher than 

those of the catalysts prepared by co-precipitation and deposition-precipitation (126). 

The sonication-assisted method for catalyst preparation which is outlined is fast and 

versatile and suitable for the preparation of many catalysts with high DE values. 
 
 

3.3.2 Au-Pd catalysts for the photocatalytic oxidation of MO and their 

structural characteristics 

  

Photocatalytic reactions are important for environmental remediation because 

nowadays there is increasing pollution of water resources and air. It is desired to find 

cheap and sustainable solutions to purify these media (68, 130-132). In this work, 

photocatalytic degradation of MO was employed to test the photocatalytic property of 

the catalysts.  

 

A number of mono- and bimetallic catalysts were tested for this reaction, including 

Au, Cu, Pd, Pt, and Au-Pd, Au-Cu, Au-Fe, Au-Co, Au-Pt and Au-Rh and Au-Ru 

supported on TiO2. It was found that the supported Au-Pd series catalysts exhibited 

high catalytic activities. Figure 3.4 displays the measured UV-vis spectra of MO after 

1 h reaction on some catalysts, from which it can be seen that MO was degraded as its 

peak intensity at ca. 465 nm was decreased.  
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Figure 3.4. Catalytic degradation of MO under visible light at 25 oC (1 h).	

 

 

Figure 3.5 shows the calculated MO conversion after 3 h reaction at 25 oC based on 

the peak area changes at 465 nm. The oxidized Pd/TiO2 catalyst shows only a 

negligible MO conversion of 0.9 % after the 3 h reaction while that on Au/TiO2 is 10.4 

%, indicating that Pd (actually PdO, which will be explained later) is not active for 

this reaction but Au is. For the Au-Pd/TiO2 catalysts that have a total theoretical metal 

loading of 2 wt. %, but with various Au/Pd atomic ratios, the MO conversion is 

increased with increasing Pd content at the beginning.  
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Figure 3.5.  Catalytic degradation of MO under visible light after 3 h reaction at 25 
oC. 	

 

The maximum MO conversion is achieved on catalyst 2 (2wt%AuPd(3:1)/TiO2), 

which is ca. 49.5 % (Figure 3.5), although in this catalyst the theoretical Au loading 

is lower than that in catalyst 1 (Au/TiO2). It is clear there is a synergetic interaction 

between Au and Pd which leads to a significant increase in catalytic activity. However, 

with further increase of the Pd content, the catalytic activity became lower again, 

probably because of the decrease of the most active Au sites on the catalyst surface. 

Since the Au component is quite active for this reaction, several catalysts with 2 wt. 

% Au and 1 wt. % of the 2nd metal were prepared and tested, and the catalytic 

performances are also shown in Figure 3.5 (see the area on the right side of the orange 

dotted line). The addition of Cu, Pt, Ni, Co and Rh leads to an increase of the catalytic 

activity as compared to Au/TiO2, but all of the catalysts are still much poorer than 

catalyst 2 (2wt%AuPd(3:1)/TiO2), indicating the addition of these metals is not as 

good as Pd in promoting the catalytic performance of MO degradation. Therefore, in 

the following, the focus is on AuPd/TiO2 catalysts only.      

 

2wt%AuPd(3:1)/TiO2 catalysts were prepared by varying the preparation method or 

conditions, e.g., by using the impregnation method and inverse sonication method (see 
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Table 3.1). After the 3 h reaction, the impregnation method prepared 

2wt%AuPd(3:1)/TiO2 catalyst showed only a MO conversion of 12.1 %, while 

catalysts 5, 6 and 7 in Table 1 showed MO conversions of 15.9 %, 22.9 % and 9.8 % 

respectively, all of which are  much lower than catalyst 2 (Figure 3.5). Why these 

catalysts were so different in catalytic performance is a point for consideration. As 

shown in Table 3.1, catalyst 2 has a little higher Au loading than catalyst 5, 6 and 7.  

 

The measured XRD patterns are shown in Figure 3.6. Unfortunately, no Au and Pd 

reflections are observed because of the high dispersion and low loading of both Au 

and Pd. The major diffraction peaks of metallic Au should be located at 2q = 38.2 and 

44.4o, while those of metallic Pd would be at 40.1 and 46.7o. Thus the Au-rich AuPd 

alloy and Pd-rich AuPd alloy should exhibit reflections between 38.2 and 40.1o and 

between 44.4 and 46.7o respectively (133).  

 

	

	

	

	

	

	

	

	

 

 

 

 

 

Figure 3.6. XRD patterns of some catalysts.  

 

 

The UV-vis spectra measured for the catalysts are shown in Figure 3.7 (next page). 
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exhibit a surface plasmon resonance (SPR) band maximum at around 560 nm for 

Au/TiO2 (134).  This peak is not seen in the spectra of AuPd/TiO2 catalysts, indicating 

the suppression of the plasmonic band of Au by Pd and a strong interaction between 

Au and Pd.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7.  UV-Vis diffuse reflectance spectra of some catalysts.  

 

Differing from Au nanoparticles, Pd nanoparticles only exhibit broad optical 

resonances that have been assigned to the so-called localized surface plasmons (LSPs) 

due to the fact that the d-band overlaps with the s- and p-bands over the whole range 

of interest (134). The change of the optical properties of Au after Pd addition is 

probably related to a change of electronic structure, which can partly confirm alloying 

of Au and Pd (135-138). 

 

TEM analysis was further carried out for catalyst 2 comprising 2wt%AuPd(3:1)/TiO2 

and the results are shown in Figures 3.8 and 3.9. Quantification of EDX analysis from 

large area samples gives a ratio of Au:Pd =65:35. The intensity in HAADF-STEM 

images is proportional to the atomic number (Z2) of atoms, and thus it can easily 

differentiate Au and Pd atoms due to difference between their atomic numbers. Figure 

3.8 (A) shows a low magnification HAADF-STEM image of 2wt%AuPd(3:1)/TiO2 

catalyst. Since Pd nanoparticles have lower contrast than Au, no individual Pd 
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nanoparticles are observed on the substrate, indicating that the supported metal 

particles could be the mixture of Pd and Au.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. HAADF-STEM images of the 2wt%AuPd(3:1)/TiO2 catalyst after 

oxidation in air at 300 oC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Low (A) and high (B) resolution TEM images of the 2-

2wt%AuPd(3:1)/TiO2 catalyst after oxidation in air at 300 oC. 
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Figure 3.9 (B) presents a high magnification STEM image of metal particles. The 

uniform contrast presented by the particle further strongly suggests an alloy structure 

of Au and Pd, rather than core-shell or bi-particle structures. A point EDX analysis 

acquired from one nanoparticle gave a composition of Au:Pd =69:31, confirming the 

alloy structure of particles. The high resolution TEM image (Figure 3.9 B) shows a 

10-nm sized AuPd nanoparticle on the TiO2 substrate. The lattice spacing measured 

for TiO2 is 0.350 nm, corresponding to TiO2 (101) plane with a standard value of 0.352 

nm. The 0.6% error indicates the TEM instrument was well calibrated. The lattice 

distance of AuPd nanoparticle is 0.199 nm, which is between 0.195 and 0.204 nm, the 

distances of Pd(200) and Au (200) planes respectively.  This measured distance is close 

to that of AuPd alloy with a ratio of 3:1 (0.202 nm), suggesting the metal nanoparticles 

are the alloy of Pd and Au.  

 

XPS analysis was conducted for some catalysts to determine their surface structural 

features. The measured Au4f7/2 binding energy appears in the range of 83.2 to 83.6 eV 

(Table 3.2), which is lower than that of bulk gold. Probably there is a shift of electrons 

from Pd or the oxygen-vacancies in TiO2 to Au, leading to the partial negative 

charging of Au.  

 

 

Catalyst no. 
Theoretic 

composition 
Au BE (eV) 

Surface 

Au/Pd 
Surface Pd2+/(Pd2+ + Pd0) 

1- 2 wt%Au/TiO2 2(2:0) 83.2 ∞ --- 

2- 2 wt%AuPd/TiO2 2(3:1) 83.3 1.59 0.059 

3- 2 wt%AuPd/TiO2 2(1:1) 83.5 0.64 0.34 

6- 2 wt%Pd–Au/TiO2 2(3:1) 83.4 1.06 0.052 

7- 2 wt%Au–Pd/TiO2 2(3:1) 83.6 1.03 0.41 

8- 2wtPd%/TiO2 2(0:2) --- 0 1.0 

 

Table 3.2 XPS analysis results of some of the catalysts. 

 

 

Table 3.2 and Figure 3.10 give more details of XPS results. By comparing catalysts 

2, 3 and 8 in Table 3.2, it is seen that with increasing Pd concentration, the surface 
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Au/Pd ratio is decreased, which is accompanied by an increase in surface Pd2+ 

concentration. These observations indicate that, besides alloying of Au with Pd which 

can modify the electronic properties of Au, the number of surface Au sites is also 

important for high catalytic activity. 

 

 
Figure 3.10. XPS analysis of the supported catalysts oxidized in air (before reaction).   

 

When the Au/Pd ratio is below 3:1, more surface sites are occupied by Pd2+, leading 

to decreased catalytic activity. More interesting information can be obtained by 

comparing catalyst 2 with catalyst 6 and 7. In catalyst 2, Au and Pd components are 

simultaneously reduced and deposited on the catalyst support, while in catalyst 6 and 

7, Pd and Au are reduced and deposited in different sequences. In catalysts 6 and 7, 

both the surface Au and bulk Au concentrations (Table 3.1) are lower than those of 

catalyst 2. On the surface of the catalyst 7, there is a very high Pd2+/(Pd2+ + Pd0) ratio 

(0.41),  because in this sample the Au was deposited first followed by Pd deposition. 
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Probably in this sample the surface of AuPd particles is PdO-rich, which could explain 

in possessing the lowest catalytic activity (only 9.8 % MO conversion after the 3 h 

reaction) amongst these three catalysts. For catalyst 8, the surface is completely 

covered by Pd2+, indicating that Pd2+ is not active in this reaction. It can be further 

deduced that the alloying of Au-Pd can stabilize metallic Pd0 although probably there 

is a slight shift of the electron density from Pd to Au. The trace amount of surface PdO 

in catalyst 2 (Table 3.2 and Figure 3.10) may contribute to the formation of the so-

called “oxide-on-metal inverse catalysts” as reported by Bao et al. (116).  

 

Actually, the Au-Pd particles supported on various catalyst supports have been widely 

investigated for different catalytic applications. Besides size or dispersion, there are 

various structural features for the Au-Pd particles that can impact upon their catalytic 

performance. They could form separate Au and Pd particles, alloy particles and core-

shell structures.  

 

For example, it was reported that the calcination of homogeneous Au/Pd alloys 

supported on Al2O3 resulted in progressive enrichment of Pd at the metal particle 

surface and a decrease in catalytic activity (38, 139). On the other hand, Au@Pd 

nanoparticles supported on silica were transformed into random alloy particles at 300 

°C (140). Cybula et al. (133) found that for an AuPd/TiO2 catalyst for phenol 

degradation under UV light, catalytic performance is highly dependent on the catalyst 

calcination temperature. 

 

The catalysts calcined at 350 and 400 °C exhibited the highest photocatalytic activity 

while that calcined above 450 oC became poorer in catalytic performance. It was found 

that the higher calcination temperature caused segregation of the two metals and gold-

enrichment in the shell region of Au/Pd bimetallic nanoparticles. Even in the alloyed 

particles, the distribution of Au and Pd was not homogeneous (133). This situation is 

quite similar to the cases presented within this chapter: Au-Pd alloy particles are 

formed and certain amount of Pd2+ is observed on the surface. Combining the literature 

with our results, it is proposed that the ideal catalyst should have a structure of alloyed 

Au-Pd with an Au/Pd atomic ratio around 3, and with a trace amount of PdO islands 

decorating the Au-Pd surface, as shown in Figure 3.11 (next page). 
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Figure 3.11. Ideal AuPd/TiO2 catalyst for the MO degradation reaction.  	

 

 

3.3.3 Supported metal catalysts for PROX reaction 

   

The catalysts prepared by the sonication-assisted method were tested for the low 

temperature preferential oxidation (PROX) reaction because it is an important 

industrial reaction used for purification of H2 in hydrogen fuel cells (141, 142). 

Nowadays the majority of the world’s hydrogen supply is produced by reforming 

hydrocarbons (129, 142-144). This ‘reformate’ hydrogen contains significant 

quantities of CO that poison current fuel cell devices. The PROX reaction removes 

CO through selective (preferential) oxidation of CO while avoiding oxidation of 

hydrogen in reformate.  

 

For the PROX reaction, a series of metals were screened and it was found that Ru/TiO2 

(129), Au-Cu/SBA-15 and Pt/Al2O3 catalysts exhibited high catalytic activities. The 

Ru/TiO2 and Au-Cu/SBA-15 catalysts were tested previously at high GHSVs close to 

20000 h-1 and both of them were able to lower the CO concentration to several ppm 

(Table 3.3). At above 200 oC on the Ru/TiO2 catalyst the methanation reaction was 

the dominant reaction rather than PROX reaction (129); while Au-Cu/SBA-15 catalyst 

=	PdO 

=	Au 

=	Pd 

TiO2 
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was extremely active even at room temperature. However the catalyst was not stable 

and was deactivated due to the reversible alloying of Au and Cu (142).  
Catalyst Reaction temperature 

(oC) 

CO concentration (ppm) Stability tested 

(h) Before 

reaction 

After Reaction 

10 (2 wt% Pt/Al2O3) 150-20 10,000 2-5 100 

11(2 wt% Ru/Al2O3) 200-270 10,000 5-10 20 

12(2 wt% Cu–Au/SBA-

15) 

25 10,000 5-10 12 

 

Table 3.3. Catalytic performances of several catalyst for PROX reaction. 

 

The 2wt%Pt/g-Al2O3 nanorod catalyst was prepared by the impregnation method and 

the sonication-assisted method in this work. As shown in Figure 3.12, the sonication 

method prepared 2wt%Pt/g-Al2O3 was able to lower the CO concentration from 10000 

ppm to ca. 51 ppm at ca. 160 oC, while the impregnation method prepared 2wt%Pt/g-

Al2O3 could only lower the CO concentration to ca. 1700 ppm at ca. 200 oC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. PROX reaction on Pt supported catalysts. The catalysts were reduced in 

5 % H2 at 300 oC for 40 minutes prior to the reaction. The catalytic reaction was carried 

out in the flow of 1 % CO, 1 % O2, 78 % H2, 20 % He at a GHSV of 5000 h-1.  
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The sonication method prepared catalyst is very stable. Upon a 100 h on stream 

lifetime test, no deactivation was observed. We further increased the Pt loading to 3 

wt. % and lowered the CO concentration to ca. 100 ppm in the feeding gas, and both 

the g-Al2O3 nanorods and commercial g-Al2O3 from SASOL were used as the support. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. PROX reaction on Pt supported catalysts. (left) TEM image of the 

3%Pt/Al2O3 (SASOL), and (right) the catalytic performances of the 3%Pt/Al2O3 

catalysts. Two kinds of Al2O3 supports were used. One was Al2O3 nanorods with and 

without calcination, and the other was g-Al2O3 from SASOL. The catalysts were 

reduced in 5 % H2 at 300 oC for 40 minutes prior to the reaction. The catalytic reaction 

was carried out in the flow of 100 ppm CO, 100 ppm O2, 99.78 % H2, 0.20 % He at a 

GHSV of 50 h-1.  

 

It is observed in Figure 3.12 and table 3 that the 3wt%Pt/g-Al2O3 (SASOL) is able to 

lower the CO concentration to several ppm at a reaction temperature of ca. 100 oC, 

much lower than the 3wt%Pt/g-Al2O3 nanorods, which show the highest CO removal 

at ca. 150 oC. The detailed reason for this catalytic performance is not yet clear. 

However, it is apparent that the sonication method prepared catalysts are promising 

for practical catalytic applications, particularly when a two-stage reaction 
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configuration is applied, in which the first stage reaction will remove most of CO while 

the second stage reaction will lower the CO concentration to several ppm.   

 

3.4 Conclusion 

In this work, the sonication-assisted precipitation-reduction has been extended to the 

preparation of various mono- and bi-metallic catalysts supported on various supports 

and applied for photocatalytic degradation of MO and also the PROX reaction. In 

general, there are three advantages for the sonication method as compared with the 

conventional methods, including the high dispersion of metal nanoparticles on the 

catalyst support, the much higher DE values compared to the DP and CP methods, and 

the very fast preparation procedure as the deposition only takes 10-20 seconds. 

 

The photocatalytic degradation of MO over a series AuPd/TiO2 showed that the 

AuPd(3:1)/TiO2 catalyst is much more active than the other catalysts, mainly because 

of the high dispersion of the metal particles, the formation of Au-Pd alloy particles 

and the decoration with trace amounts of PdO on the surface of the  Au-Pd alloy 

particles. It was found that, besides the solution pH value, the addition of the metal 

solution into the NaBH4 solution in the preparation (the inverse sonication method) 

and the separate deposition of Au or Pd leads to phase separation of Au and Pd, which 

is not conducive to catalytic activity. 

 

For the PROX reaction, the highly dispersed Ru/TiO2, Au-Cu/SBA-15 and Pt/g-Al2O3 

catalysts prepared by the sonication method were found to be very active. The Pt/g-

Al2O3 catalyst was also quite stable. Moreover, it was found that the Pt/g-Al2O3 

(SASOL) catalyst was able to lower the CO concentration to several ppm at lower 

reaction temperature (100 oC), indicating promise for practical application.  



Chapter 4 
	

53	
	

 

 

 

 

Chapter 4 
Gold Nanorods, Length, Pre- and 

Post- Immobilization and 

Structure-Conversion Symbiosis 
 

 

 

 

 

 

 

 



Chapter 4 
	

54	
	

4 Gold Nanorods (AuNRs): Length, Pre- and Post- Immobilization and 

Structure-Conversion Symbiosis. 

 

4.1 Introduction 

In order to grow, anisotropic nanoparticles like nanorods have to overcome a process 

that otherwise does not happen spontaneously.  It is a relatively complex process and 

nanorods, unlike spheres, are a field still to be exploited although many studies have 

already been carried out (21, 26, 54, 96, 145-148).  

 

Gold nanorods are anisotropic nanoparticles, being the most studied shape (54, 59, 96, 

148-150). Even though several synthesis methods have been developed such as the 

template method (127, 151) where relatively small nanobars can be obtained or 

electrochemical methods (152-154), it is the seed-mediated method which has been 

highlighted (59, 155).  

 

The seed-mediated method has been applied in the experiments as it has many 

advantages including the one that comes with the wet chemistry approach; no 

prefabricated templates are necessary. In addition, it has been shown to give a good 

yield of nearly mono-disperse nanoparticles (97).  

 

In this chapter, the synthesis of colloidal gold nanorods using seed-mediated synthesis 

method (59) has been carried out and the resultant nanorods successfully supported on 

titania via sol-immobilization. We have also performed the photodegradation of 

methyl orange and selective oxidation of hydroxymethyl furfural in order to obtain an 

understanding of the performance of the catalyst prepared. 

 

4.2 Experimental 

In this chapter, gold nanorods AuNRs (59) with different aspect ratios (AR) have been 

synthesized and subsequently supported by sol-immobilisation (110). The support 

used was titania TiO2 Degussa P25 which is a photocatalyst that is used widely due to 
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its stability, non-toxicity, low cost and relativity high levels of activity in many 

photocatalytic reaction systems (156). Obtaining adequate control over the 

morphology of the nanoparticle is essential and at this point, within the different 

synthesis techniques, the bottom-up synthesis methods offer better control of the shape 

and size using, for this purpose, stabilizing agents (83). The catalytic activity of the 

nanoparticles was tested by selective oxidation of hydroxymethyl furfural and 

photodegradation of the azo-dye methyl orange (MO).  

 

4.2.1 Synthesis of Gold Nanorods (AuNRs) 

A- Synthesis of colloidal Gold Nanorods:  

Gold nanorods (AuNRs) with various aspect ratios (AR) were synthesized through the 

well-known method of El-Sayed (59) with modifications. Seed preparation was 

carried out by mixing HAuCl4·3H2O (5 ml, 1 mM) with CTAB (5 ml, 0.2 M) solution, 

followed by addition of freshly made, ice cold NaBH4 (600 µl, 10 mM) under rapid 

stirring for 1 min. NaBH4 is a strong reducing agent and its addition resulted in a 

brownish-yellow coloured solution. The mixture was then allowed to stand without 

disturbance at 28-30◦C for at least 1 hour before use.  

To make gold nanorods, the seeds were then added to a growth solution and incubated 

at 30◦C overnight to allow complete rod growth. The growth solution was typically 

prepared as follows. The desired amount of gold solution (HAuCl4.3H2O 1 mM), in 

order to achieve the wanted metal loading, was first mixed with CTAB solution (0.2 

M). Then, it was acidified with HCl to reach a pH about 3. According to the rod 

dimension and longitudinal plasmon wavelength desired, an appropriate amount of 

AgNO3 (1 mM) was added to the mixture, followed by the rapid addition of L-

Ascorbic Acid (AA) solution (78.8 mM). The mixture turned colourless instantly and 

finally the rod growth process was initiated due to the addition of the seed solution as 

prepared above. The colour of the mixture would usually change within minutes, 

suggesting successful growth of seed particles. This method typically produces short 

nanorods (rods with an aspect ratio (AR) up to 4-5).  
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Figure 4.1. Seed-mediated growth in a typical synthesis of gold nanorods. Simply 

by varying the amount of silver added the aspect ratio (AR) can be tuned. Small 

amounts of silver produce spheres, and as the silver amount is increased, the length 

of rods increases as well. 

 

B- Immobilization of Colloidal Gold Nanorods:  

Before AuNR in colloidal solution can be immobilised, they must be purified by 

centrifugation in order to remove the excess of reagents, especially the surfactant 

CTAB. Typically, the solution was centrifuged at 14,500 rpm for 15 min to separate 

the gold nanorods. The colourless supernatant was very carefully discarded. The solid 

pellet was then re-dispersed in deionised (DI) water depending upon the quantity of 

the residue. The centrifugation was repeated 2-3 times and finally the solid residue 

was re-dispersed in DI water. 

In the next step the colloidal suspension was transferred to a 250 ml round bottom 

flask followed by the procedure outlined above with modifications (110). 25 ml of 

titania water solution was acidified to pH 1 with sulfuric acid and was added to the 

colloidal nanoparticle solution (and 25 ml more used to wash down the glassware) and 

it was left for 2 hours under vigorous stirring and then filtered and washed with 

distilled water until a neutral pH value was obtained. The solid was dried overnight in 

the vacuum oven at 60 °C and finally grinded. No further treatments were performed. 
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4.2.2 Photodegradation of Methyl Orange (MO) 

In a typical reaction, 10 ml of MO solution (40 mg/l) and 20 mg of solid catalyst were 

mixed in a 12 ml vial with a magnetic stirrer. The mixture was stirred overnight in the 

dark (after dark reaction, one sample of 2 ml was taken and kept in the dark for 

subsequent analysis) and then irradiated under visible light (400-800 nm) for 3 hours 

in a photoreactor LuzChem ICH2 (shown Chapter 2) at constant temperature of 30 °C 

and under vigorous stirring (1000 rpm). Then, the sample was taken from the mixture 

and the UV-Visible spectrum of the MO solution was measured with a UV-Visible 

spectrophotometer.    

 

4.2.3 Selective Oxidation of 5-Hydroxymethyl-2-furfural (HMF) 

The oxidation of 5-hydroxymethyl-2-furfural (HMF) was carried out using an 

autoclave (Parr Instruments) reactor of 100mL capacity. This reactor was equipped 

with a magnetic stirrer (0-1500 rpm), specifically a cross-magnetic stirrer bar, to 

achieve homogeneous mixing of oxygen gas into the solution. It was also equipped 

with temperature and pressure measurement and control equipment.  

The reactor was charged with an aqueous solution (10 mL water) containing the 

appropriate amount of HMF, metal catalyst and base (NaOH) (molar ratio [1:0.01:4]). 

The temperature was increased to 60 °C and the reaction mixture was stirred at ca. 

1500 rpm for 4 h. The autoclave was purged 3 times with O2 (5 bar) and then 

pressurized at 20 bar. At the end of the reaction, the reactor was cooled on ice and the 

solution was filtered under vacuum using 0.2 µm PTPE filter paper.  

Then, the solution was diluted before analysis with a HPLC using a 0.01M H2SO4 

solution as the mobile phase. The identification and quantification of compounds was 

archived by calibration using commercial samples. This reaction was conducted in 

collaboration with a visiting researcher and Erasmus practice student resident in the 

group, Susana Guadix Montero. 
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4.3 Results and discussion 

Gold nanorods in colloidal state and supported on titania and their catalytic activity 

was characterised using techniques such as UV-Vis-NIR Spectrophotometry, Coupled 

Plasma-Optical Emission Spectroscopy (ICP-OES), X-ray Powder Diffraction (XRD), 

Transmission Electron Microscopy (TEM), High-Performance Liquid 

Chromatography (HPLC) and Scanning Electron Microscopy (SEM). 

 

4.3.1 Colloidal Gold Nanorods (AuNRs) 

	

UV-Vis absorption spectra for two different seeds made with different concentrations 

of CTAB can be seen in Figure 4.2. When the synthesis was carried out with a lower 

concentration of CTAB than that established by the method of Nikoobakht and El-

Sayed (59) larger nanoparticles are obtained. Seeds 1 represented in blue were 

prepared with a molar ratio (CTAB:Au=200) which leads to bigger seeds and it can 

be seen by the higher intensity of the UV-Vis absorption spectra. These seeds lead to 

the creation of spherical nanoparticles as the blue dotted line plot shows, whereas 

smaller seeds (Seeds 2, represented by “red” colour lines) were made at a higher molar 

ratio (CTAB:Au=400) leading successfully to the creation of the desired morphology 

(nanorods). 
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Figure 4.2 UV-Vis absorption spectra of gold seeds for the synthesis of AuNR made 

with two different concentrations of CTAB (0.1 and 0.066 M) and measured just 

after synthesis and 1 hour later. 

 

In the seed-mediated technique, the growth solution consisted of an aqueous solution 

of the surfactant cetyltrimethylammonium bromide (CTAB) and gold in 3+ oxidation 

state (Au3+) that is selectively reduced from Au3+ to Au+ by a mild reducing agent, 

ascorbic acid. This is followed by the addition of the gold seed solution which catalyse 

the reduction of Au+ on the seed surface. It has been proposed that isotropic 

morphology breaking of the seeds by crystal twinning results in formation of penta-

tetrahedral structures with different facets and the selective interaction of CTAB with 

some specific facets of gold seed result into anisotropic growth and thus formation of 

nanorods (17). However, the microscopic mechanism of anisotropic growth is still not 

well understood. 

Figures 4.3 and 4.4, below, show three different nanorods with different aspect ratios 

in colloidal suspension for two sets of experiments. The synthesis method is exactly 

the same for each set of syntheses and nanorod elongation is achieved by simply 

adding different amounts of silver that acts as a point of growth. Without proper and 

accurate synthesis conditions, especially temperature control, results obtained for the 

same reaction are very changeable, even when performed by the same person and in 
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the same laboratory. More studies have to be undertaken in order to obtain accurate 

control of nanorod synthesis. 

 

 

Figure 4.3. UV-Vis absorption spectra of AuNR colloidal suspensions of different 

aspect ratios. Catalysts RHP-14, 15 and 16. 

 

For the rods shown in Figure 4.3 aspect ratios (AR) have been determined from TEM 

measurement of images of the supported gold nanorods. Below, in the supported 

nanoparticle section, Figures 4.7 and 4.8 show comparative UV-Vis solid diffuse 

reflectance spectra of both sets of synthesis, respectively. Significant differences 

especially for the gold nanorods in Figure 4.4 were found. 
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Figure 4.4. UV-Vis absorption spectra of AuNR with different aspect ratios in 

colloidal suspension 

 

Figures 4.5 and 4.6 (next page), present representative images at different 

magnification for two nanorods with different aspect ratios, respectively. In both 

cases, the diameter is quite similar with variation in the length occurring, and which 

is achieved by modifying the amount of silver employed in the synthesis. Given that 

the aspect ratio (AR) is the the length divided by the diameter, for the same diameter, 

longer rods result in higher aspect ratios. 
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(a) (b) 

 
(C) 

Figure 4.5 TEM images (a) (b) and (c) of short AuNRs. Rods in colloidal 

suspension of catalyst RHP-20 prior to immobilization. 

 

The images show a homogeneous nanoparticle size distribution. Scaling up of the 

synthesis results in problems to overcome to obtain a homogeneous nanoparticle size 

distribution because of the influence of different variables. 
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(a) (b) 

 
(C) 

Figure 4.6 TEM images (a) (b) and (c) of longer AuNRs (higher Aspect Ratio AR). 

Rods in colloidal suspension of catalyst RHP-21 prior to immobilization. 
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(a) RHP-49 (b) RHP-50 

  
(c) RHP-51 (d) RHP-52 

  

(e) (f) 



Chapter 4 
	

65	
	

Figure 4.6 (Previous page) TEM images of colloidal nanorods (a), (b), (c) and (d) 

with calculated aspect ratios (AR) corresponding to catalyst RHP-49, 50, 51 and 52. 

Charts (e) and (f) correspond to the aspect ratios and length of the samples measured. 

 

4.3.2 Supported Gold Nanorods (AuNR/TiO2) 

In order to obtain stable and durable catalyst materials, the metal used in this approach 

should be chemically inert, especially towards (photo) oxidation. For this reason, 

noble metals are most suited for this purpose (157). The photocatalytic activity of 

platinum deposited on TiO2 has been more extensively studied, however gold 

supported on TiO2 (Au/TiO2) has attracted increasing attention in recent years (157). 

The reason for this interest on Au/TiO2 comes primarily from the field of 

heterogeneous catalytic oxidation and use of Au/TiO2 catalysts is well established in 

catalysis.  

	

Table 4.1 details the loading of gold and silver in some of the nanorods synthesised. 

The digestion was conducted with aqua regia which is able to dissolve the noble 

metals. The initial theoretical metal loading was 1 wt. % for all cases but the amounts 

obtained were highly variable. The reason for this is that in the different steps of the 

synthesis, especially in the centrifugation, aggregation and re-dispersion of metal 

occurs, resulting in a considerable loss of metal. RHP-49 are spherical NP prepared in 

the same way as nanorod NR. TEM images showed a mixture of different shapes, that 

could be unreacted seeds particles and NR width-sized NPs. RHP-50 to -52 showed 

unreacted seeds-sized particles and transverse and longitudinal band, which however 

do not vary significantly and exhibit quite broad distribution. The decrease of intensity 

(if real) could be associated with loss of gold (not found by ICP). 
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Catalysts Code Au Metal Loading % Ag Metal Loading % LSPR (nm) 

RHP-14 0.193 0.004 680 

RHP-15 0.675 0.021 790 

RHP-16 0.294 0.010 830 

RHP-17 0.576 0.008 610 

RHP-18 0.729 0.013 700 

RHP-19 0.628 0.011 710 

RHP-20 0.420 0.008 650 

RHP-21 0.317 0.006 750 

RHP-22 0.256 0.006 750 

RHP-49 0.51 0.025 540 

RHP-50 0.64 0.028 675 

RHP-51 0.67 0.031 660 

RHP-52 0.63 0.03 730 

 

Table 4.1 ICP-OES analysis results and list of the most important gold nanorods 

catalyst supported on titania (AuNR/TiO2) synthesised, with different longitudinal 

surface plasmon resonance maxima (LSPR). Note: RHP-49 are spheres made 

emploting CTAB as capping agent. 

 

In Figure 4.7 the normalized UV-Vis diffuse reflectance spectra are shown for 

nanorods supported on titania and were previously represented in the Figure 4.3 in 

colloidal suspension (unsupported). Again, the two characteristic peaks due to the 

transverse and longitudinal surface plasmon resonance (SPR) can be observed. In this 

case, as illustrated below in Table 4.2, the values of both the transverse and 

longitudinal SPR are shifted to longer wavelength when the nanorods are supported. 

This may be due to the interaction of nanoparticles with titania. 
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Figure 4.7 Normalized UV-Vis diffuse reflectance spectra of AuNR/TiO2 with 

different aspect ratios. 

 

It should be noted that the spectrophotometer used for solid catalyst characterisation 

can only make measurements up to 800 nanometres so nanorods and nanoparticles 

with surface plasmon resonances above 800 nm or near this value cannot be 

measured/evaluated properly, although the measurements can still provide a hint on 

the position of the plasmon band. 

 

Table 4.2 Wavelength peak values belonging to the transverse and longitudinal 

surface plasmon resonance for the same nanoparticles before and after they are 

supported on titania. 
 

 

Peak [Wavelength (nm)] 

Transverse SPR Longitudinal SPR 

Colloidal Supported Colloidal Supported 

RHP-14 520.2 538 649.4 682 

RHP-15 513 539 789.4 798 

RHP-16 514 520 831.8 798 
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In Figures 4.4 (in the previous section for colloidal nanoparticles) and 4.8 the UV-

Vis spectrum is shown for colloidal suspension and solid diffuse reflectance for the 

same three nanorods before and after being immobilized, respectively. In this case, 

note the relatively large change that occurs for the RHP-17 catalyst represented by 

the blue line. The change of its profile may give the impression that its morphology 

is not fully defined and that probably during the drying process the morphology 

changed with a consequent change in its profile and surface plasmon resonance 

absorption. 

 

 
Figure 4.8 Normalized UV-Vis diffusion reflectance spectra of AuNR/TiO2 with 

different LSPR. 

 

Represented in Figure 4.9 the change in intensity for the same catalyst employing 

different drying conditions can be observed. The difference may simply be due to the 

amount of water that could still be in the one dried at room temperature, as it shows a 

higher intensity. 
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Figure 4.9 Normalized UV-Vis diffusion reflectance spectra of AuNR/TiO2 of the 

same catalyst dried under different conditions. 

 

Gold nanorods have been immobilized as shown in the TEM images of Figure 4.10. 

The solid catalysts (titania + rods) have kept the characteristic colour of rods, and this 

is the first evidence that they have been successfully immobilized. The rods supported 

on titania and measured through TEM include two aspects as follows. 

On one hand, observation or measurement of anisotropic nanoparticles is somewhat 

difficult as they might not be completely perpendicularly positioned against the TEM 

beam. This tilt could induce an error in the measurement and subsequent quantification 

of an average size of these nanoparticles. 

On the other hand, despite the apparently weak bond that holds the rods on the titania, 

this bond is relatively strong. As proof of this, note that the different rods were used 

in the selective oxidation of hydroxymethylfurfural in an alkaline water solution at 60 

C, 20 bar pressure of O2 for 4 hours under vigorous stirring. During the filtration of 

spent catalyst, it was observed that the colour of the catalyst hadn’t changed and ICP 

analysis of the reaction mixture showed the absence of dissolved metal. 
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(a) (b) 

 
(C)  

Figure 4.10 TEM images (a) (b) and (c) of supported AuNRs/TiO2. 
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Image Length(nm) 
Width 

(nm) 

Aspect 

Ratio 

1 33.2 12.1 2.7 

2 34.8 13.4 2.6 

3 34.5 13.4 2.6 

Average 34.2 13 2.6 

Image 
Length 

(nm) 

Width 

(nm) 

Aspect 

Ratio 

1 31.4 9.7 3.2 

2 53.8 11.4 4.7 

3 43.7 12.2 3.6 

4 44.1 11.2 3.9 

5 49.3 11.4 4.3 

6 49.4 12.0 4.1 

7 48.1 11.9 4.0 

8 39.6 11.2 3.5 

9 42.9 10.6 4.1 

Averag

e 44.7 11.3 3.9 
 

Image 
Length 

(nm) 

Width 

(nm) 

Aspect 

Ratio 

1 39.5 12.9 3.1 

2 42.1 14.2 3.0 

3 42.4 12.3 3.4 

4 48.3 12.7 3.8 

5 28.0 10.2 2.8 

6 41.4 13.1 3.2 

7 51.9 10.6 4.9 

8 30.2 10.0 3.0 

9 51.7 10.4 5.0 

10 39.2 12.3 3.2 

11 53.6 10.9 4.9 

Averag

e 42.6 11.8 3.6 
 

 
 

 

Figure 4.11 Comparison of supported gold nanorod dimensions (TEM analysis) of 

catalysts RHP-14, 15 and 16. In both, tables at the top and the bottom charts are 

shown the values of length and width for the gold nanorods found in the different 

TEM images. Tables above also illustrated the average values of Aspect Ratio (AR 

= L / w) for each AuNR/TiO2 catalysts. 
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a b 

 

 

 
c 
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d e 

Figure 4.12. TEM images for RHP-14 (c), RHP-15 (a and b) and RHP-16 (d and e), 

which can be characterised by increasing the length of the rods as determined from 

UV-vis diffuse reflectance measurements. 

 

 
Figure 4.12. TEM analysis of catalysts compared with the metal loading. 
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When the amount of silver was increased in the growth solution (2.5; 3.5; 4.5ml) made 

longer rods and higher aspect ratios resulted, but the widths were not affected. RHP-

49 was made with silver when they should have been spherical nanoparticles. But 

when seeds (pentagonal shaped particles) were left to grow a little bit (a few hours 

after their preparation), they became little spherical nanoparticles and then, when 

added to the growth solution, they should only grow to be spherical nanoparticles. In 

this case the silver should not play the same role as with nanorods, but in the TEM 

results it can be seen that there were some rods and different shapes also in the RHP-

49 case. 99 % of the silver used to make the rods was lost in the process. The question 

remains as to whether the residual silver that can be seen to be present in the supported 

catalysts was attached to the Au nanoparticles or was in the solution/attached on the 

CTAB/NO3
- structures and was deposited on the support. 

 

Figure 4.13 (next page) shows TEM images of three nanorod catalysts. These can be 

characterised by increasing the length of the rods as determined from UV-vis diffuse 

reflectance measurements. However, TEM analysis was inconclusive as very few of 

the rods could be actually found to make counting and measurements statistically 

representative. Aspect ratios were calculated previously and showed in Figure 

4.11being 2.6 for RHP-14, 3.9 for RHP-15 and 3.6 for RHP-16. 
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Figure 4.13 An SEM image of back-scattered electrons for supported AuNRs/TiO2 

(RHP-15). The bright points correspond to gold nanorods. 

 

Due to the low resolution of the employed SEM instrument it was not possible to 

obtain detailed information on the immobilized nanorods on titania. However, it could 

be observed that the dispersion of the nanoparticles on the support was fairly 

homogeneous. 

Figure 4.14 shows the XRD patterns of AuNR/TiO2 (Titania Deggusa P25 anatase-

rutile). All the reflections observed correspond to the anatase and rutile phases. No 

reflections for gold nanoparticles could be observed, which could be a result of the 

very low Au loading of nanoparticles (< 0.73 wt. %, Table 4.1). However, SEM 

observation indicated homogeneous distribution of the nanoparticles (Figure 4.12) 

and confirmed retention of the TiO2 morphology. 
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Figure 4.14 XRD analysis of the most important gold nanorod supported on titania 

materials listed in Table 4.1. 

 

Colloidal synthetic methods have proved a great success in nanoparticle creation since 

stabilizing agents (surfactant or polymer) have given better size and shape control of 

nanoparticles with a narrow size distribution. For the immobilization of the spherical 

nanoparticles synthesized by the above procedure, the sol-immobilization method 

(108, 110) was used. During initial synthesis, that served as training, with spherical 

nanoparticles it was found that this method provided a good dispersion of the 

nanoparticles on the substrate metal oxide support once they were immobilized. Due 

to this success, sol-immobilization method motivated application in the 

immobilization of the different morphologies in a novel way not previously reported. 

In order to get a better understanding of the possibility of a size-shape-catalytic activity 

relationship, two different types of reaction were carried out for this purpose. In the 

first reaction, we tested the performance of catalysts for methyl orange (MO) 

photodegradation under visible light. Azo dyes such as methyl orange (MO) absorb in 

the visible spectrum and their degradation leads to a decrease in their absorbance. This 

is very fast and easy way to analyse the degradation by UV-VIS spectroscopy. In short, 
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it is a quick and easy way to measure the photocatalytic activity of the catalysts 

prepared. In the second approach, selective oxidation of HMF was performed in order 

to measure size effects on catalytic activity. 

 

4.3.3 Methyl Orange (MO) Photodegradation 

	

Figure 4.15 shows representative UV-Vis spectra of MO before and after 

photodegradation test (RHP-16, rods supported on titania). 

 
Figure 4.15. UV-Vis absorption spectra representative of Methyl Orange before and 

after 3h of photoreaction and dark reaction. The vials were prepared with 10 ml of 

[MO] = 40 mg/L and 20 mg of catalyst. 

 

Table 4.3 shows the conversion values for the supported nanorod catalysts and TiO2. 

Reproducibility tests showed that the experimental error was higher than the 

differences shown (around 10%) which prevents clear conclusions being drwn. As is 

observed, the conversion obtained in all the cases is similar to the conversion with 

TiO2, so it might seem there is no promotion by the nanorods in the photodegradation 

of Methyl Orange as had been expected. Therefore, further tests are needed to confirm 

this hypothesis. Alternatively, a more suitable and established probe reaction might be 

required, such as benzyl alcohol oxidation (108). This reaction has been studied 

extensively in the literature and it can be performed by both thermo- (158, 159) and 

photocatalytic routes (160). Also, it allows one to follow not only conversion of the 
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benzyl alcohol, but also selectivity to different products corresponding to various 

reaction pathways. 

 

Table 4.3 Summary table of conversion values for the nanorods tested in the 

photodegradation of MO under visible light during 3 hours in the LuzChem ICH2, 

at 30 ̊C. 
Catalysts 

Code 

Au Metal Loading 

% 
Ag Metal Loading % 

LSPR 

(nm) 

% 

Conversion 

RHP-14 0.193 0.004 680 18.9 

RHP-15 0.675 0.021 790 20.2 

RHP-16 0.294 0.01 830 19.6 

RHP-17 0.576 0.008 610 19.9 

RHP-18 0.729 0.013 700 17.6 

RHP-19 0.628 0.011 710 26.3 

RHP-20 0.42 0.008 650 11.0 

RHP-21 0.317 0.006 750 15.2 

RHP-22 0.256 0.006 750 24.9 

TiO2 … … … 20.9 
 

 

	

	

	

4.3.4 Selective Oxidation of 5-hydroxymethyl-2-furfural (HMF)  

	

Selective oxidation of hydroxymethylfurfural to furandicarboxylic acid (FDCA) is an 

attractive reaction that can be used to produce FDCA as an alternative to terephthalic 

acid for production of plastics (161, 162). This reaction was conducted in collaboration 

with a visiting researcher and Erasmus practice student resident in the group, Susana 

Guadix Montero.  It was found that gold nanorods were not only active, showing 

higher conversion of HMF than pure titania support, but also increased selectivities to 

5-hydroxymethyl-2-furancarboxylic acid (HMFCA), FDCA and so far, further 

unidentified products (Table 4.4). Although these catalysts provide high amounts of 

yet unidentified degradation products, further experiments are being carried out to 

increase the impact of supported nanorods and also to identify all products. More 
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specific conclusions as to how precisely the morphology of the nanorods affects the 

product selectivity could not be drawn. 

 

Table 4.4 Data of conversion and selectivity of the most important rods studied 

above. The reaction was carried out in an autoclave at 60 °C, 20 bar O2 under 

vigorous stirring (1500 rpm). 
Cat. Ref. X (%)  HMF S (%) FDCA S (%) HMFCA 

TiO2 56.3 1.6 7.8 

RHP-14 62.6 0.0 11.0 

RHP-15 63.0 1.9 52.3 

RHP-16 67.9 1.5 17.4 

RHP-17 99.0 1.4 15.8 

RHP-18 98.4 2.0 32.6 

RHP-19 98.9 1.5 19.9 

RHP-20 63.4 1.6 19.0 

RHP-21 72.4 1.5 13.3 

RHP-22 75.4 1.4 16.6 

RHP-49 100 48.1 41.6 

RHP-50 100 0.0 77.8 

RHP-51 92.8 0.0 40.5 

RHP-52 95.8 0.0 37.2 

RHP-57 100 50.1 43.6 

TD-WI 100 11.7 80.7 
 

 

The activity of this catalyst was compared under the same conditions with another 

spherical nanoparticle, like RHP-57 (Standard AuNPs, deposition precipitation) and 

TD-WI (AuNPs made by wetness impregnation). After 19h of reaction, conversion of 

HMF is complete or close to completion (conversions lower than 80 % can be obtained 

in under 2h reaction time), but we don’t obtain complete FDCA selectivity yet. 

RHP-49 gave us a similar activity than the standard catalyst made by deposition 

method RHP-57. Between the rods, we can say that the HMFCA selectivity decreases 

as long the rods have a longer length and they did not convert HMFCA into FDCA, as 

is showed in the Figure 4.16.  
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Figure 4.16. Comparison of the final concentration of the products reaction using 

different catalysts. 

 

We can see an important difference in the carbon mass balance between the spherical 

nanoparticles and the nanorods, being close to 100% for the spherical and significantly 

lower for the rods can be seen. The longest rods, RHP-51 and RHP-52, showed a 

carbon mass balance even lower than 50%. They did not achieve the 100% of HMF 

conversion and even the colour of these two solutions was darker at the end of the 

reaction. 

Figures 4.17 and 4.18 show the dependence of the Ag loading on Au loading and 

dependence of the HMFCA selectivity on Au loading (a) and on Ag loading (b) in the 

gold nanorod catalysts (RHP-14 to RHP-20). It seems like the higher the amount of 

gold and silver, the higher the selectivity towards HMFCA. 
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Figure 4.17 Dependence of the Ag loading on Au loading in the gold nanorods 

catalysts (RHP-14 to RHP-20) obtained from ICP analysis from digestion of the 

catalysts in aqua regia. 

 

a) b) 

Figure 4.18 Dependence of the HMFCA selectivity on Au loading (a) and on Ag 

loading (b) in the gold nanorods catalysts (RHP-14 to RHP-20). Au and Ag loadings 

obtained from ICP analysis from digestion of catalyst in aqua regia. 

 

These preliminary results corroborate the fact that other morphologies (in addition to 

spheres) are active, and this sets the basis for future experiments to discern different 

catalytic performances. 
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4.4 Conclusions  

In this thesis, on the knowledge and skills necessary to have a better control of the 

morphology of the nanoparticles have been the subject of attention with successful 

results and immobilization on titania in a “novel way”. This chapter demonstrates that 

the synthesis of variable shape and size nanoparticles can be carried out precisely and 

also with subsequent immobilization.  

The first clue that indicated success in the immobilization of different morphologies 

iwas the catalyst’s colour because after the nanoparticle immobilization on titania the 

initial colloidal nanoparticles colour was preserved. The preservation of the structure 

was also confirmed by UV-Vis diffuse reflectance spectra and TEM images of 

supported nanoparticles. Thus, we managed to perform for the first time, the 

immobilization method of supported nanoparticles of variable anisotropic 

morphologies such as rods or stars (next chapter) on titania was performed. 

It is noteworthy that the nanorods were active in both methyl orange photodegradation 

although there was no clear picture of size-shape dependency and also in the selective 

oxidation of HMF, which has been deeply studied. More research is necessary in this 

field to achieve a clear outcome, although compared with spherical nanoparticles it 

seems very obvious that gold nanorods have much lower activity. 

For wider knowledge of the control in the synthesis of the nanoparticles in relation to 

both size and shape, more experiments must be done employing modification of 

different variables involved in the synthesis of noble metal nanoparticles. 
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5 Gold NanoStars (AuNSs), Pre- and Post-Immobilization, Structure-

Conversion Symbiosis 

 

5.1 Introduction 

Gold nanostars (AuNSs) or gold branched nanoparticles are one the most explored 

anisotropic gold nanostructures after gold nanorods (101, 148, 163, 164) specially due 

to their enhanced interaction with light (165).  

Several methods have been reported for gold nanostar synthesis and although most of 

them require a capping agent such as poly-(vinylpyrrolidone) PVP (101) or 

cetyltrimethylammonium bromide CTAB (34, 112) which are the most extensive and 

well-known capping agents used, there is also a surfactant-free method (112) that 

could have interesting applications in catalysis due to the lack of polymer that affects 

the nanoparticle catalytic activity. 

A novel surfactant-free synthesis method was reported by Tuan-Vo-Dinh’s group 

(102) for the first time, leading to plasmon tunable AuNSs. The synthesis is very quick, 

and does not require a capping agent. Plasmon peaks shift to the near infrared region 

(NIR) and the number of branches increase as the aspect ratio increases, playing a 

crucial role in defining the optical properties of the AuNSs.  

Optimization of the synthesis of gold nanostars (AuNS) is essential in order to control 

and apply their interesting plasmonic properties. The influence of different parameters 

such as shape, size or dispersity of AuNS has to be determined. 

In this chapter, although several AuNSs synthesis methods were considered and 

applied, the focus has been upon investigating surfactant-free AuNSs (102) 

applications in heterogeneous catalysis which are potentially interesting due to 

absence of the polymer/surfactant component which could strongly affect catalytic 

activity. Surfactant-free AuNSs were fabricated and successfully supported for the 

first time via the sol-immobilization method onto titania TiO2, and applied for Methyl 

Orange (MO) photodegradation. The reduction of 4-nitrophenol (4-NP) to 4-

aminophenol (4-AP) with NaBH4 was investigated for both colloidal and supported 

nanostars on titania. 
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5.2 Experimental 

Synthesis of colloidal gold nanostars (AuNSs) of similar size was carried out by three 

different methods. It was mainly investigated for surfactant-free AuNSs due to its 

higher catalytic activity of such colloidal nanoparticles in both Methyl Orange 

photodegradation and 4-nitrophenol reduction. 

 

5.2.1 Synthesis of seed-mediated multipod Au nanoparticles (DMF/PVP) 

In this first method, gold nanostars were synthesized using the method reported in 

reference (101) where, in a typical synthesis procedure, an aqueous solution of 

chloroauric acid was mixed with different concentrations of  PVP (average MW = 10 

000) solution in N,N-dimethylformamide (DMF), followed by the rapid addition of  

PVP-coated Au seeds in ethanol (111) under stirring. Within 15 minutes, the colour of 

the solution changed from pink to colourless and finally turned blue indicating the 

formation of gold nanostars in solution.  

These nanoparticles were not supported due to difficulties removing the polymers and 

also due to their lower catalytic activity compared to surfactant-free AuNSs. 

 

5.2.2 Synthesis of CTAB-coated AuNSs  

CTAB-coated AuNSs were synthesised using a modified procedure (112, 113) . In a typical 

synthesis, Au seeds were first prepared by mixing a solution of chloroauric acid 0.25 mM 

with trisodium citrate 0.1 M in 20 mL of Millipore water, following which 60 µL of freshly 

prepared ice-cold sodium borohydride 0.1 M was quickly added under moderate stirring. 

Immediately, the solution turned brown-pink and slowly developed into its final red colour 

due to the formation of spherical gold nanoparticles approximately 4–5 nm in diameter. 

The sample was stored overnight in the dark under ambient conditions.  

AuNSs samples were synthesized using CTAB as a template. A solution of 5 mM CTAB 

was mixed with solutions of 10 mM chloroauric acid and 0.01 M silver nitrate under 

vigorous stirring for 1 minute. Then, 0.1 mL of L-ascorbic acid 0.1 M was added dropwise. 

Upon addition of the last drop of L-ascorbic acid, the solution turned clear, and the 
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appropriate volume of gold nanoseed was immediately added. Samples were left in the 

dark under ambient conditions until use.  

 

5.2.3 Synthesis of Surfactant-Free AuNSs 

Finally, free-surfactant method (102), gold nanostars (AuNSs) were prepared by a 

seed-mediated growth method. The seed preparation consists of the addition of 15 ml 

of 1 % citrate solution to 100 ml of boiling 1 mM HAuCl4 solution under vigorous 

stirring. After 15 min of boiling while keeping the solution volume stable, the solution 

was cooled and filtered through a 0.22 µm nitrocellulose membrane, and then kept at 

4 °C for long-term storage. For nanostar synthesis, 956 µl of the above citrate-

stabilized seed solution was added to 96 ml of 0.25 mM gold chloride (HAuCl4) 

solution (with 96 µl of 1 M HCl) in a 250 ml round bottom flask at room temperature 

under moderate stirring (700 rpm). Quickly, 956 µl of silver nitrate (AgNO3) of 

different concentrations (1–2 mM) and 480 µl of ascorbic acid (AA; 100 mM) were 

added simultaneously. The solution was stirred for 30 s as its colour rapidly turned 

from light red to blue or greenish-black.  

 

5.2.4 Surfactant-Free AuNSs Immobilization 

Immediately after synthesis, surfactant-free AuNSs were immobilized onto TiO2 using 

two different approaches. The procedure was exactly the same as the one described 

previously for gold nanorods in Chapter 4; the colloidal suspension was transferred to 

a 250 ml round bottom flask followed by the procedure outlined previously with 

modifications (110). 25 ml of titania water solution was acidified to pH 1 with sulfuric 

acid and was added to the colloidal nanoparticle solution (and 25 ml more used to 

wash down the glassware). It was left for 2 hours under vigorous stirring and then 

filtered and washed with distilled water until a neutral pH value was obtained. The 

solid was dried overnight in a vacuum oven at 60 °C and finally ground. No further 

treatments were performed. 
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5.2.5 Catalytic testing 

Reduction of 4-nitrophenol and photodegradation of Methyl Orange were carried out 

to test the catalytic activity of the gold nanostars. Conversion was calculated based on 

the following equation: 

𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏𝒙 % =
[𝑋]/0/1/23 − [𝑋]506

[𝑋]/0/1/23
𝑥100 

 

Equation 5.1. Equation used to determine conversion. 

 

5.2.5.1 4-Nitrophenol Reduction 

The catalytic properties of AuNSs both in colloidal suspension and as immobilized 

nanoparticles were examined via reduction of 4-nitrophenol to 4-aminophenol 

reaction in the presence of NaBH4 in excess. The reaction conditions reported by Ye 

et al (114) were adopted as we will be indicated later on. 4-nitrophenol [4-NP] 

reduction was carried out in situ at room temperature in a standard quartz cell with a 

path length of 1 cm.  

C- Colloidal: The aqueous solution of sodium borohydride (NaBH4) 0.1 M was 

freshly prepared (and kept ice-cold). First, 0.3 ml of a NaBH4 solution was 

mixed with 3 ml of 0.1 mM [4-NP]. Then, a volume of 25 µl gold nanoparticles 

was immediately injected.  

D- Solid: samples (10 mg) were added in the cuvette. Immediately after that, the 

same volume of [4-NP] was introduced and finally the NaBH4.  

UV–vis absorption spectra were immediately recorded after last step in both cases 

with a certain time interval at a scanning range of 220–520 nm at room temperature.  

The following Figure 5.1 shows the scheme for the catalytic reduction of 4-

nitrophenol to 4-aminophenol. 
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Figure 5.1. Scheme for catalytic reduction of 4-nitrophenol to 4-aminophenol by 

gold nanoparticles (166), reproduced with permission of Elsevier. 

 

5.2.5.2 Methyl Orange (MO) Photodegradation 

In a typical reaction, 10 ml of MO solution (40 mg/L) and 20 mg of solid catalyst were 

mixed in a 12 ml vial with a magnetic stirrer. The mixture was stirred overnight in the 

dark (after the dark reaction, one sample of 2 ml was taken and kept in the dark for 

subsequent analysis) and then irradiated under visible light (400-800 nm) for 3 hours 

in a LuzChem ICH2 photoreactor (Chapter 2) at a constant temperature of 30 °C and 

under vigorous stirring (1000 rpm). Then, a sample was taken from the mixture and 

the UV-vis spectrum of the MO solution was measured with a UV-Vis 

spectrophotometer.    

 

 
 

Figure 5.2. Methyl Orange (MO) chemical structure 
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5.3 Results and Discussion 

In this chapter, characterization and catalytic activity of colloidal and supported gold 

nanostars (AuNSs) will be discussed. And first time prepared AuNSs supported on 

titania immobilized via sol-immobilization method will also be analysed in depth. 

 

5.3.1 Characterization of AuNSs   

The prepared anisotropic nanoparticles via surfactant-free, CTAB-coated and 

PVP/DMF methods commented previously, and the subsequent solid catalyst where 

AuNSs were immobilized on titania, were characterised using the following 

techniques such as UV-Vis-NIR Spectrophotometry, Coupled Plasma- Optical 

Emission Spectroscopy (ICP-OES) and Transmission Electron Microscopy (TEM).  

 

5.3.2 Colloidal Gold NanoStars (AuNSs) 

Gold nanostars have been synthetized using three different methods in which two very 

well-known and most used polymers PVP (101) and CTAB (112) have been compared 

with the surfactant-free method (102). Anisotropic gold nanoparticles (AuNSs) of 

different size and concentration were made in order to be contrasted. 

In Figure 5.3 (next page) the UV-Vis absorption spectra of gold nanostars synthesised 

by the three different methods in colloidal suspension are shown. Despite the effort 

tapplied o make particles of similar size via every method (about 50 nm), particles 

smaller than 100 nm could not been made by the PVP/DMF seed-mediated method.  

Although the purple or blueish colours of the resultant solution after synthesis is an 

indication that AuNSs have been formed, further confirmation could be provided with 

UV-Vis spectral analysis. Plasmon resonance peaks of AuNSs can be observed at 710 

nm for CTAB-coated method, 720 nm for surfactant-free and 830 nm for PVP/DMF. 

These results match with the literature followed. 
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Figure 5.3. UV-Vis absorption spectra of AuNSs for PVP (blue), CTAB (orange) 

and surfactant-free (green) methods. 

 

Due to higher catalytic activity of surfactant-free nanostars in the reduction of 4-

nitrophenol, as will be shown in the catalytic reaction section, further synthesis and 

analysis of AuNSs made using this method have been produced. 

In Figure 5.4 the UV-Vis absorption spectra for three different nanostar systems in 

colloidal suspension prior to their immobilization on titania are shown. Surfactant-free 

methodology was carried out for their synthesis. From an initial comparison, it can be 

seen that for the same synthesis, in which an increase of silver was applied, plasmon 

band tunability was achieved and bigger nanoparticles with more branches were 

obtained as the amount of silver increased (102). The surface plasmon resonance band 

(SPR) peak is red-shifted for nanoparticles when adding more silver. 
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Figure 5.4. UV-Vis absorption spectra of AuNS with different sizes, where plasmon 

tunability was achieved by adjusting the amount of silver concentration from 1 (blue 

line) to 2 mM (orange line). 

 

Plasmon bands of AuNSs in Figure 5.4 are found at 770 nm for nanoparticles made 

with 1mM [Ag], 780 nm for 1.5 mM [Ag] and 850 nm for 2 mM [Ag]. 

In order to compare size effects on catalytic activity, gold nanostars were synthesised. 

Figure 5.5 shows a colloidal solution for the three different nanoparticle systems 

synthesised that were subsequently immobilized on titania.  
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Figure 5.5. Colloidal AuNSs 1, 2 and 3 synthesised via surfactant-free from 

smallest to biggest due to increasing of Ag+ concentration (1, 1.5 and 2 mM 

respectively). 

 

The UV-Vis spectrum of gold nanostars made by the surfactant-free method is shown 

in Figure 5.6. A drastic decrease in the absorption is observed once the nanoparticles 

are filtered through a nitrocellulose membrane in order to stabilize gold nanostars after 

synthesis to avoid agglomeration as has been reported elsewhere (102). Partial 

retention of gold nanostars was observed by the characteristic blue colour on this filter. 

 

1	 2	 3	
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Figure 5.6. UV-Vis absorption spectra of AuNS before and after filtering through 

the nitrocellulose membrane. 

 

For that reason, instead of stabilizing the nanoparticles by filtering through 

nitrocellulose or using a capping agent such as PVP prior to immobilization, it was 

decided decided to immobilize them directly onto titania already acidified in solution 

by adding the colloidal suspension to avoid the filtering and addition of the ligand 

steps. As reported in the supported AuNSs section, gold nanostars were successfully 

immobilized onto titania and further analysis has demonstrated their stability over 

time. 

 

5.3.3 Transmission Electron Microscopy, TEM  

TEM was performed to see the morphology and estimate the particle size of the 

nanoparticles. Figure 5.7 shows the TEM images of gold nanostars made through 

reduction of Au3+ in a by PVP/DMF solution. The average gold nanoparticles size was 

120 nm.  
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TEM observations, show that stars where created and no other shapes were found in 

any of the analysed samples.  

 

  
(a) 

 

(b) 

  
(c) (d) 

Figure 5.7. TEM images (a), (b), (c) and (d) of gold nanostars made by the method 

reported by Liz-Marzan (101). 

 

With the PVP/DMF method, an optimum control of morphology is achieved but on 

the contrary, large nanoparticles are obtained. In addition, these nanoparticles have the 

drawback that the presence of a polymer could affect their catalytic activity. 
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Figure 5.8 shows nanostars in colloidal suspension made by the surfactant-free 

method. The average gold nanoparticle size spanned 50 nm to 80 nm depending on 

the amount of Ag+ used. The yield of branched particles was high; however, particle 

shape distribution was wide. 

 

  
(a) 

 

(b) 

  
(c) (d) 

Figure 5.8. TEM images (a), (b), (c) and (d) of colloidal AuNSs made through the 

surfactant-free method with 1mM [Ag] (102). 
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The advantage of this method also results in inconvenience. Besides being a fast and 

simple synthesis method, the advantage of using no stabilizing agent is that it is 

unnecessary to remove it in subsequent steps prior immobilization, as this may affect 

the catalytic activity. However, it has the disadvantage of lacking good morphology 

control and the resultant nanoparticles are not well defined. 

 

5.3.4 Reduction of 4-nitrophenol 

The 4-nitrophenol reduction to 4-amoniphenol by the presence of a strong reducing 

agent in excess like NaBH4 is thermodynamically favourable because the difference 

of their standard electrode potentials is greater than zero. On the other hand, the 

reaction is kinetically restricted in the absence of an efficient catalyst. By adding 

NaBH4 into a 4-NP solution, the solution changed from light yellow to bright yellow, 

caused by the formation of 4-nitrophenolate ions under highly basic conditions. As is 

shown in Figure 5.9, the original absorption peak also shifted from 317 nm to 400 nm. 

A control experiment first performed using just NaBH4 as the reducing agent showed 

little or no decrease in the absorption peak at 400 nm with reaction time.  Additionally, 

the peak at 300 nm corresponding to the production of 4-aminophenol (4-AP) was not 

observed. This indicates that the formation of 4-aminophenol product results from the 

catalysis by the NPs rather than from NaBH4 alone. This is  in agreement with what 

has been reported in the literature. 
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Figure 5.9. UV-vis absorption spectra of 4-nitrophenol and 4-nitrophenolate, 

(mixture of 4-nitrophenolate and NaBH4) 

 

A UV-Vis calibration curve to determine the concentration of 4-nitrophenolate was 

determined prior to conducting the reactions using the maximum absorbance value 

(∼400 nm) of 10 dilutions of the original 4-NP solution within the concentration range 

of 0.10 mM to 0.005 mM, each containing 0.10 M NaBH4. A linear equation was 

obtained from the plots of these concentrations as a function of time. The Beer’s law 

was used in obtaining the subsequent concentration from the reaction.  

 

 
Figure 5.10. UV-vis absorption spectra of 4-nitrophenolate (mixture of 0.1 mM 4-

NP and 0.1 M NaNH4) for different concentrations used in the calibration curve. 
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Figure 5.11. Calibration plot of 4-NP (0.1 mM to 0.01 mM) + NaBH4 (0.1M) versus 

absorbance. 

 

The peak intensity of the absorption peak at 400 nm decreased while increasing 

reaction time for all the catalysts, at the same time a new absorption peak 

corresponding to 4-aminophenol appeared at 300 nm as shown below in Figure 5.12. 

This is an example of the multiple reactions ocurring, in this case AuNSs surfactant-

free 1 mM [Ag] was used as the catalyst. 
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Figure 5.12.  UV-Vis absorption spectra of 4-NP reduction with colloidal gold 

nanostars 1 mM [Ag] made via the surfactant-free method. 

 

Full conversion was obtained with all the nanoparticles tested. In order to slow down 

the reaction since immediately after adding the catalyst, conversion is observed 

(Figure 5.12), small amounts of catalyst were used. 

Catalytic efficiencies of all the catalysts was obtained by calculating the apparent rate 

constants (kapp). All catalysts showed a good linear relationship of –ln (Ct/C0) versus 

reaction time (t) (Figure 5.13 below) confirming pseudo-first-order kinetics as is well-

known for this reaction. 
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Figure 5.13.  Plots of the natural logarithm of concentrations at 400 nm vs. the 

reduction time using different colloidal gold nanoparticles with the same molar 

ratio. 

 

 

Table 5.1 below gives the apparent rate constant kapp values of the various reactions 

demonstrating the catalytic activity of the colloidal Au catalysts. Oddly, the smaller 

AuNSs made via surfactant-free synthesis gave the highest apparent rate constant 

values suggesting higher activity while the spherical AuNPs gave the lowest values, 

proving that AuNSs nanoparticles have potential catalytic activities of interest. 
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Catalyst 
Particle Size 

(nm) 
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(molar ratio) 
kapp (min-1) 

Spherical Citrate Seeds 15  1/1.5 0.26 

PVP/DMF 120  1/1.5 0.52 

CTAB (unknown) 1/1.5 0.41 

1 mM [Ag] _ Surfactant-free 60 1/1.5 0.92 

1.5 mM [Ag] _ Surfactant-

free 
(unknow) 1/1.5 

0.84 

2 mM [Ag] _ Surfactant-free (unknow) 1/1.5 0.47 
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Table 5.1 (previous page). Comparison of the apparent rate constants (kapp) for 
different colloidal gold nanostars and spherical nanoparticles for the reduction of 4-
NP with NaBH4.  

As AuNSs made via the surfactant-free method showed better catalytic activity, it was 

decided to support them onto titania in order to see, first, if it is possible and then test 

their catalytic activity for both methyl orange photodegradation and 4-nitrophenol 

reduction. 

 

5.3.5 Supported Gold NanoStars (AuNSs/TiO2) 

	

In Figure 5.14 the UV-Vis diffuse reflectance spectrum of immobilized Au nanostars 

from the surfactant-free method 1 mM [Ag] is presented. The spectrum of the colloidal 

suspension was shown earlier in Figure 5.4 where its plasmon band peak was at 770 

nm. Although there was an instrumentation limitation, since wavelengths longer than 

800 nm could not be recorded, the plasmon band resonance seems to be around the 

same wavelength supporting the idea that AuNSs have been immobilised. 

 
Figure 5.14. Normalized UV-Vis diffusion reflectance spectra of AuNSs/TiO2 for 

AuNS (1 mM [Ag]). 
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Figure 5.15. Image supported AuNSs on titania catalysts. The nanoparticles were 

made by the surfactant-free method with varying Ag+ concentration. 

 

Although the solid catalyst possesses the characteristic purple/blue colour of nanostars 

in colloidal solution as shown in Figure 5.15, it was difficult to discern the 

morphology of nanostars once they were supported from the diffuse reflectance UV-

Vis spectra obtained. However, the preservation of the shape in the supported catalyst 

was confirmed by TEM as shown below (Figure 5.16).  

 

5.3.6 Transmission Electron Microscopy, TEM 

TEM was performed to examine the presence of AuNSs, nanoparticle morphology and 

also estimate the particle size of the prepared AuNSs/TiO2. It can be seen that gold 

nanostars have successfully been supported on titania as is shown in Figure 5.15 (next 

page). 
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(a) (b) 

 
© 

Figure 5.15. TEM images (a) and (b) and STEM image (c) of supported gold 

nanostars AuNSs/TiO2 made through free-surfactant method 2 mM [Ag]. In the case 

of TEM images (a), (b) the dark shapes represent Au nanostars. In the STEM 

analysis (c) the bright spots represent Au nanostars and dark spots areas without 

sample (carbon film). 

 



Chapter 5 
	

104	
	

 AuNSs of size 100 nm ± 10 nm were found. This corresponded to nanoparticle 

synthesis using 2 mM [Ag] which is the highest amount of silver used and therefore 

the biggest nanoparticles made applying the surfactant-free method.   

5.3.7 Inductively Coupled Plasma-Optical Emission Spectroscopy, ICP-OES 

Inductive Coupled Plasma-Optical Emission Spectroscopy, ICP-OES was performed 

on the samples to determine the actual metal loading of prepared catalysts. The results 

are shown in Table 5.2. As the previous set of experiments with different shapes it 

was found that the actual loading was lower than the theoretical loading expected on 

the basis of the synthesis procedure. Synthesis to produce catalysts with 1 wt % 

loading in all cases was attempted, but the loading of Au was, in the best case, slightly 

lower. It is possible that that Au was not fully digested while preparing the samples 

for analysis. In this chapter, the experimental loadings and metal ratios obtained by 

ICP will be used. 

 
Catalyst 

Label 
Synthesis 

Theoretical loading 

(%) 
ICP loading (%) 

RHP-27 Citrate Spheres 1 0.92 

RHP-35 Surf-free 1mM [Ag] (Stars) 1 0.83 

RHP-36 Surf-free 1.5mM [Ag] (Stars) 1 0.91 

RHP-37 Surf-free 2mM [Ag] (Stars) 1 0.79 

 

Table 5.2. ICP-OES results of prepared AuNSs catalyst. 

 

 

5.3.8 Reduction of 4-nitrophenol 

In order to measure catalytic activity, supported AuNSs were tested for 4-nitrophenol 

reduction. The absorption peak at 400 nm was gradually decreased in intensity as a 

function of reaction time for all the solid catalysts run, at the same time a new 

absorption peak corresponding to 4-AP appeared at 300 nm as evident below in Figure 

5.16. This is one example of the multiple reactions carried out, and in this case 

AuNSs/TiO2 surfactant-free 1 mM [Ag] was used as catalyst. 
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Figure 5.16. UV-Vis absorption spectra of 4-NP reduction with solid catalyst  

RHP-35, AuNSs/TiO2 1mM [Ag]. 

	

 

 

Full conversion was obtained with all the catalyst tested. Catalytic efficiencies were 

determined from the apparent rate constants (kapp). The catalyst showed a linear 

relationship for –ln (Ct/C0) as a function of reaction time (t) Figure 5.17 below) 

confirming pseudo-first-order kinetics.  
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Figure 5.17.  Plots of the natural logarithm of concentrations at 400 nm vs. the 

reduction time using different supported gold nanoparticles with the same molar 

ratio. 

 

Table 5.3 below gives the apparent rate constants kapp values for the various reactions 

demonstrating the catalytic activity of the supported Au catalysts. In this case, AuNSs 

made via surfactant-free synthesis with 1.5 mM [Ag] presented the highest apparent 

rate constant value suggesting higher activity while the spherical AuNPs again, gave 

the lowest value, providing again that AuNSs nanoparticles supported could have 

potential catalytic applications. 

 

 

Table 5.3 (previous page) Comparison of the apparent rate constants (kapp) of 
supported gold nanostars with different size and spherical nanoparticles for the 
reduction of 4-NP with NaBH4.  
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Catalyst 

Label 
Synthesis/Shape 

Particle 

Size (nm) 

Au/4-NP 

(molar ratio) 

kapp  

(min-1) 

RHP-27 Spherical Citrate Seeds 15  1/1.5 0.26 

RHP-35 1 mM [Ag] _ Surfactant-free (Stars) 60 1/1.5 0.70 

RHP-36 1.5 mM [Ag] _ Surfactant-free (Stars) (unknow) 1/1.5 0.75 

RHP-37 2 mM [Ag] _ Surfactant-free (Stars) (unknow) 1/1.5 0.38 
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AuNSs made via surfactant-free method and supported via sol-immobilization have 

shown again to possess catalytic activity. Methyl Orange photodegradation in order to 

obtain further information about supported nanoparticle catalytic activity was also 

undertaken. 

 

5.3.9 Methyl Orange Photodegradation 

Photocatalytic degradation of the azo-dye Methyl Orange (MO) has been used to 

characterize and measure the catalytic activity of gold nanostars supported on titania 

under visible light. 

Figure 5.18 shows representative UV-Vis spectra of methyl orange (MO) 

concentration initially and after photodegradation test (RHP-36 stars supported on 

titania 1.5mM [Ag], titania and citrate seeds spheres supported on titania too). 

 
Figure 5.18. UV-Vis absorption spectra representative of Methyl Orange 

concentration before and after 3h of photoreaction with different catalyst. Typically, 

the vials were prepared with 10 ml of [MO] = 40 mg/L and 20 mg of catalyst or 1 

ml of colloidal solution. 
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Table 5.4 shows the conversion values for supported nanoparticles catalysts and TiO2. 

As it can be seen, in this case as occurred in the 4-nitropheno reduction, catalyst RHP-

36 have shown better catalytic activity as 25.8 % conversion is the highest obtained. 

 

 

Table 5.4. Summary table of conversion values for catalysts tested in the 

photodegradation of Methyl Orange (MO) under visible light after 3 hours in the 

LuzChem ICH2, at 30 ̊C.  

Reproducibility tests showed that the experimental error was higher than the 

differences shown (around 10%) which prevents clear conclusion from being drawn. 

As observed, the conversion obtained in all the cases was superior to TiO2 by a small 

amount, so it might seem there was a slightly promotion by the nanostars as had been 

expected. Therefore, further tests are needed to confirm this hypothesis. Alternatively, 

a more suitable and established probe reaction might be required, such as benzyl 

alcohol oxidation (108). This reaction has been well studied in the literature and it can 

be performed via both thermo- (158, 159) and photo-catalytic routes (160). Also, it 

allows one to follow not only conversion of the benzyl alcohol, but also selectivities 

to different products thus showing the effect upon various reaction pathways. 

 

 

 

 

Catalyst 

Label 
Synthesis/Shape 

Particle Size 

(nm) 

Conversion 

(%) 

TiO2 --- --- 21.4 

RHP-27 Spherical Citrate Seeds 15  22.6 

RHP-35 1 mM [Ag] _ Surfactant-free (Stars) 60 24.3 

RHP-36 1.5 mM [Ag] _ Surfactant-free (Stars) (unknow) 25.8 

RHP-37 2 mM [Ag] _ Surfactant-free (Stars) (unknow) 23.7 
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5.4 Conclusions 

In conclusion, colloidal gold nanostars were prepared using seed-mediated growth by 

three different methods, and their catalytic activity was compared. Surfactant-free 

nanoparticles showed significantly better catalytic activity and colloidal gold 

nanostars were successfully supported on titania for the first time. 

In the case of AuNSs made by the surfactant-free synthesis method, the citrate 

prepared spherical seed, were created by anisotropic growth and were also used as a 

catalyst in order to compare the catalytic activity with gold nanostars. The catalytic 

activity of differently-sized nanostars were compared using a model reaction (4-

nitrophenol reduction by sodium borohydride) and also Methyl Orange 

photodegradation. Nanostars showed better catalytic activity than spherical particles 

and they could have promising applications for catalysis. 

In this work, the synthesis of gold nanostars with different sizes and carried out by 

seed-mediated growth surfactant-free method has been successfully controlled. The 

nanostars of different sizes were synthesized using Ag+ since increasing concentration 

of Ag+ leads to larger nanoparticles with more branches.  

Notwithstanding their interesting properties, not many studies on catalytic applications 

for metal nanostars have been carried out, especially on supported nanoparticles, and 

none of them with titania as support. For that reason, this work has provided an initial 

indication of the catalytic activity of gold nanostars catalysts supported on titania. 
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6 Conclusions and Outlook 

 

6.1 Conclusions 

This research outlined within this thesis initially aimed to study the size and shape 

control of anisotropic gold nanoparticles for their potential catalytic application. 

 

In Chapter 3 the sonication-assisted precipitation-reduction was extended to the 

preparation of various mono- and bi-metallic catalysts supported on various support. 

The catalysts were applied for the photocatalytic degradation of MO and the PROX 

reaction. In general, there are three advantages for the sonication method as compared 

with the conventional methods, including the high dispersion of metal nanoparticles 

on the catalyst support, the much higher DE values than those of the DP and CP 

methods, and the very fast preparation as the deposition only takes 10-20 seconds. The 

photocatalytic degradation of MO over a series AuPd/TiO2 showed that the 

AuPd(3:1)/TiO2 catalyst was much more active than the other catalysts, mainly 

because of the high dispersion of the metal particles, the formation of Au-Pd alloy 

particles and the surface decoration of trace amounts of PdO on the Au-Pd alloy 

particles. It was found that, besides the solution pH, the addition of the metal solution 

into the NaBH4 solution in the preparation (the inverse sonication method) and the 

separate deposition of Au or Pd led to the phase separation of Au and Pd, which was 

not conducive to the catalytic activity. For the PROX reaction, the highly dispersed 

Ru/TiO2, Au-Cu/SBA-15 and Pt/g-Al2O3 catalysts prepared by the sonication method 

were found to be very active. The Pt/g-Al2O3 catalyst was also quite stable. Moreover, 

it was found that the Pt/g-Al2O3 (SASOL) catalyst was able to lower the CO 

concentration to several ppm at a quite low reaction temperature (100 oC), indicating 

promise for practical application.  

 

In Chapter 4, the focus was the knowledge and skills necessary to have better control 

of the morphology of the nanoparticles with successful results and their 

immobilization on titania in a “novel way”. This report demonstrates that the synthesis 

of variable shape and sized nanoparticles can be carried out precisely and also with 

subsequent immobilization. The first indication of success in the immobilization of 
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different morphologies was the catalyst’s colour because after the nanoparticle 

immobilization on titania the initial colloidal nanoparticle colour was preserved. The 

preservation of the structure was also confirmed by UV-Vis diffuse reflectance spectra 

and TEM images of supported nanoparticles. Thus, for the first time, immobilization 

through the sol-immobilization method of anisotropy supported nanoparticles of 

variable morphology such as rods or stars on titania was performed. 

In Chapter 5, colloidal gold nanostars were prepared using seed-mediated growth by 

three different methods, and their catalytic activity was compared. Surfactant-free 

nanoparticles showed a significant better catalytic activity and colloidal gold nanostars 

were successfully supported on titania for the first time. In the case of AuNSs made 

by the surfactant-free synthesis method, the citrate prepared spherical seed, was 

created by anisotropic growth and was also used as catalyst in order to compare its 

catalytic activity with gold nanostars. The catalytic activity of differently-sized 

nanostars was compared using a model reaction (4-nitrophenol reduction by sodium 

borohydride) and also methyl orange photodegradation. Nanostars showed a better 

catalytic activity than the spherical particles and they could have promising 

applications for catalysis. In this work, the synthesis of gold nanostars with different 

sizes and carried out by the seed-mediated growth surfactant-free method was 

successfully controlled. Nanostars of different sizes were synthesized using Ag+ since 

the increase of concentration Ag+ led to larger nanoparticles with more branches.  

 

6.2 Outlook 

It is noteworthy that the nanorods have shown to be active in both Methyl Orange 

photodegradation although the use of dye degradation is quite limited since it only 

evidences the loss of a chromophore and not complete mineralization. There is not a 

clear picture of its size-shape dependency and also in the selective oxidation of HMF, 

which has been deeply studied. 

More research has to be undertaken in this field to obtain a clear outcome, although 

when compared with spherical nanoparticles it seems very obvious that gold nanorods 

have much lower activity. 

In relation to obtaining a wider knowledge of the control possible in the synthesis of 

the nanoparticles in terms of both size and shape, more experiments must be done by 
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decisive modifying the different variables involved in the synthesis of noble metal 

nanoparticles. 

Notwithstanding their interesting properties, not many studies on catalytic applications 

for metal nanostars have been carried out, especially on supported nanoparticles, and 

none of them with titania as the support. For that reason, the work herein provides an 

initial outcome on the catalytic activity of gold nanostars catalysts supported on titania. 
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