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Summary 
 

This study focuses on the development of high efficiency nanostructures and their 

applications in the photocatalytic oxidations of organic molecules in a single phase 

and two phases. 

Through in-situ precipitation techniques, cubic Ag3PO4 nanocrystals and particle 

Ag3PO4 were successfully synthesised. The precipitation method was used for the 

preparation of Ag3PO4 nanocrystals by reacting with Na2HPO4 and using ammonia as 

the mediate agent to control their morphologies. Furthermore, Ag3PO4/TiO2 

nanocomposite containing a different proportion of TiO2-P25 and Ag3PO4 

nanocomposites were synthesised. The optimal nanocomposites mixture ratio was 

determined by investigating their photocatalytic activities by photocatalytic degradation 

methylene blue. In addition, the relationship between the catalysts morphologies, 

stability and their photocatalytic activity were studied. 

The indirect oxidation of benzyl alcohol (BA) to benzyl aldehyde (BAD) was 

investigated using Electrochemical (ECO) and Photocatalytic electrochemical 

oxidation methods (PECO) in two-phase reactions. For the ECO, the oxidation of BA 

to BAD under different conditions was achieved using a batch reactor set up and using 

stainless steel as electrodes. While for PECO, TiO2 nanotubes were synthesised via 

electrochemical anodization process in fluoride-containing organic electrolytes. 

Furthermore, the TiO2 nanotubes were used as photoanode for photocatalytic 

selective oxidation of benzyl alcohol to benzaldehyde. PECO showed higher BA 

conversion as well as BAD selectivity comparing to ECO.  

Application of biphasic systems can significantly improve the selectivity 

production. Photocatalytic oxidation of BA to BAD using a TiO2 photocatalyst and Cl- 
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ion as a radical mediator in a biphasic reaction method. An aqueous suspension of 

commercial TiO2 -P25 catalyst was used for the oxidation in a batch photo-reactor set 

up in the photocatalytic oxidation of BA to BAD. The effect of various reaction 

parameters and conditions on the TiO2 photo-reactivity were tested. The two phases 

(organic and aqueous) ratio plays an important role as well as the pH. The effect of 

catalyst loading, and different types of acid were also studied. The mechanism of the 

photocatalytic oxidation of BA to BAD was proposed. Finally, the effect phenyl-ring 

substitution groups on the photocatalytic activity were investigated.  

 Borrowing hydrogen (BH) or hydrogen autotransfer (HA) methodologies were 

traditionally used for the production of amines from alcohols. This study investigated 

photocatalysis's feasibility as an alternative greener process for the N-alkylation of 

amines using TiO2-P25 as the photocatalyst. In the BH or HA process, hydrogen is 

extracted temporarily by alcohol to form corresponding the intermediate aldehyde or 

ketone by photocatalyst, making alcohol as an alkylating agent. By condensation with 

an amine in situ, such an intermediate is converted into an imine. Subsequent addition 

of converts the imine intermediate to the amine product with a newly formed C-N bond. 

Initial findings were positive, with low imine intermediate yields indicating that the 

photocatalytic reaction worked, but the benzylaniline effect was not observed. 

Optimization experiments were performed, where pH 2 was determined to be the 

optimal condition for BA oxidation. In addition, aniline was gradually added to the 

reaction mixture over time by a liquid pump. This controls the increasing feeding of 

aniline to react with the produced benzaldehyde to avoid aniline's excessive oxidation 

at the early stage. Finally, the final benzylaniline product was made by reacting with 

the H2 gas added into the reaction mixture. Therefore, the photocatalysis is established 

for the first time as a viable technique for amine N-alkylation. 
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Nanostructured semiconductor photocatalysts including pure TiO2 and metal-

dopedTiO2 were synthesised through controlled hydrolysis methods and characterized 

by XRD pattern, BET surface area, photoluminescence emission spectroscopy and 

UV-Vis diffuse reflectance spectroscopy. Photocatalytic performances of the 

synthesised NPs were evaluated by photooxidation of benzyl alcohol to benzaldehyde 

under UV-light irradiation. Evaluation of TiO2 metal-dopants (mole%) showed that the 

0.7% V-dopedTiO2 possessed the lowest bandgap at 2.88 eV and the highest 

photocatalytic activity of alcohol photooxidation at the rate constant of 62 x 10-3 min-1. 

This was followed by 0.4 % Fe-dopedTiO2 with a bandgap of 2.94 eV and an alcohol 

photooxidation rate constant of 60 x 10-3 min-1. The 0.8%Ag-dopedTiO2 did not reduce 

the bandgap significantly and had a bandgap of 3.00 eV with a modest alcohol 

photooxidation rate constant of 52 x 10-3 min-1. 

Photo-epoxidation of styrene was achieved using the designed reactor with TiO2-

P25 photocatalyst containing NaCl as a chlorine radical source. Catalyst loading 

effects on the styrene conversion, reaction products and product selectivities were 

investigated by GC-MS, and it was found that neutral pH favours the selectivity of the 

epoxide enantiomers. The photocatalytic epoxidation of styrene was also analysed 

using various concentration of the NaCl. The photocatalytic epoxidation of styrene 

mechanism was also proposed. 
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CHAPTER 1 Fundamentals of Photocatalytic 

Synthesis 
 

1.1 Introduction 

Organic synthesis is an important process for the production of unique organic 

molecules, crucial to chemical and pharmaceutical industries.1 It entails the synthesis 

of organic compounds using tailored chemical synthesis routes, making it possible to 

produce complex, tailor-made, biologically active products and heterocyclic 

pharmaceutical compounds amongst other new organic materials.1,2 It empowers 

organic chemists and chemical technologists to explore countless molecules for 

industrial and pharmaceutical applications. However, many organic synthesis routes 

generate hazardous by-products or chemical wastes that are energy-dissipating and 

environmentally unfriendly.3 For instance, the efficiency analysis of organic synthesis 

routes used in the chemical and pharmaceutical industries indicated that the amount 

of chemical waste generated was about 5–100 times for every kilogram of useful 

products.3 This generation of chemical waste poses great challenges in chemical 

resource conservation, leading to environmental and health concerns.3  

Chemical wastes, some of which are toxic, are a threat to the environment due 

to its tendency to resist the most known natural/biological degradation processes. For 

instance, large quantities of organic pollutants in water have remained a significant 

environmental challenge, threatening aquatic ecological systems and human health. 

Common organic pollutants, including pesticides, aromatic hydrocarbons, phenols, 

plasticizers, biphenyls, detergents, oils, greases and antibiotics, have disrupted 

natural ecosystems worldwide.3-7 They are produced as a result of industrial and 

agricultural activities. Persistent organic pollutants (POPs), typically containing 
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benzene rings, are of great concern because they are toxic and can persist in the 

environment over long periods and bioaccumulate in biological systems to toxic 

levels.8 These pollutants include polychlorinated biphenyls, polychlorinated dibenzo-

p-dioxins and dibenzofurans, besides some organochlorine pesticides, such as 

hexachlorobenzene, dichlorodiphenyltrichloroethane, dibenzo-p-dioxins (dioxins) and 

dibenzo-p-furans (furans). These POPs enter a human body through water and food 

chain, where they exhibit a high tendency to bioaccumulate, biomagnifying in most 

natural ecosystems.9 Benzene-containing POPs are biologically active and have been 

linked to different types of cancer.4,8 These can be addressed through strategies used 

for the organic synthesis of various tailor-made compounds. This is the concept of 

green chemistry, also known as environmentally benign chemistry or sustainable 

chemistry in organic synthesis. It addresses chemical resource utilization and 

chemical waste challenges by applying ‘smart’ chemical principles throughout the 

synthesis processes: feedstocks, reactions, solvents and separations.3 Besides, 

green chemistry provides possible strategies for the decomposition of some organic 

wastes in the environment, especially in the air, water and wastewater. 

1.2 Green Chemistry 

The concept of green chemistry is increasingly embraced to safeguard the 

environment, solve the global energy crisis and control organic chemical 

pollutants.3,10,11 In the broadest sense, green chemistry is a sustainable chemical 

technology that uses a set of principles to reduce or eliminate the use or generation of 

hazardous solvents and reagents. It also strives to create renewable resources for 

chemical feedstocks and thus minimize the output of potentially hazardous chemical 

bioproducts and energy consumption.12,13 It applies across the life cycle of a chemical 

product, including its design, synthesis, manufacturing, application to industrial or 
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pharmaceutical processes, and ultimate disposal.14 It also includes the prevention of 

accidents and pollution. The acceptance of the green chemistry concept has been 

stimulated by globally increasing implementation of strict environmental laws that limit 

the use or emission of certain organic compounds known to be unfriendly to the 

environment.15-17 

1.2.1 Principles and Benefits of Green Chemistry 

According to the United States Environmental Protection Agency (2017), 12 principles 

of green chemistry have been developed by Paul Anastas and John Warner.18 The 

first principle is the prevention or reduction of chemical waste. This principle depends 

on the design of chemical syntheses, focusing on preventing toxic wastes that require 

treatment or clean-up. The concept of E-factor (E) was introduced to quantify the 

production of waste, as shown in Equation 1.1. It was defined as the mass ratio of the 

waste to the desired product. The waste includes everything but the desired product. 

E takes the chemical yield into account and includes reagents, solvent losses, all 

process aids and even fuel (although this is often difficult to quantify).  

𝐸 =  
Mass of waste

Mass of desired products
 × 100                                    (Eqn 1.1) 

The second principle is to maximize the use of atoms by minimizing the loss of 

atoms during synthesis from starting materials (chemical feedstocks) to the final 

product.3,19,20 This is especially important in organic syntheses that use multiple 

reagents in stoichiometric quantities calculated as atom economy (AE), as shown in 

Equation 1.2. Although the concept of E might be difficult to quantify, AE is much easier 

to quantify and compare. In contrast, AE is applied to individual steps but the E factor is 

applied to a multistep process, thus facilitating a holistic assessment of a complete 

process.21 The highest AE seeks to maximize the incorporation of chemical feedstocks 

into the final product of any given reaction. The essence of this principle is to increase 
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chemical efficiency to reduce the quantity of chemical feedstock, hence eliminating 

side products and chemical wastes.3,14,17 

𝐴𝐸 =  
The molecular weight of the desired product

The molecular weight of all products
 × 100            (Eqn 1.2) 

 The third principle is to design less hazardous organic synthetic routes. The 

goal of this principle is to use and generate chemical substances with little or no toxicity 

to humans or the environment.3,14,22 Chemical reactions often involve toxic chemicals 

as reagents or by-products. However, a toxic catalyst had better catalytic activity 

compared with its alternatives. This principle states that, whenever possible, toxic 

chemicals should be avoided or at least contained.  

The fourth principle is the design of safer chemical products, which are 

efficacious in their respective intended use, yet have little-to-no toxicity to natural 

ecosystems or the environment.23 This is in tandem with the fifth principle, which 

recommends, where possible, the avoidance of solvents, mass separation agents and 

other chiral auxiliary chemicals. Safer options and reaction conditions should be 

carefully selected to reduce chemical hazards where the use of the aforementioned 

chemicals is unavoidable. Both the fourth and fifth principles aim to first assure safe 

handling of chemical feedstocks and chemical products during manufacturing. Further, 

they aim to protect the environment from potentially unfriendly toxic chemicals.3,14 

The sixth principle is all about designing energy-efficient synthesis routes. It 

encourages the design of routes involving chemical reactions that can be activated 

and sustained at room temperature and normal atmospheric pressure, whenever 

possible. The goal of this principle is to enhance energy efficiency during chemical 

synthesis, thus not only saving costs but also protecting the environment from the 

excessive use or dissipation of energy.3,14 Most chemical reactions are activated by 

thermal energy, that is heating reactants, in turn increasing the kinetic energy of 
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molecules by increasing their travelling speed. A portion of this kinetic energy is 

converted into potential energy during the collision, which allows the formation of 

transition states, leading to the formation of desired products. Although a majority of 

commercial chemical processes use this approach, thermally activated reactions are 

normally less energy efficient. Reaction vessels and transfer tubes need to maintain 

the temperature, as chemical products also carry the thermal energy. Reactors can be 

thermally insulated, and the thermal energy in chemical products can be extracted. 

However, the extraction of thermal energy can never be 100% efficient, and 

sometimes it is challenging to reuse this energy. In some chemical processes, energy 

is the dominant cost. Thus, new energy-efficient chemical reaction activation 

processes need to be developed to reduce energy wastage and production cost.  

In this thesis, I developed a green approach based on photocatalytic oxidation 

processes. Molecules are activated to excited states using photons with 

photocatalysts. The process is operated at room temperature and atmospheric 

pressure with minimal energy cost. Ideally, photons can be trapped in a reaction vessel 

until every photon is used, thus minimizing energy wastage. The technical challenge 

in a photocatalytic oxidation process is to control the reaction kinetics and pathways. 

Oxidation readily occurs, and organic molecules can be simply converted into CO2 and 

water. Hence, we developed a unique biphasic system to protect organic products.     

The seventh principle is the use of renewable chemical feedstocks rather than 

depletable chemical resources, such as petrochemicals, natural gas, coal and mining 

products. Renewable feedstocks, typically from agricultural or recycled products, are 

considered green. Thus, the goal of this principle is to use sustainable environmentally 

friendly sources of chemical feedstock to reduce the depletion of natural resources.3,14 
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The eighth principle is to avoid the use of unnecessary derivatization, which 

entails the use of blocking groups, protection/deprotection of groups and temporary 

modification of physical/chemical processes during organic synthesis.24 One of the 

most effective ways of doing this is to use enzymes or site-specific catalysts. Enzymes 

are so specific that they can often react with one reactive site of a molecule and leave 

the rest of the molecule. Hence, the protection of groups is often not required. 

Chemical derivatives, which often require additional reagents, increase the generation 

of chemical waste. Alternatively, this is achieved by avoiding temporary modifications 

in chemical feedstocks to force the selectivity of products.3,14,24 This is consistent with 

the ninth principle encouraging the use of catalysts, rather than stoichiometric 

reagents, which are often used in excess and only once. The purposes of using 

catalysts in chemical syntheses are to enhance product selectivity and reduce 

chemical wastes, besides avoiding unnecessary derivatization.3,14 Using a specific 

catalyst in a chemical reaction allows the change in reaction pathways through the 

formation of new complexes in the transition state. Therefore, it can activate specific 

chemical bonds within reactants to facilitate a lower energy barrier. The challenge here 

is to design and synthesize such a specific catalyst before understanding the kinetics 

and reaction mechanisms.  

The tenth principle is the design of chemical products that are biodegradable to 

nontoxic components by natural environmental processes at the end of their function. 

The goal of this principle is to ensure that materials that cannot be recycled or reused 

degrade into innocuous molecules rather than toxic substances. This helps avoid 

disrupting natural ecosystems by the accumulation of these materials in the 

environment. The eleventh principle is to monitor and control pollution in real-time to 

minimize or eliminate its effect. The technology used for this purpose includes portable 
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and affordable chemical sensors. These generate signals to detect the increasing 

levels of waste before irreversible environmental damage is caused. Finally, the twelfth 

principle is to minimize the potential for accidents related to chemical reactions. This 

is achieved by either choosing chemical feedstock (solids, liquids or gases) with clearly 

known physical and chemical properties or changing the reaction process to lower the 

reaction temperature and pressure. It aims to minimize the potential for catastrophic 

chemical accidents, including explosions, fires and releases to the environment.14 My 

project of developing photocatalytic organic reactions could, in principle, minimize 

hazards of chemical reactions by performing them at room temperature and 

atmospheric pressure. The benefits of green chemistry in organic synthesis are as 

follows: enhance production, reduce the impact of chemicals on the environment, 

increase safety standards for chemical industry workers and consumer products, and 

reduce global warming by decreased greenhouse gas emission and reliance on fossil 

fuels.17 The research work in this project offers the opportunity to explore green 

approaches while maintaining a reasonable reaction rate and AE. 

1.2.2 Catalysis in Organic Synthesis 

The use of catalysts in organic syntheses (as well as the decomposition of undesired 

chemical by-products) is one of the most widely studied principles of green 

chemistry.15,25,26 This is partly because multiple catalytic strategies exist for any 

chemical synthesis route or chemical decomposition. Attempts to choose an optimal 

catalytic strategy from many options have never been straightforward and often 

require a trial-and-error approach.  

Organic synthesis involves two types of catalysis: homogenous and 

heterogeneous. The choice depends on the number of phases in which the catalytic 

reaction is conducted.   
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Homogeneous catalysis is a single-phase reaction commonly involving miscible 

reactants and catalysts. It provides benign synthesis routes with numerous 

advantages. It offers the best contact between reactants and catalysts and hence can 

effectively lower the activation energy. Therefore, it reduces the input thermal energy, 

and the reaction has higher selectivity and yield, with fewer unwanted by-products. 

However, homogeneous catalysts have a common major limitation: separation is 

required to recover the catalyst,27-29 which involves the use of extra energy and organic 

solvents. Homogeneous catalysts are in the form of large molecular compounds, 

which may not be thermally stable during the separation from the chemical 

products.29,30 Hence, sometimes it may not be possible to recover the expansive 

catalysts. Meanwhile, homogeneous catalysis is normally carried out in a batch reactor 

rather than in a continuous-flow reactor because the catalyst, reactants and products 

are in the same phase. Hence, the reaction process is interrupted at the end of the 

reaction, leading to a change in reaction conditions and generating more chemical 

waste. This makes homogeneous catalysis expensive in terms of the use of energy 

and solvents, with more chemical waste and the potential loss of the catalyst.  

Heterogeneous catalysis is either bi- or multiphasic, where catalysts are 

immiscible with reactants, that is, catalysis is normally in the solid phase while 

reactants and/or products are in the gas or liquid phase. Heterogeneous catalysts, 

such as Au/Al2O3,
31-33 Au/C,34-36 Au/TiO2,

37-39 Au/CuO,40-42 Au/Pd–TiO2,
43-45 and 

Au/SiO2,
46-48 are superior to homogeneous catalysts because they are associated with 

higher catalytic efficiencies and less environmental pollution.49 In fact, about 90% of 

all industrial organic synthesis processes are based on heterogeneous catalysis.49 

The disadvantage of this multiphase arrangement is that the contact between catalysts 

and reactants is limited by the surface area of the solid.50-52 Hence, efforts were made 
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to develop nanostructured catalysts that can improve the contact area and increase 

the reactivity. Meanwhile, the specific size of the mesoporous structure helps improve 

the reaction selectivity.53-55 The advantage of heterogeneous catalysis is not only that 

the selectivity and reactivity can be controlled independently but also that the catalyst 

can be readily separated from reactants and products. Solid catalysts are relatively 

easy to immobilize within continuous-flow reactors, which are popularly used in the 

chemical industry. A chemical reaction continues until the catalyst becomes inactive. 

Most heterogeneous catalytic reactions are carried out at high temperature and 

pressure. In addition, the chemical feed rate is controlled because the temperature 

and pressure are relatively easy to adjust. The AE is usually high in optimized 

heterogeneous catalysis; the energy cost is also normally very high. In fact, globally, 

the Haber–Bosch process, which produces ammonia, consumes 3%–5% of all-natural 

gas produced. This is equivalent to ca. 1%–2% of the energy generated worldwide.56,57 

Therefore, a major part of the cost in such industrial processes is due to energy 

consumption. Furthermore, catalysis at high temperature speeds up catalyst 

deactivation, reducing selectivity and product yield.58 This led to an urgent need to 

develop alternative chemical processes that can efficiently operate at low temperature 

and normal pressure, specified in the third and sixth principles of green chemistry.3,14,22 

1.2.3 Green Oxidation for Fine Chemical Synthesis  

Green chemistry promotes the use of green oxidation catalysts that can mediate 

oxidation at mild conditions with high selectivity and conversion yield. Aggressive 

oxidizing reagents are mostly used in a conventional oxidation process, such as 

hydrogen peroxide (H2O2),59-62 ozone (O3),63-66 fluorine (F2),67-69 chlorine (Cl2),70-72 

nitric acid (HNO3) and nitrate compounds,73-75 sulfuric acid (H2SO4),76-78 

peroxydisulfuric acid (H2S2O8),79 peroxymonosulfuric acid (H2SO5),80,81 potassium 
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permanganate (KMnO4),82-84 chromium trioxide (CrO3),85-87 and dichromate 

(Cr2O7
2).88-90  

All these reagents have serious drawbacks, such as difficulty in operation, 

extreme conditions (high temperature), long reaction times and high costs. For 

instance, hydrogen peroxide is a powerful reagent that reacts with a large range of 

substances. It is therefore diluted during transport as a safety measure. However, high 

concentrations are required for purification. Hydrogen peroxide can irritate the eyes, 

skin, and lungs and change and damage the DNA.91,92 Furthermore, it causes cell 

death.93 Ozone is also advantageous for oxidation reactions. However, it produces 

undesired by-products with a high risk of causing cancer, as well as chlorine.94 During 

the process, high salt loading is used, which requires several washing stages to 

reduce the salt content.95 These reagents are environmentally aggressive, strong 

oxidants, and toxic.96 Chromium (Cr) compounds also pose health and environmental 

risks. Cr (VI) can cause heart diseases, allergic reactions, nose irritation and bleeding 

weakened immune system, lung cancer and even death. High concentrations of Cr in 

water due to metal disposal can damage the gills of fish.97,98 

On the contrary, oxygen (O2) is a renewable oxidant regularly used in the 

chemical industry.99-101 Although O2 is freely available in the atmosphere, it has two 

major limitations. The O2 molecule is very stable. A pair of chemical bonds are present 

between O atoms: a  bond and a  bond. Hence, the bond order is 2. The O-O bond 

length is 1.208 Å with a bond energy of 498 kJ/mol.102-105 In comparison, the O3 and 

H2O2 have bond orders of 1.5 and 1, with O-O bond lengths of 1.277 and 1.490 Å, 

respectively. Similarly, the bond energy of the O-O bond in O3 and H2O2 is 364 kJ/mol 

and 142 kJ/mol, respectively, which are very low compared with those in O2.106-108 

Table 1.1 summarises the comparison between O2, O3 and H2O2.109 The table shows 
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that O3 and H2O2 are much more reactive than O2. Oxidation with O2 requires the 

breaking of the O-O double bond to form reactive atomic oxygen radicals. Therefore, 

expensive noble metals or metal oxides, including ruthenium (Ru), rhodium (Rh), 

palladium (Pd), silver (Ag), iridium (Ir) and platinum (Pt), are used in heterogeneous 

oxidation processes to activate the O2 molecule.110-114 These processes also require 

high reaction temperature and pressure to dissociate or weaken adsorbed O2 

molecules. They can be much greener if they are carried out at lower temperature and 

pressure, avoiding the use of costly noble metals. Another problem encountered when 

using dissociated O2 as an oxidizing agent that the activated oxygen species is 

normally very reactive. Most organic molecules are readily completely mineralized into 

CO2 and H2O.115-117 Thus, oxidation selectivity towards desired products is difficult to 

maintain. Many heterogeneous processes try to improve the selectivity by either 

reducing the catalyst reactivity or controlling the reaction duration (optimizing the 

chemical flow rate).118-120 Developing more selective oxidation strategies with less 

environmental impact is in high demand.17  

 

Table 1.1 Direct comparison of bond order, bond length and bond energy between O2, 
O3 and H2O2. 

 

Molecule Structure Bond 
order 

Bond 
length (Å) 

Bond energy 
(kJ/mol) 

O2 O=O 2 1.208 498 

O3 O=O-O 1.5 1.277 364 

H2O2 H-O-O-H 1 1.490 142 

 

The design of oxidation catalysis processes following the principles of green 

chemistry has the potential to enhance selective oxidation and produce green 

chemical products at lower energy costs and with less environmental impact. 

However, such processes in green organic synthesis are yet to be fully explored 
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because oxidation catalysis in organic synthesis is influenced by many factors. The 

choice of a catalyst, the nature of a solvent and the physical state of reactants and 

their dispersion can affect the contact and mixing of reactants, which in turn affect the 

reaction kinetics. Reaction conditions, especially the pH, temperature, pressure and 

concentrations of reactants, can directly impact the reaction selectivity and conversion.  

For instance, selective partial oxidation of both aliphatic and aromatic alcohols 

to their respective aldehydes has been traditionally achieved using several 

homogeneous catalysts involving heavy metals (such as Pd, Ir, Ru and Mo) or organic 

oxidizing reagents (such as pyridinium chlorochromate)121-124 to block further oxidation 

to carboxylic acids.125-127 Given that homogeneous catalyst is typically in the same 

phase as the target reactants, their optimal conditions require a batch reactor with high 

pressure and/or organic solvents. These reactor conditions increase not only the cost 

but also environmental pollution due to the use of large amounts of organic solvents 

and toxic heavy metals. These metals are generally difficult and expensive to treat, 

and hence the process can significantly disrupt environmental and ecological 

stability.49 Alternatively, organic oxidizing reagents can also be used for the partial 

oxidation of alcohols. However, they increase environmental pollution due to their 

hazardous and toxic nature.128 For instance, pyridinium chlorochromate, an important 

reagent in organic synthesis, is used primarily for the selective oxidation of alcohols to 

carbonyl compounds. This tedious reaction workup, carcinogenicity and aquatic 

toxicity make pyridinium chlorochromate hazardous to the natural environment.129  

Apart from conventional heterogeneous catalysis, which uses thermal energy 

to activate catalytic reactions, the interest in photocatalysis for oxidation has 

increased. Photocatalysis can be both heterogeneous or homogeneous with a 

potential to catalyse partial or complete oxidation of organic compounds as desired.130 



13 
 

 
 

 

In such processes, visible and ultraviolet (UV) photons, rather than heat, are used to 

excite molecules or catalysts. For homogeneous photoreactions, either molecular 

catalysts or reactants can be excited to their electronic excited states, promoting 

electrons from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO) and thus facilitating further reactions. It has all 

the advantages and disadvantages of a conventional homogeneous reaction. It 

typically uses a large quantity of solvents with equal difficulty to purify products and 

recover functional catalysts. Generally, a  bond, rather than a  bond, is more likely 

to be photoexcited because  electrons require lower energy for excitation.  The direct 

excitation of  electrons  typically needs high-energy UV light ( < 250 nm), which can 

result in uncontrolled dissociation of reactants before oxidation, thus impacting the 

selectivity and yield of the photo-oxidation process.  

In homogenous photocatalysis systems, reactants and photocatalysts are in the 

same phase. These reactions are usually limited to liquid phases. Furthermore, 

organic homogeneous photocatalysts have been used widely in photosynthetic 

reactions.131 Transition metal complexes are the most commonly used homogeneous 

photocatalysts.132 The use of inorganic complexes as homogeneous photocatalysts 

has several advantages. They are clearly displayed by the cation of 

tris(bipyridine)ruthenium (II) chloride ([Ru(bpy)3]Cl2), [Ru(bpy)3]2+. Only mild photon 

energies are needed (λ ≈ 450 nm) to generate high-energy electrons through metal-

to-ligand charge transfer.132 High quantum efficiency (QE), long excited-state lifetime, 

and low energy requirement make [Ru(bpy)3]2+ one of the most important 

homogeneous photocatalysts for the exploitation of solar energy. The separation and 

recovery of catalysts in a homogenous system are difficult due to the contact between 

the catalyst and reagents. This complication highly inhibits the industrial application of 
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homogeneous photocatalysts. The synthesis of organometallic complexes usually 

requires complicated procedures involving the use of expensive reagents.133  

Hydrogen is produced by three efficient homogeneous catalytic systems, for example, 

in aqueous solutions using π-conjugated platinum(II) arylacetylide sensitizers in 

concert with a cobaloxime catalyst.133,134  

Heterogeneous photocatalysis, on the contrary, uses solid-state catalysts while 

reactants are dissolved in a liquid or gas phase. Unlike transition metal catalysts, 

which have continuous electronic states, semiconducting transition metal oxides 

(STMOs) have an energy region with an empty density of states (a conduction 

bandgap). Photons are absorbed by STMO catalysts to excite the electrons from the 

valence band maximum (VBM) to the conduction band minimum (CBM). The energy 

difference between the VBM and CBM defines the bandgap energy. STMOs are 

typically used as photocatalysts due to their suitable bandgap energies and band edge 

positions.135 The valence band (VB) represents the highest occupied states dominated 

by the O2- orbital. Meanwhile, the conduction band (CB) represents the lowest 

unoccupied states dominated by the empty orbital of the metal ion. When a photon 

has energy larger than the bandgap, it can be absorbed by an STMO catalyst. In this 

process, a hole is created following the excitation of an electron in the VB.136  

The existence of the bandgap implies that no states exist to facilitate the 

recombination of an electron (e) and hole (h) directly within a system.137 Therefore, 

photoexcited electrons in the CB, as well as holes in the VB, are relatively stable with 

a limited lifetime. With the existence of an electron-hole pair (e–h pair), a nanocrystal 

can be regarded as a nano battery with the photo energy stored as electric energy. 

Such a battery is capable of driving electrochemical reactions on its surface with 

chemical components in the electrolyte, with a relatively low energy barrier. However, 
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if this energy is accumulated in the catalyst for longer than the e–h pair lifetime, the 

electrons move to the VB and recombine with the corresponding hole. During this 

process, the excess energy is released either as heat or as photons. If the excess 

energy is released in the form of light, it is conventionally defined as 

photoluminescence. The intensity of this luminance signal can be used to indicate the 

charge recombination rate.138 Such exciton recombination is undesirable in a 

photocatalytic process because it reduces the QE of the initially absorbed photons. 

However, such recombination can be effectively minimized if the e–h pair lifetime is 

extended or the charge separation is improved.139 Commonly, during the introduction 

of dopants into composite materials, an internal electrical field is formed at the 

interface due to the difference in the electron affinity of the STMO and dopant. This 

field can drive photoexcited electrons and holes to move in opposite directions, which 

results in a better separated e–h pair, in turn improving the QE of the photocatalytic 

process. Thus, the doping of vanadium140, copper and nitrogen141 in the titania 

structure shows a remarkable absorption shift towards the visible region compared 

with pure TiO2 powder (P25 Degussa). Both Teruhisa and Ohno groups noted that S-

doped TiO2 photocatalysts caused significant absorption in the visible region and 

increased photodegradation of methylene blue.142,143 

 

Figure 1.1 A schematic diagram of Jabłoǹski diagram showing the various relaxation 
pathways of the relaxation of photoexcited electrons. 
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When a molecule absorbs a photon, electrons move to the excited state from 

the HOMO, as indicated by a, Figure 1.1. Kasha’s rule states that a nonradiative 

internal transition occurs in the excited electrons at a higher vibrational state, thus 

moving them to the vibrational ground state in the LUMO , as indicated by b in Figure 

1.1.144 If the photoexcited electron directly transitions to the LUMO, then it is prohibited 

from transferring directly to the orbital’s lowest vibrational energy state in line with the 

Franck–Condon Principle. The electron is instead subjected to a nonradiative process 

to reach the lowest vibrational energy state of the LUMO before subsequent electronic 

transitions as indicated by c Figure 1.1. The excited electrons are then moved to a 

state of relaxation, which occurs in two main pathways. The process relaxes the 

excited electrons from the LUMO to the HOMO in a radiative transition process from 

S1 to S0, as shown in Figure 1.1. Consequently, excess energy is emitted through 

fluorescence in the form of photons, as indicated by c in Figure 1.1. However, a change 

in the spin state of the excited electron from a single to a triplet (T1) can also occur 

through intersystem crossing (ISC). The concept brings about the second pathway, as 

indicated by d in Figure1.1. 

A loss in energy for the electron in T1 brings it back to S0. During this process, 

photons are continually emitted through phosphorescence, as indicated by e in Figure 

1.1. The intersystem crossing means more excited electrons undergoing fluorescence 

compared with those undergoing phosphorescence.145 

The determination of QE is important to estimate the efficiency of a 

photochemical reaction. QE is defined based on the quantity of incident light and 

photogenerated electrons within a specified time. It is expressed mathematically as 

𝑄𝐸 =
Photogenerated electrons

Incident photons
                                              (Eqn 1.3) 



17 
 

 
 

 

Equation 1.3 is very significant. However, it only applies to photovoltaic cells 

and similar systems that generate electric current by direct light irradiation. The 

photovoltaic cells only respond to wavelengths of specific energies. Thus, the 

determination of internal quantum energy is of importance. The concept only accounts 

for the number of photons absorbed by a given material and is therefore considered 

to be preferential. The population formed in the excited state plays a crucial role in 

photochemical reactions. The subsequent sections will provide insight into the role 

played by photoexcited electrons in photocatalytic and photosynthetic reactions. 

A series of different reactions are initiated after a light is introduced, inducing 

photochemical reactions. This study mainly focused on the chemical interactions that 

occur between reacting species because of the resulting transformation of toxic 

compounds into industrially useful chemicals that are less toxic and industrially useful. 

When several chemical species come together, intense interactions occur 

between them. The rate at which these reagents interact limits the efficiency of a 

photochemical reaction. In essence, the quantum yield (Ф) also plays a role in 

determining the efficiency of a photochemical system. The quantum yield is defined 

as the ratio of the number of molecules going through a reaction to the number of 

photons absorbed during the reaction, as expressed in Equation 1.4. 

ɸ =
Molecules undergoing reactions

Absorbed photons
                                  (Eqn 1.4) 

Preference is often given to the photonic efficiency of reactions (𝜉) because the 

experimental determination of the exact amount of species going through reactions is 

not always easy. On the contrary, the photonic efficiency is defined as the ratio of the 

number of product molecules to the number of photons absorbed as expressed in 

Equation 1.5. The equation is also used to quantify the extent of the effect of photonic 

excitation in chemical reactions. 
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ξ =
Reaction products

Absorbed photons
                                            (Eqn 1.5) 

Photocatalysis and photosynthesis are the two main categories to which 

several forms of photochemical reactions belong.145  

An effective photocatalysis process can facilitate either reductive reactions 

(using excited electrons) or oxidative reactions (using generated holes) to produce 

reduced or oxidized products, respectively. For instance, a large number of studies 

investigated the reduction of CO2 on TiO2 and other metal oxides.146 Abundant solar 

energy can convert CO2 into fuels such as methane. Previous studies focused on the 

development of nanostructured photocatalysts.147,148 Also, photocatalytic oxidation 

has been widely used to degrade organic compounds using TiO2 as a photocatalyst 

due to its superior characteristics such as low cost, chemical stability and nontoxicity. 

Usually, CO2 and H2O are the final products.149-151 Photocatalytic redox reactions 

occur on the surface of a photocatalyst. During the catalytic process, excited 

electrons/holes and gas or liquid reactants meet on the surface of STMOs 

simultaneously. Hence, photocatalysts exist generally in the form of nanoparticles 

(NPs) or nanoscale thin films to maximize the surface area with the best light 

illumination. Such forms are clearly distinct from the conventional thermally activated 

catalysts, where only the surface area and pore dimensions are essential to control.  

1.3 Photocatalytic Oxidation  

Photocatalysis finds a useful application in the oxidation of alcohols to aldehydes and 

the decomposition of deleterious, benzene-containing, organic pollutants to simpler, 

benign molecules. It is an important strategy in green chemistry for the organic 

synthesis and the neutralization of chemical pollutants (in water and wastewater). 

Photocatalytic oxidation efficiency is based on the efficiency of electron-hole (e− + h+) 
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pairs to generate highly oxidative hydroxyl radicals (OH•), superoxide radicals (O2
•−) 

and sulfate anion radicals (SO4
•−), which oxidize alcohols to aldehydes. For instance, 

advanced photo-oxidation processes (APOP) have become feasible for the 

degradation of benzene-containing organic species.152 APOP relies on highly reactive 

radical species, such as HO•
, O2

•− and SO4
•−, generated from photochemical 

processes.153 These radicals exhibit very strong oxidizing potentials, making them 

good candidates for the oxidative decomposition of a wide range of benzene-

containing organic pollutants.154 However, the photochemical decomposition of 

organic pollutants is not a spontaneous and efficient process, and therefore a 

photocatalyst must be present.  

Heterogeneous photocatalytic oxidation of hazardous organic compounds in 

aerated aqueous systems enhances the selective oxidation of target organic 

compounds in wastewater treatment.155,156 Transition metal oxides are good 

photocatalyst candidates for the photocatalytic decomposition of deleterious organic 

compounds using UV light from sun rays due to their semiconductor properties. When 

a semiconductor is irradiated with a UV light source of sufficient energy, they generate 

high-energy-state (e–h) pairs. During this process, the electron is excited from the VB 

to the CB of the semiconducting oxide, becoming (eCB
− ) and thus resulting in the 

formation of a positive hole (hVB
+ ) in the VB as shown in Equation 1.6. 

Metal oxide + hv → eCB
− + hVB

+                   (Eqn 1.6) 

1.4 Semiconductors as Photocatalysts 

 Photocatalysts refer to semiconductor solids crystalline in nature, which initiate 

reactions in the presence of light but are not used up in the overall reaction.157 For a 

photocatalytic reaction to being considered efficient, it must have a photo-active 

catalyst. Ideally, solar light must be able to activate the reaction effectively. 
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Furthermore, the catalyst must also be chemically and biologically inert, photostable, 

inexpensive and nontoxic.  

 Most of the photocatalysts reported do not meet the aforementioned criteria. 

For instance, GaAs, PbS and CdS are toxic and easily corroded, rendering them 

insufficiently stable for catalysis in aqueous media. ZnO is also unstable because it 

readily dissolves in an acidic or a basic aqueous solution and the reaction yields 

Zn(OH)2 on the surface of the particle, which makes the catalyst inactive after some 

time.158 Fe2O3, SnO2 and WO3 all have a CB edge at an energy level below the 

reversible hydrogen potential,159,160 which results in a bottleneck for the entire process 

because the photocatalyst releases photoexcited electrons that do not have enough 

reduction power for water. In semiconductor particles, electrons can be excited from 

the VB (the highest energy band occupied by electrons) to the CB (the lowest 

unoccupied energy band).161,162 Generally, anion species such as O2
− in oxides 

dominate the VB states, whereas empty states of metal cations dominate the CB 

states. Figure 1.2 illustrates the electronic excitation and transition that occur within 

the bands of a semiconductor. A particle must first be supplied with energy for 

electrons to be excited. The energy supplied must be equal to or greater than the 

energy gap between VBM and CBM.163-165 When photons or heat excite electrons, 

they leave a positively charged hole (h+) as they transit from the VB to the CB, as 

denoted by a in Figure 1.2. This results in the generation of an electron-hole pair, and 

the pair requires energy to dissociate into free electrons in the CB and holes in the VB. 

If the electron-hole pair is not dissociated, it is considered as an exciton, which is a 

single particle. 
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Figure 1.2 A schematic diagram of the band transition during electronic excitation in 
semiconductors.  
 

The excitation depends on the intensity of light coupled with appropriate 

wavelength and material thickness. A photocatalyst can only remain active if targeted 

molecules quickly trap the 𝑒−- h+ pair generated from photonic excitation. The trapping 

is crucial in helping to separate charge and reducing the incidence of recombination 

denoted by b in Figure 1.2. This also helps reduce charge recombination/fluorescence 

by reducing charge mobility. Ultimately, photoexcited electrons and holes travel to the 

surface of the photocatalyst particle. If sufficient redox potential is left with these 

electrons and holes, they carry out surface redox reactions, which create radicals in 

instances where H2O and O2 are used as the reaction media. The highly reactive OH● 

comes from the oxidation of adsorbed water or OH−. Similarly, the reduction of 

molecular oxygen to superoxide (O2
●−) can also be induced by reducing the power of 

electrons. Highly reactive species can drive organic reactions, such as photo-

epoxidation of alkenes and degradation of microorganisms and organic 

pollutants.166,167 

High charge mobility is an essential property of semiconductors, which enables 

the application of semiconductors to the fields of photovoltaics, photodegradation and 

photoelectrolysis.168-170 Before an electron and a hole recombine, oxidation must 
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occur. Thus, photoexcited electrons travel towards the cathode, while holes travel to 

the surface to facilitate oxidation. This process reduces the redox potential of the 

electron and hole, also using a lot of energy. Thus, the transport of electrons and holes 

restricts the overall kinetics in instances where the mobility is not high enough. 

 

Figure 1.3 Band positions of several semiconductors with some selected redox 
potentials measured at pH 7. Adapted from Michael G.171 
 

Generally, bandgaps of semiconductors are important in influencing 

photocatalytic activities of semiconductors. Bandgaps are determined by the nature of 

the crystal in terms of the electronic configuration and arrangement of atoms (ions). 

Different semiconductors exhibit different bandgaps as shown in Figure 1.3. The blue 

colour represents the lower edge of the CB, while the orange colour represents the 

upper edge of the VB as shown with the corresponding bandgap expressed in electron 

volt (eV). Using the vacuum level or the normal hydrogen electrode (NHE) as the 

reference, various band energies of semiconductors are indicated. The standard 

potentials of several redox couples are also presented on the right, relative to the 

standard hydrogen electrode potential (Figure 1.3).171 
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1.4.1 Direct and Indirect Semiconductors  

In semiconductors, the bottom of the conduction and the top of the valence band have 

different values of electron momentum in the k space. The k space is created in one 

of three directions in the p space; it is frequently three-dimensional but principally can 

have any definite number of dimensions. However, the r space is a set of position 

vectors; it has the dimensions of length and defines a point in space. The p space is a 

set of momentum vectors in a physical system with the units of [mass] [length] [time]-

1. The k space is a set of wave vectors; it has the dimensions of reciprocal length.  

Semiconductors are classified as direct and indirect semiconductors according 

to a forbidden change in the momentum associated with the electronic transition from 

the VB to the CB, as shown in Figure 1.4. The VBM has the same electronic 

momentum as the CBM in the direct bandgap of semiconductors. Its electronic 

transition is described as a direct transition because the momentum is conserved 

during the excitation. Electrons can rapidly recombine with holes because electrons 

tend to lower the energy of holes for a semiconductor with a direct bandgap. In this 

electron transition, photons with energy hv are released in the recombination process, 

without any change in the electron momentum (red arrow). For an indirect 

semiconductor as shown in Figure 1.4B, the CBM and the VBM have different values 

of electronic momentum. Subsequently, a change in momentum is needed for the 

electronic transition from the VB to the CB. In addition, without the shift in momentum, the 

excited electron will not relax from the lowest energy state in the CB to the maximum energy 

state in the VB. The momentum needed during the excitation and relaxation process is usually 

given in the form of phonons (which are the vibration of atoms in the crystal lattice) for such an 

indirect bandgap system. The electrons recombine with the VB holes after relaxation and emit 

photons with energy (hv) (dark red arrow). Typically, these transitions are prohibited and 



24 
 

 
 

 

comparatively slow. In certain cases, the recombination in the semiconductor of the indirect 

bandgap is non-irradiative in nature and typically results in heat due to energy coupling with 

phonons, (green arrow). 

 

Figure 1.4 A schematic diagram displays the bandgap for various semiconductors as 
a function of the momentum of electrons. (A) Direct semiconductors, a direct electron 
transfer is necessary due to the momentum match. (B) Indirect semiconductors, an 
indirect electron transfer is needed due to a shift in momentum.  
 

The properties and efficiency of semiconductor metal oxide are partly 

influenced by the type, size, and morphology of the crystal. With dimensions ranging 

from a few nanometers to several hundred nanometers, nanostructured metal oxides 

give a broad surface-to-volume ratio that is substantially greater than that of the bulk 

material. Therefore, by synthesizing metal oxides into nanostructures, the efficiency 

of these materials could effectively be increased.172-174 

1.4.2 Titanium Dioxide Photocatalysis 

TiO2 is the most commonly used photocatalyst at present. Several novel 

heterogeneous photocatalytic reactions have been reported using TiO2 as a 

photocatalyst for many applications, including solar cells, photocatalytic hydrogenation 
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and environmental treatments.175 This is because of its stability under light irradiation; 

it is both chemically and biologically inert, less expensive and readily available in 

industrial quantities.176 Regarding chemical stability, TiO2 is mostly stable under 

extreme photoreactor conditions, particularly under strongly acidic or alkaline aqueous 

conditions. TiO2 was demonstrated by Honda and Fujishima in 1972 to be highly 

efficient in the photocatalytic degradation of aquatic and atmospheric organic 

compounds. In a photocatalytic system, photoactivated TiO2 initiated a chain 

photoreaction by splitting water molecules to generate highly reactive hydroxyl and 

peroxide radicals. These reactive radicals are useful for the degradation of organic 

compounds. Thus, the TiO2-based photocatalytic system is already being applied for 

the photodegradation of organic substances for environmental sanitation.177 

In an aqueous TiO2-based photocatalytic system, photogenerated electrons 

(eCB
− ) attack dissolved O2 molecules in water to generate superoxide radicals (O2

•−), 

which subsequently attack protons generated from the dissociation of water to produce 

an intermediate radical (HOO•).178 The intermediate radical (HOO•) is also attacked by 

photogenerated electrons (eCB
− ) to produce a hydroperoxyl ion (HO2

•−), which 

subsequently undergoes protonation to hydrogen peroxide (H2O2). H2O2 undergoes 

decomposition to generate O2 molecules, restarting the chain reaction (Reaction 

Scheme 1.1). However, efficiencies of these photocatalytic systems are not always 

optimal because a fraction of photogenerated electrons (eCB
− ) and holes (hVB

+ ) always 

undergo recombination, effectively reducing the photocatalytic efficiency. 
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Reaction Scheme 1.1: generate oxygen molecules 

(O2)ads + e− → O2
•− 

H2O → OH− + H+ 

O2
•− + H+ → HOO• 

HOO• + e− → HO2
− 

HOO− + H+ → H2O2 

H2O2 → H2O + O2 

The reaction is sustained between positive holes and the available moisture to 

generate hydroxyl radicals (•OH). The generated •OH radicals are both highly oxidative 

and nonselective with a redox potential (E0) of approximately +3.06 V.155,179,180 For 

example, heterogeneous photocatalytic oxidation of a wide variety of organic 

compounds has been widely studied using polycrystalline titanium (IV) dioxide (TiO2). 

This photocatalyst is activated by a UV light source and oxygen (or air). In the field of 

photocatalysis, solar UV radiation is considered a potentially sustainable photocatalyst 

activator as opposed to artificial irradiation.181 Given that TiO2 has a relatively low 

bandgap energy of approximately 3.2 eV compared with photons of solar UV light (3–

30 eV), exposure to sunlight can spontaneously photo generate the e–h pair on the 

surface of the TiO2 photocatalyst as shown in Equation 1.7.155,182 

              TiO2 + hν → TiO2 + (e− + h+)                                   (Eqn 1.7) 

The photogenerated e–h pair (e− + h+) initiates oxidative (Reaction Scheme 1.2) 

and reductive (Reaction Scheme 1.3) reactions to generate the highly oxidative •OH.183 

TiO2 as a photocatalyst has been widely studied.130,147,184,185 Heterogeneous 

photocatalytic oxidation of hazardous organic compounds in aerated aqueous 

systems enhances the selective oxidation of the target organic compounds in 

wastewater.155,156  
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Reaction Scheme 1.2: Oxidative reactions due to positive hole (hvb +)   

h+ + H2O → H+ + •OH 

2 h+ + 2 H2O → 2 H+ + H2O2 

H2O2 → 2 •OH 

Reaction Scheme 1.3: Reductive reactions due to excited electron (e−) 

e− + O2 → O2
•− 

O2
•− + 2HO•  + H+ → H2O2 + O2 

HOOH → HO• + •OH 

1.4.3 Semiconductor–TiO2 Heterojunctions 

Excitons can be generated due to the excitement that occurs when a semiconductor 

forms a heterojunction with TiO2. However, the respective positions of CB and VB of 

the semiconductor relative to the NHE influence the transition process. Generally, 

semiconductor–TiO2 heterojunctions have three main categories, as shown in Figure 

1.5.186 The C-I is the first category where both semiconductors are either n-type or p-

type. In this case, the CB of TiO2 is higher than that of semiconductor X, while the VB 

of TiO2 is lower than that of X. This means that electrons from the CB and the VB hole 

of TiO2 migrate to those of X,  an example of X is Fe2O3. The second category is C-II, 

where electrons and holes move in different directions. Electrons migrate from the CB 

of TiO2 to that of Y, while holes migrate from the VB of Y to that of TiO2; examples of 

Y include SnO. In this case, the excitons are readily separated, hence extending photo 

charge lifetime within the composite catalyst, making it preferable.  

The third and final category is C-III, where charge carriers migrate in an 

identical direction like C-II. However, the CB and VB positions of the two 

semiconductors, TiO2 and Z, have a huge gap between them. As a result, the effective 

separation and migration of charge carriers require a high amount of energy.186 
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Figure 1.5 Bandgap structures and carrier charge migration of three categories of 
semiconductor–TiO2 heterojunctions.186 
 

Numerous reports have been published on heterojunctions between two wide 

bandgap semiconductors, ZnO–TiO2. Pan et al.186 reported the fabrication of TiO2 

nanobelt–ZnO nanorod heterojunction with improved charge separation attributed to 

the reduction of quasi-Fermi energy level. ZnO has a bandgap of 3.37 eV.187 Also, the 

CB and VB have a slightly more negative potential compared with that of TiO2 (3.2 

eV).188 In heterojunctions, the alignment of the Fermi level determines the relative 

positions of CBM and VBM. When heterojunctions of these semiconductors are 

irradiated, holes are generated in the VB and electrons are excited to the CB. 

Ultimately, the potential difference between semiconductors makes electrons migrate 

to the CB of TiO2, which is accompanied by the migration of holes from the VB of TiO2 

to that of ZnO.189,190 

1.5  Optimization of TiO2 Photocatalyst 

Among the major TiO2 polymorphs (rutile, anatase and brookite) (Figure 1.6), the two 

main polymorphs are rutile and anatase. The anatase phase shows the most effective 

photocatalytic activity191-193 due to its higher density of localized states and absorbed 
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•OH and slower recombination of photogenerated charge carriers compared with the 

rutile phase.194-196 Rutile has a smaller bandgap (3.03 eV) compared with anatase 

(3.20 eV).197 Another main drawback of TO2 as a photocatalyst is the large bandgap, 

which allows the absorption of wavelengths of light falling within the UV range only, 

making up only 5%–7% of the solar spectrum.198 This limits the efficiency of 

photocatalytic systems and has been the subject of much interest in green 

chemistry.185 

 

Figure 1.6 A schematic diagrams of crystal structures of the three main phases of 
TiO2. 
 

Optimization of the anatase TiO2 photocatalyst for advanced oxidation is 

multifactorial. It requires optimization of the morphology (size and shape) of major 

catalytic TiO2 polymorphs (rutile and anatase), minimization of e–h recombination and 

optimization of photoreactor conditions.199 To start with, the catalytic activity of any 

given solid catalyst is influenced by its size and shape. The smaller the particle sizes 

of a solid catalyst, the higher its catalytic activity. This is because the smaller the 

particle size, the higher the catalytic surface area. The surface area of TiO2 is 

significantly low compared with those of other transition metal catalysts.200 It can be 

enhanced further by reducing its size to the nanoscale. TiO2 NPs are commercially 

available worldwide for use in a wide range of applications. TiO2 NPs have a small 
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surface area to volume ratios and exhibit different physical and chemical properties 

compared with fine particle analogues, which may alter their catalytic activity.201  

Regarding shape, TiO2 NPs also have the advantage of a better nanocrystalline 

or microcrystalline structure rather than an amorphous structure. The morphology of 

a nanomaterial (geometric shape and dimension) has a significant impact on its 

physical and chemical properties. For instance, hollow-shaped TiO2 morphologies 

exhibit a greater photocatalytic decomposition of dimethyl sulphoxide compared with 

TiO2 spheres.202 Calcination temperatures influence the size, surface area and 

nanocrystalline structure of TiO2 NPs. Therefore, it is possible to optimize TiO2 

photocatalysts by determining the ideal calcination temperature. Further, e–h 

recombination in the TiO2 photocatalyst underpins its suboptimal photocatalytic 

performance. Which can be restricted or inhibited by combining TiO2 with other light-

activated semiconductors, especially transition metals.203 Lowering the TiO2 bandgap 

has the advantage of allowing the absorption of a broader spectrum of light for 

photocatalysis. This can be achieved by the doping of TiO2, with a dopant of choice 

attached to Ti or O sites of the TiO2 photocatalyst.204-208 

Finally, as photocatalytic reactor conditions may be extreme in terms of acidity 

and alkalinity, it is desirable that TiO2 exists predominantly as anatase. A recent study 

by Tsega and Dejene demonstrated that subjecting TiO2 to pH 4.4~6.8 did not alter its 

structural, morphological and optical properties, with the anatase phase being 

predominant. However, under a more extreme acidity condition (pH 3.2), rutile, 

brookite and anatase phases of TiO2 coexisted, with rutile being the predominant 

phase. Therefore, a photocatalytic reactor pH range of 4.4–6.8 is optimal for TiO2, 

which can be easily controlled.209 Electrochemical oxidation with and without 
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photocatalysis is an important green oxidation strategy, especially in the biphasic 

system. This has been used for the oxidation of alcohols to aldehydes.210 

1.6  Aims and Objectives 

The goals of the thesis were as follows: (1) to develop green chemistry oxidation 

catalysts by the optimization of physical and chemical properties of a TiO2 

photocatalyst; (2) to optimize single- and two-phase heterogeneous photocatalytic 

oxidation for both organic synthesis and oxidation using TiO2 as the main 

photocatalyst; (3) to compare homogenous and heterogeneous photocatalytic 

oxidation and apply it to a variety of organic compounds. All procedures were 

performed at low temperature and atmospheric pressure. Highly efficient and selective 

processes were used, including the optimization of physical and chemical properties 

of the TiO2 photocatalyst and the optimization of reaction conditions, such as pH and 

ratio of reactants. 

1.7 Thesis overview  

This thesis provides a comprehensive study of water purification properties of TiO2-

based nanomaterials. It comprises nine chapters. Chapter 1 provides an introduction 

to the thesis and outlines the goals of the study. This includes green chemistry, green 

oxidation catalysts for fine chemical synthesis, heterogeneous and homogenous 

photocatalytic oxidation and electronic structure of photocatalytic semiconductors.  

Chapter 2 presents the main instruments used for the characterization of 

synthesized photocatalysts and those used for product analyses. Powder x-ray 

diffraction (XRD), Scanning electron microscope (SEM), UV-Vis diffuse reflectance 

spectroscopy, Photoluminescence spectroscopy (PL) and Brunauer–Emmett–Teller 

(BET) were used for catalyst analyses. Gas chromatography-mass spectrometry (GC-

MS), Gas chromatograph with flame ionized detection (GC-FID), and nuclear magnetic 
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resonance (NMR) were used for product analyses. The basic principles of each of 

these instruments are also discussed. 

Chapter 3 discusses the photodegradation of organic pollutants using 

methylene blue as an organic standard. First, the degradation was attempted with 

commercial TiO2-P25. The synthesised catalyst was further improved by doping with 

Ag3PO4. The degradation was achieved in a single phase using photocatalysts as the 

only catalyst. The characterization of synthesised TiO2/Ag3PO4 composites is also 

discussed.  

Chapter 4 presents a very interesting comparison between different biphasic 

oxidation systems to achieve the desired products. A new extensive environmentally 

friendly technique is discussed in detail. Benzyl alcohol was oxidized to benzaldehyde 

(intermediate compound), preventing further oxidation to benzoic acid. The oxidation 

was studied in two systems: electrochemical oxidation and photocatalytic 

electrochemical oxidation.  Experimental details on the synthesis and characterization 

of TiO2 nanotubes are also provided.  

Chapter 5 investigates photooxidation properties of TiO2 under biphasic 

reaction conditions. The pH level, the ratio of reactants and catalyst loading were 

optimized. A kinetic study was attempted on the photocatalytic oxidation of benzyl 

alcohol to obtain the desired compound (benzaldehyde). Inorganic species were 

tested in this system and showed increases in reaction rate constants. The effect of 

phenyl-ring substitution on photocatalytic oxidation was investigated. In addition, the 

possible reaction mechanism of biphasic photocatalytic oxidation of benzyl alcohol is 

outlined.  

Chapter 6 focuses on the developmental design of the photocatalytic N-

alkylation of aniline. Benzylaniline was synthesized using the two-phase photocatalytic 
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oxidation of benzyl alcohol. TiO2-P25 was the photocatalyst used to test the 

functionality of the designed system. The mixture of H2 and O2 was crucial in the 

photocatalytic n-alkylation of aniline for benzylaniline synthesis. Effects of pH, reactant 

concentration and hydrogen flow rate were investigated.      

Chapter 7 provides the experimental details for the synthesis of photocatalyst 

nanostructures used in the photocatalytic oxidation of alcohol. First, the oxidation was 

attempted using as-synthesised TiO2. The synthesised catalysts were further 

improved by doping with a variety of transition metals. Ag-, V- and Fe-doped TiO2 NPs 

were synthesised by controlled hydrolysis methods method. The characterization of 

the synthesised photocatalysts and their photocatalytic activity evaluation is also 

presented.  

Chapter 8 describes a kinetic study performed on the photoepoxidation of 

styrene. The photocatalytic epoxidation of styrene with TiO2-P25 photocatalyst, 

containing NaCl as a chlorine radical source, was examined. Also, pH level, catalyst 

loading, and radical loading were investigated. An asymmetric column was used to 

detect the products. The conversion, yield and selectivity were determined. In the 

acidic medium, benzaldehyde (unwanted product) was detected, while in the alkaline 

medium, a sharp decrease in benzaldehyde (BAD) was noticed. General conclusions 

of the findings of this study and future perspectives are presented in Chapter 9.  
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CHAPTER 2 Research Instrumentation 
 

This chapter provides an overview of the scientific instrumentation used in this work 

for characterising nanostructured photocatalysts as well as analysing chemical 

species from the photocatalytic reactions. 

2.1 Introduction  

The objectives of the present study were achieved using several analytical techniques, 

for both the investigation of the structures and the photocatalytic properties of the TiO2 

based photocatalysts. The structure and electronic properties of the synthesized 

photocatalysts were investigated and visualized using scanning electron microscopy 

(SEM), powder x-ray diffractometer (XRD) and a UV-Visible diffuse reflectance 

spectrometer (DRS), while for surface area analysis was performed using Brunauer–

Emmett–Teller (BET) analysis. Here, SEM was useful for the characterization of the 

morphology, while XRD was used for studying the crystal structure of the TiO2 based 

photocatalysts. On the other hand, DRS was employed for the determination of the 

bandgap and electronic structure of the synthesized photocatalysts. 

The above techniques were supplemented with gas chromatography-mass 

spectroscopy (GC-MS), gas chromatography-flame ionization detection (GC-FID). 

Both GC-MS and GC-FID were used for quantitative measurement of the 

concentrations of reactants and products. GC-MS measures the molecular weight of 

the ionised chemical fragments after being separated by the column. For chemical 

species that are not commercially available, GC-MS was used to identify the chemical 

species and its concentration. GC-FID relies on the retention time to distinguish all 

chemicals. Finally, to determine the molecular structure of products of photooxidation 

benzyl alcohol, Nuclear Magnetic Resonance (NMR) was used. In this project, we 

used standard chemicals to confirm the retention time before quantifying the chemical 
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concentrations. In this chapter, the theoretical backgrounds of the instrumentation 

methods are provided, along with analytical principles and mechanisms and related 

techniques.   

2.2 Scanning Electron Microscopy 

In modern nanotechnology, electron microscopy is arguably the most powerful tool as 

it allows the visualization of nanostructure morphology of interest with relatively high 

resolution of down to several nanometres (nm).211 In the present study, SEM imaging 

was extensively employed to visualize the nanostructures of the synthesized TiO2-

based photocatalysts, used for the oxidation of different organic compounds as 

described in Chapters 3 and 4. 

SEM is analogous to optical microscopy (OM). Although, the key difference 

between the two techniques is that OM uses photons (visible light with a wavelength 

from 400 to 700 nm), while SEM uses a high energy electron beam with short 

wavelength to interact with the sample atoms and to produce signals. These signals 

carry information about the sample surface topography. A high-energy electron is 

emitted during this work by thermionic emission from a tungsten filament, accelerated 

in the 10-30 kV range at standard energy. Before touching the sample, this high energy 

electron beam is finely focused through many electrostatic and electromagnetic 

lenses. 

SEM was originally developed in 1935 and subsequently fine-tuned to its final 

usability in 1961.211-213 The modern SEM was designed to overcome the inherent poor 

resolution limit in traditional optical microscopy. In wave-based detection systems, the 

highest resolution achievable is constrained by the wavelength of the light source. This 

implies that the low resolution of optical microscopes is due to their wavelength, which 

is in the narrow visible light range. The limitation of a narrow wavelength is overcome 
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in the SEM instruments by employing electrons rather than light.  The momentum and 

the wavelength of a free electron are determined by its kinetic energy. Electrons can 

be easily accelerated by an electric field as they are attracted to the positive electrode 

(cathode). By increasing the voltage applied between the cathode and anode, the 

kinetic energy of an electron can be increased. The wavelength of the electron is 

governed by de Broglie law, which states that the wavelength of a particle is inversely 

proportional to its momentum, Eqn 2.4. 

𝐸 = ℎ𝜈                                                  (Eqn 2.1) 

𝑐 = 𝜆𝜈                                                    (Eqn 2.2) 

𝐸 =
ℎ𝑐

𝜆
  = 𝑝𝑐                                         (Eqn 2.3)    

Where E and p are the energy and momentum of the photon v and λ are the frequency 

and wavelength of the photon, h is the Planck constant and c is the speed of light. 

Thus, the wavelength of material particles, λ is: 

𝜆 =
ℎ

𝑝
                                                       (Eqn 2.4) 

It is possible to change the wavelength of the electrons by changing the electron 

momentum that is used for imaging.  

Since the electrons are negatively charged, they repel each other, known as 

the space charge effect. This effect will degrade the lateral focus of the electron beam 

and the image resolution. By increasing the kinetic energy, not only is the diffraction 

limit reduced, but also the space charge effects. Hence the beam profile is smaller, 

and the beam is better focused, resulting in high-resolution imaging. Alternatively, 

space charge can also be effectively reduced by decreasing the density of the electron 

beam current, although the brightness and contrast of the image will suffer as well.  
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As the electrons utilised by SEM are high energy charged particles, they are 

ready to ionise molecules, which distorts the beam focus with reduced electron 

density. Hence, to operate effectively, SEM requires high vacuum conditions in the 

range 10−6 − 10−10 Torr. This vacuum condition protects the electron gun filament, 

stabilises the electron beam intensity and maintains its focus profile by limiting the 

interaction with gaseous molecules and particles, occurring under ambient pressure. 

The vacuum condition also protects the hot filament from oxidation and prolongs its 

service life. The structure and principle of a typical SEM instrumentation are illustrated 

in Figure 2.1. The first part of the SEM is the electron gun.  

 
Figure 2.1 The cross-sectional view of a scanning electron microscope. 

 
When running the SEM instrument, the electrons are ejected from a hot 

tungsten filament and accelerated to the desired velocity by a direct current (DC) 

electric field from (20 kV) within the electron gun. There are different electron sources 

used in SEM instruments, with tungsten filaments being the most common due to 

relatively low cost and reasonable stability. Tungsten filaments emit free electrons 
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through thermionic emission, which were accelerated by an electric field.211 The next 

parts of the SEM are the condenser lenses, the accelerated electrons are focused into 

a narrow beam using an array of a condenser and probe lenses to bombard the 

surface of the sample under study. Next, the beam position is rapidly scanned across 

the sample surface by using a series of scanning coils with an input signal. The 

location of the sample imaged can be adjusted using a mechanical stage. A series of 

deflector coils allow small shifts in the beam location while placing a mechanical stage 

underneath the sample allows for larger shifts in the studied area. When the electrons 

bombard on the surface of a sample, they undergo elastic and inelastic scattering, 

which can be monitored using appropriate detectors. They generate images of the 

sample surface with image contrast determined by either the topography or electron 

scattering probability.  

Electrons that undergo elastic scattering (back scattered electrons), occur 

following the interaction between the electrons of the incident beam and the atomic 

nuclei of the sample. The back scattered electrons keep their original kinetic energy 

and are deflected directly from the atoms in the sample, using the sample like a 

reflecting mirror. If the sample surface is perpendicular to the incident beam, as, in 

most SEMs, the reflected electrons form a cone profile along the incident beam. Thus, 

the detectors of the backscattered electron are normally placed almost vertically above 

the sample. Since the backscattered electrons are high-energy, they can penetrate 

deeper into the sample with a larger lateral profile, due to the elastic scattering mean 

free path. Thus, the back scattered electron images are generally achieved under 

lower resolutions. However, as the electron scattering cross-section is proportional to 

the nuclear mass, heavier elements reflect more electrons and give high brightness in 
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the back scattering image. So, although low resolution, back scattered electrons can 

be used to distinguish light elements (dark) from heavy elements (bright).  

To achieve high-resolution images, SEM also detects inelastic-scattered 

electrons, termed as secondary electrons. Secondary electrons are emitted when the 

incident beam of electrons eject core electrons from the surface atoms of the material 

under study. This leaves a vacancy at the core level which allows electrons at the 

upper level to relax into the vacancy. During this process, excess energy can be 

released as x-ray which will ionise a secondary electron from the upper level. Such 

electrons have a low kinetic energy of 200 - 500 eV, which can only penetrate from 

out of the sample at a depth of 5 nm, determined by the inelastic mean free path. So, 

an electron profile as small as 3 nm can be formed which guarantees the best 

resolution in SEM image. Since the secondary electrons possess relatively low kinetic 

energy, they can be deflected by employing a weak electric field (~500 V). This allows 

them to be separated from the back scattered electrons. Normally, the secondary 

electron detectors are mounted horizontally, just above the sample.   

Interestingly, although SEM instruments are designed to investigate the 

morphological properties of nanostructures by the detection of secondary electrons, 

they can also be used in the identification of elemental composition.  This can be 

achieved by analysing the energy of the x-ray emission during the relaxation of a 

higher state electron into the core vacancy using an energy dispersive x-ray (EDX) 

detector. 

2.3 Energy Dispersive X-Ray Spectroscopy 

The elemental composition of a sample can be detected using an SEM equipped with 

an energy dispersive x-ray (EDX) detector using x-ray fluorescence. When an electron 

is ejected from the core-shell of the atoms of a sample, it results in the formation of 
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vacancies within the atoms. The formed vacancy allows the relaxation of another 

electron in the outer shell towards the core-shell of the atoms and it releases x-ray. 

The x-ray energy is determined by the energy difference between two atomic orbitals 

which is fundamentally determined by the nuclear charge of the atom, i.e. the atomic 

number. Thus, it is element-specific and therefore, allows the discrimination of the 

different atomic species within the sample. Furthermore, the intensity of the detected 

x-rays is directly proportional to the number of atoms within the irradiated sample. 

Thus, SEM equipped with EDX allows a qualitative and quantitative elemental analysis 

of sample surfaces. As the focused primary electron beam scans across the sample, 

the 2D distribution of the targeted atoms can also be established. This technique is 

named elemental mapping. 

The most typical signals detected are high-resolution topographic images using 

secondary electrons. Figure 2.2 shows the processes for the generation of secondary 

electrons, x-ray emission and Auger electron generation from the sample.  After 

exciting a core level electron of the sample, an upper-level electron will relax in order 

to fill in the core level. As a result, some energy will be released equal to the energy 

difference between the corresponding upper level and core level orbitals. This energy 

will be used for either the release of an Auger electron from a higher level or as x-ray 

fluorescence emission which can be recorded by energy dispersive x-ray 

spectroscopy (EDX). In contrast, the secondary electrons have lower kinetic energy 

(10-300 eV) than the primary electron.  



41 
 

 
 

 

 

Figure 2.2 The electron excitation, (A) the primary (PE) and secondary electrons (SE), 
(B) back scattered electrons (BSE) generation, (C) x-ray emission processes and (D) 
Auger electron generation caused by the reabsorption of x-rays. 
 
 

In this study, SEM was employed primarily for qualitative analysis, to determine 

the morphology and elemental composition of the synthesised TiO2-based 

nanostructures (See Chapters 3 and 4). The equipment used was the Jeol-JSM 820 

and the Leica Stereoscan 420 Scanning Electron Microscopes, the latter was 

equipped with a cryogenically cooled EDX detector. 
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2.4 X-Ray Diffraction  

The morphology and elemental compositional information determined from SEM 

equipped with an EDX detector do not provide any useful information regarding the 

arrangement of atoms in the crystal structure. This can be probed using an x-ray 

diffractometer (XRD) to study the diffraction properties of the x-rays from materials. 

Materials with crystalline structures, such as crystalline TiO2 and WO3 have their atoms 

arranged in a highly ordered, periodic fashion. When x-rays interact with these periodic 

structures, they are diffracted according to Bragg’s law, shown in Figure 2.3. The 

diffracted x-rays subsequently undergo constructive or destructive interference 

depending on the phase relationship of the diffracted beams. This interference can be 

detectable and provide information about the crystal structures.212 The interaction of 

x-rays with the atomic planes of a crystal structure is shown in Figure 2.3.  

 
Figure 2.3 The interaction of x-rays with the atomic planes of a crystal governed by 
Bragg’s law. 
 

According to Bragg’s law, when x-rays reach the surface of crystalline 

materials, they are diffracted by the atomic planes of a crystal. The diffraction angle, 

(θ) at which constructive interference patterns of x-rays are observed is determined by 

the wavelength (λ) and the inter-planar spacing (distance, d) in a crystalline sample, 

as shown in Equation 2.5.214,215 From Figure 2.3, with a reflection angle arrangement,  
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the diffracted x-rays are measured at an angle (θ) in relation to the sample stage 

containing the crystalline sample. In such an arrangement, relative to the incident 

beam, the diffracted x-ray is measured at an angle of 2θ, as shown in Figure 2.3. Thus, 

in a typical powder XRD, the relative angles of the sample stage and the x-ray detector 

in relation to the x-ray gun, are placed at θ and 2θ, respectively.   

𝑛𝜆 = 2𝑑 sin(𝜃)                                                      (Eqn 2.5) 

 

Since different crystalline phases exhibit different XRD patterns, it is possible to 

characterise the crystal structure of an unknown sample by comparing to its signature 

pattern in a database.  Single-crystal XRD and powder XRD are the main types of 

XRD techniques used to study the crystal structure of a sample. Single-crystal XRD is 

suitable for the characterization of large crystalline samples.  The sample forms 

diffraction patterns in 3D space. Thus, the diffraction data is collected from all possible 

orientations, which allows the construction of 3D patterns of the constructive 

interference spots. This data can be used to predict the crystal structures. The 

disadvantages of the single-crystal XRD technique are that it is time-intensive and 

requires relatively large single crystals. These limit its application to nanotechnology 

where crystals are normally small.     

On the other hand, powder XRD is a more rapid technique compared to the single-

crystal XRD.  In powder XRD, the diffraction of the incident x-ray beam is studied along 

a single axis of rotation on a crystalline sample. This explains why the powder XRD 

technique is not time-intensive, unlike the single-crystal XRD technique. However, 

limiting x-ray diffraction studies to a single axis of the sample implies that the powder 

XRD technique generates less informative spectra. Thus, using the Powder XRD 

technique, it is impossible to pinpoint the exact unit cell of any given chemical species 

of interest without refinement. However, the powder XRD spectrum allows the 
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possibility to identify crystallographic planes using Miller indices, corresponding to the 

constructive interference observed in the spectrum.  

Since different crystalline materials exhibit unique powder XRD patterns due to 

inherently different lattice spacing, unknown crystalline samples can be identified by 

referring to a database of powder XRD signatures. Powder XRD is especially useful 

in nanotechnology as it allows the modelling and generation of novel nanocrystalline 

materials from materials with known crystal structures. This is because powder XRD 

provides sufficient depth of analysis within a relatively short analysis time. 

Furthermore, the powder XRD pattern provides means for the quantitative 

determination of the relative composition of each chemical species as well as other 

properties such as crystallinity and crystallite size in a given crystalline sample. 

The principle of quantitative analysis of samples using powder XRD is based 

on the relative intensities of the diffraction peaks of different crystals from a mixed 

sample. For a specific crystal powder, the relative intensities of diffraction from 

different crystal planes are constant. The diffraction ratio between different phases in 

a powder sample is proportional to the molar ratio of the phases. Thus, by comparing 

the intensities of the diffraction peaks it is possible to determine the relative 

compositions of each chemical species in a mixed crystalline powder sample.  

However, the situation becomes complicated if the crystals are not randomly oriented, 

such as vertically aligned nanorods or nanotubes. In such cases, the sample texture 

is determined by the crystal alignments, which dominates the diffraction intensities. 

Hence, for such samples, quantitative measurement of the crystal composition must 

consider the texture effects. 

The crystallinity of a nanomaterial can be quantitatively analysed using the shift 

of the diffraction peak position or the broadness of diffraction peaks. Due to 
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imperfections in the crystalline structure, lattice separation distance can be distorted 

locally. Such distortion becomes more obvious if the sample is heavily doped, as the 

crystalline sample deviates from the ideal crystal. Such distortions result in 

constructive x-ray interference at slightly different θ values from an ideal crystal and, 

therefore, the diffraction peaks are broadened in the XRD spectra. Alternatively, for 

pristine crystals, the width of the diffraction peak is directly associated with the size of 

the crystal domain. Smaller crystal domain size results in less coherent interferences, 

hence the diffraction becomes broader while its intensity decreases. In essence, a less 

crystalline, nanostructured material will yield broad XRD peaks while a highly 

crystalline material will exhibit very narrow peaks.      

The broadness of a powder XRD peak provides information for the 

determination of the crystallite size of each crystal plane detected. This is guided by 

Scherrer’s relationship, described in Equation 2.6.216 

𝐷𝑎𝑣𝑔 =
𝑘𝜆

𝛽 cos 𝜃
                                                      (Eqn 2.6) 

Where Davg is the mean crystallite domain size of a given plane; the constant k is the 

shape factor of the studied crystal lattice in the range 0.62-2.08 based on the shape 

of the crystal lattice; λ is the wavelength of the incident x-rays; θ is the angle of the 

diffraction peak, and β is the full width half maximum (in radians, FWHM) of the studied 

peak adjusted for instrument broadening. 

In the present study, powder XRD was used to analyse the crystalline 

nanostructures produced (See Chapter 3) and the effect of metal doping on the TiO2-

based photocatalysts (See Chapter 7). All powder XRD studies were performed using 

a Siemens D500 powder diffractometer equipped with a Cu anode plate with a peak 

x-ray wavelength of 1.54 Å. All diffraction data were captured in θ/2θ mode. 
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2.5 Optical Properties Characterization 

2.5.1  UV-Vis Absorption Spectroscopy 

A UV-Vis spectrophotometer is a powerful analytical tool for studying the optical 

properties of metal oxide semiconductor materials. The optical bandgap energy of the 

materials can be calculated from the absorption and transmission spectra. 

In a typical UV-Vis spectrometer, a beam of monochromatic light is divided by 

a beam splitter into two beams of equal intensity, which are directed to pass through 

the sample and the reference cell, shown in Figure 2.4. The transmitted light intensities 

are measured simultaneously as I (sample) and I0 (reference), respectively. Normally, 

the light intensity through the sample (solution or thin film) is less than that through the 

reference (blank) due to light absorption. 

 
Figure 2.4 An illustration of components of a typical double beam UV-vis 
spectrophotometer. 
 

Transmission (T), is expressed as the percentage ratio of I and I0, Equation 2.7. 

The absorbance, A, of the sample as a function of wavelength is defined by Equation 

2.8: 

𝑇 =
𝐼

𝐼0
                                                       (Eqn 2.7)  

 

𝐴 =  − log10

𝐼

𝐼0
 =  − log10 𝑇                                 (Eqn 2.8) 
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According to the Beer-Lambert law,217 the absorbance is proportional to the 

sample molar concentration, shown in equation 2.9. Where α is the extinction 

coefficient, b is the length of the beam in the absorbing medium and c is the 

concentration of the absorbing species. 

𝐴 = 𝛼𝑏𝑐                                               (Eqn 2.9) 

However, given that each metal oxide semiconductor exhibits different bandgap 

energies, they should also exhibit different absorption edges. This means that only the 

photons with their energy higher than the bandgap energy can be absorbed. Thus, the 

optical bandgap energy can be related to the absorption coefficient and photon energy 

according to the Tauc expression as shown in Equation 2.10.217,218  

(𝛼ℎ𝑣)
1

𝑛⁄  =  𝐴(ℎ𝑣 −  𝐸𝑔)                                    (Eqn 2.10) 

 

Where α is the absorption coefficient; A is a constant determined by electron-hole 

mobility of a material; h is Planck’s constant; 𝑣 is the frequency of the incident photon, 

h𝑣 is the photo-energy given by Equation 2.11; Eg is the bandgap energy; n is ½ or 2 

for either direct or indirect electronic transitions, respectively. 

ℎ𝑣 =  
ℎ𝑐

𝜆
=

1240

𝜆(𝑛𝑚)
𝑒𝑉                                                   (Eqn 2.11) 

                                  
For thin film samples, the absorption coefficient is given by Equation 2.12: 

𝛼 = (
1

𝑡
) ln  (

1

𝑇
)                                                          (Eqn 2.12)  

Where t is the film thickness measured from a cross-sectional SEM image; and T is 

the optical transmittance. To get the bandgap energy, a Tauc plot of (𝛼ℎ𝑣)
1

𝑛⁄  vs ℎ𝑣 

will be generated. The linear region of the plot will be extrapolated to the value of 

(𝛼ℎ𝑣)
1

𝑛⁄ =0. Under such condition, 𝐸𝑔= ℎ𝑣. 
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         However, UV-Vis absorption spectrometry has limitations. Given that the 

absorption spectrum (hence absorption coefficient) of a sample relies on the light 

transmitted through the sample, only liquids, gases and thin-film solid materials can 

be tested. Band gaps of opaque materials such as powders, thick films and bulk 

materials, can be determined using a reflectance UV-Vis spectroscopy. This 

alternative technique was originally developed by Kumar et al. who successfully 

applied it for the determination of band gaps of thick films.219  

2.5.2 UV-Vis Diffuse Reflectance Spectroscopy  

Important photo-electric properties of photoactivated catalysts were discussed 

extensively in Chapter 1. Here, it is demonstrated that several photo-electric properties 

of photocatalysts such as charge mobility, conductivity and bandgap can be measured 

using different analytical techniques. The determination of the bandgap size of a 

material is especially important during photochemical reactions. In the present study, 

the bandgap energies of the synthesised semiconductor photocatalysts were 

determined using UV-Vis diffuse reflectance spectroscopy and the bandgap energy 

was correlated with their photocatalytic activities. 

The bandgap energy of semiconducting material is usually determined by 

studying its UV-Vis absorption spectrum. In essence, by monitoring the range of 

wavelengths at which a given material absorbs the light source, the minimum quantity 

of energy required to achieve photonic excitation can be quantified using the UV-Vis 

absorption 

 Reflectance spectroscopy is an alternative technique for measuring samples 

where transmitted light intensities that are too low to measure, especially in metal 

sheets or semiconductor films that are too thick. This technique employs an integrating 

sphere (Ocean Optics ISP-REF) with an inbuilt tungsten-halogen light source covering 
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wavelengths in the range 300-1000 nm, a 7 mm beam port diameter and an incidence 

angle of 10º.219,220 The absorption coefficient can be calculated according to Equation 

2.13. 

             2𝛼𝑡 =  ln
(𝑅𝑚𝑎𝑥−𝑅𝑚𝑖𝑛)

(𝑅−𝑅𝑚𝑖𝑛)
                                              (Eqn 2.13) 

Where t is the film thickness, Rmax and Rmin are the maximum and minimum 

reflectance; and R is the reflectance as a function of photon energy. From Equation 

2.13, the absorption coefficient can be calculated with known film thickness. Bandgap 

energy values then can be determined using the Tauc plot Equation 2.10. 

When a beam of light is incident on the sample surface, it undergoes specular 

and diffuse reflection. Specular reflection occurs when a beam of light is directly 

reflected on a uniformly smooth (polished) surface in a single angle equal and opposite 

to incidence. In the case of unsmooth or non-uniform surfaces, diffuse reflection 

occurs in all directions, loosely proportional to the total smooth or uniform surface area 

present. However, part of the incident light not reflected penetrates the subsurface of 

the material through refraction and partial absorption. The internal reflection results in 

light scattering. The scattered light with an attenuated intensity may be emitted back 

into the air in multiple directions. In UV-Vis reflectance spectroscopy, the wavelength 

of the light absorbed by the sample analyte is determined by analysing the diffuse 

reflectance spectrum. A diffusely reflected beam of light has an attenuated intensity 

relative to the light absorption properties of the material. Thus, it is possible to 

determine the UV-VIS absorption of a studied sample from its diffuse reflectance 

spectrum. 

A Tauc plot for the determination of a sample bandgap from its diffuse 

reflectance can be generated by combining Equations 2.10 and 2.13. Due to the 

scattering nature, the diffuse reflectance of a sample is usually too weak to be detected 
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from a single point. Therefore, an integrating sphere is usually needed to aid in the 

convergence of the diffuse reflections from multiple directions into a single sufficiently 

strong signal for spectroscopic detection. The basic principles of integrating spheres 

for measuring the diffuse reflectance of a given sample is illustrated in Figure 2.5. 

When a light source is shone onto the sample analyte through an aperture in the 

integrating sphere, the omnidirectional diffuse reflections of the sample are intercepted 

by the walls of the integrating sphere, which is coated with a white diffuse reflecting 

material. The intercepted beams are further scattered within the sphere without energy 

loss due to absorption, thus effectively concentrating the diffusely reflected light. 

Through using a detector, a diffuse reflectance spectrum of a sample in relation to the 

incidence light wavelength can be generated. A baffle plate is positioned between the 

detector and light source, usually needed to avoid the blinding of the detector by the 

light source. 

 

Figure 2.5 A diagram illustrating the principles of an integrating sphere in measuring 
the diffuse reflectance of a given sample. 
 

Diffuse reflectance spectroscopy allows the study of bandgap energies of 

heterogeneous photocatalysts. This provides gainful insights into the processes 

involved in heterogeneous photocatalysis. In the present study, diffuse reflectance 

spectroscopy was employed to determine the bandgap of the nanostructures 
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synthesised in Chapter 3 as well as transition metal-doped TiO2 photocatalysts shown 

in Chapter 7. 

2.6 Gas Chromatography  

Analytical methods for studying the kinetics of photocatalytic reactions or 

photodecomposition are as important as the material characterisation techniques 

discussed above. Monitoring the chemical species and their concentrations from 

photocatalytic reactions as a function of reaction time gives a quantitative assessment 

of reactivity and selectivity of photocatalytic processes. However, monitoring the 

concentration of a specific product species in a mixture containing a variety of 

chemical species is complicated. Gas Chromatography (GC) is an analytical technique 

frequently used for qualitative and quantitative analysis of complex chemicals 

mixtures. GC, originally developed by James and Martin (1952), has remained one of 

the most powerful analytical techniques for modern organic chemistry.221 A GC 

separates chemical compounds from a complex mixture based on their unique 

polarities which influence their interactions with the stationary phase of a 

chromatography column.  

 

Figure 2.6 A schematic description of principles components of a gas 
chromatograph set-up. 
 

Essential components of a GC system are illustrated in Figure 2.6. In the GC 

set-up, the mobile phase (a carrier gas, usually helium or hydrogen), flows through the 
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GC separation column at a controlled pressure. A small quantity of liquid analyte 

(∼0.01 - 100 µL) or a gaseous analyte (∼ 100 µL) is injected into the system through 

an injection port maintained at high temperature for vaporising the liquid sample. The 

vaporised sample is mixed and carried by the carrier gas to move within the GC 

column. For analytes with relatively low trace concentrations, a splitless injection is 

used without any dilution. However, in cases of high concentrations of chemicals in 

the analyte, the sample vapour is introduced into the GC column using split injection. 

The split injection allows the controlled portion of the vaporised sample to enter the 

GC system with excess analytes purged out by the carrier gas through a separated 

port.   

In the capillary GC column, the vaporised samples interact with the stationary 

phase. A capillary GC column is a very narrow, long silica tube. On the interior surface 

of the capillary GC column, it is coated with chemicals, which are stable at high 

temperature. Chemicals in the mobile phase adsorb and desorb by the stationary 

phase at different rates, which determine the diffusion rate and the retention time of 

each chemical species travelling through the GC column. This results in the separation 

of the chemical species in the sample analyte. The time taken for eluates of each 

separated chemical species to arrive at the end of the GC column is the retention time. 

The degree of chemical separation in retention time through the GC column are 

influenced by several factors including the flow rate of the carrier gas, the nature of 

the stationary phase and the temperature of the column. The elution speeds of 

different chemical species are influenced by the time each chemical spends adsorbed 

onto the stationary phase. Therefore, raising the temperature shortens the retention 

times by decreasing the adsorption rates of chemicals while lowering the temperature 

prolongs the retention times. However, a temperature increase can result in a 
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disproportionate decrease in the elution times of some chemical species relative to 

others, resulting in poor chemical separations. To minimize this effect, the temperature 

in a GC system is precisely controlled using a highly efficient oven as shown in Figure 

2.6.  

Retention time (RT) is the amount of time that a compound spends in the 

column after it has been injected and is usually quoted in units of seconds or minutes. 

When a sample contains several compounds, each compound in this sample will 

spend a different amount of time in the column depending on its chemical composition. 

Several factors affect RT, the first factor is boiling point (bp), components with low bp 

will spend more time in the gas phase than others with high bp therefore their RT will 

be shorter. The second factor is column temperature, with high column temperature 

the compounds will desorb faster therefore their RT will be shorter, this can give poor 

separation as the compounds need to interact with the stationary phase. Carrier gas 

flow-rate is the third factor, a high flow-rate will give a low RT and poor separation. 

The last factor is column length, with a long column the compounds have longer RT 

and better separation. However, a diffusive effect can occur which causes the peak 

width to broaden when a component has a very long transit time in the column.222  

Polar and nonpolar chemical species preferentially adsorb onto polar and 

nonpolar stationary phases of the GC column, respectively. GC systems are equipped 

with either polar or non-polar columns based on the nature of the analytes. If the 

analytes are an enantiomeric mixture where species with different chirality need to be 

separated, a chiral column should be used. The stationary phase of a chiral column is 

coated with chiral species. In such a situation, the chiral separation is normally 

relatively weak. In order to improve the chiral resolution, the column temperature and 

carrier gas flow rate need to be significantly reduced, resulting in better interaction with 
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the stationary phase and longer retention time. Similar conditions should also be used, 

if the analyte contains multiple chemicals with very similar strength of interaction with 

the stationary phase, although they are not chiral species.223  

Upon elution from the GC column, different chemical species are delivered into 

special detectors with different sensitivities and tailored detection limits. In the present 

study, two types of GC detectors were used for measuring chemical species, including 

Flame Ionisation Detection (FID) and Mass Spectrometry (MS). The details of both 

detectors are described in the following sections.  

2.6.1 Flame Ionisation Detection 

An FID is the simplest and arguably the most robust detector for a GC system, which 

involves an ionisation flame. A cross-section of an FID is illustrated in Figure 2.7. As 

the chemical eluates exit the GC column in the gas phase, they are usually premixed 

with a fuel gas (commonly H2). The fuel/eluate mixture is channelled through the FID 

system where it is mixed with an oxidant gas source (usually air). As the resulting 

eluate/fuel/oxidant mixture is channelled through the nozzle head of the FID, a flame 

is formed which ionises the eluate. The resulting eluate ions are collected by a series 

of negatively charged plates connected to an ammeter. The collected ions generate 

an electric current (detected by the ammeter) as they collide with the collector plates. 

The detected electric current is proportional to the concentration of the elute and can 

be amplified and recorded. The spent combustion products of the eluates are purged 

out of the FID system through an exhaust port. Although the FID system is cost 

effective and efficient, it has some limitations. Firstly, FID can only discriminate 

between different chemical species by the difference in the retention time. Therefore, 

standards for each chemical species in the analysed mixture must be used. 
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Figure 2.7 A schematic diagram of the key components of an FID detector. 
 
 

However, even with available standards, the retention time is also affected by 

the GC operation conditions. Hence, it is critical to maintain exact GC conditions, such 

as column temperature and gas flow rate, otherwise, the retention time should be 

calibrated every time.  Nevertheless, FID remains an important analytical tool in aiding 

sample analyte analysis on a GC system.    

The interpretation of FID data is based on the following assumptions. The 

intensity of the electric current detected by FID is proportional to the number of ions 

reaching the detector at a given time. Therefore, the FID signal is proportional to the 

concentration of the eluates in the sample analytes. As such, FID signals should be 

calibrated with standard concentrations for different eluates for the quantitative 

determination of their concentration in the sample mixture. FID is the basic detection 

method used in well-defined chemical systems with known chemical components 

because it cannot directly identify the chemical species, it can only measure 

concentrations. The peak retention time can simply be determined from expected 

chemical standards. Moreover, FID has limited dynamic detection range defined by 

the resolution output signal voltage from 1 to 1000 mV. 
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In this thesis, GC-FID was employed to measure the concentrations of benzyl 

alcohol (BA), benzaldehyde (BAD), benzoic acid (BC) (Chapter 4, 5 and 7), benzyl 

alcohol, benzaldehyde, benzylideneaniline and benzylaniline (Chapter 6). During the 

experiments, the concentrations of products were quantified by calibrating and 

monitoring the area under the peaks in the GC-FID spectra, corresponding to each 

chemical (Perkin Elmer auto-system).  The GC-FID system was equipped with a 50 m 

wax capillary column. The gas flow rate was kept at 1.5 ml min−1. The oven and 

injection temperatures were maintained at 250°C to detect BAD and BC, the results of 

the photooxidation of benzyl alcohol. For Chapter 6 a temperature of 180°C was used 

for BAD and benzylaniline.  H2 gas was used as the carrier gas and fuel, supplied from 

a hydrogen generator.  

2.6.2 Mass Spectrometry 
 

The mass spectrometer is widely used in both qualitative and quantitative analyses of 

organic compounds. This is because MS presents a large amount of information about 

a molecule in comparison to other GC detectors such as the flame ionization detector, 

(FID). However, MS is more expensive, it is a useful instrument for the identification of 

chemical species. The mass of the molecule together with its ionisation fragments can 

be measured. It has a much larger detention range from several hundred counts 

(determined by the noise level) to millions of counts. Hence, it enables measurement 

from very low to a very high concentration. 

There are several available designs for MS detectors within GC-MS systems 

but all of them contain three main components: Including the ion source, the mass 

selector, and the detector. The basic structure of a typical ion trap MS is shown in 

Figure 2.8. Its operation includes ionizing the eluents from the GC and separating their 

ions with respect to their mass-to-charge ratio. Electron ionization (EI) is one of the 
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ionization techniques used in MS. It is the most common technique as the ion source 

in most GC-MS setups due to its high efficiency and reliability. Via a transfer line, GC 

column eluates are introduced into the MS and bombarded with high energy electrons 

inside the ionization chamber to become ionised. The ionisation chamber in the GC-

MS system is normally maintained at high temperature (up to 300°C) in order to avoid 

the condensation and deposition of GC eluates within the system. The ionization 

filament in an ionization chamber is heated and emits high energy electrons through 

thermionic emission. The molecules are fragmented into smaller species due to the 

high energy of the electron beam. Depending on the instrument; ions are either formed 

within or injected into the ion trap assembly from an external source. The trapped ions 

determine the applied RF potential to produce ion ejection through excitation, resulting 

in a mass selective ejection. 

 
Figure 2.8 A schematic diagram of an ion trap detector used in GC-MS.  
 

The role of a mass selector is to separate the ions based on their mass-to-

charge ratios using electric or magnetic fields. The motion of ions in electric or 

magnetic fields in a vacuum are governed by Newton’s second law of motion (Equation 
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2.15) and the Lorentz force law (Equation 2.14). Combining the two laws gives 

Equation (2.16).   

  𝐹 = 𝑞(𝐸) + (𝑣 ×  𝐵)                                               (Eqn 2.14) 

  

 𝐹 = 𝑚𝑎                                                                      (Eqn 2.15) 
 

   𝑎 (
𝑚

𝑞
)  = 𝐸 + (𝑣 ×  𝐵)                                              (Eqn 2.16) 

 

Where F is the force applied to a given ion; q is the charge of the ion; E is the strength 

of the electric field affecting the ion; a is the acceleration of the ion, and v × B is the 

vector cross product of the ion velocity and magnetic field. 

From Equation 2.16, it is clear that the path taken by an ion in a magnetic field 

is directly proportional to its mass-to-charge ratio. This is consistent with quadrupole 

mass selector commonly used in GC-MS systems for selective filtration of ions.  A 

quadrupole mass selector (Figure 2.8) consists of four cylindrical rods placed parallel 

to each other. An electric field is induced between the parallel rods using a direct 

current (DC) voltage. The ions generated from the ion source enter the electric field 

where they are accelerated based on their mass-to-charge ratio. It is possible to 

control the path of the ions by varying the magnetic field strengths, to induce their 

trajectory towards an MS detector or to collide with the rods. In essence, a quadrupole 

detector can be used in two ways 1) a single ion detection modality, where the specific 

mass-to-charge ratio is only allowed to reach the MS detector. And 2) a scanning 

modality where a range of mass-to-charge ratios are scanned to discriminate between 

the different ions created from the fragmentation of the studied species. 

Quadrupole-filtered ions collide with a detector, which quantifies their 

concentrations, relative to their mass-to-charge ratios at a given time. A mass 

spectrum is simply a plot of the mass-to-charge ratio versus signal intensity. Since 

each chemical species undergoes unique fragmentation, each species, therefore, 
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generates a unique mass spectrum that can be used to identify unknown species using 

spectral signatures in an MS database. The quantitative determination of the 

concentration of the unknown species within a mixture is given by the intensity of the 

peaks versus elution time. However, MS often requires low vacuum because of the 

low mean free path of ionic species in air. MS under low vacuum allows the detection 

of the generated ions. Both vacuum pumps (turbomolecular pumps) and the filament 

for the generation of ions makes GC-MS equipment more costly and more fragile than 

GC-FID equipment. 

In this thesis, both GC-FID and GC-MS were extensively used to study organic 

reaction products. In the GC-MS system, Helium was used as the carrier gas with a 

gas flow rate up to 1.4 ml/min. In a typical experiment, a small volume of analyte liquid 

(0.6µl) was injected into the GC column using an automated split injection, at an 

injector temperature of 250°C.  

2.7 Photoluminescence (PL) Spectroscopy 

Since the absorption of excitation photons, photoluminescence is light produced by 

the relaxation of photoexcited atoms or molecules. A direct product of electron-hole 

recombination, which is the most significant energy decay pathway, is the optical 

emission from an excited semiconductor.224 In the process, illustrated in Figure 2.9 

(similar to Figure 1.1), the photoexcited electrons lose their excitation energy and 

easily relax to the lowest level of the conduction band in two different steps. Firstly, 

electron relaxation within the lowest conduction band happens during the excited state 

lifetime by losing minor quantities of energy as heat (lattice vibration). Secondly, the 

excited electrons in the upper level relax to the minimum of the conduction band. Such 

relaxed electrons in the conduction band will further relax to the valance band, 

combining with the holes. Energy is released in the form of photons of longer 
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wavelengths than the excitation photons during this latter phase. This process is 

defined as photoluminescence.  

 

Figure 2.9 Jablonski diagram displaying photoluminescence. 

 The PL emission intensity allows the evaluation of the recombination rate of 

the photo-generated charge carriers. The key drawback of this approach is that, 

because of the relaxation to the bottom of the conduction band through non-radiative 

transitions, it does not provide details about the whole electronic structure of the 

material studied. Another problem comes from the environment and sample impact on 

the PL signal, which may limit the absolute analysis the quantum yield of charge 

recombination. For instance, the PL intensity could be affected by the thin film 

thickness and nanocrystals textures. Hence, it is important to accurately control the 

experimental conditions. 

Figure 2.10 shows the setup of a typical PL spectrophotometer. In the 

fluorometer, a bright xenon arc lamp is used as a source of excitation light. The xenon 

arc lamp has a continuous spectrum from 250 to 800 nm, which has sufficient energy 

to excite various materials. Monochromators are used to select the wavelength of the 

excitation source and the emission measurement. A beam splitter is provided to reflect 

a part of the excitation light to the reference detector, used to monitor the wavelength 

and intensity of the excitation light. Polarizers are used in both excitation and emission 
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light paths for studying fluorescence anisotropy. During PL measurements, excitation 

light is focused on the centre of the solid sample or liquid cell. If the energy of the 

excitation photons is greater than the bandgap energy of the semiconductor / 

electronic transition energy in a molecule, the excitation photons will be absorbed, 

resulting in electronic excitations of electrons and holes. The fluorescence light will be 

emitted if the excited electrons recombine with the holes and can be detected aided 

by a photomultiplier tube.  

 

Figure 2.10 PL spectrophotometer instrumental setup. It was adopted.225  

Furthermore, samples are typically suspended in solution and measured, and 

solid substrates can be characterized by placing them at an angle of 45° in the level. 

The chance of any reflective light entering the detector is present. A high energy 

excitation at 320 nm was therefore selected, with a slightly lower detection range (350-

600 nm). The fluorescent intensity indicates the general rate of electron-hole 

recombination which an undesired property in the semiconductor. 

In this project, PL analyses were performed to study the effect of metal-doping 

on the electronic properties of TiO2 photocatalysts. The study was to evaluate the 

recombination rate of photo-generated charge carriers when used as photocatalysts 

during the photo-oxidation process. PL emission spectra were recorded at room 
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temperature using an LS45 fluorescence spectrometer. Samples were excited with a 

xenon arc lamp in the UV region.  

2.8 Dynamic Light Scattering (DLS) 

Dynamic light scattering ( DLS) is the technique that can be used to determine the size 

distribution of molecules, nanoparticles, proteins or spherical colloidal polymers and 

particles usually in the submicron field, but is often referred to as photon correlation 

spectroscopy (PCS) by measuring the random variations in the light intensity scattered 

from a suspension or solution.226  

Light can be scattered by a molecule or a particle with a diameter much smaller 

than the wavelength of the light if the molecule has polarizability different from its 

surroundings which are called Rayleigh scattering. Small particles in suspension, 

however, undergo random thermal movement known as Brownian motion.  This 

random motion is demonstrated by the Stokes-Einstein equation. 

D =
𝐾T

6𝜋µ𝑎
                                                  (Eqn 2.17) 

while K is the Boltzmann constant, T is the temperature, µ is the viscosity of the 

solution and a is the hydrodynamic radius of the particle. A significant characteristic of 

(Eqn 2.17) is that it is independent of the diffusion species charge. Therefore, this 

equation can be applied to neutral molecules and particles in the solution. 

A monochromatic light source, usually a laser, is sent through the molecule or 

particle solution in a typical DLS experiment, and the scattered light intensity is 

detected as a function of scattering angle and time. Usually, the detector is a photo 

multiplier that is located at 90° to the light source and absorbs the scattered light from 

the sample. In order to target the light source to the middle of the sample holder, 

collimating lenses are often used. The lenses also avoid saturation of the 
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photomultiplier tube.227 Particles can be dispersed in a variety of liquids. Only the liquid 

refractive index and viscosity need to be known for interpreting the measurement 

results. 

2.9 Specific Surface Area from BET (Brunauer, Emmett and 

Teller) measurement 

BET is the initials of the three people who created the mathematics needed for the 

measurement to work. Brunauer, Emmett, and Teller demonstrated an approach 

utilises a measurement of the gas physisorption to obtain a "surface area" value for a 

sample. The gas molecules will move through particles and through all pores, cracks, 

and surface roughness, such that the sample's full microscopic surface area is 

measured. BET analysis requires an 'Adsorption isotherm' measurement and that 

because the BET model uses the relative pressure of the adsorptive, at the adsorption 

temperature, the gas must be condensable-in other words, the "gas" is simply a 

vapour. The amount of gas (usually nitrogen) adsorbed to the surface of the particles 

is measured at the boiling point of nitrogen (-196°C). at this temperature, nitrogen gas 

is below the critical temperature therefore it condenses on the particles’ surface.  It is 

assumed that the gas condenses in a monolayer on the surface of particles thus since 

the size of gas atoms are known, the volume of adsorbed (condensed) gas is 

correlated with the overall surface area of the particles, including the surface pores. 

The surface area of a sample under the study can be calculated by the BET equation 

(Eqn 2.18).228 

𝑝

𝑛𝑎 (𝑝0 − 𝑝)
𝑠𝑡𝑜𝑡𝑎𝑙 =

1

𝑛𝑚𝐶
+

(𝐶 − 1)

𝑛𝑚𝐶
∙

𝑝

𝑝0
                                  (𝐸𝑞𝑛 2.18) 
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Where, the equilibrium (p) and the saturation (p0) pressure of adsorbates at the 

temperature of adsorption, the nm is the monolayer capacity (Eqn 2.19) and C is the 

BET constant (Eqn 2.20).  

𝑛𝑚 =
1

𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 − 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
                                           (𝐸𝑞𝑛 2.19) 

𝐶 = 1 +
𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
                                                   (𝐸𝑞𝑛 2.20) 

The BET equation is usually plotted as an adsorption isotherm at a relative 

pressure (P / P0) between 0.05-0.35, to determine these values, and it suggests giving 

a straight line. Therefore, the nm value can be found from the gradient and measure 

the surface area using the molecular cross-sectional area (Eqn 2.21). 

𝑠𝑡𝑜𝑡𝑎𝑙 =
𝑛𝑚𝑁𝑠

𝑉
                                                  (𝐸𝑞𝑛 2.21) 

Where N is Avogadro’s number, s the adsorption cross-section of the adsorbing 

species, and V the molar volume of the adsorbate gas. The BET constant (C) is also 

determined from the intercept and gradient and is correlated with the first adsorbed 

layer adsorption energy. Consequently, the C value is an indicator of the extent of the 

interactions between adsorbent/adsorbate. For instance, C is usually between 100-

200, and if it is lower by 20 that means there is a significant adsorbent/adsorbate and 

the BET method is invalid, while if it is greater than 200, indicates the sample may 

contain large porosity.  

2.10 Proton Nuclear Magnetic Resonance (NMR) 

Another important analytical method for identifying organic compounds is NMR. It is 

useful for determining the chemical content, purity and molecular structure of a given 

sample, and quality control and analysis. It works under the concept of 

electromagnetic wave absorption, like IR or UV. As shown in Figure2.11, in the radio 
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frequency (rf) region, a sample can absorb electromagnetic radiation under suitable 

conditions in a magnetic field. The electromagnetic radiation absorbed is particular to 

the sample.  

 

Figure 2.11 Illustration of NMR. 

However, within the molecule of a sample, absorption is a characteristic of 

specific nuclei. It is known that all nuclei are charge carriers, causing them to spin on 

the nuclear axis, resulting in a magnetic dipole moment being produced along the axis. 

In terms of quantum numbers, the angular momentum of the rotating charge is 

sometimes defined as I, with values expressed in increments of 1/2 (i.e.0,1/2,1, 3/2). 

When I is zero, it implies that there is no spin. There is an intrinsic magnitude of the 

produced dipole, expressed in terms of the nuclear magnetic moment, μ. It is possible 

to use the atomic mass and atomic number to calculate the spin number, I.  

However, if the nucleus I value is equal to or greater than one, the nucleus will 

have a non-spherical charge distribution. This leads to the production of a moment of 

electric quadrupole that affects the relaxation time. Broadening of signal peaks and 

coupling with neighbouring nuclei, therefore, are affected. The orientation of a nucleus 

is determined by its spin number in a magnetic field and is represented as 2I + 1.  A 

proton has a spin number of1/2, which is described in Figure 2.12, reveals two types 
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of energy called 𝛼 and β. There is a higher proton population (N) at the lower energy 

level, following the Boltzmann distribution. 

 

Figure 2.12 Two proton energy levels, from quantum mechanics, in a magnetic field 
of magnitude B0. 
 
 

The energy change between the spin states of 𝛼 and β is defined by: 

∆𝐸 =  
ℎ𝛾

2𝜋
𝐵0                                                    (𝐸𝑞𝑛 2.22) 

Where h indicates the Planck constant, which means that ΔE is directly proportional 

to the applied magnetic field, B0, as all the other parameters are constants, as shown 

in Figure 2.12. The proportionality constant between the magnetic moment, μ, and the 

spin number, I, is γ, called the magnetogyric ratio and is expressed as: 

𝛾 =
2𝜋𝜇 

ℎ𝐼
                                                       (𝐸𝑞𝑛 2.23) 

When two energy levels for the proton are determined, energy in the form of rf radiation 

(𝜐1) can be applied to initiate the transition between the two energy states in a 

stationary strong magnetic field, B0. As shown in Equation (2.24), rf radiation and the 

magnetic field of strength are related: 

𝜈1 =
𝛾

2𝜋
𝐵0                                                (𝐸𝑞𝑛 2.24) 

Since 

Δ𝐸 = ℎ𝜐                                                (𝐸𝑞𝑛 2.25) 
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𝜐1 is expressed in units of megahertz (MHz). In order to put the proton into a resonance 

state, a frequency of 100 MHz at a magnetic field strength of 2.35 tesla(T) is therefore 

required. The resonance state is when energy is absorbed by a proton and transits 

from the lower energy level, or 𝛼 spin state, to the higher energy level, or β spin state. 

A signal corresponding to this transition is determined at this stage, and a spectrum 

for the nucleus is obtained. 
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CHAPTER 3 Synthesis of Ag3PO4/TiO2 

Nanocomposites for Enhanced Photocatalytic 

Degradation of Aqueous Organic Pollutants  
 

The present study aimed to synthesize the cubic, particle Ag3PO4 through simple 

reaction and Ag3PO4/TiO2 nanocomposite containing a different proportion of TiO2 and 

Ag3PO4 by in situ precipitation techniques and determine the most optimal 

nanocomposite mixtures. Moreover, the relationship among morphologies, 

photocatalytic activity and stability in the degradation of typical organic pollutants were 

discussed in this study. 

3.1  Introduction  

Persistent organic pollutants (POPs), typically containing benzene rings, are of great 

concern due to their toxicity nature, ability to bioaccumulate to toxic levels in biological 

systems, and the ability to persist in the environment.229-231 Photocatalytic degradation 

of such organic pollutants is a promising strategy for environmental restoration since 

it can be a green chemistry process if it only uses sunlight as the energy source.232-234 

Attempts to develop a photocatalyst that is both efficient in visible light and stable have 

been made, though they are yet to be successful.235,236 

In this work, I focus on the developing silver phosphates (Ag3PO4) and its hybrid 

with TiO2 as the model catalysts for visible light photocatalytic degradation of POPs.237-

239 The precipitation method was used for the preparation of Ag3PO4 nanocrystals by 

reacting with Na2HPO4 and using ammonia as the mediate agent to control their 

morphologies.203,240 The crystal structure, surface morphology and chemical 

properties of the photocatalyst were characterized by SEM, XRD, DLS and UV-Vis. 

The as-prepared Ag3PO4 has a cubic-type structure, and the morphologies are 

controlled by adjusting the concentration of 30% ammonia solution.241 The 
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photocatalytic activities of Ag3PO4 with different morphologies were measured by the 

degradation of methylene blue (MB) under visible light irradiation. The results showed 

that the cubic Ag3PO4 microcrystals synthesised with 0.15 M 30% ammonia solution 

possessed the better photocatalytic activity using either ultraviolet or visible light 

irradiation than that of the commercial Degussa P25, and Ag3PO4 synthesised under 

different conditions. 

Ag3PO4/TiO2 composites synthesized by in-situ precipitation (co-precipitation) 

technique and evaluated its photodegradation activity on aqueous solutions containing 

aromatic compounds.242,243 The composites allowed enhanced the activity and stability 

of Ag3PO4. The high dispersion of TiO2 particles over the surface of Ag3PO4 created 

heterojunction interfaces, as revealed by scanning electron microscopy (SEM). The 

UV-Vis diffuse reflectance spectroscopy data revealed that the TiO2 component did 

not hinder the composite’s ability to absorb visible light. The advantages of using TiO2 

were further investigated through the photoluminescence studies, which showed a 

decrease in exciton recombination rates in the composite materials with respect to the 

pure Ag3PO4. The composite materials were shown to have an increased 

photodegradation activity when compared to pure particle Ag3PO4. 

Additionally, the inclusion of TiO2 in the composites has resulted in a higher 

reaction rate, with optimal photoactivity observed with 60:40 (wt%) mix proportion of 

the Ag3PO4/TiO2 composites. Further studies on the crystallinity of the TiO2 were used 

to determine the impact of the relative concentrations of the anatase and rutile crystal 

structures on the photodecomposition properties of the composite catalysts. From the 

observed activity of TiO2 composite structures, it is possible to see the future 

development of enhanced photocatalysts to decompose pollutants in water. 
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3.1.1 Removal of Organic Pollutants from Water and Wastewater 

Environmental aromatic organic pollutants include polychlorinated biphenyls (PCBs), 

polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), organochlorine 

pesticides (OCPs), hexachlorobenzene (HCB), dichloro-diphenyl-

trichloroethane (DDT), dioxins and furans in water and wastewater.244-246 Many 

commercial decontamination methods are available, including coagulation, 

precipitation, ozonation, ion exchange, reverse osmosis, advanced oxidation 

processes and adsorption techniques.4,247,248 However, the application of these 

techniques is limited by the high consumption of energy and chemicals which require 

high capital and operational costs.249-251 This has warranted a continued effort to 

develop green yet cost-efficient techniques. The efficient photocatalytic oxidation 

process is potentially feasible for the decomposition of organic pollutants under 

ambient conditions.152 The method relies on the photochemically generated reactive 

radical species, such as HO•, O2
•-, and SO4

•-,, which oxidatively decompose the 

organic pollutants to simple environmentally benign molecules, such as CO2 and 

water.153,154 However, a photocatalyst must be present to transform the photoenergy 

into the reactive radical species. 

Here, I used the MB dye as a laboratory standard model to determine the 

photocatalytic activity of Ag3PO4/TiO2 composite. Methylene blue, also known as 

methylthioninium chloride, is a water-soluble dye. The molecular structure of MB is 

shown in Figure 3.1. It contains an extended conjugated system, which is normally 

used as a model for studying aromatic organic pollutants. The concentration of MB 

dye in water can be quantitatively monitored by measuring the UV-Vis absorption at 

MB peak wavelength (λmax) of 664 nm. Oxidative radicals generated by Ag3PO4/TiO2 

composite can react with MB to decompose it to simple aromatic compounds. The 
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possible reaction pathway is suggested in Figure 3.2, although it is well known that 

detecting the MB degradation intermediates is difficult and need more complicated 

instruments.252,253  

 

Figure 3.1 The molecular structure of methylene blue dye. 
 

 It is well known that two oxidative agents are the initiators of the degradation 

process: Photo-formed holes h+ (mainly involved in the reaction of decarboxylation 

and/or OH· radicals, classified as highly active and degrading but non-selective agents 

can be produced.254 The formed OH· radicals attack the C-S+=C functional group in 

MB.  Therefore, the initial stage of MB disintegration can be due to the cleavage of the 

C-S+=C functional group bonds in MB. In fact, sulfoxide (identified at m/e=303) was 

the first product extracted from MB degradation. A third OH· attack produces sulfonic 

acids found in metabolites at m/e = 230, 218 and 158. Other fragments detected are 

amine molecules, including N,N-Dimethyl-1,4-phenylenediamine. The amines are 

further oxidised by OH· radicals to produce phenol compounds, detected at m/e = 136, 

167 and 94(Figure 3.2).252,253,255  
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Figure 3.2 The representation of pathway of MB degradation with corresponding 
molecular fragments and their mass.  
 

Transition metal oxides are good photocatalyst candidates for photocatalytic 

decomposition of organic compounds using sunlight. TiO2 is used as a standard 

photocatalyst in this study due to its high reactivity under UV irradiation, excellent 

chemical, physical and biological stability, low-cost and abundant in industrial 

quantities.176 It creates excited electrons and holes which can react with water 

molecules to generate highly reactive HO• and O2
•- radicals. These radicals can initiate 
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a chain of radical mediated reactions that degrade organic compounds.177,178,183 

However, TiO2, as a photocatalyst, has its limitation. The most critical drawback of 

TiO2 is that it has a relatively large bandgap energy of 3.2 eV, so it only absorbs the 

UV portion of the sunlight with wavelength short than 385 nm. The majority of the solar 

energy sits in the visible range peaked at a longer wavelength. Hence, only about 5% 

of the solar energy can be used by TiO2. In order to overcome this problem, many 

efforts have been made to reduce the bandgap energy of TiO2. Many studies have 

been undertaken to improve and modify TiO2 by coupling other semiconductor 

materials, doping metal and non-metal elements and surface modification with 

inorganic acids.256-258 Doping elements, such as S, N, C and B may expand the 

absorption ability of TiO2 to visible light. These elements could decrease the TiO2 

bandgap by contributing their p-orbitals in the valence band and substitute the oxygen 

atoms from the lattice of TiO2.259  Furthermore, coupling TiO2 with narrow bandgap 

semiconductors could also enhance the photocatalytic activity due to the extension of 

the absorption to the visible region and possibly enhancing the charge separation by 

introducing the matched heterogeneous junction.260 In this work, I developed the 

composite photocatalysts by decorating TiO2 nanoparticles on the outside of narrow 

bandgap Ag3PO4 microcrystals.  

3.1.2 The Structure and Physical Properties of Ag3PO4 

Photocatalyst  

Semiconductor photocatalysis as a green and environmentally friendly technology has 

been widely used for the removal and degradation of pollutants in the air purification 

and water disinfection processes. The narrow bandgap semiconductors are essential 

for the degradation of an organic compound since they can absorb a wide range of 

sunlight.261 Silver orthophosphate (Ag3PO4) is an n-type semiconductor with an 
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indirect bandgap of 2.36 eV and direct bandgap of 2.43 eV. It has attracted 

considerable attention since its photoactivity was discovered by Yi et al. in 2010, due 

to be able to harness visible light to oxidize water and decompose organic 

compounds.262 It has been identified as one of the most promising photocatalytic 

materials for photooxidative capabilities of O2 evolution from water splitting as well as 

organic dye decomposition under visible light irradiation due to its appropriate band 

edges.  

Ag3PO4 has a body-centred cubic crystal structure with P43n space group and 

a lattice constant of 6.004 Å. The structure consists of two isolated, regular PO4 

tetrahedra (P-O distance of ∼1.539 Å). The six Ag+ ions are distributed among twelve 

sites of twofold symmetry as shown in Figure 3.3. Ag3PO4 possesses a very deep 

valence band, located approximately +2.9 V vs. NHE (Normal Hydrogen Electrode, 

pH=0), and therefore is more than powerful enough for the water oxidation reactions. 

 

Figure 3.3 Unit-cell structure of cubic Ag3PO4, showing (A) ball and stick and (B) 
polyhedron configurations. Red, purple, and blue spheres represent O, P, and Ag 
atoms, respectively. Adapted from Xinguo, Ma.263  
 

However, the conduction band is located at +0.45 V vs. NHE (pH=0), meaning 

that H+ cannot be reduced to H2 under standard conditions. Thus, the compound alone 

cannot be used for bias-free water splitting. To overcome this, the semiconductor 

could be used in a photoelectrochemical (PEC) cell under slight electrical bias or use 
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an electron scavenger to assist the water oxidation. In the latter case, the most efficient 

electron scavenger is free Ag+. By preventing recombination using an electron 

scavenger, the highly oxidizing valence band hole either oxidizes water or organic 

contaminants via the following reactions.264 A typical water photooxidation using a 

photocatalyst can be described as: 

                               2H2O + 4h+    →     O2 + 4H+                            (Eqn 3.1) 

The OH● radicals can also be generated by the oxidation of water: 
 

                              H2O + h+     →   H+ + OH●                          (Eqn 3.2) 

   O2 + e-         →     O2
●-                                                       (Eqn 3.3) 

O2
●- + H+    →     HO2

●                                                    (Eqn 3.4) 

HO2
● + HO2

●      →  H2O2 + O2                             (Eqn 3.5) 

The valence band of Ag3PO4 is formed from both Ag d band and O p band, 

while for a typical oxide, the valence band is dominated only by the O p band. The 

contribution of transition metal electronic states in the valence band can increase the 

hole mobility, and the holes are thereby likely to migrate to the surface of Ag3PO4 to 

for the high efficient oxidation reactions.166,265 For instance, Ag3PO4 has shown to yield 

very high quantum efficiency of nearly 90% for the evolution of O2 from water under 

visible light irradiation. The combination of its narrow bandgap of 2.45 eV (direct) and 

the appropriate position of valence-band (VB) edge, as well as its band character, 

makes Ag3PO4 a good candidate for photocatalytic oxidation reaction, which is 

sensitive to the visible-light.2 

3.1.3 Optimization of TiO2-Based Photocatalytic System 

Among various semiconductors, TiO2 has been widely used in various applications 

due to its high oxidizing power, good chemical stability, non-toxicity and low cost.262 

Unfortunately, due to its wide bandgap, TiO2 only shows the photocatalytic ability 
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under ultraviolet (UV) light irradiation. This limits the solar light absorption since the 

power of UV light occupies less than 5% in that of all the solar light.266 Thus, the 

development of novel visible light responsive TiO2 photocatalysts is urgently needed. 

Optimization by synergistic effects of TiO2 and other visible light sensitive 

semiconductors is possible. Silver phosphate (Ag3PO4) is one of the promising 

semiconductors due to its ability to absorb visible light up to 530 nm. Furthermore, 

electron-hole recombination, which is known to reduce catalytic efficiency, is very low 

in Ag3PO4 nanoparticles compared to many other narrow-band gap semiconductors. 

Thus, Ag3PO4 is a potential excellent photocatalyst as compared to many other 

semiconductors.267,268 However, Ag3PO4 cannot function as a standalone 

photocatalyst due to poor photostability and can be easily reduced to silver.269 

Therefore, the photostability of Ag3PO4 has to be improved which can be achieved by 

combining with other semiconductors that are efficient and chemically stable. In this 

project, the composite of TiO2 and Ag3PO4 was designed, synthesized and tested for 

its photocatalytic activities. As TiO2 and Ag3PO4 have a different bandgap, effectively, 

a broader range of wavelength of sunlight can be absorbed, which improves solar 

energy efficiency. 

By coupling Ag3PO4 nanoparticles with TiO2 can have an influence on the 

surface charge distribution of TiO2, which can promote the separation of photo-

generated electrons, and therefore, effectively restraining electron-hole 

recombination.203 Due to the difference in the band edge positions between the TiO2 

and Ag3PO4, it is expected that the photoexcited electrons and holes are better 

separated at the interface between TiO2 and Ag3PO4. This could also help to improve 

the stability of Ag3PO4 by limiting the reduction of Ag+ with photogenerated electrons.  
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The Ag3PO4/TiO2 composite can form a well-matched heterojunction structure. 

The relative band edge positions of Ag3PO4 and TiO2 with respect to the VNHE are 

shown in Figure 3.4.270 The conduction band minimum of the Ag3PO4 and TiO2 are at 

+0.45 and -0.5 eV, respectively, while the corresponding conduction band maxima are 

at +2.9 and +2.7 eV. Thus the bandgap energies of Ag3PO4 and TiO2 are 2.45 and 3.2 

eV, respectively.271 As shown in Figure 3.4., the slightly more positive of the valence 

band of Ag3PO4 means that the photoexcited electrons remain in the CB of Ag3PO4 

while the photogenerated holes in the VB of the Ag3PO4 are transferred to the VB of 

TiO2. Hence, the charge separation at the interface between Ag3PO4 and TiO2 are 

improved. significantly.242
 In this work, I used fluorescence spectroscopy study to 

confirm the improved charge separation between Ag3PO4 and TiO2. 

 

Figure 3.4 A schematic diagram of the band structure and the photo-induced charge 
separation process in Ag3PO4/TiO2 composite. 
 

The size of Ag3PO4 crystals is normally larger than 1 m, while the size of TiO2 

in P25 is about 21 nm which is much smaller.42 Hence, by modifying the surface of 

Ag3PO4 crystals with TiO2 nanoparticles, it is possible to increase the surface density 

of photocatalytic centre with anticipated enhancement in the photocatalytic 

decomposition of organic pollutants.  
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 In the Ag3PO4/TiO2 composite, if TiO2 modified the surface of Ag3PO4, the 

photocatalytic activity was found to be improved.243 Other studies have developed high 

efficient photoelectrodes with, Ag3PO4/TiO2 and Ag/Ag3PO4/TiO2 heterostructures.272 

The composite material can be created with either TiO2 or Ag3PO4 as the core material. 

With TiO2 as the core, the composite is described as TiO2/Ag3PO4. On the other hand, 

when Ag3PO4 is the core material, the composite is defined as Ag3PO4/TiO2. For a 

typical core-shell composite material, the core material is the major component. Most 

studies have explored the Ag3PO4/TiO2 composites since TiO2 forms smaller crystal 

particles than Ag3PO4. Compared with TiO2/Ag3PO4, it is expected that Ag3PO4/TiO2 

is more sensitive to the visible light since the narrow bandgap Ag3PO4 core is the major 

component. This is because normally, the thickness of the shell is very thin. 

Furthermore, since Ag3PO4 is readily to form the large crystal, it is difficult to control 

the morphology of Ag3PO4 on the surface of TiO2.203 These challenges have prevented 

the application of the TiO2/Ag3PO4 composite in photocatalytic systems. From the 

band structures illustrated in Figure 3.4, the hole will transfer from Ag3PO4 to the TiO2. 

The attachment of TiO2 nanoparticles on the surface helps to facilitate the utilizing of 

holes to create oxidative radicals in the solution. 

3.2 Experimental  

3.2.1 Materials and Reagents 

The chemicals used in this experiment, included AgNO3 (of > 99 % purity), Na2HPO4, 

and  TiO2 (Aeroxide® P25; formerly Degussa P25), which consists of a mixture of two 

phases (~75% anatase and ~25% rutile), NH3 solution and MB dye were purchased 

from Sigma Aldrich, UK. The chemicals were used as received without further 

purification unless otherwise stated. Deionized water was prepared in the laboratory 
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using the Suez/Purite Select deionization unit. Philips CDM-T Halogen 150W Metal 

Halide Lamp was obtained commercially obtained from Philips Centre (Guildford, UK).  

3.2.2 Preparation of Ag3PO4 Nanoparticles 

 

Scheme 3.1 The scheme of the formation process of the Ag3PO4 (cubes and 
particles) using different precursors. 

 

Pure Ag3PO4 was synthesized using the precipitation method also described in 

scheme 3.1.269,273 The precipitation reaction is described in equation 3.6.  

3AgNO3 + Na2HPO4 = Ag3PO4 + 2NaNO3 + HNO3                      (Eqn 3.6) 

Briefly, under ambient conditions, 1.8 g of AgNO3 was dispersed in 15 mL 

deionized water using a magnetic stirrer followed by a dropwise addition of 30 mL 0.15 

M Na2HPO4. The resultant solution becomes pale yellow milky coloured. The mixture 

was stirred for 30 minutes. Afterwards, the product was centrifuged and collected. The 

resulting light-yellow powder was then washed with deionized water to remove soluble 

reaction products of NaNO3 and HNO3 as well as the excess Na2HPO4. The sample 

was dried at 65°C in an oven overnight. Here, the reaction between the AgNO3 and 

Na2HPO4 is too fast to control the morphology and only spherical porous particles were 

obtained. 
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3.2.3 Preparation of Ag3PO4/TiO2 Nanocomposites 

P25 is as known as a commercial form of TiO2, which show highly efficient as a 

photocatalyst due to absence of mass transfer limitation, a mixture of the anatase and 

rutile poymorphs of 80% and 20% respectively. P25 nanopowder (Degussa, Germany) 

has the averaged particle size of 15 nm. It was used in the preparation of Ag3PO4/TiO2 

nanocomposites. In this case, Ag3PO4 was synthesised with the present of P25. 80 g 

of TiO2 was suspended in 40 mL deionized water using a magnetic stirrer. The 

suspension was further dispersed by sonicating for 5 min. After sonication, 24 g of 

AgNO3 was added to the suspension and then magnetically stirred for 10 minutes. 30 

mL of 0.15 M Na2HPO4 was added dropwise to the suspension with continuously 

stirring for 4 hours. The suspension was filtered using a filter paper. The collected 

precipitates were washed several times with deionized water, before drying at 65ºC 

overnight. The resultant Ag3PO4/TiO2 nanocomposite contained 20 wt% Ag3PO4 and 

80 wt% P25. Similar procedures were followed for the preparation of Ag3PO4/TiO2 

nanocomposites with different wt% between Ag3PO4 and P25 of 40:60, 50:50, 60:40 

and 80:20. A similar procedure was also followed for the preparation of Ag3PO4/rutile 

powders for photocatalytic comparison experiment.   

3.2.4 Preparation of Crystallised Cubic Ag3PO4 Nanoparticles 

Ag3PO4 cubic nanocrystals were synthesized using a similar precipitation process 

(scheme 3.1) but with added NH3 to stabilise Ag+ by forming [Ag(NH3)2]+.241 AgNO3 

was dissolved in water to form an aqueous solution at room temperature, and 

ammonia aqueous solution was added drop by drop to the above solution until the 

solution became transparent. In order to control the morphology and size of the cubic 

silver phosphate, I prepared different concentrations of the silver ammonia 

([Ag(NH3)2]+) complex of 0.10, 0.20, 0.30 M 30% ammonia solution. Then, 4 mL 
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Na2HPO4 aqueous solution (0.15 M) was added dropwise to form olivine Ag3PO4 

crystals with cubic structure. The stabilisation of Ag+ with NH3 slows down the reaction 

with PO4
3+ and the precipitation of Ag3PO4. This gives more time for the formation of 

high quality crystalline cubic Ag3PO4. The resulting product was washed with 

deionised water several times and dried at 60 ºC for five hours.  

The synthesis process can be represented by reactions described in equations 

3.7 and 3.8: 

AgNO3 + 2NH3
.H2O → [Ag(NH3)2]NO3+2H2O                (Eqn 3.7) 

3[Ag(NH3)2]NO3 + 6Na2HPO4 → Ag3PO4+ 2(NH4)3PO4+3NaNO3+ 3Na3PO4              

(Eqn 3.8) 
 

It should be noted that the intermediate [Ag(NH3)2]+ complex plays a critical role 

in the producing of the Ag3PO4 sub-microcubes. In contrast, without NH3, irregular 

spherical structures of Ag3PO4 particles were formed when the AgNO3 reacts directly 

with Na2HPO4 under the same conditions. The description of different Ag3PO4 

morphologies made from the precursors AgNO3 and [Ag(NH3)2]+ is illustrated in 

Scheme 3.1.269  

Without NH3, the free Ag+ ions react with PO4
3+ spontaneously with rapid 

nucleation, resulting in the similar growth rates of the different plans of Ag3PO4 

particles. This forms the spherical morphology. In comparison, when  [Ag(NH3)2]+ is 

formed as the precursor, the formation of Ag3PO4 will involve the dissociation of 

[Ag(NH3)2]+, which will restrict the release of free Ag+ ions. Such restriction slows down 

the Ag3PO4 growth rate, allowing the selective growth of specific crystal planes 

determined by the surface energy, rather than reaction kinetics. 
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3.2.5 Morphological, Crystallinity and Optical Characterization of 

Ag3PO4 Based Nanoparticles and Nanocomposites 

The morphologies and nanostructures of Ag3PO4 cubic crystals, nanoparticles and the 

corresponding TiO2 nanocomposites were characterized by a scanning electron 

microscope (SEM) (JSM 820M, Jeol). The crystallinity and orientation of the 

nanostructures were analyzed by a powder x-ray diffractometer (XRD) (Siemens 

D500) using Cu Kα radiation (λ = 1.5418 Å) at the acceleration of 40 kV with a constant 

emission current of 30 mA.  

The UV-Vis absorption spectra of diluted, suspended solution were recorded 

using a UV-Vis spectrophotometer (Thermospectronic UV 300). The band gaps of 

solid or thin film materials were determined by reflectance absorption measurements 

using an Ocean Optics ISP-REF integrating sphere equipped with a built in tungsten-

halogen illumination source (300 nm to 1000 nm) and the charge recombinations were 

characterised using PL spectra recorded with a fluorescence spectrometer (Perkin 

Elmer LS45). 

 

3.2.6 Evaluation of Photoactivity of TiO2 (P25 and Rutile), Ag3PO4 and 

Their Composites Through The Degradation of MB  

The photocatalytic activities of the synthesised Ag3PO4 cubic, particles and Ag3PO4 

based nanocomposites were evaluated by studying the degradation of methylene blue 

(MB) under UV-vis irradiation. A 0.05 g portion of the photocatalyst was evenly 

dispersed in a 100 mL of MB solution (10 mg/L) by magnetic stirring. 
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Figure 3.5 Experimental setup for the photocatalytic degradation of MB. 
 
 

 The suspension was then irradiated using a 150 W ceramic metal halide lamp 

(MASTERColour CDM-T 942 G12, 4200K cool white colour Philips). The setup is 

illustrated in Figure 3.5A and the lamp is shown in Figure 3.5B. The lamp offers high 

efficacy with bright white light It has very good colour rendering with stable colour 

during the lifetime. The MB solution was sampled from the reaction solution at a fixed 

interval of 1 min. The sample solution contains the catalyst solid and was centrifuged 

at 1000 rpm for 20 s. The residual concentrations of MB in the supernatant were 

measured using the UV-Vis spectroscopy. After the measurement, both the 

supernatant and the photocatalysts were returned into the reactor. The degree of 

photodecomposition of the MB dye was calculated based on the change in the 

absorption intensity at its maximum wavelength (λmax) of 664 nm, described in 

Equation 3.9.  

𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 % =
(𝐴0 − 𝐴𝑡)

𝐴0  × 100                (Eqn 3.9) 
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Where A° is the initial absorbance of MB, proportional to the initial concentration of 

MB; and At is the absorbance at time t, proportional to the residual concentration of 

MB.  

3.3 Results and Discussion 

3.3.1 Characterization of Pure Ag3PO4 and Ag3PO4/TiO2 

Nanoparticles 

The morphologies of nano photocatalysts and their nanocomposites can influence 

their photocatalytic activity.274 Different exposed crystal planes of the catalysts have 

different atomic densities and atom spacing. Some structures are more reactive than 

the others due to a good match of the atomic structures, and more importantly, the 

appropriate electronic structures. The density of surface defects can also play a crucial 

role in the catalytic kinetics. Different crystal planes presented on the surface of 

nanocatalysts can also affect the selectivity of the catalysis, due to the influence of 

surface electronic structures and surface chemical bonding properties. Hence, it is 

important to control the crystal morphology of nanocatalysts to optimise the catalytic 

performance. It has been reported that changing the morphology of the Co3O4 

nanoparticles from spherical nanoparticles to nanorods enhance the activity of these 

nanoparticles.275 Wenfeng Lin and co-workers reported that the cubic, octahedral or 

rhombic dodecahedral palladium nanocrystals gave different oxidation kinetics for 

ethanol and ethylene glycol.276 The combined electrochemical measurements and 

density functional theory calculations revealed that nanofacet-dependent affinity and 

reactivity of OHads and COads were closely linked to the C2 alcohol oxidation activities,  

with the highest reactivity found on the Pd nanocubes bounded by  facets.259 
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Another important morphological property of the nanomaterials is their large 

surface area. For typical chemical reactions on solid surfaces, the reaction rate 

constants are positively proportional to the adsorption of reactants on the solid surface. 

Hence, in comparison with bulk materials, the larger surface area of nanocatalysts 

promotes faster reactions. For example, TiO2 sol with a particle size of 22.5 nm was 

synthesised for the degradation of methylene blue (MB) solution under UV 

irradiation.277 It was found that after 160 min photocatalytic degradation, 92.3% of the 

MB was degraded. The small particle size caused the increase in the specific surface 

area, which lead to the acceleration of the photocatalytic reaction.   

Here, we study how the synthetic conditions can affect the surface 

morphologies of Ag3PO4 and TiO2 nanoparticles and their nanocomposites. SEM 

images of typical Ag3PO4 nanoparticles are displayed in Figure 3.6A. 

 

Figure 3.6 (A) SEM images of the Ag3PO4 microparticles with a scale bar of 5 µm and 
(B) DLS measurement of particle size distribution. 
 

 It shows the surface morphology and size of the synthesized Ag3PO4 

nanoparticles. The nanoparticles appeared to be spherical with a smooth surface. The 

particle size distribution was measured with DLS, shown in Figure 3.6B. The averaged 

particle size is 800 nm (peak of the size distribution) with a distribution width of 350 
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nm, determined from the full width at half maximum (FWHM). The relative broad size 

distribution is the result of Oswald ripening or the aggregation of fine particles. Since 

Ag3PO4 has very low solubility in water, the Oswald ripening will be limited. Hence, the 

particle size distribution is probably determined by the aggregation.  

 

3.3.2 Morphology and Dynamic Scattering Light of Cubic Ag3PO4 

If the reactivity of Ag+ is controlled by forming a complex with NH3, as shown in Eqn 

3.7 and 3.8 mentioned in the experimental section, good quality of cubic shaped 

Ag3PO4 can be formed.269 The presence of NH3 ligand stabilises the Ag+ and increases 

the solubility of Ag3PO4. As such, the precipitation and crystal growth for the formation 

of Ag3PO4 becomes slower. Hence good quality crystals can be formed. Figures 3.7A-

H show the SEM images and the particle size distributions of the cubic Ag3PO4 

microcrystals synthesized with different concentrations of [Ag(NH3)2]+ at room 

temperature.  

It can be seen that with the addition of NH3, the regular cubic crystal morphology 

was formed and the particle size of Ag3PO4 crystal was increased as the concentration 

of 30% ammonia solution was increased from 0.10 M to 0.30 M. Quantitative 

measurements were carried out via dynamic light scattering (DLS), shown in Figures 

3.7B, D, F, and H. The averaged cubic crystal sizes were 462, 480.4, 550.7, and 700.2 

nm, while the FWHM of the distributions were 220.5, 242.9, 142.5, and 301.3 nm for 

the NH3
+ concentrations of 0.10 M, 0.15 M, 0.20 M, and 0.30 M, respectively. The 

result is summarised in Table 3.1.  
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Figure 3.7 Representative SEM images and DLS measurements of cubic Ag3PO4 
microcrystals synthesised with different concentration of NH3

+:(A, B) 0.10 M, (C, D) 
0.15 M, (E, F) 0.20 M and (G, H) 0.30 M.   
 

Clearly, the DLS data has a significant error due to the fast precipitation for the 

large particles during the DLS procedure.  The NH3 in the growth solution plays an 

important role on the morphology of the cubic Ag3PO4 and the particles size. As 

shown, when the concentration of NH3 increases, the size of the Ag3PO4 cubic crystals 
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was monotonically increased. At 0.10 M, most of the Ag3PO4 crystals have soft edges 

and the cubic shape is not well defined. By increasing the concentration of NH3 to 0.15 

M, the morphological quality of the cubic Ag3PO4 is much more improved with much 

less aggregation. This suggests that the dominant (100) plane of the cubic crystal of 

Ag3PO4 is well defined with much less density of surface defects.  

Here, NH3 regulates the concentration of free Ag+ available to react with PO4
3- 

by forming a stable and soluble complex of [Ag(NH3)2]+. A typical crystal growth 

process involves nucleation, growth and Oswald ripening. If the nucleation rate is 

much faster than the growth rate, small and irregular particles will be formed, and 

precipitation becomes the dominant process. With reduced Ag+ concentration, the 

nucleation rate is reduced while maintaining the growth rate. Under such condition, 

large and perfect crystals are formed. If both nucleation and growth are slower than 

Oswald ripening, the size distribution will become broader, and the average crystal 

size will increase. The crystal size distribution is also affected by the concentrations of 

the Ag(NH3)2
+. The narrowest distribution was achieved at the concentration of 0.20 

M. By increasing it further to 0.30 M, the size distribution was increased to 301.3 nm, 

which is the results of crystal aggregation. 

Table 3.1 A summary of the average size and the width of distribution vs NH3
+ 

concentrations. 

[NH3] (M) Average 
diameter (nm) 

FWHM (nm) 

0.00 800.0 350.0 

0.10 462.0 220.5 
0.15 480.4 242.9 
0.20 550.7 142.5 
0.30 700.2 301.3 

 

The crystal structure and phase composition of polycrystalline materials were also 

analyzed using the non-destructive x-ray Diffraction (XRD) technique, which is based 

on the interference of the reflected x-ray from the atoms. XRD structural analysis 
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revealed that the synthesized Ag3PO4 nanoparticles were of high purity. The XRD 

peaks of both cubic and particular samples can be assigned to the Ag3PO4 when in 

comparison with the reference XRD spectrum (JCPDS Card No. 06–0505), in Figure 

3.8.  

 
Figure 3.8 XRD spectral patterns of Ag3PO4 samples synthesised without (A) and 
with (B) the addition of NH3. 
 

Samples synthesised with or without the addition of NH3 exhibit a cubic 

crystalline structure which is consistent with previous reports.278 Using a complex 

precipitation strategy, Bi et al. synthesized single-crystalline Ag3PO4 cubes with sharp 

corners, edges, and smooth surfaces.269 The sharp diffraction peaks indicate that 

Ag3PO4 microcrystals are high quality with good crystallization. Weak diffraction peaks 

from metallic Ag was been observed in the XRD pattern of irregular Ag3PO4, which 

was synthesised without the addition of NH3. AgNO3 is known to decompose into 

element Ag under light illumination. With the stabilisation of Ag+ with NH3, such 

decomposition can be effectively avoided before the formation of Ag3PO4. Meanwhile, 
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the intensity of the (110), (320) and (321) peaks from the cubic Ag3PO4 are remarkably 

higher than those from the irregular Ag3PO4 crystals. This suggests that the overall 

crystal quality of the cubic crystals is much better than the irregular Ag3PO4 crystals. 

 

3.3.3 Structure and Composition of Two Types Ag3PO4/TiO2 

Nanocomposite 
 

3.3.3.1 Ag3PO4/P25TiO2 Synthesis 

 

There are many reports about the Ag3PO4/TiO2 composite, which used Ag3PO4 as the 

sensitizer for TiO2-P25 to extend the active light wavelength to the visible region. In 

addition, Ag3PO4 can also enhance the charge separation in P25 due to the potential 

field at the interface between the Ag3PO4 and TiO2. The SEM images in Figure 3.9 

show the morphology and sizes of the Ag3PO4/TiO2 (60:40 weight ratio) 

nanocomposites. The sample was synthesised by employing a simple, green and 

versatile synthetic route based on the growth of Ag3PO4 on TiO2-P25 nanoparticles 

suspended in water. A portion of Na2HPO4 was gradually added to a solution of AgNO3 

with suspended TiO2-P25. The Ag3PO4/TiO2 nanocomposite exhibits large Ag3PO4 

crystals coated with amorphous TiO2 particles. As expected, the TiO2 particles were 

uniformly distributed on the surface of the Ag3PO4. The heterojunctions formed 

between the two catalysts could imply that the Ag3PO4/TiO2 nanocomposite has a 

better charge separation for photocatalysis as compared to each pure material of 

Ag3PO4 and TiO2. In this Ag3PO4/TiO2 nanocomposite, the two photocatalytic 

components adhere tightly to each other to form an interface. Its photocatalytic 

performance can be optimized synergetically. The smooth surface on the Ag3PO4 

cubes has a low surface area and low density of surface defects. A uniform distribution 
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of the particular TiO2 increased the catalytic surface area of the Ag3PO4/TiO2 

nanocomposite.  

 
Figure 3.9 An SEM image of the Ag3PO4/TiO2-P25 (60:40) nanocomposite.  
 

The success of the formation of the Ag3PO4/TiO2 nanocomposite is based on 

the ability of the TiO2-P25 to adsorb positively charged metal ions. In the present study, 

the Ag+ ions (from AgNO3 solution) were absorbed on the TiO2 nanoparticles prior to 

precipitation. The addition of PO4
3- ions resulted in the reaction between the Ag+ and 

PO4
3- ions to form Ag3PO4 on the surface of TiO2, yielding Ag3PO4/TiO2 

nanocomposite with TiO2 on the surface of Ag3PO4 cubic crystals.243 

3.3.3.2 Ag3PO4/ TiO2-rutile Synthesis 

 

Rutile phase of TiO2 is an important semiconductor and it has many applications, for 

instance, plastics, paints, and sun-screen products to protect skin from damages by 

UV-rays.279 However, many reports confirmed that the pure rutile phase TiO2 has a 

relatively poor photocatalytic performance with respect to the anatase TiO2.280 This 

can be due to that, anatase has indirect gap while rutile has a direct gap and that could 

affect the electron-hole recombination.281 Also, rutile has a shorter photoexcited 

electron lifespan and thus a higher recombination rate compared to anatase, while 

anatase charge carriers are subjected to competition between hole trapping and 

recombination processes allowing charge carriers to have a longer lifespan.282 To 

observe the synergistic effect between the two phases, the method used for the P25 

synthesis must ensure good communication between the two phases. The catalyst 
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preparation method would also have a direct effect on the interfacial boundary 

morphology, which will in turn influence the electronic energy levels of electron-hole 

pairs.283 Also, to obtain the necessary TiO2 phase composition, the calcination 

temperature of the catalysts must be closely regulated, with the phase transformation 

of anatase to rutile starting at around 550°C.284 Many authors have observed that the 

presence of surface phase junctions in mixed-phase TiO2 promotes the transfer of 

electrons between the two phases upon photoexcitation and thus enhances the 

separation of charges, decreases recombination and consequently increases 

photocatalytic activity.284-286  

 
Figure 3.10 An SEM image of the Ag3PO4/ TiO2-rutile (60:40) nanocomposite.  
 
 

Before the photocatalytic degradation of organic molecules, the morphology of 

the nanocomposite was examined with SEM. Figure 3.10 shows representative SEM 

images of the Ag3PO4/ TiO2-rutile (60:40) nanocomposite. The commercial rutile, used 

in the preparation of nanocomposite, has an average particle size around 100 nm.  It 

can be seen from Figure 3.10, that the synthesized nanocomposite has the Ag3PO4 

and rutile NPs well mixed, although it is difficult to distinguish between the Ag3PO4 and 

TiO2-rutile. At a relatively high rutile content, some rutile NPs formed aggregates, as 

can be seen from the SEM images. 

 
3.3.4 XRD Study of The Ag3PO4/TiO2 Nanocomposite 
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Figure 3.11 XRD pattern of Ag3PO4/TiO2-P25 nanocomposites of different weight 
ratios. Triangle and dot denote TiO2-P25 and Ag3PO4, respectively.  
 

It can be observed that the TiO2-P25 diffraction pattern exhibits sharp peaks at 2θ of 

25.24°, 37.75°, 48.12°, 53.75°, 55.02°, 62.51°, 68.80°, 70.51°, 75.00° and 83.12° 

indexed to (101), (004), (200), (105), (320), (204), (220), (420), (332) and (224) crystal 

planes of the anatase phase (JCPDS Card No.21-1272), respectively. These peaks 

are marked with letter “A”. There are additional small diffraction peaks at 2θ = 27.56°, 

41.36°, 54.37°and 56.69° corresponding to (110), (111), (211) and (220), which 

are assigned to the rutile phase of TiO2 (JCPDS Card No.21-1276), labelled with letter 

“R”. This confirms that P25 is a mixture of rutile and anatase. The quantitative analysis 

reveals that the sample is dominated with 83% anatase. 
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Pure Ag3PO4 exhibited diffraction peaks at 2θ = 20.5°, 29.5°, 33°, 36.5°, 38.50°, 

42.51°, 48.02°, 53.06°, 55.33°, 57.5°, 62.12°, 70.21°, 72.00°, 74.03°, and 87.51°, 

indexed to (110), (200), (210), (211), (220), (310), (222), (320), (321), (400), (420), 

(420), (421), (332), (520), respectively (JCPDS Card No. 06–0505). The peak from the 

(210) plane has the highest diffraction intensity. 

Table 3.2 Component ratio of the Ag3PO4/P25 nanocomposites catalysts from XRD 

measurements 

Ag3PO4/P25 wt% Ag3PO4(%) Anatase (%) Rutile (%) 

0/100 0 83 17 

20/80 19 67 14 

40/60 39 51 11 

50/50 49 42 9 

60/40 61 32 7 

80/20 80 16 4 

100/0 100 0 0 

 

By increasing the proportion of the Ag3PO4, its diffraction peaks gradually 

intensified at the expense of the TiO2 peaks, thus reflecting their proportions in the 

Ag3PO4/TiO2 nanocomposites as shown in Table 3.2. The component compositions 

were measured using the manufacturer’s software HighScore Plus 4.0 (Siemens). The 

XRD patterns show that the diffraction peak intensity of TiO2 decreased with the 

decrease of TiO2 concentration in the composites. The measured component 

concentrations were in good agreement with the preparation ratio, which suggests 

there was no significant loss of chemicals during the sample preparation. 
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Figure 3.12 XRD pattern of Ag3PO4/ TiO2-rutile nanocomposites of different weight 
ratios. Dot, triangle, asterisk, and cross denote Ag3PO4, TiO2, AgNO3, and NaH2PO4, 
respectively. 
 

XRD patterns of pure TiO2-rutile and Ag3PO4/ TiO2-rutile nanocomposites were 

shown in Figure 3.12 with strong diffraction peaks at 27.56°, 41.36° and 54.37° 

indicating TiO2 in the rutile phase in the composites which clearly show that the 

Ag3PO4 nanoparticles have been successfully loaded onto the surface of TiO2 support, 

as we observed in the SEM images in Figure 3.10. However, the diffraction peaks of 

TiO2 become weak as the concentration of Ag3PO4 was increased.  

 

3.3.5 UV-Vis Spectra of Ag3PO4 Microcrystalals (Particle and Cubic) 

and Ag3PO4/TiO2   
 

The band gaps of the photocatalysts were measured by UV-Vis absorption or UV-Vis 

diffuse reflection (DRS) for suspension solutions or the thin film sample. For liquid 

suspension samples, certain light can transmit through, which carries the absorption 

signal, assuming the scattering is wavelength independent. On the other hand, for the 
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solid samples, such as thin-film, very little light can transmit through, unless the film is 

ultra-thin. In such a case, the absorbance has to be measured through reflection mode 

with DRS. The former is used to characterise samples in thin-film form or in liquid form, 

where there is not much dispersion. And the latest, used for powders or thin films of 

high surface roughness. Also, I used both UV-vis and DRS spectroscopies for Ag3PO4 

to ensure that both are constant, and the sample absorption wasn’t intruded with the 

solvent.  

The reflectance of Ag3PO4/TiO2 as a function of the weight percentage was 

measured in a range of wavelengths from 200 to 900 nm. The results are shown in  

Figure 3.13. Pure Ag3PO4 particles exhibited the maximum reflectance value of about 

6.6 x 103  (a.u) at the wavelength of 550 nm, which was generally higher than 

nanocomposite mixes, except for the Ag3PO4/P25 TiO2 composites with 80:20 wt% 

and 20:80 wt%. The Ag3PO4/TiO2 with 60:40 wt% and 50:50 wt% exhibited the lowest 

reflectance of 3.9 x 103  a.u. It can be expected that these two samples should have 

the highest light absorbance.  

 

Figure 3.13 UV-Vis diffuse reflectance spectra of pure Ag3PO4 and Ag3PO4/TiO2 
nanocomposites. 



97 
 

 
 

 

The attenuation constant, α, can be calculated using the reflectance, R, as a 

function of wavelength, described in Equation 3.10.219 Using the calculated attenuation 

constant, the bandgap energy of the material can be determined using the Tauc plot, 

described in Equation 3.11.  

 α =
ln[(

Rmax−Rmin
R − Rmin

)]

2
                         (Eqn 3.10) 

                            𝛼hv = A(hv − Eg)n                                  (Eqn 3.11) 

Where R is the reflectance of the samples at a specific wavelength. Rmax and Rmin are 

the highest and the lowest reflectance. Rmin is also used as the baseline reflectance. 

Eg is the bandgap energy, v is the frequency of the light and h is the Planck constant. 

A is a constant and n is ½  for a direct bandgap material. To get the band gap value, 

Eg, for a direct bandgap material, Equation will be changed to: 

(𝛼hv)2 = A(hv − Eg)                                   (Eqn 3.12) 

The value of the bandgap is obtained by plotting (𝛼hv)2 vs hv and to extrapolate the 

straight-line part to the x-axis. The value represents the condition of (𝛼hv)2 = 0, hence 

Eg=hv.  

 
Figure 3.14 Tauc plot of Ag3PO4/TiO2-P25 (60:40 wt%) nanocomposite.  
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The Tauc plot of Ag3PO4/TiO2 nanocomposite (60:40) % is shown in Figure 

3.14. The plot shows two parts of straight lines. One gives smaller bandgap energy of 

2.42 eV while the other gives larger bandgap energy of 3.22 eV, which are assigned 

to the Ag3PO4 and the TiO2-P25. These band gap values are in good agreement with 

the literature.287-291 

The UV-Vis absorption spectra of as-prepared cubic and particle Ag3PO4 

microcrystal were presented in Figure 3.15A. The Ag3PO4 microcrystals were 

dispersed in distilled water for the measurement of UV-vis spectra. The UV-vis 

absorption spectra reveal that the absorption bands of Ag3PO4 cubic (synthesised with 

0.15 M of [NH3]) shift to the longer wavelength (maximum at 527nm) as compared to 

the particular Ag3PO4 (maximum at 516 nm). Hence, the combination of the cubic 

Ag3PO4 microcrystal with TiO2-P25 can have a broader wavelength sensitivity allowing 

harvesting more visible light. 

 

 
Figure 3.15 (A) UV-Vis absorption spectra of cubic Ag3PO4 of (0.15 M [NH3

+]) 
microcrystals and particle Ag3PO4 and (B) corresponding Tauc plots of Ag3PO4 
microcrystals. 
 

Figure 3.15B shows the Tauc plots for the cubic and particular Ag3PO4 samples. 

The bandgap energy for the cubic Ag3PO4 crystal was found to be 2.353 eV, which 

was lower than that of the particular Ag3PO4 (2.401 eV). 
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Photoluminescent (PL) emission spectra were measured to probe any 

alterations in the electronic properties of the prepared photocatalysts: pure Ag3PO4, 

Ag3PO4/TiO2-P25 (60:40) nanocomposites and Ag3PO4/TiO2-P25 (60:40) physical 

mixture. For the Ag3PO4/TiO2 (60:40) nanocomposite, the PL spectrum in Figure 3.16A 

shows two distinct emission peaks at 388 nm and ~530 nm corresponding to the 

emission from the TiO2 and the Ag3PO4, respectively, which is consistent with the 

double bandgap energies observed from the UV-Vis measurement. The PL signal was 

measured with the excitation wavelength at 270 nm.  

In addition to the emission spectrum, the excitation spectra of different samples 

were presented in Figure 3.16B. All samples showed an excitation peak at 540 nm, 

which is determined by the bandgap energy of Ag3PO4. The intensity of the PL signal 

is associated with the charge recombination. Hence, the higher PL signal will normally 

give a lower photocatalytic performance. 

 
Figure 3.16 (A) PL emission spectrum of Ag3PO4/TiO2 P25 (60:40 wt%) 
nanocomposite under UV-vis irradiation. (B) PL excitation spectra of pure Ag3PO4, 
Ag3PO4/TiO2 P25(60:40 wt%) physical mixture and Ag3PO4/TiO2 P25 (60:40 wt%) 
nanocomposite. 
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From Figure 3.16B, it can be seen that the PL emission intensity of pure Ag3PO4 

is higher than that of Ag3PO4/TiO2 P25(60:40) physical mixture followed by 

Ag3PO4/TiO2 P25(60:40) nanocomposite. This suggests that pure Ag3PO4 exhibits a 

higher electron-hole recombination rate. This can be explained that for the pure 

Ag3PO4, there is no built-in electrical field to assist the charge separation. Meanwhile, 

for the physical mixed Ag3PO4/TiO2, the interface between Ag3PO4 and TiO2 is not well 

defined as the Ag3PO4/TiO2-P25 (60:40 wt%) nanocomposite, due to the weak 

interactions between the TiO2 particles and Ag3PO4 crystals. In addition, Ag3PO4 is 

easier to be reduced to metallic Ag without the doping of TiO2. The high conductivity 

of the metallic Ag will promote the charge recombination since electrons will be free to 

move. Therefore, it is understandable that without a good interface between Ag3PO4 

and TiO2, the higher charge recombination rate will result in higher PL intensity.  The 

lower PL emission intensities observed for the Ag3PO4/TiO2-P25 (60:40 wt%) 

nanocomposite is due to the lower rate of electron-hole recombination, which offers 

the highest photocatalytic performance, demonstrated later in Figure 3.18. 

 

3.3.6 Effect of Ag3PO4/TiO2 Nanocomposite Mix Proportions on 

Photocatalytic Activity  
 

The effect of relative proportions of Ag3PO4 and TiO2 (both P25 and rutile) on the 

photocatalytic activity of Ag3PO4/TiO2 nanocomposite was investigated by evaluating 

MB concentrations against irradiation time to calculate the rate of MB 

photodecomposition under sunlight. MB concentration generally decreased with the 

increase of irradiation time (Figure 3.17). It was confirmed that in the absence of light, 

the absorbance remained constant indicating that MB did not undergo decomposition 

in darkness. Similar observations have been found in the literature also.292 On the 

other hand, in the absence of a photocatalyst, MB photodegradation was very slow. 



101 
 

 
 

 

This demonstrated UV-light effectively enhanced the photocatalysis of the 

semiconductor.292  

 

Figure 3.17 Variation of MB absorption against irradiation time using Ag3PO4, P25, 
Ag3PO4/P25 nanocomposites, in darkness and without catalyst, under visible light.  
 

When individual catalysts were used, pure Ag3PO4 exhibited a greater MB 

degradation rate than TiO2. However, by adding TiO2-P25 in Ag3PO4, the MB 

degradation rate was gradually increased until reach the best performance with the 

composite contains 60% of Ag3PO4 and 40% of P25 (Figure 3.17).  Further, increase 

the content of the TiO2-P25 causes a decrease in the MB degradation rate.  

Figure 3.18 shows the rate constants of the individual pure photocatalysts 

(Ag3PO4 and TiO2-P25), the Physical mixture of Ag3PO4 and TiO2 -P25 (60:40 weight 

ratio), and Ag3PO4/P25 nanocomposite (60:40 weight ratio). The rate constant of MB 

photodegradation using pure TiO2 -P25 was lower (k = 0.014 min−1) than that of pure 

Ag3PO4 (k = 0.127 min−1). The rate constant was enhanced to 0.215 min−1 using 

physically mixing Ag3PO4 and P25. For the physical mixed sample, Ag3PO4 crystal 

sample was synthesised without the presence P25. It was then mixed with a certain 

amount of P25 to form the physically mixed catalyst. Hence, we don’t expect any 
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chemical interactions between the Ag3PO4 crystals and TiO2-P25 powder. Each 

catalyst will maintain its electronic structure and catalytic performance. Therefore, the 

enhanced photocatalytic performance from the physically mixed catalyst is likely due 

to the broadening of the wavelength of the light absorbed. TiO2 will be responsible for 

the UV excitation while Ag3PO4 is responsible for the visible light absorption. Thus, the 

overall light absorption became enhanced which resulted in the enhancement of the 

catalytic activity.  

 

Figure 3.18 The optimised reaction rate constants (k) from different catalysts. 
 

For the Ag3PO4/TiO2-P25 nanocomposites, the photocatalytic performance was 

further enhanced to a rate constant of 0.363 min−1 with the same weight ratio of 

(60:40). In the comparison with the physically mixed catalyst, the photocatalytic 

performance was enhanced by 0.148 min−1. This enhanced photocatalytic activity of 

Ag3PO4/TiO2-P25 nanocomposites can be attributed to two synergetic effects. First, 

similar to the physically mixed catalyst, the wavelength of the excitation light is greatly 

broadened. Since the catalyst had the same weight ratio between the Ag3PO4 and 
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TiO2-P25, the associated catalytic performance enhancement could be similar. 

Second, the TiO2 nanoparticles were tightly bonded onto the Ag3PO4 microcrystals, 

which forms interfaces between the two materials. This will create an internal electric 

field due to the Fermi level alignment and band bending, shown in Figure 3.4. Such 

internal field will transfer the photoexcited electrons between the conduction bands 

from the TiO2 to the Ag3PO4 while transferring the holes between the valence bands 

from the Ag3PO4 to the TiO2. Such processes are important for charge separation and 

charge usage, and so is the photocatalytic performance. 

For further comparison, the effect of TiO2 crystal structures on the rate of MB 

photodegradation was investigated using Ag3PO4/ TiO2-rutile nanocomposites. Figure 

3.19 shows the photodecomposition of MB by the Ag3PO4 / rutile composites 

containing different proportions of TiO2-rutile. As the components of TiO2-rutile 

decreased gradually, the MB degradation performance was increased monotonically. 

The best performance was achieved with the lowest TiO2-rutile concentration of 20 

wt% under the experimental conditions. After 1 min of reaction, there were 22% of MB 

was degraded.  

However, for P25, pure Ag3PO4, and Ag3PO4/P25 (60:40), 10%, 30%, 40% and 

of MB were degraded, respectively. Hence, the addition of rutile in Ag3PO4 has a 

negative impact to the photocatalytic performance of Ag3PO4, while the addition of P25 

(~75% anatase) has the positive effects with the optimum contents weight ratio of 

60:40.  
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Figure 3.19 Variation of MB absorption against irradiation time using Ag3PO4/ rutile 
composites.  
 

The reason for the negative effects of rutile might be related to the lifetime of 

the photoexcited electrons in rutile. Since the depth of the electron traps at crystal 

defects for rutile is much shallower than for anatase, photoexcited electrons have 

much short lifetime in rutile (~1 ps) than in anatase (>1 ms).293 This suggests that the 

electron-hole pair in rutile can effectively recombine, resulting in poor photocatalytic 

performance, even with the presence of Ag3PO4. Zhang and his group also revealed 

that the MB molecules can effectively adsorb on the surface of TiO2 anatase, which 

lead to the distortion of surface lattice because of the lattice matching.294 This will 

increase the depth of the electron trap with improved charge separation. Bojinova and 

co-workers reported that the k rate increased with the anatase portion increase in a 

mixture of anatase and rutile catalysts. They found TiO2-P25 had the higher ability of 

photodegradation of organic pollutants than both anatase and rutile due to the 

existence of the interface between anatase and rutile.295 
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3.3.7 Photocatalytic Activity of Cubic Ag3PO4 on MB Degradation  

In order to further investigate the effects of the Ag3PO4 crystal structures on the rate 

of MB photodegradation, and the effect of the complex concentration on the cubic 

Ag3PO4 photocatalytic activity was investigated. As shown in Figure 3.20, it can be 

seen that, except for the Ag3PO4 particles (IP), all the cubic Ag3PO4 (C1, C2, C3 and 

C4) photocatalysts exhibited excellent photocatalytic activities for MB degradation. 

 
Figure 3.20 Photocatalytic activity of Ag3PO4 microcrystals formed at different 
concentrations of NH3, C1 (0.10 M), C2 (0.15 M), C3 (0.20 M), C4 (0.30 M) and IP are 
the irregular Ag3PO4 particles without addition of NH3. Inset: photos of MB 
decomposed by Ag3PO4 microcrystals of C2.  
 

The Ag3PO4 particles were synthesised without using NH3 solutions, while C1, 

C2, C3 and C4 were synthesised with the concentrations of [NH3] to be 0.10, 0.15, 

0.20, and 0.30 M, respectively. The particle morphologies and size distributions were 

presented in Figure 3.7 and Table 3.1. 

Among them, the C2 catalyst exhibited the highest photocatalytic activity, and 

can completely degrade MB dye in only 4 min (with a photo of the change of MB colour) 

followed by the sample C1, C3, and C4. However, the IP catalyst had the lowest 

photocatalytic activity, which took 15 min to decompose the MB completely. These 

0      1     2     3  4min   
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results indicate that the photocatalytic properties of cubic Ag3PO4 microcrystals can 

be significantly improved by tailoring their shape and the surface structure, and also 

the results confirmed that uniform morphologies Ag3PO4 microcrystal with a smooth 

surface, sharp corners and edges had superior photocatalytic activities, which might 

be due to the exposure of the high energy [100] planes, with respect to the [111] 

planes.  

Table 3.3 The rate constant and half time of cubic Ag3PO4 at different concentration 

of NH3 and irregular Ag3PO4 particles. 

 

No. Catalyst k (min-1) t1/2 (min) 

1 C1 0.52 1.3 

2 C2 0.54 1.2 

3 C3 0.37 1.9 

4 C4 0.28 2.4 

5 IP 0.17 4.1 

 

The reaction rate constants and the calculated half-lives were summarised in 

Table 3.3. The highest rate constant and shortest half-life for was achieved from 

catalyst C2, while the particular sample had the lowest rate constant and longest half-

life. It is expected that the catalyst IP had the highest surface density of defects since 

Ag+ and PO4
3- reacted immediately without any time to remove surface defects. Such 

defects might cause high probably of charge recombination or the reduction of Ag+. 

Hence, either the photoexcited charges cannot be effectively used for the degradation 

of MB or the photocatalytic performance of the Ag3PO4 was rapidly decreased due to 

the formation of metallic Ag. The cubic crystal morphologies and size distributions 

were very similar, so were their photocatalytic performances. However, the average 

size and the size FWHM of the C4 catalyst were significantly larger than those of C1 

and C2, caused by the aggregation of the Ag3PO4 crystals. Such aggregation will result 
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in the loss of effective surface area or the density of the [100] facets, which will result 

in the reduction of the photocatalytic performance.  

3.4 Conclusions 

By using a simple preparation method, cubic Ag3PO4 nanocrystals and Ag3PO4 

particles were successfully fabricated. Regular cubic Ag3PO4 microcrystal was 

obtained by changing the concentration of ammonia solution. Ag3PO4/TiO2 

composites were also successfully synthesized by in-situ precipitation techniques 

using both TiO2-P25 and TiO2-rutile. The photocatalytic MB decomposition kinetics 

using the catalysts synthesized with different semiconductor ratios and with different 

synthesis techniques has been studied. The enhanced decomposition performance 

from the Ag3PO4/TiO2 composites can be attributed to the formation of heterojunctions 

between the TiO2 and the Ag3PO4 as the result of the attachment of TiO2 particles 

across the surface of Ag3PO4. In comparison to the cubic Ag3PO4 nanocrystals, the 

Ag3PO4/TiO2 composite samples exhibited higher photocatalytic behaviour for the 

decomposition of methylene blue (MB) organic dye. The highest photocatalytic activity 

was achieved from the Ag3PO4/ TiO2-P25 (60:40 wt%) nanocomposite. This excellent 

photoactivity was attributed to the broadening of the wavelength of light absorption 

and the improved charge separation. The modification with anatase TiO2 could also 

help to mitigate the photo-corrosion of Ag3PO4. Perhaps, the unique cubic morphology 

of Ag3PO4 with exposed [100] plane has also contributed to the superior photocatalytic 

activities, since the random shaped Ag3PO4 particles showed much lower 

photoactivity. 
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CHAPTER 4 Electrochemical and Photo- 

Electrochemical Oxidation of Alcohols to 

Aldehydes 

 
This report demonstrates two-phases electrochemical methods for the oxidative 

conversion of benzyl alcohol (BA) to benzaldehyde (BAD). The process is selective as 

it maximizes the yield of BAD. It is also inexpensive and convenient as it can be 

performed under mild conditions. The electrochemical oxidation (ECO) reaction was 

further enhanced by photoactivation with a UV light source and photocatalysts, a 

strategy called photocatalytic electrochemical oxidation (PECO).  

4.1 Introduction 

Aldehydes and ketones are essential reagents used in the synthesis of organic 

compounds for pharmaceutical, synthetic polymers and synthetic dye industries.296 

Oxidation of alcohols is a widely used process for the synthesis of aldehydes and 

ketones.297 The common oxidation method uses stoichiometric oxidants like salts of 

chromium, manganese, and ruthenium. These chemicals are not environmentally 

friendly. A relatively greener method is the dehydrogenation of alcohols using 

molecular oxygen, air, or hydrogen peroxide in the presence of transition metal 

catalysts (Cu, Ru, Pd, Au, Fe, V, or Ir).298 However, these metals are expensive, and 

the process usually requires high temperatures.299 Electrochemical oxidation of 

alcohols with hydrogen release can be run under mild conditions; however, its use has 

not been utilised so far. Single-phase electrolysis is not efficient due to the formation 

of chemical waste produced in the reaction.300 However, modifying the electrochemical 

oxidation with techniques like the use of biphasic electrolyte and photocatalysts can 

improve the yield of the product.   
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The selective oxidation of alcohols to their aldehydes or carboxylic acids is 

critical in organic synthesis for industrial or pharmaceutical production.301 

Photocatalytic oxidation of alcohols to aldehydes has been reported with high yields 

in water302 and organic solvent.303 Photocatalysis is based on the efficiency of the 

electron-hole pairs (e− + h+) to generate the highly oxidative hydroxyl radicals (OH•), 

which oxidize BA to BAD. However, the photocatalysis must be optimized for improved 

production of aromatic aldehydes from aromatic alcohols. A few studies have 

proposed some oxidation strategies to oxidize benzyl alcohol (BA) to benzaldehyde 

(BAD).210,304,305  

Electrochemical strategies have drawn much attention in the literature, on their 

role in oxidizing primary alcohols to aldehydes, and further to their corresponding 

carboxylic acids.306,307 This strategy converts aliphatic, aromatic, heterocyclic, and 

other heteroatom-containing alcohols to their respective oxidised products in aqueous 

solutions at room temperature. The advantage of electrochemical oxidation lies in the 

possibility of retaining stereochemistry of the substituents that are adjacent to the site 

of oxidation.306 This requires mild reactor conditions, which can be achieved using a 

chemical mediator. For instance, 4-acetamido-2,2,6,6-tetramethylpiperidin-1-oxyl 

(ACT), has been used as an organo-catalyst mediator within the electrochemical 

oxidation (ECO) of primary alcohols.306,307 When performed in a simple 

electrochemical cell, the electric current passed oxidises the desired species, 

replacing the chemical oxidant and thereby preventing the formation of undesired 

chemical waste.307 For instance, Stahl and Badalyan outlined that the electrochemical 

oxidation of alcohol by using equal mole amounts of catalysts, (2,2’bipyridine)Cu and 

TEMPO(2,2,6,6-tetramethyl-1-piperidinyloxy or 2,2,6,6-tetramethylpiperidine-1oxyl) 

gained half of the electrode potential compared to that used with TEMPO only.308 The 
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role of an organo-catalyst mediator in ECO is to generate cyclic oxoammonium or 

nitrosonium ions in situ, by an auxiliary oxidant, upon the application of a small electric 

potential. For example, cyclic oxoammonium ions are the oxidant species that oxidize 

the alcohol group to aldehyde, and further to carboxylic acid, upon which it is 

regenerated electrochemically from the hydroxylamine.307 

Electro-organic synthesis allows the sustainable and green production of fine 

organic chemicals. This technology has the advantage of high product selectivity and 

mild reaction conditions. The biphasic chloride-mediated ECO of alcohol (Scheme 4.1) 

performed in this study demonstrates its advantage over the conventional 

homogeneous and emulsion electrolysis methods of electro-organic synthesis.11,309 

Homogeneous systems are characterized by lower product (aldehyde) selectivity, due 

to excessive alcohol oxidation on the surface of the electrodes, producing a mixture of 

organic products.310 On the other hand, the emulsion electrolysis system is 

disadvantaged by a higher energy consumption due to the passivation of electrodes, 

which induces high current densities.311 Moreover, eliminating the spent mediators 

from these conventional electrolysis systems is problematic. These challenges are 

addressed in the biphasic chloride-mediated ECO evaluated in the present study. 

 
Scheme 4.1 Selective oxidation of benzyl alcohol to benzaldehyde by two-phase 
electrolysis. 
 

Using an ECO strategy, Raju et al.210 oxidized benzylic and substituted benzylic 

alcohols with two-phase electrolysis resulting in high yields of benzaldehyde (74–96 

%). This reaction was carried out in a single compartment cell, with two platinum 
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electrodes at room temperature, the two phases being organic and aqueous. 

Chloroform containing alcohol formed the organic phase, and a solution containing 25 

wt% sodium bromide and 5% catalytic HBr formed the aqueous phase. This biphasic 

system was shown to achieve up to four times to higher catalytic efficiency than the 

conventional single-phase system, in the oxidative conversion of BA. Furthermore, 

when graphite was used as both electrodes, the high yield of BAD as the product 

(89%) was observed at 8% of recovered BA. While when a graphite anode and a 

stainless-steel cathode were used, 85% BAD yield was achieved, confirming the 

potential of a biphasic photooxidation system.210 It is also possible to enhance ECO 

by combining it with photocatalysis, a strategy called photoelectrochemical oxidation 

(PECO) using titanium dioxide (TiO2) as a photocatalyst. Moreover, modifying the 

microstructures and controlling the electronic structure of TiO2 can potentially improve 

the efficiency of photocatalysts.312,313 There is an increasing interest in using TiO2 

nanotubes (NTs) for the photocatalytic degradation of organic compounds and the 

oxidation of alcohols to aldehydes.314-316 Their large specific surface area and highly 

ordered nanostructures have opened up promising potential applications.317 Anodizing 

a Ti plate is an effective way of creating vertically aligned TiO2 nanotubular arrays318 

in a manner similar to the process for fabricating anodic aluminium oxide (AAO),305 

however with key differences such as the electrolyte used.313    

The biphasic electrolysis system involves the formation of reactive species 

because of electrolytic oxidation of a mediator (such as NaCl) in the aqueous phase. 

The mediator selectively reacts with the alcohol to give the products at the interface of 

the organic and aqueous phases.319 Upon completion of electrolysis, the products are 

afforded by the usual workup of the organic layer.311 Therefore, it is important to 

assess the effect of voltage used, redox mediators, type, agitation, and then study the 
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effect of annealing of TiO2 NT films on the selective oxidation of BA to BAD using two-

phase electrolysis. Selectivity is a crucial issue in photocatalytic processes aimed at 

the production of functionalized intermediates of interest in fine chemistry. Towards 

this objective, all steps of the catalytic process must be optimized. The high selectivity 

of mild photoelectrochemical routes is especially attractive for the manufacture of fine 

chemicals. The specific objectives were to oxidize BA to BAD using two phases and a 

mediator and then to optimize TiO2 photocatalysis by synthesising TiO2 nanotube, and 

finally, to compare the efficiency of chloride-mediated ECO to that of PECO (using a 

TiO2 nanotube film as a photocatalyst) in the oxidation of BA to BAD. 

4.2 Experimental  

4.2.1  Chemical Reagents 

TiO2 (Aeroxide® P25; formerly Degussa P25), that consists of a mixture of two phases 

(~75% anatase and ~25% rutile) was commercially obtained from Evonik Industries 

(Goldschmidtstr, Germany). Sodium chloride (NaCl) (of ≥ 99.5% purity), sodium 

sulphate (Na2SO4) (99+%) and magnesium sulphate (MgSO4) (62-70%, dried) were 

purchased from Fisher Scientific (Loughborough, UK). Chloroform (CHCl3)( ≥ 99.8%), 

was purchased from VWR International (Quebec, Canada). Benzyl alcohol (of 99% 

purity) was commercially obtained from Acros Organics or fisher Scientific Bvba (Geel, 

Belgium). Benzaldehyde (of > 99% purity) and 32% aqueous hydrochloric acid were 

commercially obtained from Sigma-Aldrich (Dorset UK).  N-Octadecane (99%) was 

purchased from BDH (British Drug Houses) chemicals Ltd. Deionized water was 

prepared in the laboratory using the Suez/Purite Select deionization unit,  (Poole 

Dorset, UK) whereas high purity oxygen gas was purchased from BOC gases (UK). 

All the chemicals and solvents were of analytical grade, whereas oxygen gas was of 
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high purity grade. A Philips CDM-T Halogen 150W Metal Halide Lamp was 

commercially obtained. 

4.2.2  Chloride-Mediated ECO of BA to BAD  

The batch reactor setup for the chloride-mediated ECO of BA included a pyrex® three-

necked round-bottom flask (capacity 120 mL) magnetically stirred and fitted with Liebig 

condenser on the central open neck. The organic phase was prepared by dissolving 

0.2 g octadecane (as an internal standard) in a solution mixture containing 1 mL 

portion of BA and 20 mL of CHCl3. The aqueous phase (0.83 wt% NaCl solution) was 

prepared by dissolving 0.5 g of NaCl in 60 mL deionized water, followed by the addition 

of 2 mL of 32 wt% HCl to maintain the medium as acidic. The 60 mL aqueous phase 

was transferred into the reactor to form the biphasic system with the organic phase. 

The aqueous phase acted both as an electrolyte and as a source of chlorine radicals.  

 

Figure 4.1 The batch reactor assembly for the radical-mediated electrochemical 
oxidation of BA. 
 

Two stainless-steel electrodes (with equal surface areas of 15 cm2) were used 

as anode and cathode. The electrodes were placed slanted into the reactor through 

the two angled side-necks, ensuring they had good contact with the organic phase, 

close to the inter-phase region. The reactor mixture was stirred with a magnetic stirrer 
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at a rate of 80 rpm to ensure good mixing of both layers of organic and aqueous 

phases. The water-cooled condenser fitted at the top was used to prevent the 

evaporation of chloroform, maintaining the organic phase volume. The electrodes 

were connected to a DC power supply as shown in Figure 4.1. Ambient temperature 

was maintained throughout the electrochemical process. Electrolysis was conducted 

at different values of current densities, ranging from 15 to 230 mA/cm2
, and voltage 

ranging from 2.0 to 5.0 V. Samples were drawn periodically from the organic phase 

and treated with anhydrous MgSO4 before analysing them using a Hewlett-Packard - 

HP 6890 Gas Chromatography (HP GC) system equipped with a Flame Ionization 

Detector (FID) (from Agilent Technologies Inc.). A polar column (Stabilwax 30m x 

0.53mmID x 1µm df) was used to separate the reaction products. The organic phase 

mixtures were analyzed via a manual injection method with an injection volume of 

0.06μL. The injector temperature was set and maintained at 250 ̊C and the oven was 

kept at a temperature of 180˚C. Calibration curves of the standard BA, BAD and 

benzoic acid were used to determine the concentration of the reaction products, hence 

the yield. The procedure was also performed using Na2SO4 as the mediator, in the 

place of NaCl to investigate the effect of mediator type on the reaction.  

4.2.3 TiO2 Nanotube Preparation for PECO of BA to BAD 
 

TiO2 NT plates were prepared by the anodization of a polished Ti plate (10 mm x 50 

mm and 0.25 mm thickness) as described previously by Al-Abdullah et al.320 and Faraji 

et al.321 with a few adjustments. Prior to anodization, the Ti plate was cleaned by 

ultrasonication in acetone, ethanol, and finally deionized water for 30 min and dried in 

air at 70°C. Anodization of the Ti plate was performed by a home-made 

electrochemical cell using another Ti plate as the cathode. To record the transient 
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current, a labjack was used, and all the processes were performed at room 

temperature (Figure 4.2). 

 

Figure 4.2 The anodization set with two-electrode and applied voltage remotely 
controlled by a computer. 
 

  The voltage and the electrode separation were constant during the 

anodization. Hydroxide islands were formed (Figure 4.3) when a polished Ti plate was 

placed in an acidic solution (containing 1 wt% H3PO4 and 0.1% HF) for 5 min, and then 

sonicated in deionized water for 4 min. The H3PO4 was used to adjust the pH and F- 

to initialize the formation of hydroxide layer. Titanium surface is changed from 

hydrophobic to hydrophilic due to hydroxide layer.   

 

Figure 4.3 The suggested mechanism of the hydroxide islands formation. 
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 The electrolyte contains a solution of 0.6 wt% NH4F and 2 wt% water in 

ethylene glycol. Anodization of the Ti plate was constantly performed at 40kV 

producing a direct current for 45 mins. 

The applied DC voltage was monitored and controlled remotely using a 

computer program (Figure 4.2). This process initially formed Titanium (II) oxide (TiO2) 

nanotubes, that were washed using deionized water, dried and further oxidized by 

calcination at 450°C for 120 mins to form TiO2 NT plates.  

Images of TiO2 nanotubes were taken by an SEM (JSM 820M, Joel) operating 

at 30 kV and powder x-ray diffraction (XRD, Siemens D500). 

 

4.2.4  Photoelectrochemical Oxidation Using TiO2 NT Films 
 

 
Figure 4.4 The batch reactor assembly for the radical-mediated photocatalytic 
electrochemical oxidation (PECO) of BA. 
 

The TiO2 NT was used anode to oxidize BA to BAD using a setup similar to the 

chloride-mediated ECO of BA, with some modifications. To test the performance of 
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the TiO2 NT in photoelectrochemical oxidation (PECO), a UV-lamp was added to the 

setup, as shown in Figure 4.4. The oxidation was performed using TiO2 NT film 

annealed at different temperatures. To test the effectiveness of the photocatalyst, the 

TiO2 NT film was excluded from the PECO reactor setup, where only the 

electrochemical process and UV-irradiation were applied.  

The following Equations (4.1)-(4.3) were used to define BA conversion, BAD  

selectivity and yield respectively for the reaction.322 

BA conversion =
mole of inlet BA − mole of outlet BA

mole of inlet BA
 × 100 %        (Eqn 4.1) 

BAD selectivity =
mole of outlet BAD

mole of inlet BA − mole of outlet BA
   × 100 %      (Eqn 4.2) 

BAD yield =
mole of outlet BAD

mole inlet of BA 
 × 100 %                                (Eqn 4.3) 

All samples were analysed through manual injection in GC. The compounds 

were separated using a polar column (Stabilwax 30m x 0.53mmID x 1µm df). The 

details of the GC-FID setup are described in section 4.2.2. Varian CP- 3800 GC-MS 

and NMR techniques were also adopted for chemical identification purposes.  

4.3 Results and Discussion 

4.3.1 Effect of ECO Voltage on Conversion and Selectivity  

In order to study the effect of electrical oxidation power in this work, ECO of BA 

to BAD was performed under different voltages ranging from 2.0 to 5.0 V, yielding 

current densities from 15 to 230 mA/cm2 (Figure 4.5). Clearly, with the rise in voltage 

and electrical resistance, the current increased almost linearly (straight slope).323 The 

effect of voltage (2.0 to 5.0 V) and indirectly, the quantity the current passed on the 

concentrations of BA and BAD was evaluated over time.  
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Figure 4.5 The effect of various voltage on the current densities. 

At low voltages, it took a longer time (1h) to carry out the oxidation of BA. At 

higher voltages, however, cell voltage increased towards the end of the reaction above 

the initial stage values.  This was performed to determine the effects on BAD formation 

and selectivity. 

 
The BA conversion increased with increasing voltage, attaining an optimal 

conversion rate of 40% at a voltage of 5.0 V (Figure 4.6A). By contrast, the BAD 

selectivity generally decreased with increasing voltage, whereas its yield increased. 

Initially, the BAD selectivity increased with voltages from 2.0 to 3.0 V (63.0 - 70.0%) 

with a yield of up to 8.3%. Beyond 3.0 volts, the selectivity declined sharply to just 

under 40.0% of that at 5.0 V (Figure 4.6B), while the yield increased to 18.0%. This 

was contrary to the BA conversion rate, which showed 5.0 V as optimal (40.0%). Thus, 

the optimal production of BAD was best attained using a voltage of 3.0V, which is 

consistent with the observations in Figure 4.5, demonstrating 3.0 V (current density of 

60 mA/cm2) as the optimal voltage for BA conversion and BAD selectivity. There 

seems to be a delicate balance between achieving optimal BA conversion and BAD 

selectivity using voltage.  
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 From this result, it can be deduced that excessively high voltages in ECO 

generate excess oxidant species, increasing BA conversion whilst resulting in 

overoxidation of the alcohol group, to produce a mixture of BAD (an aldehyde) and 

benzoic acid (carboxylic acid). This is evidenced by a sharp drop in BAD selectivity.  

 
Figure 4.6 (A) The effect of voltage on BA conversion and (B) the effect of voltage on 
BAD selectivity (reaction time, 2h). 
 
 

Alternatively, the rate of reduction in BA (BA concentration versus time) 

increased with a greater quantity of charge passed over a constant time (8 h). As 

shown in Figure 4.7, the effect of the reaction time was studied as well. The initial 

conversion of BA increased sharply with increasing the reaction time, while the BAD 

selectivity decreased over time. No significant change was observed on BA conversion 

after 8 hours of the reaction, whereas BAD selectivity decreased over time and 

benzoic acid increased due to the further oxidation of BAD to benzoic acid.  
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Figure 4.7 Effect of the reaction time on the conversion of BA, the selectivity of BAD 
and Benzoic acid at 3.0V.  
 

In summary, while a higher voltage of 5.0 V exhibited the highest BA conversion 

due to greater charge transfer to the solution as well as long reaction time, it resulted 

in suboptimal selectivity of BAD. The BAD selectivity decreased at voltages above 3.0 

V due to over oxidation, and with long reaction time. Similar observations have been 

found in the literature.307,324,325 

4.3.2  Effect of the Mediator Type and Concentration on ECO 
 

In the present study, the selective oxidation of BA was carried out with various 

inorganic salt mediators at the optimum electrolysis conditions. Chloride ions, very 

common inorganic ions frequently present in natural water or anthropogenic 

wastewater. Since Sodium chloride (NaCl) is a strong electrolyte, it was used as an 

effective redox mediator for promoting selective ECO of BA into BAD by two-phase 

electrolysis. In the electrochemical reaction, a chloride ion preferably undergoes 
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single-electron oxidation to form a chlorine radical, which is known to be an effective 

hydrogen abstractor for aromatic alcohols scheme 4.2.319  

 
Scheme 4.2 The possible mechanism for the mediator biphasic oxidation of BA.319  
 

It is the formation of this radical that is believed to initiate the oxidation reaction 

at the interphase region between organic and aqueous phases. Chlorine and/ or 

hypochlorite, that generated at the anode, both can be used to oxidize pollutants. In 

the presence of a sufficient chloride concentration, both inorganic and organic 

contaminants can be reduced in most cases.326,327 A generalized method is presented 

for the electrochemical conversion/combustion of organics on the oxide anode 

(MO).328 In the mechanism of electrochemical destruction, both chloro-and oxychloro-

radicals co-generated at the electrode surface have to be considered, thus 

representing an extension of the model initially proposed by Comninellis et al. for direct 

electrochemical oxidation.328 De Battisti and his group studied the oxidation of glucose 

with chlorides and hypothesized HClO to be an oxidizing agent.329 According to them, 

instead of form the more commonly cited hydroxyl radicals, and oxygen transfer can 

be attained through adsorbed oxychloro-species in the case of active chlorine 

mediation329,330 (Scheme 4.3).328 
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Scheme 4.3 Extension of the reaction pattern for electrochemical incineration of 
organics suggested by Comninellis to the case of active chlorine-mediated 
electrochemical incineration.328 
 

Given that the chlorine radical is an effective electrochemical mediator, it was 

important to determine whether its concentration would affect the BA conversion to 

BAD, or perhaps the yield of BAD. In this study, increasing the chloride increased the 

BA conversion. With the NaCl concentration between 0.0 to 0.66 wt%, the BAD yield 

was low, although by increase the NaCl between 0.83 to 3.33 wt% did not seem to 

affect the yield and the selectivity of BAD, shown in Table 4.1.  

Table 4.1 Effect of sodium chloride concentration on BAD yield  

Chloride Concentration (NaCl wt%) BAD yield (%) 

0.0-0.66 ~1.5-6.0 

0.83 ~8.3 

1-1.66 ~8.3 

3.33 ~8.3 
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This indicates that sufficient chlorine radical species can be formed with a low amount 

of chloride mediators in the system. Among the inorganic salts, NaCl is preferred due 

to its low cost and higher product yield. 

 
Figure 4.8 The effect of different types of mediators on (A) oxidation of BA and (B) 

formation of BAD. 

 

 Other effective redox mediators for ECO of aromatic alcohols include Na2SO4 

and NaCl. The comparative effect of the two redox mediators on the oxidation of BA 

and the formation of BAD is shown in Figure 4.8. As expected, NaCl showed higher 

efficiency than Na2SO4 due to the low effective oxidization potential of SO4
֗- in 

comparison to OH• radicals.331 The explanation of this phenomenon is further 

discussed in chapter 5, section 5.3.5. 

 

4.3.3  Characteristics of The Synthesized TiO2 NT for PECO 
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Figure 4.9 SEM images of the Ti plate surface after (A) polishing, (B) 30s acid 
treatment, (C) 90s acid treatment and (D) after acid treatment for 90 s followed by 
ultrasonic cleaning in water before anodization. 
 

The physical and microscopic characteristics of the synthesized TiO2 NTs were 

studied to assess its photocatalytic value in PECO of BA to BAD. The titanium plates 

used for anodization were first evaluated using scanning electron microscopy (SEM).  

Figure 4.9 shows the microscopic surface morphology of polished Ti plate samples 

before; after 30 and 90 s of acid treatment; and after 90 s of acid treatment followed 

by ultrasonic cleaning in water. The polished Ti plate surface was smooth with a low 

density of defects, and the sample was extremely hydrophobic, (Figure 4.9A), while 

the acid-treated Ti plate surface was rough. The surface roughness increased with 

increasing the time of acid exposure (B and C). Thus, the surface of the Ti plate acid-

treated for the 90s was rougher and more hydrophilic than that which was acid-treated 

for only 30s. The acid promoted Ti corrosion led to the formation of titanium hydroxide 

islands on the smooth surface.320  
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Figure 4.10 SEM images of (A) the top view and (B) the bottom view of TiO2 
nanotubular arrays. 
 

Anodization-prepared TiO2 nanotubes typically contain some residual organic 

solvents and are usually amorphous. In order to increase the mobility of the charge 

carrier and eliminate recombination, the formation of particular crystal phases is 

important. Therefore, the anodized samples were annealed to a certain temperature. 

At temperatures above 260°C, the residual organic products are extracted and phase 

transformation start from temperature from amorphous to anatase from 400-500◦C.332  

The nanotube arrays were annealed in a tube furnace (CARBOLITE PAT 3081) at 450 

◦C for 2 hours.  

The typical morphology of anodized Ti in the electrolyte containing fluoride is 

shown in Figure 4.10. The SEM images show the circular cross-sections of the 

nanotubular arrays (A) from the top and (B) from the bottom. The top view of the TiO2 

NT sample shows highly ordered nanotubular arrays, which appeared like a bundle of 

bamboo sticks. The nanotubes are open from the top and closed at the bottom with 

an average diameter of 120 nm. A dark region is visible in the centre of each nanotube 

in the SEM picture in the bottom view, which is possibly due to the presence of the 
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hollow tubular structure. This image contrast was also observed recently by Chen et 

al.333  

 
Figure 4.11 XRD pattern of TiO2 NT films annealed at 450° C for different durations 
from 30 to 180 mins at time intervals of 30 mins.  
 
 

The anodization process promotes the creation of an amorphous oxide layer 

on the surface of the nanotube, as demonstrated by several works on anodized 

titanium.334,335 Therefore, the anodization reduced the growth of Ti  (002), (101), (102), 

(103), (112) peaks.336 The XRD patterns of TiO2 NT plates annealed at 450°C for 

different durations from 30 mins to 180 mins, at time intervals of 30 mins are shown in 

Figure 4.11.  It can be observed that the TiO2 NT films annealed for 30 mins exhibited 

diffraction peaks at 2θ = 25.14°,  37.76°, 38.28°, 40.06°, 47.34°, 52.42°, 62.82°, and 

70.30° corresponding to the Ti (JCPDS No. 44-1294) and anatase which were well 

indexed to the standard anatase phase (JCPDS No. 21-1272). When the annealing 

time was increased to 150 mins, no additional peaks were observed. The intensity of 

the diffraction peaks from the anatase  was increased while those of the substrate 

decreased as the calcination time increases.337 It was caused by the thermal oxidation 
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of nanotube. The intensities of the diffraction peaks appeared to be reduced after 180 

mins of annealing and a peak from rutile, R (301) appeared, in addition to peaks from 

the anatase. 

4.3.4 Effect of TiO2 Annealing Time on PECO 
 

From the SEM and XRD data, it can be seen that the TiO2 had thermal stability and a 

better ordered structure than without calcination. Thus, TiO2 NT plates annealed at 

different durations were used to test the effect of annealing time on BA conversion and 

BAD selectivity at the optimised potential of 3.0 V (Figure 4.12).  

 

Figure 4.12 Effect of TiO2 NT annealing time on the BA conversion and BAD yield at 
constant 3.0 V for 1 h of the reaction time. 
 

The efficiency and stability of TiO2 nanotube also depend on the calcination 

time. The BA conversion rate increased with the increase in the duration of annealing, 

with the optimal rate observed at 120 mins annealing time. The similar result reported 

by Liang et al., they conclude that TiO2 nanotube calcined at 500°C for 1 h showed 

the higher photocatalytic activity than those calcined at 300°C and 800°C.338 BAD 
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selectivity also increased almost 2.5 times with annealing time, the optimal rate coming 

out to be between 90 and 120 mins. Annealing time beyond 120 mins resulted in a 

decline in both BA conversion and BAD selectivity, which could be attributed to crystal 

size. The longer the calcination period, the larger TiO2 crystallites are formed. This 

may mean that TiO2  nanotubes that are calcined for a shorter period are more suitable 

material for photocatalytic treatment (and are composed of smaller crystallites).337 

 

4.3.5  Effect of Agitation on PECO on BA conversion and BAD 

selectivity 
 

 

Figure 4.13 The effect of agitation rate on the BA conversion rate (%) and BAD 
selectivity (%). 
 
 
TiO2 nanotubes were selected for the indirect PECO, and based on the above results, 

we replaced the stain steel anode by TiO2 nanotube plate which should exhibit higher 

electrochemical oxidation of BA into BAD. The effect of agitation rate on BA conversion 

and BAD selectivity on the photoelectrochemical oxidation when varied from 20 to 100 

rpm is shown in Figure 4.13 above.  
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In general, the percentage of BA conversion and BAD selectivity increased with 

an increase in agitation rate, with optimal rates observed at 80 rpm. Agitation appeared 

to have increased the mass transfer of the reactants (BA), thus increasing their contact 

and interaction with the photocatalyst. However, an agitation speed beyond 80 rpm 

had no significant effect on the rate of the oxidation of BA, while the selectivity of BAD 

decreased due to overoxidation to benzoic acid.  

A similar effect has been reported by Chaudhari et al.339  The study showed no 

effect of speed of agitation on the catalytic oxidation of BA to BAD by hydrogen 

peroxide (H2O2),   indicating the absence of mass transfer limtation,339 which controls 

the adsorption kinetic rate. This indicates the limit to which the transport can 

significantly affect reaction kinetics and change product distributions.340 

 

4.3.6  Comparison Between ECO and PECO Under Various 

Voltages (1.0-3.0V) 
 

Having determined 3.0 V as the optimal voltage for ECO, it was important to compare 

BA conversion (Figure 4.14), BAD selectivity and yield (Figure 4.15) using ECO and 

PECO strategies. 
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Figure 4.14 Comparison of BA conversion rate (%) using ECO and PECO (reaction 
time,1h).  
 

Across all the voltages tested (0.0-3.0V), PECO exhibited the highest BA 

conversion rate, while ECO exhibited the lowest. As it is shown in Figure 4.14, bellow 

2.0 V(15mA/cm2) at ECO, the oxidation did not take place in the first hour, and when 

the voltage increased as well as the current density, the BA conversion increased, a 

similar effect on BAD selectivity and yield. That could be due to that, increased current 

density during ECO lead to enhance chlorine generation, which the oxidant radicles.341 

When BAD selectivity (Figure 4.15A) and yield (Figure 4.15B) was evaluated, PECO 

still resulted in the highest yields across all voltages from 0.0 to 3.0V. The superiority 

of PECO strategy can be attributed to photo-activation, electrochemical and 

photocatalytic synergies. Lack of photo-activation could explain poor selectivity and 

yield in the case of ECO. However, photo-activation without a photocatalyst did not 

result in significant improvements. Therefore, the most critical component was the 

photocatalyst, which is the anodic TiO2 NT arrays.317  
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Figure 4.15 Comparison of (A) BAD selectivity (%) and (B) BAD yield produced 
using ECO and PECO (reaction time,1 h). 
 

Compared to metal electrodes that are poorly ordered, TiO2 NTs are highly 

ordered tubular structures, and therefore, exhibit a significantly higher photocatalytic 

activity. TiO2 NTs are widely used in water splitting and photocatalytic degradation of 

organic compounds due to their strong ion-exchangeability, and low e-h recombination 

due to relatively long lifetime of the e-h pairs in them.317 

 

4.4 Conclusion 

The present experiment has demonstrated PECO to be the most efficient strategy in 

terms of product yield and selectivity in the electrochemical oxidation of BA to BAD. In 

ECO, voltage seems to be a critical component that influences BA conversation and 

BAD selectivity. A voltage above 3.0 volts increased the BA conversion rate but 

resulted in overoxidation. The effect of two mediators has been studied and the 

conclusion is that the Cl- radical is the most effective mediator under acidic conditions. 

The addition of photo-activation slightly increased the BA conversion rate. Significant 

rates were observed with the addition of TiO2 NT films as a photocatalyst. TiO2 NT film 
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was constructed by using a Ti plate as the substrate of cathode and anode. BA 

conversion rate and BAD selectivity increased with longer annealing time, with optimal 

conversion (22%) happening around 120 mins of annealing time and the optimal 

selectivity of BAD (89%) happening between 90 to 120 mins of annealing with up to 

23% of BAD yield. 
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CHAPTER 5 Highly Selective Photocatalytic 

Oxidation of Alcohol to Aldehydes with a Radical 

mediator in Biphasic Reactions 
 

Embracing green chemistry in organic synthesis, the present study explored partial 

photocatalytic oxidation of benzyl alcohol (BA) to benzaldehyde (BAD) using titanium 

dioxide as a photocatalyst (TiO2). This was conducted using aqueous suspensions of 

different quantities of commercial TiO2-P25 within an organic-phase solvent mixture, 

consisting of chloroform (CHCl3) and BA. A metal-halide lamp was used as a source 

of photons. The main photooxidation product was BAD and negligible amount of 

benzoic acid. The effect of various reaction parameters and conditions on the TiO2 

photo-reactivity were tested. Optimized chloroform proportion and HCl concentration 

were determined to be 40 vol% and 0.25M, respectively. Higher pH decreased the 

partial positive charge of the TiO2 catalytic surface. Nitrate and chloride anions (NO3
− 

and Cl-) increased catalytic reactivity while, SO4
2- led to a lower reactivity. The 

selective photocatalytic oxidation of BA to BAD was governed by the Hammett 

relationship. Both meta- and para-substituted phenyl-rings showed electrophilicity, 

and hence a higher reactivity than the ortho-substituted phenyl-ring. 

5.1 Introduction: Synthesis of Carbonyl Compounds 

Carbonyl compounds (aldehydes and ketones) have remained key starting materials 

for the organic synthesis of a range of complex chemical products.342 The electrophilic 

nature of carbonyl carbon makes carbonyl compounds highly nucleophilic. This allows 

nucleophilic addition reactions for the interconversion of C=O into a wide range of 

important functional groups.343 Energy-efficient and environmentally benign selective 

transformation of organic functional groups is an important step in organic synthesis, 

yet a challenging endeavour.344  
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The synthesis of carbonyl compounds requires the selective conversion of 

alcohol groups, and this is among the most important transformations in organic 

synthesis.345 This requires partial oxidation of the primary alcohols in air, to prevent 

further oxidation to carboxylic acids. Several homogeneous heavy metal catalysts 

such as Palladium (Pd),120 Iridium (Ir),346 Ruthenium (Ru),347 and molybdenum (Mo)348 

have been used to achieve selective partial oxidation of both aliphatic and aromatic 

alcohols to their corresponding aldehydes. This has typically required hazardous 

solvents and/or strong oxidizing reagents such as pyridinium chlorochromate 

(PCC).343 However, these homogeneous metal catalysts are not environmentally 

benign, and therefore, contravene the key principles of green chemistry. However, it 

is possible to apply green chemistry in homogeneous catalysis by careful selection of 

the metal catalysts, and optimization of their catalysis.349 

Some green pathways have been developed, where homogeneous metal 

catalysts with low toxicity have been selected, alongside more environmentally benign 

solvents and oxidants. Selective photocatalytic oxidation of alcohol to aldehydes is an 

emerging green strategy for the organic synthesis of aldehydes.343 Benzyl alcohol (BA) 

is one of the most studied substrates in organic synthesis. Depending on the catalytic 

strategy, and the reaction conditions (temperature, solvent, and oxygen pressure), BA 

can be converted into many carbonyl compounds of industrial interest, such as 

benzaldehyde, benzyl benzoate, benzoic acid and benzyl ether.350 Benzaldehyde 

(BAD) is a clear, colourless or yellow liquid with a characteristic odour of bitter 

almonds; it is an important industrially practical intermediate molecule (aromatic 

aldehyde) widely used in the chemical industry. For example, it is a starting material 

for the manufacture of various aniline dyes, aliphatic fragrances, flavourings, and 

pharmaceuticals.351 BAD is produced commercially by the oxidation of BA.   
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The oxidation of BA is traditionally carried out using stoichiometric strong 

oxidants in organic solvents such as toluene, diethoxyethane, dimethyl sulfoxide 

(DMSO), and dimethylformamide (DMF).352,353 However, the use of strong oxidants in 

stoichiometric quantities can be expensive, and such processes can produce 

undesired organic waste.354 Both the toxic oxidants and solvents raise environmental 

concerns. This has motivated the development of alternative green catalytic processes 

that use benign and cheap oxidants such as O2, in combination with supported metal 

nanoparticles as catalysts.355 This strategy has led to the realization of solvent-free, 

aerobic oxidation of alcohols to aldehydes.350 

Several studies have proposed solvent-free strategies to oxidize BA to 

BAD.210,304,305 A study by Augugliaro et al.305 evaluated the photocatalytic oxidation of 

BA in aqueous suspension of as-synthesised and commercial TiO2 photocatalysts. 

Surprisingly, the as-synthesised TiO2 photocatalyst exhibited a 28% selectivity for BAD 

production, with yields of up to 50 %, four times higher than the commercial alternative. 

The replacement of water with small amounts of aliphatic alcohol was shown to 

decrease the oxidative conversion rate but improve the selectivity for BA conversion 

by 50%. Increasing the photocatalyst quantity by up to 0.4 g L–1 was also shown to 

increase the selectivity, but it decreased the conversion.305 The negative effect of 

photocatalyst loading was also reported previously by Gassim et al.304 with an optimal 

TiO2 concentration of 0.6 g L-1. From the reviewed literature, it appears that the 

photocatalytic oxidation of BA to BAD using TiO2 as the photocatalyst has many 

factors requiring optimization.304 

The present study aimed to develop a photo-efficient, robust, cost-effective and 

environmentally benign photocatalytic oxidation system for converting alcohols to 
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aldehydes. This was achieved by studying the effects of various parameters on the 

oxidation of model alcohol, BA, using photo-catalytic methods. 

5.2 Experimental Section  

5.2.1 Chemicals Reagents  

TiO2 (Aeroxide® P25; formerly Degussa P25), which consists of a mixture of two 

phases (~75% anatase and ~25% rutile) was commercially obtained from Evonik 

Industries (Goldschmidtstr, Germany). BA (benzyl alcohol of 99% purity) were 

commercially obtained from Sigma-Aldrich (Dorset, UK). Sulphuric acid (98%), sodium 

chloride (of ≥ 99.5% purity), and magnesium sulfate (62-70%) were purchased from 

Fisher Scientific (Loughborough, UK). Chloroform (CHCl3) (99+%), 32% hydrochloric 

acid and nitric acid were purchased from VWR International (Quebec, Canada). N-

Octadecane (of 99 % purity) was sourced from BDH (British Drug Houses) chemicals 

Ltd. (Poole Dorset, UK), whereas high purity oxygen gas was purchased from BOC 

gases (UK). All the chemicals and solvents were of analytical grade, whereas oxygen 

gas was of high purity grade. All chemicals, solvents, and oxygen gas were used as 

received unless otherwise stated. 

5.2.2 Photocatalytic Oxidation of Alcohols to Aldehydes 

The photocatalytic oxidation reactions were conducted using aqueous suspensions of 

different amounts of commercial TiO2-P25 and an organic-phase solvent mixture 

consisting of chloroform and BA.  P25 was chosen as the catalyst due to its known 

chemical composition, commercial availability, and its wide acceptance as a 

benchmark catalyst. The reaction was performed as a single-pot reaction setup, 

consisting of a three-necked cylindrical batch photo-reactor (Figure 5.1). An immersed 

lamp was used as a source of photons to drive the photocatalytic reactions with a 

continuous oxygen supply.  



137 
 

 
 

 

 

Figure 5.1 A diagram of the reactor setup for the photocatalytic oxidation of benzyl 
alcohol to aldehyde. 

 

Briefly, 0.075g of P25 catalyst was suspended in a 30 mL mixture containing 

18 mL (60 vol %) water, 0.5 ml HCl and 0.15 g NaCl as a mediator, 12 mL (40 vol %) 

of CHCl3 and, 0.75 mL of BA finally was added to the mixture. Two distinct liquid phase 

layers were formed, which included an aqueous phase (above) and an organic phase 

(below). The two liquid phases were continuously mixed using a magnetic stirrer, 

whilst high purity oxygen gas was bubbled directly into the immiscible liquid mixtures, 

at a controlled flow rate of 0.9 L/h. Aliquots were analysed to monitor changes in the 

concentration of BA periodically before illumination. Once equilibrium was attained, 

the setup was illuminated causing the commencement of the photocatalytic reaction, 

changes in the concentration of reactants as well as the formation of the products were 

monitored.   
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A 150-Watt Ceramic Metal Halide E40 lamp was used as the light source. 

Samples were collected every 10 minutes and immediately dried with MgSO4 before 

instrumental analysis. The run was repeated several times with different amounts of 

the reacting species. Identification and quantitative measurements of the organic 

products of the reaction were carried out using a Perkin Elmer gas chromatograph, 

equipped with a flame ionization detector (FID-GC) (PerkinElmer Instruments. 

Norwalk, CT, USA), a 0.03 g portion of octadecane was used as an internal standard. 

Hydrogen (H2) was used as the GC carrier gas.  This gas was chosen because it is 

easier to obtain and cheaper than helium (He) carrier gas, offering an equivalent level 

of sensitivity alongside faster speed of analysis. This can lead to an overall 

improvement in separation performance. Furthermore, H2 was produced from a Peak 

Precision Hydrogen Trace Generator, which is significantly safer than high-pressure 

hydrogen cylinders. All samples were analysed through manual injection and 

compounds were separated using a polar column (Stabilwax30m x 0.53mmID x 1µm 

df). A Varian CP- 3800 with a mass spectrometer detector (GC-MS) and 1H NMR 

spectrum were also adopted for identification purposes. 

5.3 Results and Discussion 

The present study evaluated the reaction conditions that are potentially useful in the 

optimization, of the photocatalytic oxidation of alcohols to aldehydes. Here, we show 

that the photocatalytic conversion of BA to BAD can be optimized by controlling the 

concentration of the TiO2 photocatalyst, the solvent to water ratio, the pH and the type 

of acid. Furthermore, this study also explored the reaction kinetics as well as the 

photocatalytic mechanism involved.  
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5.3.1 Kinetic Analysis on the Photocatalytic Oxidation of Benzyl 

Alcohol and its Derivatives 

The rate of a chemical reaction can be described as the loss (or production) of a 

chemical species over a given period of time. Mathematically this is represented 

according to the rate law shown in Equation (5.1), where ν is the rate of the studied 

chemical reaction, C is the concentration of a reagent chemical species, k is the rate 

constant of the reaction and n is the order of the reaction. 

𝑣 =
𝑑𝐶

𝑑𝑡
=  −𝑘𝐶𝑛                                                (Eqn 5.1) 

The reaction rate constants (k) of photocatalytic oxidation of benzyl alcohol and its 

derivatives into corresponding benzaldehyde have been evaluated from the first-order 

rate law in equation (5.2- 5.4) 

−
𝑑𝐶

𝑑𝑡
= 𝑘. 𝐶𝑛                                                    (Eqn 5.2) 

− ∫
𝑑𝐶

𝐶
=  ∫ 𝑘 𝑑𝑡                                            (𝐸𝑞𝑛 5.3) 

−𝑘𝑡 = ln
𝐶𝑡

𝐶0
                                                       (𝐸𝑞𝑛 5.4) 

Whereas C0 is the initial alcohol concentration and Ct is the alcohol concentration at 

time t. The reason for the 1st order kinetics is that it is unlikely that the oxidation 

requires two alcohol to be involved in an elementary reaction steps, which is valid for 

most of the organic oxidation process. 

 

5.3.2 Catalyst Loading and Catalyst Type 

A catalyst typically accelerates a chemical reaction by reducing the activation energy, 

or by altering the reaction mechanism. Importantly, chemical catalysts are typically 

effective in small concentrations, therefore, the present study tested the effect of 



140 
 

 
 

 

catalyst loading on the rate of the photocatalytic conversion of BA to BAD. Catalyst 

loading per litter added to the reacting solution in the range 0.5-5.5 g/L and the 

corresponding photocatalytic reactivity is shown in Figure 5.2. As seen from the 

regression study which is greater than 0.91. (Figure 5.2A), thus the photooxidation of 

benzyl alcohol to benzaldehyde follows the pseudo-first-order rate kinetics. Initially, 

increasing the loading of TiO2 photocatalyst increased the photocatalytic reactivity 

rate, up to a catalyst loading of 4 g/L. At this loading, the peak reactivity was measured 

to be 62 × 10-3 h-1 (Figure 5.2B). Further catalyst loading resulted in a sharp decline in 

photocatalytic reactivity to 25 × 10-3 h-1 at a loading of 5 g/L. Thus, the optimum 

photocatalytic reactivity of TiO2 photocatalyst can be achieved at a catalyst loading of 

4g/L.  

This finding suggests that there is an optimal catalyst concentration, which must 

be determined to optimize photocatalytic efficiency. A study by Marotta et al. 

demonstrated that by using a BA solar photooxidation system, a higher reactivity of 

the TiO2 photocatalyst can be achieved at a catalyst concentration of 2.50 mmol/L 

compared to the initial value of 0.69 mmol/L.309 This is consistent with a study by 

Spasiano et al. in which an optimal TiO2 concentration of 2.50 mmol/L was determined 

for the TiO2/Cu(II) catalyst system, for BA solar photooxidation.356 Furthermore, 
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Marotta et al. tested the effect of increasing TiO2 concentration beyond 2.50 mmol/L. 

The higher values beyond this threshold did not increase system reactivity.309 

 

Figure 5.2 (A) Kinetics plot of benzyl alcohol photooxidation following pseudo-first-
order. (B)The effect of catalyst loading on the reactivity of the TiO2 photocatalyst. The 
system reactivity increased with increasing catalyst loading. An optimal loading was 
established at 4g/L. 
 

Possible reasons as to why catalytic TiO2 loads beyond 4g/L do not increase 

reactivity have been reported. Firstly, this has been attributed to the attenuation of 

photons due to radiation screening and scattering effects caused by excess TiO2 

particles in the reaction mixture, characteristic of the commercial powder (Degussa 

P25). Degussa P25 has a smaller crystal size in comparison to commercial Wackherr 

TiO2. TiO2-P25 is more active at lower loading while TiO2 Wackherr is more active at 

high loading.305,357 The excess TiO2 (Degussa P25) particles in the reaction mixture 

were shown to mask part of the photosensitive surface of the TiO2 photocatalyst, thus 

reducing its reactivity.309,356 This negative effect of excess photocatalyst loading was 

also reported previously by Gassim et al. with optimised TiO2 concentration 

determined to be 0.6 g L-1. The study demonstrated that increasing substrate (BA) 

concentration also increased the rate of BA photoconversion. This indicates that there 
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is an ideal substrate-to-catalyst ratio, deviation from which leads to lower photo-

reactivity.304 

5.3.3 Effect of Chloroform to Acid Ratio on the photocatalytic 

oxidation of BA to BAD 

TiO2 is known to exhibit acid-catalytic properties.358 To unravel the nature behind the 

high catalytic activity of the photooxidation of BA to BAD in the biphasic reaction, 

further studies were carried out to investigate the effect of the ratio of the organic 

solvent to water. The present study tested the effect of the chloroform/water volume 

ratio of starting solvent and increasing the quantity of acid at various volumes of 

chloroform CHCl3 solvent (0-90 %) on photocatalytic reactivity. However, after 70% of 

CHCl3, the reaction constant (k) remain zero as the reaction did not happen at these 

ratios which point out the significant role of the two phases system. It was also 

important to determine what volumes of acid and solvent exhibited optimised reactivity. 

 

Figure 5.3 (A) Optimisation curves of volume % effects of chloroform and all HCl 
concentration and (B) Optimisation curves of volume % effects of chloroform at the 
optimised HCl concentration(0.25M). 
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Increasing the volume of added HCl generally increased the photocatalytic 

reactivity (Figure 5.3A). However, when 70% volume CHCl3 in comparison to the 

aqueous phase was used, increasing the volume of acid did not change the negligible 

photocatalytic reactivity. A marginal increase in photocatalytic reactivity was observed 

in the absence of the solvent (0% CHCl3). Optimised photocatalytic reactivity was 

observed at 40 % CHCl3, which increased steadily with higher HCl volume, reaching 

a maximum at 0.25-0.30 M, the same result was found in another study.311 Thus, the 

optimized chloroform and HCl volumes were determined to be 40% volume and 0.25-

0.30 M, respectively (Figure 5.3A and 5.3B).  

 Therefore, the interpretation of pH effect on the photocatalytic oxidation was 

conducted, an increase in pH generally resulted in a decrease in the photocatalytic 

reactivity of TiO2 (Figure 5.4). However, an optimal reactivity (62 × 10-3 h-1) was 

observed at lower pH values, between 1 and 3. Increasing the pH beyond 3 resulted 

in a sharp decline in the reactivity, to about 5 × 10-3 h-1 at a neutral pH 7. This is 

consistent with findings from a similar study by Marotta et al.309 which evaluated the 

photooxidation of BA to BAD.309 In their study, it was demonstrated that increasing the 

pH from 2.0 to 4.0 resulted in a decrease in BA consumption and BAD formation rates, 

indicating a reduced reaction rate.  

Based on the findings from this experiment, and supported by evidence from 

Marotta et al.,309 it can be deduced that the surface of the TiO2 photocatalyst can react 

as both an acid and a base. Thus, the material exhibits amphoteric properties as 

shown in Equation 5.5 and 5.6. Under acidic conditions, the TiO2 catalytic surface 

undergoes protonation, and therefore, acquires a net positive charge (TiOH2
+). 
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Figure 5.4 The effect of pH on the reactivity of the TiO2 photocatalyst.  
 

In contrast, under alkaline conditions the TiO2 catalytic surface undergoes 

hydroxylation. This results in the loss of a proton, and the catalyst surface acquires a 

net negative charge (TiO-).   

  TiOH + H+ → TiOH2
+ (in acidic solution)                    (Eqn  5.5) 

  TiOH + OH- → TiO-    + H2O (in alkaline solution)                 (Eqn  5.6) 

This partially reduces the adsorptivity of the catalytic TiO2 surface for Cl-, and 

therefore reduces the overall reactivity.181,305 This explains why there was a decrease 

in the BA conversion rate at system pH values above 3. 

5.3.4  Effect of Acid-Type 

After results in chapter 4 that found the mediator is a major key for two-phase 

photooxidation. Acid presence is a significant key in the redox-mediated photocatalytic 

oxidation biphasic system. Different types of acid have varying capabilities to react 

with positive holes (h+) at the catalytic surface.  
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Figure 5.5 The effect of acid-type on the reactivity of TiO2 with the presence of NaCl. 
HNO3, HCl, H2SO4 and with no acid.  
 
 

In the present study, different acid types (HNO3, H2SO4, HCl and no acid) in the 

presence of NaCl as a mediator, were tested to determine the best acid type that has 

the best pH-regulating effect (Figure 5.5). 

No significant difference was observed in the reactivity rate of the system in 

the presence of HCl and HNO3 acids. However, regardless of the acid-type used, 

increasing anionic concentration also increased the TiO2 reactivity, with optimised 

concentration measured at 0.25M. The presence of Cl- and NO3
- anionic acid species 

were associated with higher photocatalytic reactivity in a concentration-dependent 

manner. The same result indicated that increasing Cl- ions increasing the 

photocatalytic degradation of Brilliant Orange K-R by Zhang et al.331 Since NaCl is a 

strong electrolyte, the photocatalytic efficiency of BA would be enhanced noticeably 

for increasing the increase of free Cl• radical concentration. Also a study by Zanoni et 

al.359 found that the photocatalytic oxidation of Remazol Brilliant Orange was more 

effective in  Cl-  and NO3
− media.359 However, HCl showed higher efficiency than HNO3, 

and that may be due to fewer oxidative species formed in the presence of NO3
−. Also, 
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nitrate ions (NO3
− from HNO3), are dissociated by UV light to produce additional 

hydroxyl.360 The photo-reactive mechanism to generate hydroxyl radical generation 

from nitrate ions is shown in reaction scheme 5.1.331 The other major difference is 

possibly depending on the oxidation power of chlorine and hydroxyl radicals for the 

oxidation of BA 

Scheme 5.1: photogeneration of hydroxyl radicals by nitrate ions 

NO3
− + hv → NO2

−+ O 

 

NO3
−+ H2O + hv → NO2

• + OH− + HO• 

 

O + H2O → 2HO• 

 

2NO2
• + H2O → NO2

− + NO3
− + 2H+ 

 

            In contrast, SO4
2- acid anions, as well as the pH natural salt solution (NaCl), 

were associated with lower reactivity. H2SO4 and NaCl without acid showed nearly 

identical reactivity trends throughout the anionic concentration range tested from 0.0 

to 0.30 M (Figure 5.5). The lower reactivity of the H2SO4 implies that SO4
2- has no 

positive contribution in the creation of oxidative radicals such as HO• radicals. Hence 

only the Cl- species from the salt react with h+ to form chlorine radicals, which are 

responsible for the limited oxidation activities, with or without H2SO4. Meanwhile, the 

acid-dissociated SO4
2- and the salt-dissociated Cl- species could behave as HO• 

radical scavengers, yielding hydroxyl ions (OH-) (Equation 5.9 and 5.10). This can form 

hydroxonium and hydroxide ions respectively (Equation 5.11 and 5.12). SO4
2- was 

reported to be less reactive than hydroxyl radicals towards organic molecules.181,309,331  

 

Scheme 5.2: The scavenging of hydroxyl radicals by sulphate and chloride ions 

H2SO4
 + h+ → SO4

•  +  2H+     (Eqn. 5.7) 

NaCl + h+ → Na+ + Cl•                                         (Eqn. 5.8) 
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SO4
- + HO•  → SO4

•  +  OH-    (Eqn. 5.9) 

Cl- + HO• → Cl•  +  OH-                                      (Eqn. 5.10) 

Overall equation: 

H2SO4
 + HO• + h+ → SO4

•  +  H3O+   (Eqn. 5.11) 

NaCl + HO• + h+ → + Cl•  +  NaOH                        (Eqn. 5.12) 

Similarly, Marotta et al. demonstrated that phosphoric acid (H2PO4) can react 

with h+ on the catalytic surface, to produce dihydrogen phosphate radicals, H2PO4
• 

(Equation 5.13). This acid was used in literature to adjust the reaction system pH to 

the optimum range of 2.0 - 4.0. Any decrease in pH beyond this range increased the 

concentration of H2PO4
• radicals, which scavenge the hydroxyl radicals, HO• (Equation 

5.14). Since HO• are pivotal to the oxidation reaction, their accelerated removal from 

solution (under low pH) results in a marked inhibition of the oxidation of the 

substrate.309  

H2PO4
− + h+ → H2PO4

•        (Eqn. 5.13) 

H2PO4
− + HO• → H2PO4

• + HO−                     (Eqn. 5.14) 

It is also important to observe that chloride ions are important for the reactivity 

of TiO2 photocatalyst for BA conversion to BAD. However, this is only true at low pH. 

At pH 7, NaCl has a low catalytic effect. As previously identified, pH 7 is not ideal for 

the photocatalytic reactivity on TiO2.310,331 A lower pH in the range of 1-3 can be 

achieved using acids such as HCl, and HNO3. All 4 experiments included a NaCl 

mediator, which produced Cl• radicals. The adding of HCl increases the concentrations 

of Cl• while the addition of HNO3, some Cl• were replaced with OH•, which offers slightly 

less reactivity. The enhanced reactivity for TiO2 under acidic condition is consistent 

with a study by Wang et al.,361 which tested the conversion of the photocatalytic 

oxidation of BA into BAD over TiO2 with different acids and salts. They found that the 
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salts had less effect than the acids with the same anions which means that the protons 

are more effective than counter anions.361  

5.3.5 Proposed Reaction Mechanism 

The photooxidation reaction mechanism, activated by UV-visible light in a single 

aqueous phase as proposed by Higashimoto et al. is summarised in Figure 5.6.362 The 

proposed photocatalytic mechanism in the single aqueous phase involves the binding 

of two molecules of TiO2 photocatalyst via an oxygen bond, and subsequent formation 

of hydrogen bonds to bind molecules of BA. Upon photooxidation, there is the 

formation of a carbonyl group (BAD), with the elimination of two water molecules and 

the regeneration of the TiO2 photocatalyst. During the photooxidation, the 

photogenerated h+ attacks the aliphatic carbon of the two BA molecules, to form a 

carbonyl carbon and finally the two molecules of BAD. This reaction terminates by 

releasing the TiO2 photocatalyst, which starts the photocatalytic process over again.362  

In a single-phase reaction, the oxidation of BA preceded through two reaction 

steps: Partial oxidation of BA to BAD and complete oxidation to yield CO2. This 

suggests that the molecules of BA may have interacted with the surface of the TiO2 

catalyst in two different ways resulting in their partial oxidation or mineralisation. These 

findings agree with the report of Augugliaro et al.305 

Where the oxidation kinetics of aromatic molecules in water using TiO2 were 

studied.305 They concluded that molecules of aromatic alcohol are adsorbed onto the 

partially oxidising sites of the catalyst to produce aldehyde stable intermediates 

capable of desorbing into the bulk of the solution, while mineralising sites of the 

catalyst produce CO2. The mineralisation may occur through a series of intermediates 

which do not desorb into the solution leaving molecules of both alcohol and aldehyde 

to the same fate. Another reason could be that since an electron-donating 
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group/species can increase the hydrophilicity of an aromatic ring, the possibility of the 

reaction to undergo direct mineralisation to CO2 is reduced, owing to the increased 

desorption capacity of the catalyst surface.305 

 

 

Figure 5.6 The single aqueous phase reaction mechanism proposed by Higashimoto 
et al.362 
 

However, reports show that for heterogeneous photocatalytic hydroxylation 

reactions, the partial oxidation pathway is preferential, provided there is an electron-

donating group attached to the aromatic ring. Whereas in the case of mineralisation, 

the presence of an electron-withdrawing group favours this pathway. This same rule 

is believed to apply to partial oxidation of aromatic alcohols to their corresponding 

aldehydes in water. 

In contrast, the biphasic system is shown in Figure 5.7. where the reactant and 

the products are isolated from the catalyst. In the entire biphasic system, chloride ions 

allow the protonation of one oxygen atom for each Ti atom joined by the Ti-O-Ti bond. 

Two chlorine ions on the photocatalyst surface are attacked by the h+ of the e-h pair 
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(e− + h+) to generate two chlorine radicals, forming a chlorine molecule. The chorine 

molecules then react with the aqueous phase to produce HCl and hypochlorous acid 

(HOCl). Upon acidification, HCl and HOCl undergo dissociation to form a monatomic 

Cl+ cation, which attacks the oxygen atom on the BA to form a carbonyl group in 

BAD.310 In addition, as it has been discussed in Chapter 4, section 4.3.2, BA could be 

oxidized by either Cl•, HOCl and Cl+ active species. 

 

 

Figure 5.7 The mechanism of biphasic photocatalytic oxidation of BA in the presence 
of O2 using TiO2 under UV light. 
 

It is important to note that primary alcohols are oxidized to the corresponding 

aldehydes and overoxidation to the corresponding carboxylic acid does not result at 

early of the reaction time. BA conversion, BAD selectivity and yield were evaluated by 

the following equations  

BA conversion =
mole of inlet BA − mole of outlet BA

mole of inlet BA
 × 100 %                 

BAD selectivity =
mole of outlet BAD

mole of inlet BA − mole of outlet BA
   × 100 %                

BAD yield =
mole of outlet BAD

mole inlet of BA 
 × 100 %             
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5.3.6  Change in Concentration of Reactants and Products  

Photolysis reaction (without catalysts) showed negligible conversion (<2%) of BA after 

4 h of illumination time without any production of BAD which indicates that the light 

without catalysts has no significant activity towards photooxidation process. 

 

Figure 5.8 The change in concentration of the reactants (BA) and the products 
(Benzoic acid and BAD) through a 20 hour reaction period. 
 

The changes in concentrations of the reactant (BA) and products (BAD and 

benzoic acid) were monitored over 20 hours of illumination (Figure 5.8) in the 

photocatalytic oxidation. The concentration of the BA reduced while the BAD 

increased steadily over the 20h period. Apart from BAD as the desired product, other 

organic compounds including benzoic acid and CO2 gas were produced by the 

reaction and reported in the literature.305 Other by-products of photocatalytic oxidation 

of BA to BAD, include hydroxylated and aliphatic compounds.305,363 Therefore, it was 

important to monitor the concentration of BA and BAD along with benzoic acid and 

total organic compounds during the photocatalysis of BA.  

The concentrations of benzoic acid and total organic compounds remained 

constant for the first 16 hours. After this, (16h - 20h) there was a slight increase in the 
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concentrations of benzoic acid and a decrease in total organic compounds. This could 

be attributed to the decrease of BA concentration and therefore BAD started to be 

oxidized to benzoic acid and then to benzyl benzoate,364 add to that the loss of some 

solution during the reaction and detection process.   

Furthermore, the conversion rate of BA (%), the selectivity and the yield of BAD 

was monitored over the same 20h period (Figure 5.9). BA exhibited a steady increase 

in the conversion rate up to 100 % after 20h of illumination with a constant high 

selectivity BAD was observed in the beginning and started decreasing at 16 h. A 

maximum yield of benzaldehyde (74%) could be achieved with the unprecedented ~ 

90% selectivity after 17 h.  

 
Figure 5.9 The change in percentage conversion of BA, yield and selectivity of BAD 
through a 20-hour photocatalysis period.  
 

Interestingly, during the last 5 hours BAD selectivity as well as its yield, both 

started dropping down while BA conversion still increasing. This could be attributed to 

the saturation BAD and the oxidation of BAD.   

5.3.7  Effect of Phenyl-Ring Substitution on BA  

The effect of phenyl-ring substitution (substitutions at para-p, meta-m, or ortho-O 

position) on the photocatalytic oxidation of BA was investigated. Benzyl alcohol and 
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its derivatives substituted by –OCH3, –CH3, – NO2, –Cl, –F, and –Br groups were 

converted to corresponding aldehydes with high conversion and high selectivity on 

TiO2. However, the reaction times needed to achieve 50% conversion of alcohol less 

in the order -H > -CH3> -OCH3, while time was longer from -H to -NO2. This order 

reveals that the reaction rate is enhanced by electron-donating substituents and 

decelerated by electron-withdrawing substituents. This result suggests that the 

substituent groups play a crucial role wherefore, the influence of the substituent group 

on the rate of photocatalytic oxidation of aromatic alcohols can be interpreted in terms 

of Hammett’s relationship.365 The relationship between the reaction constants (k) of 

BA and its substituent constants (σ) was plotted. The data displays a strong linear 

trend, as indicated by the solid line shown in Figure 5.10, confirming the Hammett 

relationship (Equation 5.15).  There was an inverse linear relationship between Log 

(kx/kH) and σ (ρ = -0.11) A negative Hammett ρ value is attributed to a developing 

positive charge on the benzylic carbon, and that has commonly been observed for the 

alcohol oxidation reactions. On the other hand, large positive ρ values have been 

reported for enzymatic oxidation reactions of benzyl alcohols and amines, when both 

carbons from carbonyl and imine on the transition state have been involved.366 there 

was a linear relationship for free energy. Thus, the selective photocatalytic oxidation 

of BA to BAD was governed by the Hammett relationship. According to the Hammett 

rule as σx increases, Log (kx/kH) decreases linearly.367-369  Hammett study was 

performed for primary benzyl alcohol. 

Within Equation 5.18, σx is the Hammett substituent constant and ρ is the 

reaction constant. 

    log
𝑘𝑥

𝑘𝐻
 = 𝜌𝜎𝑥                                  (Eqn 5.15)  
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Figure 5.10 A Hammett plot for the oxidation of BA to BAD. Y-axis is the Log (kx/kH) 
while X-axis is the σ is the substituent constant. 
 

The Hammett rule describes the influence of the substituent group on the kinetic 

constant of partial oxidation of aromatic alcohols to aldehydes. This is based on the 

assumption, that the electronic properties of the substituent groups are of significant 

importance than their relative solubilities in the reactant-product mixture. Hammett 

constants derived from substituents at meta position (σm) of the phenyl-ring result in 

inductive effects due to the movement of electrons via the σ-framework. At para 

position (σp), it results in both inductive and resonance effects due to the movement 

of electrons in the σ- and π-frameworks. Both meta- and para-substituted phenyl-rings 

show electrophilicity, and hence a higher reactivity than ortho-substituted phenyl-

ring.370,371  

The strongly proportional relationship shown in Figure 5.10 confirms the greater 

influence of the electrophilic nature of the substituent, on the rate of photocatalytic 

partial oxidation of BA to BAD. However, constituents induce different degrees of 

electrophilicity and hence photocatalytic reactivity. In the present study, the nitro group 

in the BA exhibited the lowest while the methoxy group exhibited the strongest 
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electrophilic effect. Halide substituents such as bromide, chloride, and fluoride 

exhibited intermediate electrophilicity with fluoride and bromide substituents in the 

phenyl-ring resulting in the highest and lowest rate constants, respectively.371 

5.4   Conclusion 

Organic synthesis is an important step in the production of crucial compounds 

especially, aldehydes and ketones. Enthused by the principles of green chemistry, the 

present study evaluated the efficiency of the photocatalytic oxidation of BA to BAD 

using a TiO2 photocatalyst and Cl- ion as a radical mediator in a biphasic reaction 

method. From the literature review, it appears that the photocatalytic oxidation of BA 

to BAD using TiO2 as a photocatalyst has many factors requiring optimization.  

The process conditions, including CHCl3/water volume ratio, TiO2 

concentration, pH, and acid types, significantly affected the reactivity and the 

conversion of BA and the selectivity to BAD. In general, increasing the TiO2 increased 

the activity until reaching the optimal concentration, and then the reactivity decreased. 

The (40/60) CHCl3/water volume% ratio and low pH in the range of 1-3 were found to 

be most effective for TiO2 reactivity.  Using only NaCl as a chlorine source without 

acid, resulted in poor TiO2 reactivity as it gave neutral conditions. Lower pH alternately 

achieved using acids such as H2SO4, HCl, and HNO3 with varying reactivities. The 

acid-dissociated SO4
2- species behaved as HO• radical scavengers, reducing the 

reactive hydroxyl radical and producing the weak SO4
2- species. The selective 

photocatalytic oxidation of BA to BAD was also found to be governed by the Hammett 

rule, where the reaction constants (k) were inversely related to the Hammett constants 

of its derivatives (σ). 
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CHAPTER 6 Photocatalytic N-alkylation of 

Amine with Alcohol  
 

Previous attempts of N-alkylation amines have used transition-metal catalysts in a 

reaction-cycle concept termed hydrogen autotransfer. This study investigated the 

feasibility of photocatalysis as an alternative greener process for the N-alkylation of 

amines. TiO2-P25 was used to catalyse the photocatalytic oxidation of benzyl alcohol 

(BA) into benzaldehyde which reacts with aniline to form imine intermediate product. 

Gas Chromatograph equipped with Flame Ionized Detector (GC-FID) was used to 

monitor the reaction progress. Optimization experiments were performed, where a pH 

2 was determined to be the optimal condition for the oxidation of BA. The addition of 

aniline during the reaction using a liquid pump at a flow rate of 0.622 g min-1 was used 

to feed aniline with gradually increase the concentration to match up the rate of BA 

oxidation. This overcame a reaction limiting protonation of aniline under the acidic 

condition to produce higher yields of benzylideneaniline intermediate. Finally, by 

directly injecting H2 gas into the reaction mixture, the final benzylaniline product was 

obtained. This is the first report to demonstrate the photocatalytic N-alkylation of an 

amine using a TiO2 photocatalyst. Optimization of the reaction conditions described 

here could provide a large-scale green alternative method for the N-alkylation of 

amines at industrial levels. 

6.1 Introduction 

Amines are the organic molecules containing a carbon-nitrogen bond (C-N) and are 

typically considered to be aliphatic and aromatic derivatives of ammonia. Their acidity 

and basicity can be manipulated to facilitate the organic synthesis of many drug 

classes, with a vast majority of drugs containing at least one nitrogen atom.372,373 



157 
 

 
 

 

Typical methods used to synthesize amine compounds include electrophilic 

alkylation,374 reductive alkylation375 and amination of aryl halides.373,376  

 

Scheme 6.1 C-N bond formation by different methods. A) Traditional method including 
alkyl halides and B) Greener pathway by borrowing hydrogen.  
 

 The atomic-efficient formation of carbon-nitrogen bonds is a crucial stage in 

the synthesis of the abundance of compounds typically used in life sciences and the 

chemical industry.377 There are a variety of powerful methods that approach the 

synthesis of amines because of the importance of these substances. For example, 

Ullmann reactions378 and hydroaminations379 classic nucleophilic substitutions, as well 

as Buchwald–Hartwig.380 Most of these more complicated procedures involve 

catalysts that are focused on particular complexes of (noble metals). While these 

strategies have shown their efficacy in many cases, they also suffer from the co-

production of large quantities of undesired products or waste.144 which means, these 

approaches contravene the principles of green chemistry in organic synthesis, 

because excessive alkylation, which generates large quantities of chemical wastes 

from the pharmaceutical and chemical industries (Scheme 6.1).381  
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Scheme 6.2 Alcohol N- alkylation using an iron catalyst. Cp*H=1,2,3,4,5-
pentamethylcyclopenta-1,3-diene. 1,2,4-TMB = 1,2,4-trimethylbenzene.  
 
 

In 1901, aniline alkylation with sodium alkoxides was identified.382 This is the 

first amine-alcohol coupling and reveals that alcohol amination does not actually 

require a transition metal catalyst.383 Furthermore, N-alkylation reactions of alcohols 

could be acid catalysed. These aminations of SN (a nucleophilic substitution reaction) 

type alcohol usually involve benzylic, propargylic, or allylic alcohols.384 A very recent 

example, however, reveals that even non-activated alcohols such as 1-octanol (1) can 

also be converted to N-alkyl anilines (3) with aniline (2) in good yield385 as shown in 

Scheme 6.2 Although the temperature of the reaction is high (200˚ C), some allylic 

alcohols were successfully converted at 100˚C.  

 This has been solved following the discovery of so-called borrowing hydrogen 

(BH) or hydrogen autotransfer (HA) methodologies have been established to address 

this limitation and allowing for more efficient production of amines from alcohols.386-392  

The terms borrowing hydrogen and hydrogen autotransfer refer to the fact that 

hydrogen is "borrowed" and "auto" converted to the modified (aminated) aldehyde or 

ketone by the catalyst. The mechanism of this system is connected to a reaction of 

transition hydrogenation but has a significant advantage. The oxidised alcohol is no 

longer waste, but serves as a substrate, as opposed to the hydrogenation of an imine 

using alcohol as a hydrogen donor. A far higher atomic economy is then achieved.393 

This strategy is based on the borrowing hydrogen (BH) from the activation/oxidation 
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of the alcohol substrates. The borrowed hydrogen will be used in the reduction of imine 

which produces water as the only by-product. In principle, the ultimate transition 

requires a reductive amination as one step. By comparing reductive amination and 

alcohol amination, it should be remembered that, due to the high concentration of the 

reactive aldehyde, side reactions, such as aldol condensation, can easily occur in 

reductive amination. Instead, by using alcohols by borrowing hydrogen, the resulting 

aldehyde is only present in small quantities, as it is produced and consumed in situ, 

so that certain side reactions can be reduced.389 Transition metal compounds, such 

as rhodium (Rh),394 iridium (Ir),395 and ruthenium (Ru),396 used for the N-alkylation of 

amine with alcohol, must be active for the oxidation of alcohol, and more importantly, 

be able to store atomic hydrogen atoms for a delayed reduction of imine. Ruthenium 

compounds exhibited the best performance in this catalytic process.394 The BH 

process using ruthenium compounds was optimized further by examining the effect of 

changing the selectivity of amine and alcohol on the overall yield. For instance, a study 

by Watanabe et al. reported that the N-alkylation of aniline 2 with simple alcohol such 

as ethanol, 1-butanol, and benzyl alcohol using ruthenium catalysts (RuCl2(PPh3)3, the 

reactions were carried out efficiently to provide N,N-di-substituted aniline in good yield 

while methanol showed low yield. Aniline conversions were low and only N-

monoalkylated anilines were obtained at low yields when secondary alcohols, such as 

2-propanol and 2-butanol, were used. Therefore, primary alcohols other than methanol 

are productive for the present reaction.397 
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Scheme 6.3 The mechanism of hydrogen autotransfer; X= CH, N; [M] = transition-
metal catalyst.  
 

There has been a growing interested in understanding the mechanism of 

alkylation of amines catalyzed by a transition metal compound. The mechanistic 

concept termed “hydrogen autotransfer” has been proposed as the novel 

mechanism.373,386,398,399 The details of the N-alkylation with the hydrogen autotransfer 

mechanism is illustrated in Scheme 6.3. In this mechanistic concept, the selected 

alcohol initially undergoes catalytic oxidation (by a transition-metal catalyst) to its 

corresponding aldehyde analogue, which combines with an amine by a condensation 

reaction to form an imine intermediate (a nitrogen analogue of aldehydes containing a 

C=N bond). The amine subsequently undergoes reductive hydrogenation to form the 

final alkylated amine product.399  

In the hydrogen autotransfer mechanism, the hydrogen atom abstracted from 

an alcohol molecule by a transition-metal catalyst (to form an aldehyde) is restored in 

the final product. The temporary abstraction of hydrogen activates alcohol as an 
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alkylating agent.386 Ruthenium which is the most frequently studied transition-metal 

catalyst for N-alkylation of amines has been regarded as superior due to its putatively 

high yields.386,398 However, alternative transition metal catalysts have been proposed 

including iridium, which has been used to produce N-benzylaniline with yields as high 

as 94%, when the [Cp*IrCl2]2 complexes were used.400,401 here, Cp is the abbreviation 

for Pentamethylcyclopentadiene(Scheme 6.4).  

 

Scheme 6.4 Chemical structure of two transition-metal complexes catalyst for N-
alkylation of amines.  

 

Other metal catalysts including copper (Cu)402 cobalt (Co),399,403 have also 

shown high yields to catalyse N-alkylation of amines by alcohol. However, these 

transition-metal catalysts require high temperatures for extended periods and 

therefore, which contravenes the principle of designing energy-efficient syntheses 

routes in green chemistry. This principle requires running reactions at milder 

temperatures to improve energy efficiency and product selectivity. More importantly, 

these catalysts are relative expansive with limited stability at high temperature. Thus, 

further optimizations are warranted to ensure a green N-alkylation of amines by 

alcohol, ideally at low temperature with relative stable catalysts at low cost. The 

present study aims to develop a room temperature TiO2 photocatalytic process for the 

effective synthesis of benzylaniline by N-alkylation of aniline by benzyl alcohol 

(Scheme 6.5). The N-alkylation of aniline by benzyl alcohol reaction was performed in 
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this study through three stages; benzaldehyde was formed as it is discussed in chapter 

5, by photooxidation BA. Next, producing the intermediate imine (BDA) by adding 

aniline after benzaldehyde was formed. Finally, the final product (benzylaniline) was 

produced after applying H2 gas to the reaction and reduce of the intermediate (BDA). 

 
Scheme 6.5 Photocatalytic N-alkylation of aniline with benzyl alcohol under various 
conditions. 
 

The use of photocatalysis for the synthesis of benzylaniline has been 

investigated, and the photocatalyst P25 was chosen for N-alkylation of aniline by 

benzyl alcohol. The major downside of the previously studied transition-metal catalytic 

complexes would be resolved under photocatalytic conditions, as the reaction would 

not operate for a long period of time under a high temperature. Thus, an alternate 

method that is more in keeping with the concepts of green chemistry is proposed. 

 

6.2  Experimental 

6.2.1 Materials 

TiO2 (Aeroxide® P25; formerly Degussa P25), which consists of a mixture of two 

phases (~75% anatase and ~25% rutile) was commercially obtained from Evonik 
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Industries (Goldschmidtstr, Germany). Dry magnesium sulfate (62-70%), sodium 

hydroxide pellets (of 99 % purity), and sodium chloride (of ≥ 99.5% purity) were 

commercially obtained from Fischer Scientific (Loughborough, UK). N-

benzylideneaniline (of 99% purity), aniline (of 99.8% purity) and benzyl alcohol (of 99% 

purity) were commercially obtained from Acros Organics or fisher Scientific Bvba 

(Geel, Belgium). N-benzylaniline, benzaldehyde (of > 99% purity) dichloromethane 

(CH2Cl2) (99+%), and 32 % aqueous hydrochloric acid were commercially obtained 

from Sigma-Aldrich (Dorset UK). N-octadecane (of 99 % purity) was purchased from 

BDH (British Drug Houses) chemicals (Poole Dorset, UK). Deionized water was 

prepared in the laboratory using the Suez/Purite Select deionization unit. O2, H2 and 

N2 gases of ≥ 99% purity were commercially obtained from BOC gases ltd. 

(Middlesbrough, UK). Philips CDM-T Halogen 150W Metal Halide Lamp was obtained 

commercially obtained from Philips Centre (Guildford, UK). The gearbox used was 

purchased from the LED group Robus, and the Watson-Marlow peristaltic pump model 

501U was sourced from Watson-Marlow Fluid Technology Group. 

Gas chromatography analysis was performed using Perkin Elmer Gas 

Chromatograph equipped with Flame Ionized Detector (GC-FID), The dimensions of 

the polar column used were 30 m × 0.53 mm × 1 µm. The samples to be analyzed 

were injected manually into the FID. Injection aliquots of 0.4µL were used for the 

analysis of the standard solutions, aniline and benzyl alcohol in reaction samples.  A 

larger injection volume of 1.2µL was used for the analysis of the benzylideneaniline 

and benzylaniline, which were anticipated to be present in small quantities. The 

injector carrier gas used was H2, which was delivered at a flow pressure of 20 psi. The 

injector was maintained at a temperature of 250˚C. The analysis was performed at a 

retention time of 130 seconds. GC temperature was 165 ˚C. 
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6.2.2 Photocatalytic Reactor Design  
 

 

Figure 6.1 A photocatalytic reactor design. The metal halide lamp is enclosed in a 
water-cooled inner jacket.  
 
 
A customized photocatalytic reactor was used (Figure 6.1). The metal-halide lamp was 

jacketed with water in a tube, which was then placed in the reaction flask with an outlet 

(to allow direct insertion of a metal tube inlet into the reaction mixture) and double 

inlets on the side. The first inlet allowed the pumping of O2 gas into the reaction mixture 

and as a sample extraction point while the second inlet was used to supply a mixture 

of H2 and N2 gases and insertion of the silicone tube (2m x 3.5 mm) for the delivery of 

the aniline solution. A reflux condenser was fitted to the outlet of the reaction flask to 

prevent solvent evaporation. 

 

6.2.3 Bi-phasic Photocatalytic Reaction System   
 

A biphasic reaction system was used throughout this experiment with the organic 

phase containing a mixture of equimolar (7 mmol) solutions of benzyl alcohol (0.75 

mL,) and aniline (0.65 mL,) in dichloromethane (12 mL) as a solvent. Aniline, an amine; 

was chosen because of its high chemical stability in the organic phase due to its 
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relatively large molecular weight and aromaticity. Dichloromethane was a suitable 

solvent as it allowed efficient separation of chemical species in the GC-FID spectra. 

The aqueous phase, on the other hand, contained NaCl (0.15 g) and the TiO2 catalyst 

(0.075 g) dispersed in deionized water (18 mL). These biphasic reactants were 

transferred into a reaction flask (in the photocatalytic reactor), where it was stirred 

gently in the presence of O2 gas and UV light from the metal-halide lamp for 60 

minutes. The temperature of the reaction mixture was controlled using the water jacket 

surrounding the metal halide lamp and ice-water outside the reaction flask. Using a 

syringe, samples were drawn from the organic layer of the reaction mixture at 15 min 

regular time interval and immediately analyzed with GC-FID to monitor concentration 

changes in the reactants and products. The initial reaction conditions (a neutral pH 

and a mol ratio of 1:1 between reactants), there was no benzylaniline peak was 

detected. Therefore, benzylideneaniline (BDA) intermediate was used instead to 

measure the reaction progress. 

6.2.4 Effect of pH  

The effect of pH was monitored for the purpose of optimization of the reaction. The 

reactants were acidified using drops of 32% HCl to desired pH values of 1, 2 and 3. 

Alkaline conditions until pH 11 were achieved by the dropwise addition of NaOH. The 

optimized pH conditions were used to carry out the reaction.  

6.2.5 Effect of Aniline Concentration  

Using the optimized pH condition, the photocatalytic reaction was further optimized 

using the concentration of the reactant (aniline). However, aniline was added 

periodically to the reaction mixture during. At this point, the organic phase contained 

only 0.75 mL of 7 mmol benzyl alcohol diluted in 12 mL dichloromethane. A solution 

containing 0.65 mL of 7 mmol aniline in 10mL dichloromethane solvent was prepared 
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separately and 2.5 mL aliquots added the reaction mixture at an interval 15 minutes 

while withdrawing samples of the organic layer at the same time. Alternatively, the 

aniline solution was added to the reaction mixture quantitatively and autonomously at 

different rates using a liquid pump. The organic layer was drawn from the mixture at 

15-minute time intervals to allow the determination of BDA yield. Sample injection 

rates were first calibrated by measuring the mass of water delivered into a beaker over 

a period of 1 minute (gmin-1) at different injection rates as dispensed from the liquid 

pump.  

6.2.6 Effect of Hydrogen Injection Rate 

The effect of injecting hydrogen into the reaction mixture was also investigated. The 

hydrogen gas was mixed with a diluent (nitrogen gas) in a ratio of 1:2. The reaction 

mixture as previously setup and optimized sample injection rate of 0.676 gmin-1 as 

determined previously. The organic layer was drawn at 15 min interval, where they 

were analyzed through the GC-FID to determine the yield of BDA and benzylaniline. 

A higher GC-FID temperature of 185˚C was used to allow discrimination between the 

BDA intermediate and the benzylaniline product.  

6.2.7 Effect of Injecting Large Volumes of Aniline Solution   

The effect of larger solutions of aniline during the reaction was further investigated. A 

stock solution of aniline (200mL) at the same concentration as the fixed volume 

solution used previously was prepared. The reaction was carried out as outlined in 

section 6.2.5, using a liquid pump to smoothly inject aniline solution to the reaction 

mixture during the 1-hour reaction period. This allowed the comparison of the BDA 

yield between fixed volume aniline solution and gradual delivery method.   
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6.3 Results and Discussion  

6.3.1 GC-FID Analysis 

Chemical constituents of the organic layer of the reaction mixture including 

benzylaniline as the final product along with by-products (aniline, BA, and BAD) and 

the intermediate BDA were monitored with GC-FID. The GC-FID data below (Figure 

6.2) was interpreted qualitatively based on calibration peaks of known standard 

solutions for each chemical species.  

 

Figure 6.2 A typical GC-FID spectrum of the sample from the organic layer during the 
reaction. 
 

For quantitative investigations of the above chemical species, octadecane was 

used as the internal standard. The response factor is calculated using Equation 6.1 

with peak intensities obtained from control mixture. 

 

RRF =  
Hx

HIS
×

[IS]

[x]
                                                   (Eqn 6.1) 

Where RRF is the relative response factor; Hx  is the peak height of the chemical 

species of interest; HIS is the peak height of octadecane; [IS] is the concentration of 



168 
 

 
 

 

the octadecane as the internal standard; [x] is the unknown concentration of the 

chemical species of interest.   

The ratios of peak heights of the unknown chemical species to that of the 

internal standard; and then divided by the concentration of the standard were 

calculated. These values were used to generate a calibration curve by plotting on the 

y-axis against the concentrations of known chemical standards on the x-axis. The 

gradient of the curve was the RRF. Equation 6.2 below was used to calculate unknown 

concentrations of the chemical species by substituting RRF and R. The relative yield 

of the benzylaniline product was determined by predicting a position of 100% yield of 

the BDA intermediate or benzylaniline product within the calibration graphs. This was 

used to calculate the yield according to Equation 6.3. Thus, by using a known 

concentration of the internal standard, it was possible to determine the concentrations 

of benzylaniline as the final product along with by-products (aniline, BA, and BAD) and 

the intermediate BDA.                        

  [x] =
R 

[IS]
×

RRF

1
                                            (Eqn 6.2) 

Where R is the ratio of a chemical species peak height to the peak height of the internal 

standard. The yield of the reaction is defined as the ratio of the product concentration 

and the initial reactant concentration, calculated following Equation 6.3: 

                                 % Yield =  
Cp

C0
× 100                                     (Eqn 6.3) 

Where Cp is the concentration of the products of interest; and C0 is the initial 

concentration of the benzyl alcohol.  
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6.3.2 Analysis of the Initial Reaction 

Running the photocatalytic reaction initially at a neutral pH, a mol 1:1 ration of BA and 

aniline were confirmed to be present in the organic phase at an equimolar quantity of 

7mmol. Peaks of the benzaldehyde and BDA intermediate were detected, which 

confirmed that the oxidation and condensation steps proceeded under TiO2-mediated 

photocatalysis according to the hydrogen autotransfer concept. However, 

benzylaniline as the final product was not observed indicating the insufficiency of the 

liberated H2 (within the reaction mixture) to drive the final reduction step via 

hydrogenation across the C=N double bond to form an amine. The scope of the 

investigation was changed to monitor the rate of reaction using the BDA intermediate 

due to the lack of the final benzylaniline. The initial reaction rate was 5. 0 × 10−5M min-

1, with a BDA yield of 0.84%. These initial findings demonstrated that N-alkylation of 

an amine was possible under TiO2-mediated photocatalysis. However, the poor 

reaction rate and BDA yield initially observed warranted optimization of the 

photocatalytic reaction conditions. 

6.3.3 pH Optimization  

The optimal pH for the photocatalytic reaction was investigated by adjusting using 32% 

HCl and NaOH. From high pH to the acidic condition, the reaction rate increases and 

reaches the highest rate at pH of 2 (10.0 ×10-5 M min-1); which declined upon a further 

decrease in pH (Figure 6.3A). Similar behaviour was also observed for the BDA yield 

with its maximum of ~1.8 % (Figure 6.3B) at pH=2. The similar trend between the 

reaction rate and BDA yield suggests that there is no significant side reaction 

appearing as the change of reaction pH conditions.    
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Figure 6.3 (A) Rate and (B) yield of BDA formation at different pH values. 

 
Clearly, the photocatalytic reaction proceeds optimally under acidic conditions, 

with reaction rate being five times higher than at alkaline pH. It is possible that acidic 

pH promotes either an oxidation reaction to produce benzaldehyde or condensation 

reaction to produce BDA intermediate. However, it was clarified that acidic conditions 

actually favour BA oxidation to form benzaldehyde under enhanced TiO2-mediated 

photocatalysis in chapter 5. Therefore, the rate of intermediate formation is seen to 

increase to pH 2 optimisation under acidic conditions. This was due to the higher 

concentration formed in the initial oxidation reaction, which then undergoes a 

condensation reaction to form the intermediate BDA with aniline. 

 

6.3.4 Effect of Aniline Concentration/Amount 
 

Having optimized the reaction pH (pH 2), the effect of changing the ratio of the 

reactants (aniline: BA) was also considered for optimization. The experimentally 

observed relationship between the BDA formation rate and aniline concentration is 

shown in Figure 6.4A. The optimal reaction rate (10.0 ×10-5 M min-1) was achieved 

when aniline quantity was ~ 7.0 mmol. Further increase in the concentration of aniline 

resulted in a decline in the reaction rate. The optimal aniline quantity (~ 7.0 mmol) 
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gave a BDA yield of ~1.8 % which is over 3x more than that at an aniline quantity of 

14 mmol with a yield reported here of 0.44% (Figure 6.4B).  

Clearly, the variation of aniline concentration relative to BA has a significant 

effect on the TiO2-mediated photocatalysis. An upward trend in both the reaction rate 

and BDA yield was observed when the quantity of aniline was increased from 0.0 to 

7.0 mmol. A further increase in aniline quantity resulted in a downward trend. The 

optimal 7.0 mmol indicates the establishment of equimolar reactants (1:1 molar ratio).  

 

Figure 6.4 (A) Rate and (B) yield of BDA formation against aniline quantity. 

 

With a further rise in aniline quantity above a ratio of 1:1 with benzyl alcohol, a 

relationship suggestive of a change to benzyl alcohol being the limiting reactant is 

expected to be observed. A plateau of the reaction rate graph at a quantity that brings 

the aniline in excess of the benzyl alcohol would explain this. However, this is not 

observed, but the negative relationship with additional aniline quantity to the rate of 

reaction suggests a dynamic within the reaction. Therefore, understanding and 
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overcoming this limiting effect is necessary for the photocatalytic reaction to be further 

optimized. Further research has been performed to further understand the dynamics 

at play with aniline. Similarly, to the previous study in which the ratio of aniline: benzyl 

alcohol was changed by adjusting the amount of aniline present in the reaction 

mixture, the quantity of aniline is changed but continuously during one reaction run. 

Therefore, this approach would allow for closer observation of the dynamics of aniline 

within the reaction mixture than before. During one reaction, changing the aniline 

concentration will provide data on how aniline acts dynamically. 

Interestingly, the effect varying aniline quantity relative to BA on the TiO2-

mediated photocatalysis to produce BDA was investigated by monitoring BDA yield. 

There was a linear relationship between aniline quantity and BDA yield (Figure 6.5). 

This was inconsistent with the earlier demonstration where a negative relationship was 

observed.  

 

Figure 6.5 The yield of BDA (vs BA) against the injected aniline throughout the 
reaction period. 
 

In the previous investigation where aniline was added initially, its dynamic acted 

as a limited factor. Alternatively, the addition of aniline to the reaction mixture following 
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the initial addition of BA appeared to alter the manner in which aniline reacts with 

benzaldehyde in the condensation step to form the BDA intermediate. This appears to 

have overcome the observed limitations of initial aniline addition. This indicated that 

aniline in the organic phase is unstable under acidic conditions (pH 2), and therefore, 

preferentially undergoes hydrophilic interactions towards the aqueous phase.  By 

inspecting the GC-FID spectra, subjecting the equimolar reactants at a pH of 2, the 

1:1 reactant ratio was not evident (Figure 6.6). The observed small aniline peak 

indicated a fraction of aniline was protonated and moved to the aqueous phase and 

therefore, reducing the amount available for reaction with benzaldehyde.  

 

Figure 6.6 GC-FID data of the organic layer under acidic conditions. 
 

As initially observed (Figure 6.4B), the negative relationship between aniline 

concentration and BDA yield could be due to the loss of aniline to the aqueous phase 

by protonation. The aniline protonation rate was faster than BA oxidation to 

benzaldehyde.  This was because the aniline was first protonated to the aqueous 

phase instead of it undergoing a condensation reaction and could thus not react with 

benzaldehyde. This anomaly can be corrected by adding aniline during the reaction to 

allow time for the BAD to form. Next, the modality of adding aniline during the reaction 
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was optimized. 7 mmol aniline was added to the reaction chamber at a regular interval 

of 15 min during the reaction, with samples being drawn at the same time (Figure 6.7). 

Improved yield of 2.25% BDA was observed at 7 mmol of the aniline was added 

stepwise as the reaction proceeded.  

 

Figure 6.7 BDA yield when an aniline solution was injected autonomously. 
 
 

This confirmed that the initial presence of aniline at prevailing acidic conditions 

favoured its protonation and subsequent loss to the aqueous phase, thus a reduced 

yield. However, the stepwise addition of aniline as demonstrated in the present study 

is qualitative as it lacks the quantitative aspect of the rate of aniline addition.  

The quantitative aspect of aniline addition was developed to work 

autonomously. This was achieved using a Watson-Marlow 501u liquid pump, which 

allowed the delivery of aniline in the reaction mixture whilst the reaction was ongoing 

without any manual adjustments, in a controlled fashion; adjustable in (gmin-1).   
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Figure 6.8 BDA yield change over time at different aniline flow rates. 
 

Thus, the effect of different aniline flow rate on BDA yield was monitored (Figure 

6.8). Also, the data for when the original 7mmol of aniline was initially introduced is 

present in the graph. Therefore, the different yield can be compared.   

Clearly, aniline flow produced higher BDA yields compared to a constant 

amount of aniline initially added. The highest yield of 3.9% achieved at an aniline flow 

rate of 0.676 gmin-1, which was 2.4 times higher than when aniline was initially dosed 

at a constant amount (Figure 6.9). This feeding rate indicates a balance between being 

slow enough to allow time for BA oxidation to take place while being efficient enough 

to resolve any resistive forces present in the given experimental setup that affect 

aniline solution delivery constantly. 

Since the condensation reaction to create the intermediate depends on the 

benzaldehyde formed reacting directly with aniline delivered into the solution before 

protonating, it would be expected a higher yield at slower flow rates as there would be 

a higher concentration of benzaldehyde present in the solution. This is not the case, 

however since the result at 0.622 gmin-1 indicates a decrease in yield, and this is 

because the reaction run was not adequate to resolve the resistive forces present in 

the delivery process. 
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Figure 6.9 BDA yield compared to the different aniline delivery rates. 
 
 

Due to the location of the silicone tubing and a small pressure building up in the 

silicone tube from the oxygen gas being poured into the reaction mixture, these 

resistive forces present include going against gravity. Hence the reliable delivery of 

aniline at flow rates below 0.676 gmin-1 is a limitation of this experimental process. 

Conversely, the decrease in yields achieved at 1,406 gmin-1 and 1,561 gmin-1 is due 

to the flow rate being too rapid to allow an optimal benzaldehyde build-up to take place. 

A small aniline solution of the fixed volume was produced during the previous 

investigation to be used for the delivery of aniline at each flow rate, but the impact of 

using greater volumes in the reaction was not investigated. A large stock of aniline 

solution of the same concentration as the previous solution was then developed and 

the investigation was repeated.  
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Figure 6.10 BDA Yield compared to the rate of aniline delivery when using a large 
stock aniline solution. 
 

The investigation was repeated using a larger stock solution where interesting 

changes in the BDA yields were observed. Initially, the optimization point was between 

0.676 gmin-1 and 0.622 gmin-1, however, the yield obtained at 0.622 gmin-1 was larger 

with the graph showing an almost linear relationship between flow rate and yield as 

shown in Figure 6.10. These findings are similar to the hypothetical relationship of 

slower flow rates leading to higher yields, and these results also indicate that a more 

reliable distribution at lower flow rates can be accomplished by using a stock solution. 

Ultimately, however, these findings are again restricted by the liquid pump used, and 

with the experimental setup provided, consistent delivery of aniline at even lower flow 

rates is not possible. A more efficient pump will need to be used for further studies into 

lower flow rates. On the other side of the graph, using a stock solution at the flow rates 

of 1.406 gmin-1 and 1.561 gmin-1 leads to a decrease in yields relative to those 

obtained in Figure 6.9. The explanation for this is that the use of a stock solution at 

higher flow rates contributes to a significant build-up of solvent dichloromethane, which 

in turn increases the volume of the organic layer to a volume far greater than the 

aqueous layer, thus reducing TiO2 activity and thus the photocatalytic rate.  
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6.3.5 Reduction of Imine with Hydrogen  
  

To produce the final amine (benzylaniline) product, it was important to investigate the 

effect of injecting H2 gas into the reaction mixture. H2 was mixed with an N2 diluent at 

a ratio of 1:2 as a safety precaution. This was based on the hypothesis that delivering 

an excess amount of H2 gas into reaction mixture would force the final reduction step 

to take place. Indeed, benzylaniline peaks were detected allowing the yield to 

monitored as a function of time (Figure 6.11). 

 

 
Figure 6.11 The yield of benzylaniline against time. 
 

The results show a linear relationship between the yield of benzylaniline and 

time, however, it is very low at 0.27 % with the observed yield after 1 hour of reaction 

time. Comparing this yield to those obtained for the intermediate are very smaller, but 

this is as expected. The final yield of benzylaniline product depends on, firstly the 

oxidation of benzyl alcohol, then the condensation reaction between benzaldehyde 

and aniline and finally the hydrogenation of the imine intermediate. Thus, the low yields 

are as expected as the final step in the reaction cycle is the reduction reaction to form 

the benzylaniline. Here the yield is reported after just 1 hour, yields would increase 
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after longer reaction times as expected. There are no side reactions between the 

chemical species occurring and the reagents react together in a 1:1 ratio to form the 

intermediate and finally the product. Therefore, theoretically up to 100% final product 

yield would be produced after the long run reaction. Which would be agreed with the 

literature values of yield for this reaction using a transition-metal catalyst as stated in 

section 6.1.399-401 This result is significantly high as this is the first time the N-alkylation 

of amines under photocatalytic conditions has been shown to work. 

 

6.4 Conclusion 

Photocatalytic N-alkylation of aniline using BA was successful for the synthesis of 

benzylaniline. GC-FID was useful for tracking the progress of the photocatalytic 

synthesis process using standard solutions of each of the involved chemical species. 

However, unoptimized photocatalysis was very slow with no benzylaniline yield. This 

was improved following optimization of the photocatalyst by carefully selecting the best 

pH (acidic condition of pH 2) coupled with the equimolar loading of reactants to prevent 

aniline protonation that was observed to hinder optimal benzylaniline yield. 

Furthermore, it was demonstrated that the loading of aniline in an ongoing reaction 

rather than injecting it into the organic layer initially produced better yields. Given 

aniline protonation rate is faster than BA oxidation, the presence of aniline during the 

initial phase of the reaction results in preferential protonation before reacting with 

benzaldehyde. This was solved by adding aniline throughout the reaction to allow it 

directly to react with the already produced benzaldehyde. The reaction was further 

optimized by using liquid-pump for a continuous aniline delivery into the reaction 

mixture, with an optimal flow rate of 0.676 gmin-1 giving a 3.98 % of benzylideneaniline 

intermediate resulting in an increase of yield compared to 1.76 % at constant aniline 
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concentration. In addition, bubbling of H2 gas in the 1:2 ratio into the reaction mixture 

allowed hydrogenation step to occur and produced the final product, benzylaniline; 

since the lack of H2 gas evolution initially did not allow hydrogenation of the final 

product. After 1 hour of reaction, the benzylaniline yield was very low as expected and 

allowing the reaction to run longer, greater yields were observed. This is the first, report 

to demonstrate the photocatalytic N-alkylation of an amine using a TiO2 photocatalyst. 

Optimization of the reaction conditions as described here could provide a large-scale 

green alternative method for the N-alkylation of amines at industrial levels. 
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CHAPTER 7 Synthesis and Photocatalytic 

Properties of Metal-dopedTiO2 
 

 

The photocatalytic activity of TiO2 can be optimized through doping with other metals 

to lower the bandgap energy and enhance electron trapping, thereby minimizing the 

recombination of TiO2 photogenerated electron-hole (e-h) pairs thus improving 

photocatalytic efficiency. In the present study, Ag-, Fe-, and V- doped TiO2 

nanoparticles (NPs) were synthesized using a controlled hydrolysis technique. The 

synthesized NPs were subsequently characterized by XRD pattern, BET surface area, 

photoluminescence emission spectroscopy and UV-Vis diffuse reflectance 

spectroscopy. Photocatalytic oxidation of benzyl alcohol into aldehyde was performed 

to evaluate the photocatalytic activity of synthesised NPs and compare it to P25 

wherein optimal calcination temperatures for all metal-dopedTiO2 NPs were found to 

be 500°C. Evaluation of TiO2  metal-dopants (mole%) showed that the 0.7% V-doped  

TiO2 possessed the lowest bandgap at 2.88 eV and the highest photocatalytic activity 

of alcohol photooxidation at 62 x 10-3 min -1. This was followed by 0.4 % Fe-doped 

TiO2 with a bandgap of 2.92 eV and an alcohol photooxidation rate of 60 x 10-3 min-1. 

The 0.8% Ag-doped TiO2 had a bandgap of 3.05 eV, and the lowest rate of alcohol 

photooxidation with 52 x 10-3 min-1.  
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7.1 Introduction 

7.1.1 Titanium Dioxide as A photocatalyst 

Photocatalysis is the process of absorbing light to raise its energy level and supply 

such energy to a reacting substance for facilitating a chemical reaction.404 In a 

photocatalytic reaction, the photocatalyst is neither consumed nor altered making such 

reactions sustainable over time. Photocatalysis reactions that use semiconductor 

particles have been widely due to their potential use in the removal of inorganic and 

organic contaminants from the environment and in solar energy conversion.405 In a 

semiconductor, free charge carriers such as electrons and electron holes, also known 

as electron-hole (e-h) pairs, are generated through excitation from the valence band 

to the conduction band of the electron (e-) (Figure 7.1). The excitation of an electron 

in a photocatalytic reaction occurs when light is absorbed by the atom or molecule 

causing its movement between the two energy levels - a process referred to as 

photoexcitation.406 The electron-hole is denoted as a positive charge, h+, as the lack 

of an electron at a position where an atom or atomic lattice could exist leaves a net 

positive charge at the hole’s location which balances the negative charge of the 

electron. An excited electron in the conduction band can fall back to the hole or an 

empty state in the valence band through a process known as electron-hole 

recombination.407  

Titanium dioxide (TiO2) is a powerful photocatalyst with the ability to photo-

generate e-h pairs capable of undergoing redox reactions with water molecules to 

produce hydrogen from electrons and oxygen gas from holes as shown in Equations 

7.1 and 7.2, respectively.408  

                             2𝐻+ + 2𝑒−  ⟶ 𝐻2                                     (0.00𝑉)   (𝐸𝑞𝑛 7.1)  

                            𝐻2𝑂  + 2ℎ+ ⟶    2𝐻+ +  
1

2
𝑂2                     (1.23𝑉)  (𝐸𝑞𝑛 7.2) 
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The mechanism of TiO2-mediated photocatalysis is initiated by the absorption 

of a photon of energy hv, which is equal to or greater to the bandgap energy of TiO2 

(~3.3 eV for the anatase crystalline phase of TiO2). This generates an e-h pair on the 

surface of the TiO2 nanoparticles (NPs) as shown in Figure 7.1. An electron (e-) is 

promoted to the conductance band (CB), while the positive hole (h+) is formed in the 

valence band (VB). The formed h+ can react with water or oxygen to generate hydroxyl 

radicals (OH•) or oxygen radicals (O2
•-) with a high redox oxidizing potential which is 

useful for photocatalytic reactions. However, the excited e-h pairs can undergo 

recombination, where their energy dissipates as heat, get trapped in metastable 

surface states or react with electron donors and electron acceptors present on the 

surface of the semiconductor.409 Consequently, the recombined charge carriers 

cannot participate in the subsequent photocatalytic reactions, thus demonstrating that 

quick e-h recombination is detrimental to the whole process.410 

 

Figure 7.1 Mechanism of TiO2 photocatalysis: hv1: pure TiO2; hv2: metal-doped TiO2. 
 
 

The photocatalytic potential of TiO2 makes it useful for organic synthesis. Also, 

due to its biological and chemical stability, low cost, nontoxicity and long-term stability 
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against photo-corrosion and chemical corrosion, TiO2 has been made the subject of a 

significant number of studies.411  

Despite these attractive advantages, the use of TiO2 as a photocatalyst has 

been limited due to the narrow wavelength of light that can effectively photoactivate it. 

Indeed, the photoactivation of pure TiO2 is restricted to light sources within the narrow 

ultraviolet (UV) region (200 - 400 nm), effectively limiting its utilization of sunlight to 

about 3-5% of the entire solar spectrum.411 This restriction is due to the large bandgap 

energy of TiO2 (3.0 eV, rutile),412 which limits the amount of energy used to achieve 

photoexcitation. In addition, the photogenerated e-h pairs of TiO2 are short-lived since 

they rapidly undergo recombination thus significantly reducing their quantum 

efficiency. This gives pure TiO2 a suboptimal photocatalytic efficiency. 

7.1.2 Optimization of TiO2 Photocatalysts 

To improve the efficiency of pure TiO2, several studies have focused on developing 

techniques to block or reduce the recombination of TiO2-photogenerated e-h pairs 

thereby enhancing the photocatalytic activity of TiO2. Anti-recombination strategies 

developed for photogenerated e-h pairs from TiO2 include lowering the bandgap 

energy of TiO2 and maximizing its electron lifetime.  

7.1.2.1 Lowering of Bandgap Energy 

 

Doping TiO2 with non-metals or transition metals can lower its bandgap and extend its 

light absorption to the visible range. During doping with non-metals, the valence band 

is influenced through interaction with the O 2p electrons, causing the localized states 

or p states of the non-metal dopant to form the impurity levels and lie above the 

valence band, thereby extending the absorption edge of TiO2.413 Among the non-metal 

dopants studied in the literature, surface fluorinated TiO2 (F-TiO2) is particularly 

promising due to its enhanced photocatalytic activity compared to pure TiO2. The 
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addition of a fluorine dopant in F-TiO2 has also been shown to impart the material with 

an extended photo-absorption wavelength, beyond the narrow UV region exhibited by 

pure TiO2.414,415 However, whilst hydroxyl radical (OH●) mediated photooxidation 

pathways are enhanced by F−TiO2, reaction pathways that are dependent on hole 

transfer were found to be inhibited due to the hindered adsorption or complexation of 

substrates in F−TiO2.416 This inhibition of such pathways has led F−TiO2-mediated 

photocatalytic reduction reactions, such as dechlorination of trichloroacetate, to 

proceed with significantly reduced reaction rates in F−TiO2 when compared to pure 

TiO2.416  

7.1.2.2 Increasing Electron Lifetime 

 

Although doping, especially for non-metals, can reduce the bandgap of TiO2, it could 

also affect the crystal phase, composition and electronic structure of TiO2 which are 

critical for optoelectronic applications.417 Other ways to improve the photoactive 

properties of TiO2 include coupling it with semiconductors or metals. An electronic 

heterostructure is formed at the interface between TiO2 and other semiconductors that 

have a higher conduction band level than TiO2.418 This structure can localize holes in 

the valence band and trap electrons in the conduction band, thereby extending the 

lifetime of charge carriers.413,417 Some of the promising semiconductors that are 

utilized to improve the efficiency of TiO2 photocatalysts include graphene,290 

Sr2Nb2O7,419  AgX (X= Cl, Br, I),420  g-C3N4,
421 SnO2,422 In(OH)3,423 CeO2,424 BiVO4,

425 

and Bi2WO6.426 In Chapter 3 where synthesis and photocatalytic activities of an 

Ag3PO4/TiO2 nanocomposite were discussed, it was shown that the Ag3PO4/TiO2 

nanocomposite exhibited an increased photocatalytic activity due to increased 

photoexcitation of Ag3PO4 nanoparticles due to a reduction in e-h recombination.  
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Transition metals and their oxides are also widely studied as TiO2 

dopants.409,427 TiO2 catalysts can be doped with various metal oxides such as Fe, Zn, 

Cu, Ni, and V,428 reducing the bandgap of TiO2 for photoexcitation to a lower energy 

level, hv2, as shown in Figure 7.1 The recombination rate of photogenerated e-h pairs 

can also be reduced simultaneously.428  

One of the metals that can be used as a dopant for TiO2 is silver. Doping of 

TiO2 photocatalyst with Ag has been found to reduce the illumination period and make 

it a more efficient photocatalyst for wastewater treatment.429 He et al. noticed that a 

specific amount of silver dopant can increase the activity of TiO2 by changing the 

anatase grain size.430 Aside from Ag, Fe is also one of the most promising transition 

metals considered as a dopant because of iron’s similarity with Ti in terms of size. The 

ionic radius of Fe3+ is 0.69 Å while that of Ti4+ is 0.745 Å. Hence, Fe3+ can ideally 

integrate into the TiO2 matrix. The Fe3+ electronic configuration is also stable and with 

half-filled d5. Fe3+ also inhibits the recombination of photogenerated e-h pairs by acting 

as a charge carrier trap, thus enhancing the material’s photoactivity.431,432 Cu-doped 

TiO2 NPs were also studied due to their elevated light absorbance coefficients.433 Bak 

et al. noted that when metal ions such as Fe3+ and Cu2+ were introduced into TiO2, the 

semiconductor’s properties changed from an n-type to a p-type semiconductivity.434 

Vanadium has also shown promising results as a metal dopant to TiO2 for improving 

its photocatalytic efficiency. Doping of TiO2 with vanadium (V) increases the former’s 

photocatalytic efficiency and also makes it more active in the visible light spectrum.435  

Different methods have already been used to synthesize metal-doped TiO2 

catalysts such sol-gel and modified sol-gel methods, wet impregnation, hydrothermal, 

chemical vapour deposition (CVD), ion-assisted sputtering, metal ion implantation and 

water in oil (W/O) microemulsion.436 Among these methods, the controlled hydrolysis 
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technique has been the one widely used for the doping of metal ions in titanium dioxide 

through the addition of a metal dopant during the hydrolysis of titanium alkoxide.437,438  

In this research, TiO2 nanoparticles (NPs) were doped with metals such as Ag, 

Fe, and V. The synthesis method utilized was controlled hydrolysis which provides a 

new approach in the synthesis of NPs that possess better physical and chemical 

properties.  

The present study aims to synthesize metal-doped TiO2 nanoparticles through 

the hydrolysis method using various transition metals Ag-, Fe- and V-doped TiO2. This 

study also aimed to characterize the metal-doped TiO2 nanoparticles’ morphology and 

photocatalytic properties using x-ray diffraction, scanning electron microscopy, 

Brunauer–Emmett–Teller analysis, photoluminescence emission spectroscopy and 

UV-Vis diffuse reflectance spectroscopy. 

7.2 Experiment 

7.2.1 Materials and Reagents  

The following were used as precursors for the preparation of NPs: ammonium 

hydroxide (NH4OH, 30 wt%), titanium (IV) isopropoxide (TTIP, 97% purity), silver 

nitrate (AgNO3, > 99 % purity), iron nitrate nonahydrate [Fe(NO3).9H2O, ≥99% purity], 

and vanadium (III) chloride (VCl3, 97% purity). All reagents were acquired from Sigma-

Aldrich except for ammonium hydroxide which was obtained from Fischer Scientific. 

7.2.2 Synthesis of Metal Doped TiO2 Nanoparticles  

The TiO2 was synthesized through a controlled hydrolysis technique using TTIP as a 

precursor. Thirty drops of 0.2M aqueous ammonia was added dropwise into a glass 

vial containing 1ml TTIP: 10 ml ethanol solution with continuous stirring. The mixture 

was stirred for another hour, washed and then oven-dried at 80°C for 12 hours. The 

dried sample was calcined at 500°C. 
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The metal doped TiO2 NPs were synthesized using the controlled hydrolysis 

method. Undoped metal catalysts were prepared by adding 1 mL of TTIP into 10 mL 

of ethanol in a glass vial and then stirring the mixture for 20 min. On the other hand, 

metal dopant solutions of 1 mL were prepared from 0.1 mole% solutions of Ag, Fe, 

and V precursors in 10 mL of absolute ethanol. The metal dopant solution is added 

dropwise to the prepared TTIP/EtOH mixture to make Ti/M powders, where M is the 

transition metal, having a mole ratio of 0.1%.  

The doped mixture was stirred using a magnetic stirrer for 30 min after which it 

was treated with 30 drops of 0.2M ammonium hydroxide solution, dropwise. The 

mixture was stirred for another hour, then oven-dried at 80°C for 12 hours. The oven-

dried metal doped TiO2 was transferred into a furnace for the calcination process at 

different temperatures from (400- 600°C) for 2 hours. Metal-doped TiO2 samples were 

prepared according to the above-mentioned procedure in the presence of the 

corresponding metal salt precursors to obtain a doping level range of 0.1 to 1.0 mole 

% (Figure 7.2).  

 

Figure 7.2 Procedure for synthesizing of metal doped TiO2 photocatalysts. 
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The photocatalytic activities of the synthesised metal catalysts were evaluated 

using a method similar to that previously described (Chapter 5) which used the 

synthesized catalysts rather than P25.  

7.2.3 Characterization of metal dopedTiO2 photocatalysts 

In order to determine the composition and crystallite size of the developed 

photocatalysts, x-ray diffraction measurements were carried out at room temperature 

using DX-2000 x-ray powder diffractometer (Siemens D500).  with Cu Kα radiation at 

an x-ray wavelength of 1.54 Å, a scanning speed of 3◦/min,  an accelerating voltage of 

40 kV and an emission current of 30 mA. Photoluminescence emission spectra were 

recorded using a fluorescence spectrometer (Perkin Elmer LS 45). The surface area 

BET measurements were performed using a JWK-B122 surface area and pore size 

distribution analyser at 77 K. Gas chromatography analysis was performed using a 

Perkin Elmer Gas Chromatograph equipped with Flame Ionized Detector (GC-FID); 

the dimensions of the polar column used were 30 m × 0.53 mm × 1 µm. The injector 

carrier gas used was H2, which was delivered at a flow pressure of 4.2 psi. The injector 

was maintained at a temperature of 250˚C and the oven was kept at a temperature of 

180˚C. The analysis was performed at a retention time of 200 seconds. 

7.2.4  Photocatalytic Oxidation of Benzyl Alcohol Using Metal-doped 

TiO2 

The photocatalytic activity of metal-dopedTiO2 photocatalysts was evaluated 

according to methods and procedures similar to those described in Chapter 5.  TiO2 

P25, synthesised TiO2 and the metal dopedTiO2 photocatalysts were used. In order to 

investigate the influence of doping concentration on the biphasic photocatalytic 

oxidation of alcohols into aldehydes, the kinetic constants were calculated for each 

catalyst.  To do this, the oxidation performance was considered and described in 
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(Chapter 5) using pseudo-first-order kinetics described as follows: photocatalytic 

oxidation depends on the initial substance concentration (C) (Equations (5.1)-(5.4), 

chapter 5):                      

𝑣 = 𝑘𝐶 

where C is the alcohol concentration (mg-L-1) during irradiation time and k is the kinetic 

constant in min-1. 

            
𝑑𝐶

𝑑𝑡
= −𝑘𝐶                                   

By integrating the last equation between initial time (t = 0) and a generic irradiation 

time t, the following equation could be established: 

            −𝑘𝑡 = ln
𝐶𝑡

𝐶0
      

The kinetic constant k value can be calculated by the slope of the straight line attained 

from plotting -ln (Ct/C0) versus t. 

7.3 Results and Discussion 

7.3.1 Ag-doped TiO2 NPs Characterization and Evaluation of its 

Photocatalytic Activity. 

The synthesized Ag-doped TiO2 NPs were characterized using XRD, diffuse 

reflectance spectroscopy, photoluminescence spectroscopy, and BET. 
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7.3.1.1 Optimization of Ag-doped TiO2 NPs 

 

 
Figure 7.3 XRD patterns of (A) Pure TiO2, and Ag-doped TiO2 nanoparticles calcined 
at 4000C, (B) 0.8mol% Ag-doped TiO2 nanoparticles calcined at 400, 500 and 6000C. 
 
The XRD patterns of TiO2 and different ratios of Ag-doped TiO2 NPs were compared 

in order to determine the optimal ratio of Ti with a metal dopant and calcination 

temperature. Figure 7.3 A shows the XRD patterns of pure TiO2 and Ag-doped TiO2 

NPs at different levels of Ag-doping: 0.2, 0.5, 0.8 and 1.0 mol. (%). For pure TiO2, the 

peaks observed at 2θ were 25.50°, 37.75°, 47.80°, 53.75°, 54.90°, 62.50°, 68.80°, 

70.50°, and 74.90°, for diffraction of x-rays from (101), (004), (200), (105), (211), (204), 
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(116), (220) and (301) crystal planes of the anatase phase (JCPDS Card No.21-1272), 

respectively. The Ag-doped TiO2 NPs were found to display the same XRD pattern as 

that of pure TiO2 which means that there is no peak related to Ag species even at the 

highest doping level, and that could be because the anatase phase was not disturbed 

upon doping and that the dopants in the TiO2 samples were highly distributed.439,440 

This means that, without being covalently attached to the crystal lattice, the metal 

dopants were simply placed on the surface of the crystals.  Hence, these metal sites 

were expected to be below the visibility limit for x-ray analysis. However, with 

increasing dopant concentration, the major diffraction peaks (101) moved to lower 2Θ 

and became broader. A similar observation was noted in a paper by Ali et al., wherein 

they reported that the main diffraction peaks became broader and shifted to lower 2Θ 

possibly due to lattice strain.439  The crystallite size was obtained from the diffraction 

peak broadening using Scherer’s Equation for samples which are displayed in Table 

7.1.  

The average crystallite size of the samples was calculated using the Debye–

Scherrer formula on the anatase (101) diffraction peaks (Equation 2.6, chapter 2): 

                                             𝐷 = 𝑘𝜆𝛽𝑐𝑜𝑠𝜃                      

Where D is the average crystallite size, K is the constant (=0.89), λ is the 

wavelength of the x-ray radiation (λ = 1.5406 nm), β is the corrected band broadening 

(full-width at half-maximum (FWHM)) after subtraction of equipment broadening, and 

θ is the diffraction angle. It is clear from table 7.1, the 0.5% Ag-doped TiO2 samples 

had the smallest crystallite size (23 nm) at 500°C. With increasing silver dopant from 

0.5 mol. % to 1 mol. %, the crystallite size of the anatase phase in the samples also 

increased, while decreased with higher calcine temperature and that could be due to 

the inhabitation of the phase transformation. 
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The effects of calcination temperature on the 0.8% Ag-dopedTiO2 NPs were 

further studied using calcination temperatures of 400, 500 and 600oC for 2 hours. 

Subsequently, the best amount of dopant for the evaluation of photocatalytic oxidation 

of benzyl alcohol by Ag-doped TiO2 NPs was determined to be 0.8mole%. Increasing 

the temperature from 400 to 500oC increased significantly the peak intensity of (101) 

peak (Figure 7.3 B). The width of the (101) peak became narrower, demonstrating the 

growth of the anatase phase and the improvement in crystallinity.441 

 It was observed that all peaks were sharp and strong for the anatase phase at 

2Θ = 25.50o while no peaks appeared for rutile phase in all of the samples. This 

demonstrates that phase transformation from anatase to rutile did not take place when 

0.8 mol% Ag-dopedTiO2NPs was calcined below 600oC which means that silver was 

capable of controlling the phase transformation from anatase to rutile.  However, it is 

well known that the anatase-rutile phase transformation depends on several factors 

such as synthesis method, heating rate, particle size and doping level. Similar findings 

have also been reported by other authors.442-444 However, some articles have reported 

opposite results regarding the effect of silver doping on phase transformation.445  

The liquid nitrogen absorption-desorption experimental results from the 

Brunauer–Emmett–Teller (BET) analysis are presented in Table 7.1. The surface area 

was highly dependent on the quantity of Ag-doped samples. When the Ag-doped 

sample amount was 0.0, 0.5, 0.8 and 1.0 %, the SBET of Ag–TiO2 was found to be 

254, 260, 295.5 and 250 m2 g−1, respectively. It is interesting to note that the 0.8% Ag-

doped TiO2 displayed the highest BET surface area at 295.5m2/g among the four 

samples. Since the NPS surface area could be correlated to photocatalytic activity, the 

Ag-doped NPs can thus be expected to have an enhanced photocatalytic ability. 
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Table 7.1 BET surface area of Ag-dopedTiO2 

 

Ag-doping 
(Mole%) 

BET surface area 
(m2/g) 

Crystallite size 
(nm) 

0.0 254 25 

0.5 260 23 

0.8 295.5 27 (400oC) 
25 (500oC) 
24 (600oC) 

1 250 30 

 

 

It has been observed that based on the Ag-doping level, BET increased 

proportionately to a maximum for 0.8% but then decreased when the Ag-doping 

amount further increased. This is probably due to the sintering of smaller particles into 

larger particles. Therefore, the higher the Ag-doped amount, the lower the BET surface 

area. Similar findings have been reported by Li et al.444  

Characterization of Ag-doped TiO2 NPs compared to pure TiO2 NPs was also 

investigated using the obtained photoluminescence (PL) emission spectra (Figure 

7.4). PL spectra have been widely used to investigate the efficiency of charge carrier 

trapping, migration and transfer as well as to determine the fate of e-h pairs in 

semiconductor particles.446  
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Figure 7.4 Photoluminescent (PL) emission spectra of pure TiO2, and Ag-doped TiO2 
(0.2, 0.5, 0.8 mol. %) NPs under UV-vis irradiation. 
 

Pure TiO2 exhibited the highest PL emission intensity while 0.8% Ag-doped 

TiO2 NPs exhibited the lowest PL emission intensity. This high intensity could indicate 

that the population of photogenerated e-h pairs undergoing recombination is much 

larger in pure TiO2 than in Ag-doped TiO2, thereby suggesting that Ag-doping 

effectively inhibits the recombination of electrons and holes in TiO2, an effect that could 

improve the photocatalytic activity of the studied materials. By observing the PL 

spectra shown in Figure 7.4, it can be noted that the largest degree of inhibition of e-

h pairs occurred at a doping level of 0.8% Ag. Indeed, when the Ag content was too 

small, the recombination rate of e-h pairs tended to be higher due to the absence of 

adequate traps. A similar quenching effect on luminescence intensity has been 

observed in other studies wherein V-, Fe-, W-, Zr-, Cu-, Ni-, Ga-, Cd-, Ag-, Al- and Pb- 

were used for doping TiO2.447-449  
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Figure 7.5 (A) Band gaps obtained from Tauc plots calculated from diffuse reflectance 
spectra of pure and Ag-doped TiO2 NPS.(B) Effect of increasing Ag content on the 
bandgap energy. 
 

The Tauc plot, generated from the UV-Vis reflectance spectra of pure TiO2 and 

Ag-doped TiO2 NPs which can be used to determine the most optimal Ag-doped TiO2 

based on bandgap reduction, is presented in Figure 7.5. The obtained spectrum for 

TiO2 contains a single absorption peak, just below 370 nm, which is attributed to the 

charge transfer from the valence band - formed by the 2p orbitals of oxide anions - to 

the conduction band.450 The addition of Ag ions and the UV irradiation caused large 

changes to the shift of TiO2 absorption in the UV-vis region. As can be observed in 

Figure 7.5, an increase in Ag-dopant resulted in a steady decrease in the bandgap of 

the Ag-doped TiO2 NPs from 3.18 eV, at 0.0% Ag, to 3.05 eV, at 0.8% Ag. Further 

increases in the amount of the Ag dopant were found to be constant. Consequently, it 

was determined that 0.8 mol% was the dopant concentration which allowed the 

maximum reduction in bandgap and therefore expected to have the highest 

photoactivity. Mogal.S et al. have reported similar observations regarding the bandgap 

of Ag-dopedTiO2.451 
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7.3.1.2 Photocatalytic Activity of Ag-doped TiO2 

 

Figure 7.6 Photocatalytic activity of Ag-doped TiO2 at different Ag concentrations (A) 
and various calcination temperatures of 0.8%Ag-dopedTiO2 (B). 
 
 
In order to optimize the Ag-doped TiO2 NPs with respect to the quantity of the Ag-

dopant (0.8%) and calcination temperature (500oC), the photocatalytic activity of the 

synthesized nanoparticles was investigated. The photocatalytic activity of Ag-doped 

TiO2 NPs (Figure 7.6 A) was noted to increase steadily as the amount of the Ag dopant 

increased from 39 x 10-3 min-1 for pure TiO2 to 52 x 10-3 min-1 for 0.8 % Ag-doped TiO2 

NPs. The improved photocatalytic activity of Ag-doped TiO2, when compared to the 

synthesised TiO2, can be attributed to the silver ion acting as an electron trap and 

hindering the electron-hole recombination.452 Further addition of the Ag dopant to the 

NPs was seen to decrease the photocatalytic activity to 50 x 10-3 min-1 for 1.0 % Ag-

doped TiO2 NPs. This could be since Ag particles can cover the TiO2 surface thus 

causing a decrease in the concentration of photogenerated charge carriers and the 

photocatalytic activity.453 Previously, Huan et al. has noted that an increase in doping 

quantity decreases the light absorption and generation of electrons and holes.413  As 

Figure 7.6 B shown that 500oC optimal calcination temperature and that could be due 

to the stability of anatase phase at this temperature.436 
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7.1.2.3 The mechanism of the enhanced activity of Ag-TiO2 nanoparticles 
 

The Fermi level of TiO2 is higher than that of silver.454 As a result, silver ions can act 

as an accumulation site for the photogenerated electrons of TiO2. When the silver 

aggregation is minimal and the photogenerated electrons are transferred to the silver 

aggregation effectively, a greater separation of electrons and holes can be reached 

by increasing the level of silver loading up to an optimum amount (Equation 7.3). 

These electrons either react with adsorbed molecular oxygen or with the Ti4+ surface 

to form reactive O2
.- species and reactive centre surface Ti3+, respectively (Equation 

7.4 and Equation 7.5). This extends the electron lifetime thus slowing the e-h 

recombination process. The formation of O2
.- and surface Ti3+ increased 

proportionately with the number of h+. As the number and size of silver aggregates 

within the TiO2 increased, the electrical properties of bulk silver became more 

dominant, causing the silver clusters within the NPs to become independent 

recombination sites for photogenerated e-h pairs (Equation 7.6). The reactions that 

occurred in the system are shown as follows.453 

𝑒− + 𝐴𝑔 ⟶ 𝐴𝑔−                                                   (𝐸𝑞𝑛 7.3) 

 𝐴𝑔− + 𝑂2 ⟶ 𝐴𝑔 + 𝑂2
∙−                                           (𝐸𝑞𝑛 7.4) 

                                         𝐴𝑔− +  𝑇𝑖4+ → 𝐴𝑔 +  𝑇𝑖3+                                       (𝐸𝑞𝑛 7.5)    

𝐴𝑔− + ℎ+ → 𝐴𝑔                                                     (𝐸𝑞𝑛 7.6) 

 

7.3.2 Fe-doped TiO2 NPs Characterization and Evaluation of its 

Photocatalytic Activity. 

7.3.2.1 Optimization of Fe-doped TiO2 NPs 

 

The XRD patterns of TiO2 and different ratios of Fe-doped TiO2 NPs were compared 

in order to determine the most optimal dopant concentration and most effective 
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calcination temperature. The optimal photocatalytic activity of Fe-doped TiO2 NPs was 

observed at 0.4% mole at a calcination temperature of 500oC. 

 

 
Figure 7.7 The XRD patterns of (A) TiO2, and Fe-doped TiO2 nanoparticles calcined 
at 4000C, (B) 0.4mol% Fe-doped TiO2 nanoparticles calcined at 400, 500 and 6000C 
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Figure 7.7A shows the XRD patterns of TiO2 and Fe-doped TiO2 NPs at 0.2, 

0.4 and 0.6 mole % and range of 2ϴ = 20-800. The diffraction peaks were indexed to 

(101), (004),  (200), (105), (211), (204), (116), (220), (215) and (301) planes of anatase 

phase of TiO2 and their XRD patterns matched well with JCPDS Card No.21-1272 and 

published literature.455 It is worth noting that no peak for iron oxide was detected and 

this could be due to low Fe content that is beyond XRD detection or due to the 

introduction of Fe3+ with an ionic radius = 64 pm into TiO2 crystals to replace Ti4+ having 

an ionic radius = 68 pm, as a result of their radii proximity.441,456,457  Further 

optimization of 0.4 % Fe-doped TiO2 NPs was done by investigating the calcination 

temperature. Figure 7.7B shows that increasing the temperature from 400 to 600oC, 

the peak intensity could be increased and made narrower. A peak was observed at 

2ϴ = 27.30 corresponding to (110) rutile phase when 0.4mole% Fe-dopedTiO2 was 

calcined at 600oC. The average crystallite sizes were estimated using the Scherrer 

equation (Table 7.2).   

It has been demonstrated by Li et al.458 that transformation of anatase phase to 

rutile happens only at temperatures that range from 700 to 800oC, and that increasing 

the temperature increases the particle size of both the anatase and rutile phases. 

However, the growth rate was different; a much higher growth rate was noted in the 

rutile phase compared to that in the anatase phase. The anatase phase transformation 

to rutile phase accelerated after doping by iron, shifting the transformation to lower 

temperatures.459 This is in accordance with the result of this current research wherein 

the transformation of anatase to rutile phase was found to occur at 600 °C during 

doping of TiO2 with 0.4mole% Fe.  
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Table 7.2 Crystallite size and BET surface area of TiO2 and Fe-doped TiO2  

 

Entry Fe loading 
(mole%) 

Crystallite size 
(nm) 

SBET 
(m2/g) 

1 0.0 25 254 

2 0.4 20 (400°C) 
22 (500°C) 
24 (600°C) 

 
138 

3 0.6 17 109 

 

As shown in Table 7.2, there was a decrease in the crystallinity of the Fe-doped 

TiO2 nanoparticles, when compared with the undoped TiO2, accompanied by a 

decrease in the intensity of TiO2 peaks.  This result indicates that doping Fe3+ reduces 

the size of TiO2 crystals as has been reported by other researchers.460,461 This is 

understandable because the addition of Fe3+ could occupy the regular lattice site of 

TiO2 and distort the crystal structure of the host compound. The crystallite sizes of 

TiO2, calculated through the Scherrer formula, decreased from 25 to 17 nm when the 

Fe content increased from 0.0% to 0.6mole%. On the other hand, the crystallite size 

of the 0.4% mole dopant increased from 20 to 24 nm with increasing calcination 

temperature.   

The PL emission spectra of the Fe-doped TiO2 were compared to that of pure 

TiO2 NPs (Figure 7.8). Six emission peaks can be observed at around 390, 422, 452, 

469, 483 and 493 nm from an excitation wavelength of 320 nm. All the peaks of Fe-

doped TiO2 corresponded with those of pure TiO2, indicating that iron doping did not 

significantly change the material’s photon emission as has been reported previously 

by Meng et al.462 
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Figure 7.8 Photoluminescence spectra of pure and Fe-doped TiO2 nanoparticles at 
different dopant concentrations calcined at 500oC. 
 

The higher energy peaks observed in the PL spectrum can be attributed to the 

band edge luminescence of TiO2 particles, while the lower energy peaks can be 

attributed to the oxygen vacancies present in the material.463 Pure TiO2 exhibited a 

higher PL emission spectrum compared to that of Fe-doped TiO2 NPs which could be 

caused by the impurity levels formed by the dopant that improved the nonradioactive 

recombination of excited e-h pairs.447 However, a lower amount of Fe dopant, at 0.1 

%, in Fe-doped TiO2 NPs was found to exhibit a higher intensity of PL emission 

spectrum compared to that of greater amounts of the dopant, from 0.2-0.4 %. This 

indicates that when the Fe amount is small, the recombination rate of e-h pairs remains 

substantially high due to the absence of adequate traps. When the doping quantity is 

increased, on the other hand, the absorption of light and the generation of e-h are both 

reduced.411  
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Figure 7.9 (A) Band gaps obtained from Tauc plots calculated from diffuse reflectance 
spectra of pure and Fe-doped TiO2 NPS. (B) Effect of increasing Fe content on the 
bandgap energy. 
 

Tauc plots derived from diffuse reflectance spectra of pure TiO2 and Fe-doped 

TiO2 NPS are shown in Figure 7.9. Increasing the proportion of the Fe-dopant in the 

Fe-doped TiO2 NPs resulted in a steady decrease in the bandgap of the Fe-doped 

TiO2 NPs from 3.18 eV, at 0.0% Fe, which is close to the reported value of anatase at 

3.18 eV,444,464 to 2.92 eV, at 0.4 % Fe. The redshift of the spectra could be due to the 

generation of a dopant energy level in the TiO2 band gap.465 The Fe3+ impurities had 

bands close to the TiO2 valence band. Allowing electrons to transfer from the Fe3+ 

impurities rather than from the valence band to the conduction band because of the 

lower excitation energy induces a redshift in the NPs’ light absorption.447 Further 

increases in the amount of the Fe dopant resulted in a steady increase in the bandgap 

to 3.07 eV at 0.7 % Fe, an effect that can be attributed to a Moss-Burstein shift.466 The 

Moss-Burstein effect arises when increased doping causes semiconductors 

degeneration. Degenerate semiconductors gain conductive properties, which means 

their e-h recombination rate can become very rapid, potentially reducing photocatalytic 
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performance. Thus, the optimal proportion of Fe dopant in the Fe-doped TiO2 NPs was 

determined to be 0.4 %. 

7.3.2.2 Photocatalytic Activity of Fe-doped TiO2 

 

Figure 7.10 Photocatalytic activity of (A) Fe-doped TiO2 at different Fe concentrations 
and (B) various calcination temperatures of 0.4%Fe-dopedTiO2. 
 
 
The photocatalytic pseudo-first-order oxidation rate of alcohol into aldehyde over Fe-

doped TiO2, k values are shown in Figure 7.10A. The photocatalytic activity of Fe-

doped TiO2 NPs increased steadily with the increasing amount of the Fe dopant from 

39 x 10-3 min -1, for pure TiO2, to ~ 60 x 10-3 min -1, for 0.4% Fe-doped TiO2 NPs. 

Further additions of the Fe dopant slightly reduced the reactivity to 58 x 10-3 min -1, for 

0.5 % Fe-doped TiO2 NPs.  The optimized 0.4% Fe-doped TiO2 NPs were evaluated 

at different calcination temperatures, from 400 to 600oC (Figure 7.10 B), indicating that 

the optimal photocatalytic activity was at a calcination temperature of 500oC.  

A small amount of dopant Fe ions are believed to act as mediators that can 

affect the charge separation process, e-h recombination rate and interfacial charge 

transfer of TiO2-doped catalysts.467 In Fe-doped TiO2, the relatively unstable d6 orbital 

of Fe2+ could be oxidized to half-filled spin d5 of Fe3+ by the transport of electrons to 



205 
 

 
 

 

the Ti4+ surface or to the adsorption of O2 on the TiO2 surface which causes the 

interfacial electron transfer.467  Thus, accelerated photogenerated carrier transfer and 

effective charge separation can be achieved, leading to enhancements in the NPs 

photocatalytic activity.468,469  

𝑇𝑖𝑂2  + ℎ𝜈 ⟶ ℎ+ + 𝑒−                                                                        

    𝑇𝑖4+ + 𝑒− ⟶ 𝑇𝑖3+                                                        (𝐸𝑞𝑛 7.7) 

𝑂2− + ℎ+ ⟶ 𝑂−                                                           (𝐸𝑞𝑛 7.8) 

𝐹𝑒3+ + 𝑇𝑖3+ ⟶ 𝐹𝑒2+ + 𝑇𝑖4+             𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑡𝑟𝑎𝑝 (𝐸𝑞𝑛 7.9) 

𝐹𝑒3+ + 𝑂−  ⟶ 𝐹𝑒4+ +  𝑂2−               ℎ𝑜𝑙𝑒 𝑡𝑟𝑎𝑝      (𝐸𝑞𝑛 7.10) 

Fe4+ and Fe2+ ions are relatively unstable, from the point of view of crystal field 

theory, compared to Fe3+ ions with half-filled d orbital ions. Therefore, the generation 

of the following reactions tends to result from the transfer of the trapped charges from 

Fe4+ or Fe2+ to the interface.470 

𝐹𝑒4+ +  𝑂𝐻− ⟶ 𝐹𝑒3+ +  𝑂𝐻⋅            ℎ𝑜𝑙𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒   (𝐸𝑞𝑛 7.11) 

𝐹𝑒2+ +  𝑂2  ⟶ 𝐹𝑒3+ + 𝑂2
−      𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑟𝑒𝑙𝑒𝑎𝑠𝑒    (𝐸𝑞𝑛 7.12) 

However, Fe3+ can also serve as the recombination centre for photogenerated 

e-h+ pairs. When the doping concentration was increased, the distance between 

trapping sites decreased thereby increasing the rate of recombination while lowering 

the rate of the redox reaction,471 thus resulting in the reduction in efficiency of the 

photocatalytic activity. Calcination temperature was further investigated and 

demonstrated that at 400oC, the NPs showed obvious photocatalytic activity which 

could be due to the formation of anatase. With increasing calcination temperature, the 

photocatalytic activity of the NPs was observed to increase and reach a maximum 

value at 500oC. Then, the photocatalytic activity decreased steadily as the calcination 

temperature further increased to 600oC. 
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7.3.3 V-doped TiO2 NPs Characterization  

7.3.3.1 Optimization of V-doped-TiO2 NPs 

 

 
Figure 7.11 The XRD patterns of (A) TiO2 and V-doped TiO2 nanoparticles, and (B) 
0.7mole%V-doped TiO2 nanoparticles at different calcination temperatures.  
 

The XRD patterns of pure TiO2 and V–dopedTiO2 at varying ratios calcined at different 

temperatures are presented in Figure 7.11. The peak at 2θ = 25.2◦ is representative of 

the (101) anatase phase reflections and 2θ =27.3◦ is representative of the (110) rutile 
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phase reflections. The rutile phase appeared at 500◦C with 0.7%mole of dopant 

amount. An increase in V dopant amount and an increase in temperature increased in 

the rutile phase. Ding et al. have found that doping metal oxides with a melting point 

higher than that of TiO2 can inhibit the transformation of anatase phase to rutile 

phase.472 However, the opposite was reported by Zhou et al., noting that the melting 

point of the doping metal oxide is lower than that of TiO2. Zhou et al. have found that 

the promotional effect of V doping on the phase transformation was due to the fact 

that the melting point of V2O5, at 750◦C, is lower than that of TiO2, at 1720◦C.473 

By comparing the XRD patterns of pure TiO2 and V-doped TiO2 NPs, it was 

found that the addition of V to the NPs (Figure 7.11 A) did not produce any 

characteristic peak from V2O5. This means that either the V ions introduced in the NPs 

were well dispersed into the TiO2 matrix or the V oxide concentrations were very low 

such that they cannot be detected through XRD which has a detection limit of ~1% 

vol. Besides, there was no peak observed for vanadium oxides such as V2O5 or VO2.474 

Similar results have been reported in other previous studies.475 To obtain further 

insight into the effects of calcining temperature, 0.7mole% V-TiO2 was calcined at 

different temperatures: 400, 500 and 600◦C. It was found that 500◦C enabled higher 

activity of photocatalytic oxidation of benzyl alcohol with a crystal size of 21 nm and a 

bandgap of 2.88 (Figure 7.11 B). 

Table 7.3 shows the bandgap and the average crystallite size of the catalysts 

calculated using the Scherrer formula on the anatase (101) diffraction peaks at 

different ratios of the V dopant as well as different calcine temperatures of 0.7%V-

dopedTiO2.  
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Table 7.3 Band gaps and average crystallite size of pure TiO2 and V-doped TiO2 from 

XRD analysis.  

Entry V loading 
(Mole%) 

Bandgap 
(eV) 

Crystallite size 
(nm) 

1 0 3.18 25 

2 0.5 2.96 21 

3 0.7 2.88 20 (400◦C) 
21 (500◦C) 
22 (600◦C) 

4 0.9 2.60 19 

 

As shown in Table 7.3, the crystallite size of V–dopedTiO2 is smaller than that 

of pure TiO2. In addition, values indicate that the crystallite size increases with the 

increase in calcination temperature because of the mixing of the anatase and the rutile 

phases.476    

The band gaps of NPs were calculated from their diffuse reflectance spectra 

(Table 7.3). Pure TiO2 exhibited the highest bandgap energy at 3.18 eV, implying a 

lower photocatalysis rate compared to V-doped TiO2. The bandgap was observed to 

decrease steadily as the concentration of V dopant increased, with the smallest energy 

gap observed for 0.9 % V-doped TiO2 at 2.60 eV. 

It was found that pure TiO2 exhibited a higher PL emission spectrum compared 

to V-doped TiO2 (Figure 7.12) and, therefore, was highly susceptible to e-h 

recombination.  The PL intensity was considerably higher when a low amount of V 

dopant, such as 0.3 mole %, was used compared to when higher amounts, such as 

0.5 and 0.7 mole %, were used. This indicates that when the V dopant amount is too 

small, the recombination rate of e-h pairs remains substantially high due to the 

absence of adequate traps. 
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Figure 7.12 Photoluminescence spectra of pure and V-doped TiO2 nanoparticles at 
different dopant concentrations. 
 

With the following conclusions, the reduction in the strength of PL spectra for 

the V-doped samples can be clarified. Firstly, some of the electrons excited by UV-

light passed from the TiO2 CB to the V5+ species on the TiO2 surface. Secondly, the 

other visible-light excited electrons were collected by the new energy levels (V3d (V4+)) 

produced within the TiO2 bandgap,477,478  and then transferred to V5+ species. Then, 

all of these photo-generated electrons reacted on the photocatalyst surface with the 

adsorbed oxygen molecules. Therefore, the PL intensity decreased, thus increasing 

the photocatalytic activity. On the other hand, the PL intensity increased with 

increasing dopant amount, from 0.7% to 0.9%. This could mean that the excess 

dopant amount above the optimal concentration caused e-h recombination which led 

to a decrease in the photocatalytic efficiency.  Similar results have been reported by 

other researchers as well.479  
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7.3.3.2 Photocatalytic Activity of V-doped TiO2 

Based on the k values shown in Figure 7.13, the photocatalytic oxidation efficiencies 

were first increased and then decreased in relation to the concentration of the V dopant 

in the NPs. All V-doped TiO2 photocatalysts showed higher photocatalytic oxidation 

efficiency compared to pure TiO2. However, a maximum dopant concentration was 

found to exist, beyond which the photocatalytic activity no longer improved. 

 

Figure 7.13 Photocatalytic activity of (A) V-doped TiO2 at different V concentrations 
and (B) different calcination temperatures. 
 

A V dopant content of 0.7% was found to achieve the highest photocatalytic 

oxidation efficiency. The photocatalytic activity of V-doped TiO2 NPs increased 

steadily as the amount of V dopant increased from 39 x 10-3 min-1, for pure TiO2, to 62 

x 10-3 min-1, for 0.7 % V-doped TiO2 NPs. Further increase of V dopant to 1.0 % 

reduced the reactivity to 50 x 10-3 min-1 (Figure 7.13). This could be due to the excess 

V5+ ions which became the recombination centres of electron-hole pairs in TiO2 crystal 

lattices, directly affecting the photocatalytic oxidation efficiency of TiO2.480 From Figure 

7.13 B, the optimal temperature was 500oC and that could be because of right mixture 

phase of anatase and rutile. 
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7.3.4 Comparison Between P25 and Ag-, Fe- and V- doped TiO2 NPs 
 

Photocatalytic oxidation of benzyl alcohol into benzaldehyde under P25, synthesised-

pureTiO2 and metal dopedTiO2 was investigated. 

 

Figure 7.14 Kinetics plot of benzyl alcohol photooxidation by P25, synthesised TiO2, 
0.8Ag-dopedTiO2, 0.4Fe-dopedTiO2 and 0.7V-dopedTiO2. 
 
 

Figure 7.14 shows that photooxidation BA rate by P25 (45 x 10-3 min-1) was 

faster than that of the synthesised TiO2 (39 x 10-3 min-1) but slower than the optimal 

metal-dopedTiO2. The metal dopedTiO2, showed the higher surface area and smaller 

band gaps, also the preparation method could potentially affect the photoactivity.  

From the data, which was already discussed, the optimized metal doped were; 0.8% 

Ag-, 0.4% Fe- and 0.7% V-doped TiO2 with 52 x 10-3 min-1, 60 x 10-3 min-1 and 62 x 10-

3 min-1 of photocatalytic activity, respectively. This means that the Ag-dopedTiO2 NPs 

had the lowest efficiency, this could have been due to several reasons. First, all Ag-

dopedTiO2 NPs only displayed the anatase phase, while with Fe-dopedTiO2 NPs as 

well as V-dopedTiO2NPs showed mixed structures between anatase and rutile which 

might have affected their activity.481 Second, increasing the dopant in  Ag-TiO2NPs 
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increased the crystallite size and caused broadening of the XRD, which can be 

attributed to the silver placed on the surface of TiO2. Mogae et al. have reported that 

the Ag+ ion radius of ∼126 pm is much larger than that of the Ti4+ ion, which is ∼68 

pm, therefore the Ag+ ions cannot enter the lattice of TiO2 to form a stable solid 

solution. Hence, Ag+ ions can migrate from the grains to the TiO2 surface during 

crystallization.451 Also, excessive Ag can cover the surface of TiO2, leading to a 

decrease in photogenerated charge carrier concentration and catalyst activity.482 

Moreover, the amount of Ag can prevent light absorption and TiO2 adsorption of 

reactant molecules.482 Third, the optimized mole ratio of Ag dopant at 0.8% resulted 

in bigger crystallite size compared to that in optimized Fe and V with sizes of 25> 22 

>21 nm respectively. This could have affected the efficiency483 even though Ag-doped 

NPs showed the higher surface area and less activity, probably due to that the other 

dopant catalysts having mixed-phase anatase-rutile structures.484  Fourth, according 

to the fluorescence data, 0.8%Ag-dopedTiO2 had higher intensity than 0.4%Fe- and 

0.7%V-dopedTiO2  when compared to that of pure TiO2,  which means the charge-

carrier recombination was faster in 0.8%Ag and slower in 0.7%V catalysts. Fifth, pure 

TiO2 was characterized by a sharp absorption edge with an energy band gap of ∼3.18 

eV whereas all metal-dopedTiO2 showed extended absorption spectra into the visible-

light region. The lowest bandgap of metal-doped NPs was for dopant V at 2.60-2.88 

eV, followed by that of Fe-dopedTiO2 which was higher at 2.96 eV, while the highest 

was for Ag dopant at 3.05 eV. It is a well-known fact that the reduction potential of the 

silver ion is sufficiently positioned to reduce photocatalytic Ag+ ion to Ag0, thus 

producing metallic silver on the surface of the TiO2 nanoparticles.485 
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7.4  Conclusions 

 

Although pure TiO2 is a powerful photocatalyst of organic synthesis, its photocatalytic 

efficiency is low due to its high bandgap energy, at 3.18 eV, and due to its relatively 

large particle size. By investigating the effect of doping Ag, Fe and V to TiO2, the 

optimal calcination temperature for metal doped TiO2 NPs were found to be 500°C. 

During PL characterization, it was observed that metal doped TiO2 has a lower PL 

emission spectrum compared to pure TiO2, indicating minimal susceptibility to e-h 

recombination. The obtained diffuse reflectance spectra showed a reduction in 

bandgap energy compared to pure TiO2 bandgap. However, it was noted that there is 

a limit to the amount of metal dopant that can be added and that beyond this limit, 

photocatalytic efficiency and activity are reduced. Excess metal dopant was found 

capable of accumulating and serving as centres for e-h pair recombination, thereby 

reducing the mass transport on the surface of the photocatalyst. Of the evaluated TiO2 

transition metal-dopants, 0.7% V-doped TiO2 possessed the lowest bandgap, at 2.88 

eV, and the highest photocatalytic activity at 62 x 10-3 min -1. It was followed by 0.4 % 

Fe-doped TiO2 with a 2.93 eV bandgap and a 59 x 10-3 min-1 photocatalytic activity 

and then by 0.8% Ag-doped TiO2 with a 3.05 eV bandgap and a 52 x 10-3 min-1 

photocatalytic activity.  
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CHAPTER 8 Photocatalytic Asymmetric 

Epoxidation of Styrene  
 

Photocatalytic epoxidation of styrene has the potential to enhance conversion rate, 

selectivity toward styrene oxide (as opposed to benzaldehyde (BAD)). The present 

study investigated photocatalytic epoxidation of styrene with TiO2 photocatalyst 

containing NaCl as a chlorine radical source. Catalyst loading effects on the styrene 

conversion, reaction products and product selectivities were investigated by GC-MS 

and it was found that neutral pH favours the selectivity of the epoxide enantiomers. 

The photocatalytic epoxidation of styrene was also investigated using various 

concentration of NaCl as a Cl• radical source.  

 

8.1 Introduction 

8.1.1 Photocatalytic Epoxidation 

 

Styrene, which contains an alkene attached to a benzene ring, is an important 

precursor for key starting material for organic synthesis. Epoxidation of styrene gives 

styrene oxide, which is a key intermediate required for the synthesis of fine aromatic 

organic chemicals and pharmaceuticals.486,487 Conventional dehydrochlorination of 

styrene to styrene oxide or styrene epoxidation by homogeneous catalysis is 

environmentally unfriendly due to the generation of chemical wastes.488 Industrial 

examples include epoxidation of styrene oxide and α-pinene oxide, which yield key 

carbonyl compounds such as phenylacetaldehyde and campholenic aldehyde, 

respectively. These chemicals are key starting materials for the synthesis of 

fragrances or flavours and polymers.489 
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Epoxides are one of the many of alkenes reactivities, also it is known as 

oxiranes which versatile intermediates in organic synthesis.  Epoxides are cyclic ethers 

containing three atoms to form a triangle. Their basic chemical structure is made up 

of two carbon atoms from hydrocarbon molecules connected to an oxygen atom as 

shown in Figure 8.1.  

 

Figure 8.1 Epoxide chemical structure. 
 

 
Conventional production of styrene oxide involves dehydrochlorination of 

styrene chlorohydrin with a base or organic peracids, H2O2, or urea- H2O2, which are 

oxidants. While organic peracids are effective in the oxidation of organic compounds, 

they are very expensive, hazardous to handle, non-selective for epoxidation reaction, 

and also result in the production of appreciable quantities of undesirable epoxidation 

by-products.490,491 In addition, styrene epoxidation based on homogeneous catalysis 

using transition metal complexes yields large quantities of chemical wastes due to a 

technical challenge in the separation of the chemicals.492 Such challenges are being 

circumvented by using environmentally friendly re-usable heterogeneous catalysts, 

TiO2 dispersed in silicon dioxide (SiO2; silica), Titanium Silicalite-1 (TS-1), Ti-MCM-41 

nanoparticles 80–160nm in diameter (Ti-MCM-41 NP), iron (Fe) or Vanadium (V) 

dispersed on silica (Fe or V/SiO2), and MgO and other alkaline earth oxides. These 

catalysts are used in the presence of an oxidizing agent, such as t-Butyl hydroperoxide 

(TBHP), H2O2, or urea-H2O adduct.487  
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Epoxidation of styrene produces several products, depending on the 

epoxidation agent and catalyst used. Peroxidative epoxidation of styrene using 

aqueous 30 % H2O2 or TBHP as an oxidizing agent in the presence of vanadium 

catalysts gives styrene oxide and benzaldehyde (BAD) as major products. The 

process also produces 1-phenylethane-1, 2-diol, phenylacetaldehyde, and benzoic 

acid as minor products.493 While styrene conversion rates using anhydrous H2O2 as 

an oxidizing agent are high, the selectivity of styrene is very poor. On the other hand, 

under optimized reaction conditions, TBHP or urea-H2O adduct as oxidizing agents 

gives a lower conversion rate (~ 10-18 %) but exhibits higher selectivities towards 

styrene oxide (> 80%), than towards BAD (6–13%).494 Other minor epoxidation 

products particularly benzoic acid, phenylacetaldehyde, and 1-phenylethane-1, 2-diol 

are produced with very low selectivities in decreasing order. These reactions also 

demand the use of an anhydrous H2O2 (as the oxidizing agent) and also large 

heterogeneous catalyst load as high as 20-wt % of the styrene.495,496  

Organic solvents that are used in the epoxidation of styrene influence the 

selectivities of BAD. For instance, when a mixture of substrate styrene (20 mL), H2O2 

(75 mL, 36%), Titanium Silicalite-1 (TS-1)  catalyst (2.5 g) and an organic solvent (40 

mL methanol, acetone or t-butyl alcohol) was stirred at 80 °C; the selectivities to BAD 

were as high as 90 % with styrene conversion being as high as 95 %.487,497 Molecular 

oxygen is the most desirable oxidant for the epoxidation of alkenes for environmental 

and economic considerations. Catalytic epoxidation of styrene with molecular oxygen 

has been achieved using cobalt-exchanged zeolite X in the presence of alkali metal 

cations (Na+) as promoters (NaCoX) as the catalyst. Previous studies indicate that the 

styrene conversion rate was very high > 99 %; though the selectivity of the styrene 

oxide was moderate (68 %).487 Photocatalytic epoxidation of styrene has the potential 
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to yield styrene oxide with even higher conversion and selectivity rates. For instance, 

a highly selective photocatalytic epoxidation of styrene by molecular oxygen activation 

under mild conditions was achieved using a highly dispersed TiO2 photocatalyst on 

silica (TiO2/SiO2 nanoparticles).498 Metal-free TiO2 catalysts can convert alkenes to 

epoxides under mild conditions (room temperature, O2, light source) in solution, as 

shown in Figure 8.2. Nonetheless, the selectivity is quite low to be commercially 

viable.499  

According to literature, one of the most effective methodology to obtain 

enantiopure epoxides is enantioselective epoxidation produced by chiral salen Mn(III) 

ligand.500-504 Enantioselective Mn (III) salen complexes in heterogeneous and 

homogenous reactions have been studied.505-507 Heterogenized Mn(III) salen 

compounds have great attention due to ease of separating the products and 

recovering the catalysts.183,235,508 Furthermore, research indicates that the 

heterogenized Mn(III) chiral salen complexes display a great efficiency in the 

asymmetric epoxidation of unfunctionalized olefins.509-511  

 

Figure 8.2 General reaction scheme for the photocatalytic epoxidation of styrene 
using a TiO2 catalyst and O2 gas under mild conditions with continuous illumination 
from a light source. Benzaldehyde is not seen but contains side products of the 
reaction. 
 

8.1.2  Asymmetric Photocatalytic Epoxidation 
 

In the preceding section, the epoxidation of styrene using different catalysts was 

undertaken. This section will cover asymmetric photocatalytic epoxidation of an 
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alkene. Chirality is basically a geometric property of a molecule or object that makes 

it non-superimposable on its mirror image either by translation or by rotation.  Chirality 

is also referred to as stereoisomerism or enantiomeric. This property describes the 

handedness of a molecule. In chemistry, a chiral molecule and its mirror image have 

a similar chemical structure. The two enantiomers also have similar physical 

properties. Nonetheless, their chemical properties are very different.  

Chirally pure epoxides have important uses in organic synthesis, this includes 

the production of enantiopure drugs.512 As a result, unlike racemic mixtures, the 

synthesis of pure epoxides is of great interest medicinal chemistry. Although 

enantiopure drugs have the same chemical structure, these drugs have different 

pharmacological effects that are absorption, distribution, metabolism, excretion and 

toxicity in the human body.512  Thus, the scientific community is interested in finding 

ways of the economic and affordable way of synthesizing chiral epoxides from achiral 

alkenes. This is important to improve the accessibility of enantiopure drugs.  

There are two distinct ways of asymmetric epoxidation of an alkene. The first 

approach is via chiral organic peracids. Nonetheless, this method has a very low 

enantiomeric excess (ee) values.513  In commercial production systems, asymmetric 

epoxidation is carried out via organometallic reagents either using the Sharpless514 or 

Jacobsen515 asymmetric epoxidation reactions as shown in Figure 8.3. Epoxidation 

reactions using Sharpless or Jacobsen methods have high enantiomeric excesses 

values (99%). Metal oxides and atoms lack chirality hence these reagents are used 

together with dialkyltartrate to locate the stereochemical pathway of the epoxidation 

reaction.513 
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Figure 8.3 (A) Chemical structure of the catalyst produced by the Sharpless method. 
(B) Mechanism of Sharpless asymmetric epoxidation depicting the origin of the stereo-
selectivity. (C) Chemical structure of the Jacobsen’s catalyst. (D) Mechanism of the 
Jacobsen’s asymmetric epoxidation.514-516 
 

The Sharpless asymmetric epoxidation method is widely used in research and 

pharmaceutical industry, however; its major drawback is its reliance on an allylic 

alcohol starting material. The Sharpless method does not use an alkene functional 

group.513,514 As a result, the process has limited versatility. Nonetheless, Sharpless 

asymmetric epoxidation has an excellent yield and enantiomeric excess. In addition, 

the process makes use of cheap reagents and its predictions are spot-on. On the other 

hand, the Jacobsen method converts cis-alkene groups into epoxide enantiomers.517  

The process have an excellent enantiomeric excess however, Jacobsen method 

cannot achieve the same results if terminal and trans-alkenes are used.517 

Organometallic catalysts have been used extensively in the asymmetric 

epoxidation of alkenes nonetheless; research indicates that there is no pure metal 

oxide that can be used as a catalyst for the asymmetric epoxidation of alkenes.518 A 

metal oxide is likely to improve the versatility of the reaction because of its apparent 

lack of selectivity with respect to cis- and trans- alkenes.518 
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 The present work aims to investigate photocatalytic epoxidation of styrene 

using Jacobson catalyst with TiO2 photocatalyst containing NaCl as a chlorine radical 

source. The specific objectives are to determine the effect of various factors including 

TiO2 catalysts loading, pH, and concentration of the chlorine radical source (NaCl) on 

the styrene conversion, styrene oxide selectivity, and styrene oxide purity in terms of 

enantiomeric excess (ee).    

8.2 Experimental 

This section describes the materials and equipment that were used in the present 

study. Also, the design of the photocatalytic reactor is discussed in this section.  

8.2.1 Materials and Equipment    

TiO2 (Aeroxide® P25, 21 nm particle size, ≥ 99.9% trace metals basis) was purchased 

from Evonik Industries. (R)-styrene oxide (95%, 95% ee), benzaldehyde (≥ 99%), 

dodecane (≥ 99%) and Dichloromethane, DCM (≥ 99.5%), Jacobsen's catalyst (R, R) 

were purchased from Sigma-Aldrich. Styrene (stabilized with 10-15 ppm of 4-tert-butyl-

catechol, 99%) and (±)-styrene oxide (≥ 98%) were sourced from Alfa Aesar, O2 gas 

(≥ 99.5%) was obtained from BOC. All chemicals were used without further 

purification. The metal halide UVC ConstantColor™ CMH G12 lamp was purchased 

from General Electric (GE) and the gearbox was purchased from LED Group Robus. 

8.2.2 Photocatalytic Reactor Design 
 

The photocatalytic reactor as shown in Figure 8.4, was handmade supplied from 

Hamilton Glass with two-jackets:  a glass outer jacket for the reaction mixture and a 

cooling water glass inner jacket for the metal-halide lamp. To avoid evaporation of the 

solvent the glass outer jacket was extra cooled using a 2000 mL beaker filled with ice 

water. There are three outer jacket ports: (i) a reflux condenser was fitted to avoid 
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solvent evaporation issues. (ii) a cannula was fitted to extract aliquots and add more 

solvent (iii) a cannula was fitted to bubble O2 through the solution. Figure 8.4 shows a 

custom-built photocatalytic reactor. The reactor is used in photocatalytic reactions. 

The setup consists of a metal halide lamp that is enclosed in a water-cooled jacket. 

The outer jacket contains the reaction mixture that is cooled by a beaker that is filled 

with water.  

The experimental set-up for the photocatalytic epoxidation of styrene is as 

follows. The reaction mixture is comprised of an organic layer and an aqueous layer. 

The organic layer was prepared by mixing 50 mL of dichloromethane (DCM), 0.01 mL 

of dodecane (as an internal standard), 0.025 mL of styrene, and 0.03g Jacobsen's 

catalyst (R, R). 

 
Figure 8.4 Custom-built photocatalytic reactor. 
 

The aqueous layer was prepared by mixing 0.2 g of TiO2 containing a chlorine 

radical source (NaCl), in 50 mL deionized distilled water. Gas Chromatography-Mass 

Spectrometry (GC-MS) analysis was performed using a Varian CP-3800 gas 

chromatograph with a Saturn 2200 mass spectrometer. The GC was equipped with a 

Restek™ βDEXse chiral capillary column (30 m length, 0.25 mm internal diameter, 

0.25-μm film thickness). A suitable method was developed for the analysis, which gave 
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good separation of the reaction products. The organic phase mixtures were analysed 

via a manual split injection method (split ratio: 100) with an injection volume of 0.6μL. 

Helium served as the carrier gas, which was set at a flow rate of 1.4 ml/min. The 

injector temperature was set to 250 ̊C and maintained at this temperature. The 

samples were injected into the machine using a manual method. The MS was 

performed through Electron Ionization (EI), scanned between 10 and 250 m/z for 11 

min with an initial solvent delay of 2 min.  

The effect of TiO2 catalyst loading and reaction mixture pH on the conversion 

of styrene and purity of the styrene oxide for ee % were also evaluated. The effect of 

pH on the selectivity of the product was also assessed since styrene oxide and 

benzaldehyde are the major products of photocatalytic epoxidation of styrene. 

The following mathematical relationships were used to calculate conversion, 

enantiomeric excess and yield respectively: 

Styrene conversion (%) =
𝑆0 − 𝑆𝑓

𝑆0
 × 100                      (𝐸𝑞𝑛 8.1) 

Where S0 is the mole amount of styrene in the reaction mixture before irradiation and 

Sf is the mole amount of styrene in the reaction mixture after irradiation. 

     e𝑒(%) =  
(𝑅 − 𝑆)

(𝑅 + 𝑆)
  × 100                                                   (𝐸𝑞𝑛 8.2) 

 BAD yield(%) =
mole of outlet of BAD

mole inlet of styrene 
 × 100                        (Eqn 8.3) 

Whereas R and S refer to the arrangement of a chirality centre, R (Rectus) and it is 

Latin means right, S (Sinister) means left. 

8.3 Results and Discussion 

8.3.1  GC-MS Analysis   
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Figure 8.5 GC-MS chromatography of the final reaction mixture after 30 min from 
the photocatalytic reaction. 

 

In the present study, the outputs from the photocatalytic reaction were determined 

using the Gas Chromatography-Mass Spectrometry (GC-MS). Figure 8.5 shows the 

GC-MS Chromatograph of the final photocatalytic reaction. This was obtained after a 

photocatalytic reaction that was carried out for 30 minutes. The reactants were a 

standard TiO2-P25 catalyst, molecular O2 and styrene.  

The chromatograph shows the same retention times and mass spectra at 

different peak points that is 1.5 min for DCM, 3.2 min for styrene, 5.5 min for 

benzaldehyde, 8.9 min for (R) -styrene oxide, 9.2 min for (S) -styrene and 10.8 min for 

dodecane. The retention times at various peak points are shown in Table 8.1.  
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Table 8.1 Overview of the retention times GC-MS signals and their corresponding 
compounds obtained from the final mixture in the photo-epoxidation of styrene using 
P25 in DCM. 

 

Retention 
Time(min) 

Identity  Structure  Mass form MS 
spectrum (m/z) 

 
3.2 

Styrene  

 

104  

5.5 Benzaldehyde  

 

106 

8.9 (R)-Styrene oxide 

 

120 

9.2 (S)-Styrene oxide  

 

120 

10.4 Acetophenone 

 

120 
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8.3.2  The Effect of Catalysts (TiO2) Loading 

The number of catalysts loaded in the solution affect the photocatalytic reaction rate. 

At lower loading, there are not enough TiO2 particles to be excited, so the overall 

reaction rate will be low. At higher loading, catalysts might block the light and will result 

in insufficient illumination. As a result, the reaction rate will also be reduced. Hence, 

an optimum catalyst loading exists which balances the light illumination and the 

catalyst contact with reactants. In order to find the optimum loading, the reaction rate 

was measured as a function of TiO2 loading. TiO2 was used as a photocatalyst under 

a normal laboratory lighting condition. The effect of TiO2 photocatalyst loading on the 

styrene epoxidation conversion was evaluated to determine an optimal catalyst load 

for optimal conversion rate and purity (ee %). This was evaluated at a photocatalyst 

load ranging from 0.00 to 0.30 g (Figure 8.6).  

Styrene epoxidation conversion increased with increasing catalyst load from 

0.00 to 0.20 g. The optimal TiO2 photocatalyst load was 0.20 g, where further loading 

did not increase the conversion rate. This optimal catalyst load corresponds to a 40 % 

conversion rate. This finding indicates that TiO2 photocatalyst concentration influences 

the photocatalytic conversion of styrene, such that its photocatalytic activity increases 

with increasing photocatalyst load until a certain optimal load. This finding is consistent 

with those by Ghosh et al., who evaluated catalytic epoxidation of styrene with Ag 

nanoparticles immobilized mesoporous TiO2. The study reported that, under the same 

conditions, when the catalyst loading was 10mg the conversion of styrene was 75.8% 

and selectivity styrene oxide 89.3%. The conversion and the selectivity increased as 

well when the concentration of nanoparticles (25 mg) was increased to 98.1 and 94.5% 

respectively.  At 50 mg loading the conversion dropped again and the selectivity of 

styrene oxide to 93.2 and 87.2 respectively.519   
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Figure 8.6 The effect of TiO2 photocatalyst loading on the styrene conversion. Styrene 
conversion increased with increasing TiO2 loading, with an optimal conversion rate (40 
%) corresponding to an optimal photocatalyst load of 0.20 g. Further TiO2 loading 
beyond 0.20 g did not increase the conversion rate. 
 

The main reason why TiO2 photocatalyst has an optimal load or concentration 

is due to the attenuation of photons due to radiation screening and scattering by the 

excess TiO2 particles in the reaction mixture. This is especially observed with the 

commercial TiO2 (Degussa P25), which has tiny crystals; where their high 

concentrations in reaction system provide lower photocatalytic surface area as it 

masks part of the photosensitive surface , thus reducing their overall photocatalytic 

reactivity.309,356  

Photocatalytic conversion of styrene yields two main products (BAD and 

styrene oxide), with styrene oxide exhibiting chirality due to the presence of a chiral 

centre at the benzylic carbon atom. Thus, styrene oxide has two possible enantiomers 

including (R)-styrene oxide and (S)-styrene oxide. 
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Figure 8.7 The effect of TiO2 photocatalyst load on enantiomeric excess(ee). A 
photocatalyst load of 0.2 g was determined to be optimal for an optimal ee of 50 %. 

 
If an optically pure reagent is used, only one optically pure compound will be 

obtained. In the present study, it was important to determine the effect of catalyst 

loading on the ee %, which is the difference between the relative abundance of the 

two enantiomers (R- and S-styrene oxides) and a measure of purity in these chiral 

substances. A TiO2 photocatalyst load of 0.20g, which was determined to be optimal 

for styrene epoxidation conversion also resulted in an optimal ee of 50 % (Figure 8.7). 

Further catalyst load beyond 0.20 g resulted in a sharp decline in ee%, which implied 

the loss of purity of the enantiomeric mixture of styrene oxide.  A lower load of TiO2 

photocatalyst implies a lower rate of photocatalysis, which results in lower purity of the 

styrene oxide characterized by a mixture of enantiomers forming racemic (50-50) 

mixture. Increasing catalyst load, which increased photocatalysis rate also appeared 

to have increased the purity to an optimum ee% of 50 %. These findings indicate that 

the purity of the styrene oxide produced was influenced by the conversion rate of 

styrene, such that a higher degree of conversion produced styrene oxide of high purity 
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while lower conversion rate resulted in styrene oxide of low purity (racemic mixture of 

R- and S-styrene oxides).  

8.3.3  The Effect of Reactor pH Conditions 

Photocatalytic is influenced by the surface properties of the catalyst (TiO2), molecular 

charge and also the concentration of hydroxyl ions. Nonetheless, these factors are 

affected by pH.  The attraction or repulsion of catalyst and an organic molecule 

depends on whether the organic compound is an anion or cation.  

TiO2 is known to exhibit acid-catalytic properties, meaning that both acidic pH 

and acidity strength affect its catalytic activity.209,358 Therefore, the effect of pH on 

TiO2-mediated photocatalytic conversion of styrene to R, S-styrene oxide and BAD 

was investigated.   

  

Figure 8.8 The GC-MS chromatography of the photoepoxidation reaction in acidic, 
neutral and basic mediums.  

 
 
As shown in Figure 8.8, at pH 8, a new peak was observed at a retention time 

of 10.4 min. The mass spectrum of the new peak is indicated in Table 8.1. An analysis 

of this peak did not yield any conclusive results. Taking into consideration the chemical 
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structure of styrene and the molecular peak at m/z = 120, two probable compounds 

are phenylacetaldehyde and acetophenone. In this case, since the molecular peak 

gives rise to two different compounds there is no valid conclusion from this information. 

Nonetheless, the observation can be a result of peak tailing generated by the (S)-

styrene oxide peak at 9.2 min. It certainly not due to co-elution of phenylacetaldehyde 

and acetophenone. Thus, according to Table 8.1, the peak at 10.4 min corresponds 

to acetophenone. The products obtained from the photocatalytic process were 

assigned following the findings of Fox520 and Ohno et al.521 When the medium was 

acidic, more BAD was detected and equal R, S- styrene oxide.  

 

Figure 8.9 The effect of pH (pH 4-12) on the styrene epoxidation conversion rate. 
Styrene conversion increased with increasing pH with an optimal conversion rate (40 
%) corresponding to the neutral pH 7. Alkaline pH (pH > 7-14) resulted in a decline in 
the styrene conversion rate to 30 %. 
 

 

However, when the medium was neutral less BAD was observed and higher 

ee. Moreover, at pH 4, more unknown peaks were detected and less in acidic while 

almost clean in pH 7 beside BAD. Of the tested pH range of 4-12, a neutral pH (pH 
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7.0) resulted in the highest photocatalytic epoxidation of styrene, with a conversation 

rate of 40 % (Figure 8.9).  

At acidic conditions (pH 4-6), the TiO2-mediated photocatalytic conversion of 

styrene was lowest (7-20 %) followed by alkaline conditions (pH 8-12), which gave 40-

30 % conversion rate. A similar finding reported by Lin et al. Lin and his group studied 

the effect of pH (6-8) on styrene conversion and they reported that the styrene 

conversion increased when the pH increased from 6 to 6.5- 7 and then decreased 

when the pH higher to 8.522  Conversely, an optimal ee of 40 % was also observed at 

neutral pH. Under acidic conditions (pH 4 and 6), the ee was 0% implying that the 

styrene oxide existed as a racemic mixture containing a 50-50 mixture of both 

enantiomers (Figure 8.8).  

 

Figure 8.10 The effect of pH (pH 4-12) on the purity of styrene oxide. Enantiomeric 
excess (ee%) of styrene oxide was lowest (0%) at pH 4 to 6. This indicated there was 
a racemic mixture of styrene oxide enantiomers, which reflects low purity.  
 

Furthermore, alkaline conditions (pH 8-12) resulted in a steady decline in ee%, 

which were calculated to be 45% at pH 8 to 28 % at pH 12 (Figure 8.10). Given that 

BAD is one of the major products of photocatalytic epoxidation of styrene, it was 



231 
 

 
 

 

important to determine the effect of pH on the yield of the unwanted BAD. Acidic 

reaction condition (pH 4-6) generally resulted in higher BAD yields (7-11%), followed 

by neutral (pH 7) condition (pH 4.8 %) and finally alkaline (pH >7-12) conditions (4.6-

2.8%).  

 

 
Figure 8.11 The effect of pH condition on benzaldehyde yield. The BAD yield was high 
(7-11%) at lower acidic pH range (4-6), which declined from pH 7-12 (4.8 - 2.8 %). 
Thus, lower pH conditions favoured BAD while higher pH conditions did not favour 
BAD. 

 
The highest BAD yield of 11 % was observed at a mild acidic condition (pH 6) 

(Figure 8.11). This finding is consistent with findings previously reported in Chapter 5; 

which evaluated photooxidation of BA to BAD. In chapter 5, it was demonstrated that 

TiO2-catalysed photoconversion of BA to BAD was optimal under acidic photoreactor 

condition with a pH range of 1-3, beyond which the conversion and selectivity declined. 

This was consistent with a study by Marotta et al., which also demonstrated that 

increasing reactor pH from 2 to 4 resulted in a marked decrease in BA consumption 

and BAD formation rates, indicating reduced reaction rate.309  Therefore, it can be 

deduced that acidic photoreactor pH condition favours styrene conversion to BAD 

while a neutral pH favours styrene oxide formation with high purity.  
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8.3.4  The Effect of Radical Concentration 
 

Sodium chloride was chosen as a cheaper and effective redox mediator to carry out 

the epoxidation of styrene in biphasic reactions. In this section, the effect of 

concentration of NaCl as a source of Cl• radical on the conversion of styrene and ee% 

as well as the BAD yield is presented. The conversion rate of styrene was analysed at 

different NaCl concentrations. As shown in Figure 8.12 at low concentration of NaCl, 

the rate of styrene conversion is high. An increase in NaCl from 0.0 to about 1 M NaCl 

reduces styrene conversion rate from 54% to less than 40% (Figure 8.12).  

 
Figure 8.12 The effect of radical source concentration on styrene conversion. Styrene 
conversion decreased with increasing NaCl concentration from 54% (at 0.0 NaCl) to 
40% (at 1 M NaCl). 
 

The highest styrene conversion rate (54%) was observed in the absence of 

NaCl (0 M). Correspondingly, the conversion rate decreased with increasing NaCl 

concentration, with the lowest conversion (40%) observed at a molar concentration of 

1 M. In comparison, the concentration of NaCl has a positive effect on the purity of 

styrene oxide. The relationship between NaCl concentration and ee is shown in Figure 

8.13. It is evident from Figure 8.13 that the purity of styrene oxide is affected by an 

increase in the concentration of NaCl. A plot of NaCl against ee (%) shows that optimal 
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purity of 50 % ee was achieved at a NaCl concentration of 0.6 M. Above that 

concentration there is no further increase of ee%. 

 

Figure 8.13 The effect of chlorine radical concentration on (A) The purity of styrene 
oxide and (B) Benzaldehyde yield. 

 
The conversion decreased steadily with increasing molar concentration of NaCl 

(Figure 8.12). This finding indicates that the presence of a chlorine radical source 

decreases the styrene conversion rate in a concentration-dependent manner. The ee 

of styrene oxide was lowest at a molar NaCl concentration of 0.0 %. The highest ee 

(50 %) was achieved at a molar NaCl concentration of 0.6 M (Figure 8.13A).  

The production of the undesirable BAD was also affected by NaCl 

concentration. The BAD yield was highest (33%) in the absence of NaCl as a Cl radical 

source (0 M NaCl). BAD concentration decreased steadily with increasing NaCl 

concentration, until a molar concentration of 0.6 M beyond, which BAD yield remained 

constant at 5% (Figure 8.13B).  

8.3.5  Reaction Mechanism 
 

A lot has been written about the epoxidation of alkenes by the use of TiO2-P25 in a 

single aqueous phase through a photocatalytic reaction. In an experimental study that 

was carried out by Ohno et al., the authors reported that the photocatalytic process 

using TiO2 proceed by a cationic radical olefin and O- anion (rather than superoxide 
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ion O2
-) on the surface of the TiO2 particles (Figure 8.14).521 In a related study, Fox, 

however, argued that by using TiO2, the oxidative cleavage of alkenes to form 

aldehyde and ketones go through various intermediate reaction (dioxetane).520 

 
Figure 8.14 Representation of photocatalytic mechanism for the epoxidation of 
styrene using TiO2 and molecular oxygen anion proposed by Ohno et al.521 
 
 

For the strongly enantioselective asymmetric epoxidation of olefins, Mn(III) 

salen complexes are excellent catalysts.523 However, The actual mechanism of 

epoxide production in this catalytic reaction is unclear.524 Various studies noted that 

the effect of the solvent, reaction temperature as well as the co-catalyst properties are 

important determinants of the activity and selectivity of the Jacobsen catalyst. 

Moreover, the reaction pathways are very sensitive to the process conditions.192,525  
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Figure 8.15 Representation of photocatalytic epoxidation mechanism of styrene in a 
biphasic system.  
 

The preceding figure shows a representation of the photocatalytic epoxidation 

mechanism of styrene in the biphasic system (Figure 8.15). As it has proposed in 

chapter 4 and 5, the chlorine radical is the responsibility of the oxidation (Scheme 

8.1A)  the chlorine ion is oxidized by h+ to form chlorine molecule, which upon 

hydrolysis results in the formation of hypochlorous acid and HCl and then produced 

either  Cl+, Cl- ClO- species.319,328 

 
Scheme 8.1 A) The chloride species formed in the aqueous phase.319,328 B) The 

epoxidation reaction mechanism includes the Mn species.524 

 



236 
 

 
 

 

The chloride species would oxidize MnIII at the interphase region to either MnIII 

or MnV (Scheme 8.1B). It is assumed that the Mn(III) salen complex is initially oxidized 

to Mn(V)=O species,526 for conjugated olefins, which subsequently participates in the 

transfer of oxygen atoms to the olefin through either direct substrate attack on the oxo 

ligand in a stepwise radical intermediate process527 or through a substrate attack on 

both the centre of Mn and the oxo ligand (via an oxametallic intermediate Mn(IV).528 

 

8.4 Conclusion 
 

The purpose of this study was to investigate photocatalytic epoxidation of styrene 

using Jacobson catalyst with TiO2 photocatalyst containing NaCl as a chlorine radical 

source. The other objectives are to determine the effect of various factors including 

TiO2 catalysts loading, pH, and concentration of the chlorine radical source (NaCl) on 

the styrene conversion, styrene oxide selectivity, and styrene oxide purity in terms of 

enantiomeric excess (ee). The study revealed that styrene epoxidation conversion 

increased with increasing catalyst load from 0.0 to 0.20 g. The optimal TiO2 

photocatalyst load was 0.20 g, where further loading did not increase the conversion 

rate. In addition, a neutral pH (pH 7.0) resulted in the highest photocatalytic 

epoxidation of styrene, with a conversation rate of 40 %.  Moreover, the concentration 

of NaCl as a radical source appears to have a direct correlation with product purity 

(yield of unwanted BAD) and an inverse relationship with the styrene conversion rate. 

Nonetheless, photocatalytic epoxidation of styrene to styrene oxide is a potentially 

efficient and green approach to organic synthesis. 
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CHAPTER 9 Conclusions and Further Work 
 

9.1 Conclusions 

In this thesis, the synthesis and modification of titanium dioxide (TiO2) nanostructures 

with different morphologies, optical and electrical properties were performed for 

enhancing their applications in photocatalytic oxidation of organic pollutants.  

Ag3PO4 nanocrystals (cubic and particles) were synthesised via in-situ 

precipitation and modified for the application in photocatalytic water purification. 

Ag3PO4/TiO2 composites were also successfully synthesized by in-situ precipitation 

techniques using both TiO2 P25 and TiO2-rutile in order to enhance the photocatalytic 

activity of Ag3PO4.  In comparison to the cubic Ag3PO4 nanocrystals, the Ag3PO4/TiO2 

composite samples exhibited higher photocatalytic behaviour for the decomposition of 

methylene blue (MB) organic dye. The results indicated that the photocatalytic 

oxidation of the synthesised catalysts is mainly affected by their morphology, 

electronic structure and stability. 

Biphasic selective oxidation of benzyl alcohol (BA) to benzaldehyde (BAD) 

using the electrolysis method in the presence of a chloride mediator presents an 

efficient alternative to the conventional method, was investigated in both 

electrochemical (ECO) and photocatalytic electrochemical oxidation (PECO). TiO2 

nanotube was synthesised by anodization method using clean Ti plates as a cathode 

and anode and then used it as a photoanode in PECO. The oxidation was selective 

towards the desired product due to the biphasic method. Various parameters have 

been studied toward optimization for both ECO and PECO. The conversion of BA and 

the yield or selectivity of BAD was higher in PECO than that in ECO, which could be 
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because of TiO2 NTs are highly ordered tubular structures, and therefore, exhibit a 

significantly higher photocatalytic activity. 

Organic synthesis is an important step in the production of crucial compounds 

especially, aldehydes and ketones. Enthused by the principles of green chemistry, 

partial photocatalytic oxidation of benzyl alcohol (BA) to benzaldehyde (BAD) using 

TiO2 as a photocatalyst was improved. This was conducted using aqueous 

suspensions of different quantities of commercial TiO2-P25 and (NaCl) as a mediator 

within an organic-phase solvent mixture, consisting of chloroform (CHCl3) and BA. The 

process conditions, including TiO2 concentration, CHCl3/water volume ratio, pH, and 

acid types, significantly affected the reactivity and the conversion of BA and the 

selectivity to BAD. In general, the concentration of catalyst exhibited enhanced 

selectivity values for the production of aldehyde, the optimal was found to be 4g/L. The 

(40/60) CHCl3/water volume% ratio and low pH in the range of 1-3 were found to be 

most effective for TiO2 reactivity.  The type of acid and mediators play a significant 

influence on the photocatalytic oxidation BA.  It was also found that the selective 

photocatalytic oxidation of BA to BAD was regulated by the Hammett rule, where the 

reaction constants (k) were inversely related to that of its derivatives (σ). A possible 

mechanism of photocatalytic oxidation BA to BAD in two phases was proposed.  

The photocatalytic N-alkylation of aniline by benzyl alcohol was successful for 

the synthesis of benzylaniline. This was accomplished by using standard solutions of 

each chemical species present within the reaction cycle, as verified by the use of GC-

FID to monitor the progress of the reaction, leading to a clear assignment of the peaks 

in the GC-FID results. Although the reaction rate was initially slow with no 

benzylaniline produced, higher reaction yields were achieved by optimization of the 

photocatalytic reaction. The optimal reaction conditions for the oxidation of benzyl 
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alcohol to benzaldehyde were determined to be an acidic pH 2. However, it was found 

that under these conditions, the reaction was ultimately limited as aniline protonation 

inhibited the yield of the reaction. Furthermore, it was demonstrated that the loading 

of aniline in an ongoing reaction rather than injecting it into the organic layer initially 

produced better yields. Aniline protonation is faster than benzyl alcohol oxidation, so 

when aniline is present from the start of the reaction, it is first protonated before it can 

react with benzaldehyde, but when it is added in the reaction, it reacts with the 

benzaldehyde that has already been formed. This was solved by adding aniline 

throughout the reaction to allow it directly react with the already produced 

benzaldehyde. The reaction was further optimized by using liquid-pump for a 

continuous aniline delivery into the reaction mixture, with an optimal flow rate of 0.676 

gmin-1 giving a 3.98% of benzylideneaniline intermediate resulting in an increase of 

yield compared to 1.76% at constant aniline concentration. During the reaction, 

bubbling H2 gas into the reaction mixture in a 1:2 ratio with N2 produced an excess of 

hydrogen that forced the final step of hydrogenation to occur. After 1 hour of reaction, 

the benzylaniline yield was very low as expected and allowing the reaction to run 

longer, greater yields were observed. This is the first, report to demonstrate the 

photocatalytic N-alkylation of an amine using a TiO2 photocatalyst. 

Metal-dopedTiO2 catalysts with three doping metal of Ag, Fe and V were 

synthesized through a controlled hydrolysis method followed by a post-annealing 

process. XRD, BET surface area, diffuse reflectance and visible-light photoactivity 

were measured to characterize the physical properties of the synthesized NPs 

particles. By investigating the effect of doping Ag, Fe and V to TiO2, the optimal 

calcination temperature for metal-doped TiO2 NPs were found to be 500°C. Ag doping 

could control the transformation of titanium from anatase to rutile while Fe doping 
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could reduce the temperature to form rutile. However, with V doping, the rutile phase 

showed when both the dopant and the temperature increased. Ag-doped NPs have 

the highest BET as well as the crystallite size comparing to Fe and V dopant. The 

evaluated TiO2 transition metal-dopants, 0.7% V-doped TiO2 possessed the lowest 

bandgap, at 2.88 eV, and the highest photocatalytic activity rate at 62 x 10-3 min -1. It 

was followed by 0.4 % Fe-doped TiO2 with a 2.93 eV bandgap and a 59 x 10-3 min-1 

photocatalytic activity rate and then by 0.8% Ag-doped TiO2 with a 3.05 eV bandgap 

and a 52 x 10-3 min-1 photocatalytic activity.  

The biphasic photo-epoxidation of styrene using a TiO2 as a photocatalyst and 

NaCl as a chlorine source was investigated under mild reaction conditions. The effect 

of catalyst loading, NaCl concentration and pH were investigated. The study revealed 

that styrene epoxidation conversion increased with increasing catalyst load from 0.0 

to 0.20 g. The optimal TiO2 photocatalyst load was 0.20 g, where further loading did 

not increase the conversion rate. In addition, a neutral pH (pH 7.0) resulted in the 

highest photocatalytic epoxidation of styrene, with a conversation rate of 40 %.  

Moreover, the concentration of NaCl as a radical source appears to have a direct 

correlation with product purity (yield of unwanted BAD) and an inverse relationship 

with the styrene conversion rate. Nonetheless, photocatalytic epoxidation of styrene 

to styrene oxide is a potentially efficient and green approach to organic synthesis. 

 

9.2 Further work 

Many optimization methods will greatly assist in selecting the best conditions for 

optimal performance. Such optimisations should include different solvent, 

temperature, light source position and sufficient catalyst. Further future studies will 

involve further photocatalytic reactions using all the different synthesized catalysts to 
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obtain direct proof of the effects on the photocatalytic activity of the synthetic 

procedures. With the initial photocatalytic reactors design, several problems were 

discovered and had to be completely re-designed and ordered, reducing the number 

of photocatalytic reactions that could be investigated. There are still some flaws with 

the reactor set-up, with the evaporation of the solvent and probably the reactants 

during the reaction being the most significant. A further investigation that can be 

explored is using various other types of semiconductors and synthesis more catalyst 

using different methods and different morphology.     

 In order to determine if this has a beneficial impact on the benzylaniline yield, 

more work on the use of various volumes of H2 gas flow should be investigated and 

investigated different sources of H2. For example, molybdenum disulphide complexes 

(MoS2) have shown great promise for the production of hydrogen by electrochemical 

and photochemical water splitting. The MoS2 complexes can be integrated into the 

aqueous layer with the TiO2 photocatalyst, this could be of great impact on this 

photocatalytic investigation.  

More work on photoepoxidation of styrene such as, synthesise chiral catalyst 

as well as Jacobsen's catalyst, investigate different solvent and run the reaction for a 

longer time. Few difficulties I faced with epoxidation of styrene, the reaction cannot 

run for longer than 30 minutes because of Jacobsen’s catalyst was oxidized in this 

time. Due to the short time, we couldn’t investigate more.  
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