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ABSTRACT 

 

 

 

        The typical resources used to supply the world’s energy needs, such as coal and petroleum 

products, have been largely depleted. Due to this situation and the need for a cleaner environment, 

interest in alternative and renewable fuels for energy production has increased rapidly around the 

world. Hydrogen (H2) has distinguished itself as one of these potential energy vectors. In recent 

years, there has been a growing interest in the development of new methods to generate H2 from 

renewable and sustainable resources to avoid the production of greenhouse gases from fossil fuel 

consumption. Hydrogen generation from photocatalytic water splitting particularly has the 

potential to solve both environmental issues and energy crisis, as sunlight and water are the most 

abundant, clean, renewable and natural energy resources on Earth. However, energy conversion 

efficiency for the visible light photocatalytic splitting of water is still very low. To address these 

issues, researchers have found that the loading of co-catalysts is an effective way to improve the 

overall reaction efficiency. These co-catalysts can create heterojunctions with the host 

photocatalyst to enhance charge separation, and meanwhile, serve as the active sites for the redox 

reactions on the photocatalyst surface. In this thesis report, photocatalyst based on ruthenium (Ru) 

doped titanium dioxide (TiO2) is constructed through a wet-impregnation reduction method with 

post thermal oxidation. The sample is characterized and its photocatalytic activities for water 

splitting is evaluated under solar light irradiation. The results of the photocatalytic tests show that 

Ru can improve the photocatalytic acitivity for water splitting. The impacts of mass loading and 

substrate material are also evaluated. The results indicates that the lower mass loading and higher 

roughness surface, the better the performance will be. This work provides an important reference 

for designing highly efficient photocatalysts for water splitting. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Background 

With the ever increasing global energy crisis and environmental pollution, hydrogen has 

been considered as a promising alternative for traditional fossil fuels to meet the worldwide 

demands for energy. Hydrogen is the most abundant element in our solar system, largely due to its 

dominating presence in the sun and in our four largest planets.1, 2 It is also the most abundant 

element on Earth, occuring naturally in compound form with other elements, in substances such 

as water, coal, natural gas, methane, propane, and many others.  Hydrogen is the simplest element, 

consisting of a single proton and an electron.  It is coveted as an energy carrier because of the great 

amounts of energy that are released when it is forms with other compounds or elements, such as 

oxygen.3  When these two meet, the result is a release of energy along with water as a by-product.  

Hydrogen peroxide is not generally formed in this process since the thermochemical bias favors 

the formation of water.  

One of the biggest challenges facing the development of hydrogen in the energy arena is 

finding a large-scale, cost-efficient, renewable, and ecologically clean method of separating the 

hydrogen from the naturally occurring compounds in which it is found.  Currently, the primary 

method of hydrogen production is through steam reforming, which also creates undesirable 

carbon-based by products such as carbon dioxide and carbon monoxide. Hence, the desirability of 

using solar power as a source of hydrogen production underlines the importance of the place for 

photocatalytic water splitting. The relationship between the carbon footprint impact along with 

various energy types is depicted in Figure 1. 
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Figure 1: A represented diagram for generating CO2 from fossil 

fuels and renewable energies.4 

 

Hydrogen evolution from water splitting using semiconductor photocatalysts is one of the most 

important pathways to produce hydrogen efficiently.5-8 

1.2 History of photocatalysis 

A catalyst is a substance that speeds up the rate of a chemical reaction but is not consumed 

during the course of the reaction. A catalyst is neither a reactant or a product, meaning it will not 

appear in the overall chemical reaction, but it does change the mechanism, or the way the reaction 

happens. For instance, instead of having one very large uphill reaction, there may be two or more 

reactions that may require less energy. Catalysts often work by breaking the bonds of the reactants 

and forming temporary bonds with the catalyst. If a catalyst were too reactive, the temporary bonds 

would be difficult to break. One of the most common photocatalysts is titanium dioxide (TiO2).
9 
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“Photocatalysis” comes from a Greek origin, which is composed of two parts: the prefix 

“photo” (phos : light) and the word “catalysis” (katalyo : brake apart, decompose). It is a process 

which light is used to activate a substance, the photocatalyst, which modifies or enhance the rate 

of a chemical reaction without involving itself in the chemical transformation. The phenomenon 

of photocatalysis was first discovered in Germany in 1911, where Eibner studied the phenomenon 

of the irradiation of ZnO on the Prussian blue pigment degradation.10 At the same time, the word 

photocatalysis appeared in the title of several articles about the photolysis of oxalic acid with 

uranyl (UO2+) salts by Kozak and Bruner in 1911. However, the attention in this area decays for 

almost 10 years. Until 1921, Baly and co-workers investigated to product the formaldehyde with 

uranium slats colloid and ferric hydroxides as catalyst under visible light.11 Later, Keidel 

discovered the influence of rutile TiO2 in the light-aging of paint and textile.12 After this study, 

Doodeve and Kitchener studied the ability of TiO2 to act as a photocatalyst for the first time in the 

process of photo-degradation of dyes in either vacuum or oxygen.13 Although they use the term 

“photosensitizer” in the literature but not in the name of photocatalyst. Their work reported a 

bleach of organic by photooxidation caused by UV-light absorption produced active oxygen 

species on the surface of TiO2, and TiO2 itself stay unchanged during the process. During this 

period, some basic properties of heterogeneous photocatalysis were discovered. However, in the 

next few decades, the interest on these features of semiconductors are faded until late 1950s. In 

1955, Terenin and co-workers at the University of St. Petersburg started some topics about the 

photosensitization mechanism influenced by dyes molecules or gases.10 In 1960s, a Soviet Union 

group led by Filimonov started to investigate the odds for isopropanol photooxidation by using 

ZnO and TiO2.
14 Scientists began to notice the chance of utilizing these photoactive materials in 

chemical reactions. At that era, photocatalyst might have not attracted much attention in the 
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research field of catalysis or photochemistry, so the research of photocatalysis was not widely 

studied in industrial or academic society. 

1.3 H2 production from water splitting 

        Hydrogen is considered as a promising ideal fuel for the future, for its extremely high energy 

density and zero emission of harmful byproducts. However, producing hydrogen from water still 

requires that energy be supplied from an additional energy source. Hydrogen could be able to 

become a green energy source if this external energy comes from a green energy source like solar 

light. Currently, almost 90% of the global energy supply is obtained from the combustion of fossil 

fuels.15 Adoption hydrogen as energy source should unquestionably decrease the emission of 

pollutants from combustion of fossil fuels.         

        Photocatalytic water splitting is the decomposition of water into hydrogen and oxygen under 

the influence of light, with the aid of a catalyst.16, 17 Water splitting can be achieved through various 

methods, using electricity, heat, and/or light to provide the energy necessary to break the bonds 

between the oxygen and hydrogen atoms, usually in conjunction with some sort of catalyst.18 The 

primary goal of water splitting is to produce energy-rich hydrogen gas.19 The main focus is to use 

light as the energy source with various types of catalysts to obtain hydrogen without producing 

harmful byproducts such as carbon dioxide or carbon monoxide.20 

        Several aspects of the photocatalytic water splitting process highlight the importance of its 

development in the field of energy, particularly the fact that it is an ecologically and 

environmentally responsible process.21  Water is a renewable, sustainable, and inexpensive source 

as opposed to the conventional fossil resources that are currently used for such a large majority of 

fuel in the world and which are in limited supply.  The power from the sun has been estimated to 

have a life expectancy of more than a billion years. Additionally, the photocatalytic water splitting 
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process does not create the harmful byproducts that are produced by other processes or through 

the use of fossil fuels. Taken together, these facts suggest that photocatalytic water splitting has 

potential to meet a significant portion of the current energy demands of the world without 

compromising the ability of future generations to meet their own needs. 
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CHAPTER 2 

    LITERATURE REVIEW 

2.1 Photocatalytic water splitting  

The springboard to modern scientific water-splitting methods is commonly regarded to be 

a study published by Akira Fujishima and Kenichi Honda in 1972 in which they revealed their 

discovery that water can be decomposed into hydrogen and oxygen when titanium dioxide (TiO2) 

is irradiated with light.22 This article report their work about photocatalytic splitting water under 

near-UV irradiation by using a TiO2 electrode connected to a Pt counter electrode through an 

electrical load. This pioneer experiment opened the door to a new field of possibility to product 

clean hydrogen fuel by utilizing water and solar light. Since this process involved an external 

voltage supply, it is technically classified as photoelectrocatalysis, but the historical importance of 

what is now referred to as the Honda-Fujishima effect should be acknowledged.23 At that era, the 

lack of crude oil and the price of crude keep increased become a significant problem also known 

as the “oil crisis”. Therefore, this research area obtained the attention from both chemists who 

were studying electrolysis and a lot of researchers in general research area, and a big amount of 

related technical literatures were published in 1970s.  

In the early 1980s, several studies were published outlining photocatalytic work using 

TiO2, strontium titanate (SrTiO3), and ruthenium oxide (RuO2) particulates.24-27 In the late 1980s 

and early 1990s, several studies were published using aqueous solutions as reactants in the 

production of hydrogen with metal oxide photocatalysts.28, 29 This method was found to be faster 

than using gaseous solutions.30 In the late 1990s and early 2000s, several studies were published 

using tantalate photocatalysts which were chosen for their high level of photocatalytic activity.31-

33 Since the early 2000s, various studies have been done using many types of photocatalysts,34 
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including titanates,35, 36 niobates,37, 38  gallates,39  indates,  stannates,40, 41  antimonates,42  and other 

metal oxides,43, 44 oxynitrides,45-47  and oxysulfides.48-50 After over 40 years of research, many 

photocatalysts are claimed to demonstrate a high value of photocatalytic activities in the process 

of water splitting in ultraviolet (UV) region. These include La doped NaTaO3,
51 Sr2M2O7 

(M=Nb,Ta),52 La2Ti2O7,
7 etc. However these oxide semiconductor photocatalysts can merely show 

activity under UV light. Compared with the fraction of the visible light (ca. 46%) in the solar 

spectrum, the proportion of ultraviolet light is very small (ca. 4%).53 Even if all UV light up to 400 

nm were used in the process, the solar energy conversion efficiency would be just  ~2%. However, 

if visible light up to 600 nm could be utilized, this efficiency would reach to 16%, and the 

conversion efficiency could improve to 32% if the spectrum extended to 800 nm. 

Therefore, to more efficiently make use the energy of solar light, new visible light active 

photocatalysts are essential. Many faculty groups have reported visible light active photocatalysts 

for the process of water splitting, Kazuhiro Sayama and his co-workers used a mixture of Pt-WO3 

with Pt-SrTiO3(Cr-Ta doped) powder suspended in NaI aqueous solution.54 This is the first time 

that a photocatalytic water splitting process had been achieved with an oxide semiconductor under 

visible light irradiation. The quantum efficiency was ca. 0.1% at 420.7 nm. M. G. Kibria and his 

team modified InGaN to became an photocatalyst active under visible-light by incorporating 

controllable p-type Mg-dopant.55 The apparent quantum efficiency of double band p-type 

GaN/In0.2Ga0.8N can reach ~12.3% under visible light irradiation (400 nm-475 nm). And the p-

type GaN/In0.2Ga0.8N nanowire photocatalyst also exhibits high stability. 

2.1.1 Mechanism of photocatalysis 

Photocatalytic water splitting is a chemical reaction where photon energy from sunlight is 

used to split water molecules resulting in the production of oxygen and hydrogen with the aid of a 



 

 

 

8 

 

photocatalyst.56 When a photon energizes the catalyst material, an electron jumps from one energy 

level to a higher one, which leaves behind a place where an electron used to be, called a hole.  An 

electron from a nearby atom may move to occupy that hole.  As these electrons continue to move 

from one atom to the next, an electric current is generated as depicted in Figure 2. 

 

Figure 2: Process involving photocatalytic water splitting for 

hydrogen production. 

 

The photocatalysis in a semiconductor begins with an electron excited across the band gap 

from valence band to conduction band. If a photon possesses energy which is equivalent to or 

higher than the band gap energy of the semiconductor, an electron from the valence band will be 

excited into the conduction band, generating a positive hole in the valence band at the same time.  

This input energy may lost as heat, and the exciton (electron-hole pair) might recombine. Only if 

the electron-hole pairs separate and migrate to the semiconductor surface before recombination 

happen, they will be able to meet reactant species on the surface of semiconductor like H2O, CO2 

and take part in a series of redox reactions.53  
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In the situation of photocatalytic production of H2, the overall water splitting reaction is 

very simple, no matter with what type of device configuration. 

𝐻2O ⟶ 𝐻2 +
1

2
𝑂2                          Δ𝐺298𝐾

𝑂 = 237.1 𝑘𝐽/𝑚𝑜𝑙 

The reactions that occur in acidic electrolyte: 

Hydrogen evolution reaction (HER):                 2𝐻+ + 2𝑒− → 𝐻2 

Oxygen evolution reaction (OER):                      𝐻2𝑂 ⟶
1

2
𝑂2 + 2𝐻+ + 2𝑒− 

The enthalpy change for the reaction is +285.8 kJ/mol, which, since it is positive, means 

the reaction is endothermic, or requiring energy. Additionally, the change in Gibbs Free Energy is 

+237.2 kJ/mol or 2.46 eV per molecule, which, since it is positive, means the reaction is 

endergonic, or non-spontaneous. That means that in order to produce hydrogen from water, the 

minimum energy required for the process is 1.23 eV per hydrogen molecule.  In addition to this 

potential difference, an overpotential of at least 0.3 eV per molecule is typically necessary to 

compensate for thermodynamic losses, bringing the minimum total energy required to nearly 1.6 

eV to produce hydrogen from water.57          

        The theoretical minimum photovoltage required for water splitting process is only 1.23 V. 

Under solar irradiation, semiconductors are able to decompose water into oxygen and hydrogen. 

In an ideal situation, the level of conduction band should be just higher than the level of hydrogen 

reduction, and the level of valence band should be just below the water oxidation level for a high 

efficiency photocatalytic hydrogen production process. Some of the semiconductors are satisfied 

by both conditions, however  a large portion of them could not be utilized because of a wide band-

gap or because of their photocorrosive property.58  
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2.1.2 Influence factors for photocatalytic efficiency 

The solar conversion efficiency is denoted by the number of excited charge carriers on the 

surface of a semiconductor in a photocatalytic reaction.  To improve the efficiency of 

photocatalytic reactions, all processes that decrease the number of excitons should be inhibited. 

And all processes that increase the number of excitons are playing a positive role in optimization 

of efficiency. According to these thoughts, at first, the photocatalyst semiconductor should have a 

narrow band gap (Eg<3.0 eV) to collect as many photons as possible. Secondly, the reflection and 

scattering of light by the photocatalyst are considered to be harmful for light absorption, so these 

should be minimized. Thirdly, while interacting with photons, the photocatalyst should be able to 

efficiently create excitons and have the ability to suppress the energy loss caused by charge 

recombination.15  

On one hand, the separation and charge transportation are the most essential parts in the 

process of a photocatalytic reaction. On the other hand, electron-hole pair recombination decreases 

the number of excitons. The competition between these two processes significantly influences the 

photocatalytic efficiency. Both of them play a great role in photocatalytic reaction, such as 

producing H2 through solar water splitting. 

In summary, following properties are important for photocatalytic activity: 

(1) appropriate band gap position, 

(2) effective charge separation between the holes and electrons generated by photons. 

2.1.3 Sacrificial agents 

        The most challenging stage in the overall water splitting reaction is the oxidation of water to 

oxygen. Oxygen is very reactive which could cause irreversible catalyst decomposition. Rapid 

recombination of electrons in the conduction band and holes in the valence band results in very 
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low efficiency for water splitting using TiO2 photocatalysts in pure water. The use of sacrificial 

agents for the oxidative semi-reaction can help alleviate the issue of recombination and they are 

commonly used in photocatalytic reactions for hydrogen evolution.59 Alcohols such as methanol, 

ethanol, and isopropanol are known to improve photocatalytic activity.   

2.1.4 Band gaps 

A semiconductor material is characterized by two energy bands which are separated by the 

band-gap energy, Eg. A semiconductor at absolute zero is an insulator, because the valence band 

(lower energy level) is completely occupied and the conduction band (higher energy level) is 

totally empty. In order to become a conductor, charge carriers need to be created, which usually 

occur by photoexcitation via irradiation of light. During photocatalytic oxidation reactions of 

titanium dioxide (TiO2), electrons from the valence band of TiO2 move into the conduction band 

when activated by ultraviolet (UV) light. This creates an accumulation of negative charges in the 

conductive band and positive charges in the valence band, commonly described as the formation 

of e− CB / h+ VB pairs. These pairs are able to migrate and upon reaching the surface of the 

nanocrystal, redox reactions may be triggered depending on the redox potential.  

        The band gap refers to the energy difference between the HOMO and LUMO levels in the 

solid state. HOMO stands for "Highest Occupied Molecular Orbital", and LUMO stands for 

"Lowest Unoccupied Molecular Orbital" as depicted in Figure 3. Although heterogeneous 

photocatalysis is a well understood process, and despite its promising results in water 

decontamination, its practical exploitation has been restricted by its low photonic efficiency, which 

is mainly due to recombination of the e− /h+ pair. Therefore, there are considerable efforts being 

made to obtain new processes able to separate charge carriers and minimize their recombination 

rate. 
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The Fermi level lies close to the middle of the band gap. The band gap in an insulator is 

large enough that valence band electrons cannot reach the conduction band at ordinary 

temperatures. No band gap exists for conductors, allowing electrons to move freely in the 

overlapping region. The band gap in a semiconductor is small enough that thermal energy will 

enable some electons to make the jump from the valence band to the conduction band. 

 

Figure 3: The band gap in an (a) insulator, (b) conductor, and (c) semiconductor. 

2.2 Titanium dioxide 

        Of the semiconducting materials which are suitable for utilization in photocatalytic water 

splitting, titanium dioxide (TiO2) has shown to be the most promising so far. The availability and 

stability of TiO2 gives rise to continued expectations of success.60 

        TiO2 is the naturally occurring oxide of titanium and is also known as titanium (IV) oxide. It 

is a white, opaque, inorganic compound that is relatively inexpensive and easy to handle, and is 

odorless, tasteless, absorbent, and considered to be a chemically inert and nontoxic material. 

However, there is a potential health hazard if titanium dioxide dust is inhaled.61  

        Ilmenite (FeTiO3) is the primary natural source of titanium dioxide which comprises of 45 to 

60 percent of the ore. Sources of ilmenite have been discovered in many places around the world. 

Titanium dioxide is extracted using either a sulphate or a chloride process. 
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2.2.1 Crystal structure 

        Titanium dioxide is polymorphous, existing in four naturally occuring phases: rutile, anatase, 

brookite, and akaogiite. The crystal structure of each of these forms is depicted in Figure 4. Rutile 

and anatase are tetragonal, brookite is orthorhombic, and akaogiite is monoclinic. Titanium is 

coordinated octahedrally by oxygen in each of the four polymorphs, but the octahedral 

arrangement is different in each. 

 

Figure 4: Titanium Dioxide Crystal Structures  

for Selected Polymorphs.62 

 

2.2.2 Physical and chemical properties 

        Titanium dioxide occurs naturally in solid form, with a very high melting point and boiling 

point, 1843 degrees Celsius and 2972 degrees Celsius, respectively.63 Anatase and brookite each 

revert to the rutile structure at temperatures of about 915 degrees Celsius and 750 degrees Celsius, 

respectively.  Titanium dioxide is insoluble in water. It is soluble in sulfuric acid and alkalis.64 
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        Titanium dioxide has a very high refractive index. When used as a pigment, it is bright, 

reflective, and opaque. Pigment-grade TiO2 particles are approximately 200-350 nm in dimension 

and this grade accounts for approximately 98 percent of total production.65  

        Nano, or ultrafine TiO2 comprises of primary particles sized less than 100 nm. This grade of 

TiO2 is transparent, or colorless, and has improved UV scattering and absorbing properties 

compared with larger particle-size, pigment-grade TiO2.
66-68 

         Rutile and anatase are the most common forms with anatase having higher photocatalytic 

activity than rutile, and a mixture of the two exhibits even greater photocatalytic activity than either 

of the pure phases.  

2.2.3 Other applications  

        The earliest recognized use of titanium dioxide is that of pigment in Peruvian drinking vessels 

found in Andean regions. These Incan qeros date back to the 15th or 16th century. Several 

technological scientific methods were used to identify the materials in these artifacts. The green 

arrow in Figure 5 indicates where the presence of TiO2 was discovered in the qeros.69 

 

 

Figure 5: Wooden Incan qeros.69 
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        The modern utilization of titanium dioxide as a pigment began in both Norway and the United 

States very early in the 20th century. TiO2 is coveted as a white pigment because of its brightness 

and opacity. In the 1940s manufacturers began producing TiO2 for widespread use, refining 

ilmenite, anatase, and rutile to a desired product as a pigment.70 

Numerous applications exist for the use of titanium dioxide pigment. It is used in many 

products because of its bright whiteness and its opacity. Chief among these is a multitude of 

various types of paints, from artists oils and acrylics, to industrial building and vehicle latexes and 

enamels. Pigment is also a coloring agent for other types of coatings, and for paper, food, 

toothpaste, plastic, medicine, and ink, to name some of the common usages. It is also utilized in 

products such as anti-fogging agents, astringents, coatings, coloring agents, cosmetics, deodorants, 

dermatologicals, environmental purification agents, household products, photosensitizing agents, 

protective agents, radiation-protective agents, sunscreens, and water anti-pollutants.71, 72 

Sunblock, or mineral sunscreens, also contain titanium dioxide or zinc oxide as the active 

ingredients. Titanium dioxide is often a primary ingredient in sunscreen because it works well as 

a UV filtering ingredient. and protect the skin by deflecting the sun’s rays. This helps prevent skin 

damage and cancer that could otherwise result from the sun’s ultraviolet rays. 

Anti-fogging agent also employ titanium dioxide as a key component to prevent the 

condensation of water or accumulation of small, fog-like, droplets of water. These agents can be 

added to plastics or thin films, or they may come in the form of applied coatings, such as gels or 

spray solutions. The hydrophilic nature of TiO2 can also be used on surfaces to create benefits such 

as self-cleaning glass.73 When the glass gets wet, inorganic dust and dirt is removed instead of 

spotting. Titanium dioxide can also act as an anti-scratch protective coating for many types of 

surfaces. 
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Cosmetic and determatological use of titanium dioxide is for the coloring and opacity that 

TiO2 offers, and is also helpful for giving a matte finish, protecting from ultraviolet rays, as well 

as the texture it provides, giving a desired smoothness and spreadability. The fact that it is non-

soluble in water also give cosmetics good durability.  

Much research has also been done on using titanium dioxide as an environmental 

purification agent. It has been considered as a candidate for removing arsenic from drinking water. 

The concept of water purification is based on the ability of solar energy to oxidize water molecules, 

producing reactive oxygen species, which are toxic to microorganisms in water.74 

2.3 Strategies for enhancing photocatalytic performance 

        The use of titanium dioxide (TiO2) for the purposes of solar energy research and development 

since the discovery of the aforementioned Honda-Fujishima effect. One study suggests that if the 

ratio of different crystal facets of rutile could be adequately controlled, it would be possible to 

improve the rate of water oxidation reaction by increasing the spatial separation of reduction and 

oxidation sites. The study found that TiO2 nanorods with a high proportion of oxidative facets 

provided higher overall water splitting reactivity.68  

 

Figure 6: Schematic illustration of TiO2 for photocatalytic 
hydrogen evolution reaction.4 
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Back to 1970s, the Honda-Fujishima effect of water splitting using a TiO2 electrode was 

reported. When TiO2 is irradiated with UV light, electrons and holes are generated.22 The 

photogenerated electrons reduce water to form H2 on a Pt counter electrode while holes oxidize 

water to form O2 on the TiO2 electrode with some external bias by a power supply. However, due 

to the wide band-gap of TiO2 (3.2 eV), it can only be excited by ultra-violet (UV) irradiation which 

accounts for just 4% of the solar energy. Numerous researchers have extensively studied water 

splitting using semiconductor photoelectrodes and photocatalysts since the finding. Various 

strategies have been developed to enhance the photocatalytic performance. For example, energy-

band engineering effectively extends the light absorption of the photocatalyst into the visible 

region and meanwhile manipulates the levels of the band edges to offer adequate redox 

potentials,75-79 morphology tailoring of the photocatalyst can increase the surface area to generate 

more active sites,80-82 expose high-surface-energy facets to promote adsorption and reaction 

activity,83-85 or construct special microstructures to localize the incident light.86 However, the 

relatively low photocatalytic efficiency is still one of the most important factors restricting the 

practical application of this technology. The limited photocatalytic efficiencies of catalysts can’t 

cater for the commercialization due to the following major factors: (a) the limited light absorption 

in ultraviolet range; (b) sluggish carrier transport and low carrier separation efficiency; and (c) 

inefficient surface chemical reaction.87-89 Therefore, increasing efforts have been devoted to 

preparing high-performance photocatalysts for solving these problems. Loaded novel catalysts 

enhance the separation of photocarriers in the surface to supply facile channels for redox 

reaction,90, 91 or serve as visible-light sensitizers to inject more photocarriers for photocatalytic 

reactions.92, 93 However, current strategies are mainly focused on the photocatalyst itself, but the 

reaction environment is usually ignored.  
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2.3.1 Structure engineering 

 TiO2 is a well-known n-type inorganic semiconductor. Therefore, it can pair with p-type 

semiconductor such as p-Si to form a p-n heterojunction structure which expedites the electron 

moving from p-Si through TiO2 to active sites. For example, Andoshe fabricated TiO2 nanorods 

on a p-type silicon plate as a cathode material for photocatalytic water splitting.94 TiO2 NRs/p-Si 

were created through a hydrothermal process with tetrabutoxytitanium as a precursor. The use of 

TiO2 substantially increased the optical absorption of p-Si sample. The evidence is that the 

reflectance values measured at 550 nm are 37.5% and 1.4% for p-Si and TiO2 NRs/p-Si pattern, 

respectively. 

Besides, mesoporous TiO2 materials have attracted increasing attention in photocatalytic 

applications owing to their outstanding properties such as low cost, high stability, good electronic 

structure, and optical features. Many studies have been conducted to enhance the photocatalytic 

activity of mesoporous TiO2 materials. Two structures, involving rutile mesoporous single-crystal 

NRs (R-MSC) and anatase mesoporous single crystal nanosheets (A-MSC) were synthesized and 

investigated for their photocatalytic activity in water splitting.95 The morphology and size of 

mesoporous TiO2 were mainly affected by three factors, including the seeding concentration, 

hydrohalic acid condition, and temperature. The study results revealed that rutile mesoporous 

single-crystal NRs with a seeding concentration of 0.3 mM (R-MSC-0.3) showed the best 

photocatalytic performance for hydrogen generation from water, which is much higher than of 

rutile single-crystal (R-SC) as shown in Figure 7. 
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Figure 7: Schematic diagram of the synthesis of R-MSC and 
A-MSC in silica template.95 

 

2.3.2 Band gap engineering 

Band structure engineering is a useful technique to narrow the wide bandgap materials 

down to the visible light region to maximize the energy capture.96 Different methodologies have 

been used, such as sensitization with organic dyes, where the dye acts as a photosensitizer and 

injects electrons into the CB.97 Another methodology is doping with anions or cations which inserts 

new band levels into the original bandgap of the semiconductors or facilitates a band shift to 

enhance light absorption properties.98 Defects such as oxygen vacancies is also believed to provide 

intermediate band levels or extra states that can trap electrons and contribute to enhanced visible 

light absorption.99 Cocatalysts such as noble metal and metal oxides are often engaged to facilitate 

the surface chemical reactions, lower the overpotentials for H2 and O2 evolution, and suppress the 

backward water-formation reaction.100 Besides, methods have also been developed to promote the 

separation of the photogenerated electrons and holes on catalyst surface and suppress the 
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recombination process, including shape and facet engineering, heterojunction formation and 

introduction of internal electric fields, and so on.101 

 2.3.3 Noble metal loading 

Noble metals such as Au, Ag, Pt, Pd, and Rh have been reported to be very efficient dopants 

for the visible-light activation and thereby improving the performance of TiO2 photocatalysts.102 

Fermi levels of these noble metals are lower than that of TiO2, which results in the effective transfer 

of the photogenerated electrons from the conduction band of TiO2 to metal particles (Figure 8).103 

This electron trapping process significantly reduces the electron-hole recombination rate, which 

results in stronger photocatalytic reactions. Bamwenda investigated the effect of Au and Pt 

nanoparticles on the photocatalytic activity of TiO2 materials through the photocatalytic splitting 

of water-ethanol mixture.104 Seery et al. improved the visible-light photocatalytic activity of TiO2 

by silver doping. They observed superior UV, and Vis-light absorption due to silver plasmon 

resonance.105 

 

Figure 8: Electron transfer mechanism in silver loaded TiO2.
103 
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        A number of synthetic methods including sol–gel process, hydrothermal method, 

impregnation, and photo-deposition were reported for the fabrication of noble metal modified 

TiO2.
105 Photocatalytic activities of these modified samples were highly dependent on both the 

synthesis method and work function of the noble metal. Among the various noble metal modified 

TiO2 samples, Pt and Au loaded were found to be most effective and less sensitive to the synthesis 

methods. The higher effectiveness resulted from the higher work-functions and optimum electron 

affinity associated with Pt and Au. 
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CHAPTER 3 

                                        MOTIVATION AND OBJECTIVES 

 

 

        As discussed earlier, one of the major drawbacks of pure TiO2 is the large band gap implying 

that this material can only be activated using an irradiation with photons in the UV region ( ≤ 387 

nm). Based on the discussion in chapter 1, the development of highly efficient photocatalysts for 

the photocatalytic water splitting process is essential for clean hydrogen energy production. 

However, most of the photocatalysts can only absorb ultraviolet light because of their wide band 

gap. Therefore, catalysts with narrower band gaps are necessary in the overall water splitting 

process driven by visible-light photocatalysis. In order to obtain activity in the visible region, it is 

essential to modify the semiconductor materials by using dye sensitization, noble metal loading, 

transition metal addition, and non-metal doping. The main objective of the research work is to 

synthsize Ru doped TiO2 photocatalyst and explore its applications in photocatalytic water 

splitting for hydrogen production. 

        The hypothesis of this research is this: the Ru doped TiO2 would be an excellent photocatalyst, 

because TiO2 is a semiconductor and Ru can promote the reduction reaction process. 
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CHAPTER 4  

                                        EXPERIMENTAL PROCEDURE 

4.1 Materials 

        The primary materials used include titanium (IV) oxide (TiO2) nanopowder, cobalt (II) nitrate 

hexahydrate [Co(NO3)2 · 6 H2O], ruthenium (III) chloride hydrate [RuCl3 · x H2O]. All of them 

were purchased from Sigma-Aldrich and were used without any further purification. 

4.2 Preparation of photocatalyst 

        The photocatalyst was synthesized by impregnating TiO2 powder (P25 with surface area of 

54 m2 g-1) in aqueous solution of RuCl3 at 25 oC overnight, followed by calcination at 500 oC for 

2 h.  In detail, for each catalyst mixture, approximately 1 gram of TiO2 was combined with different 

amounts of either Co(NO3)2 or RuCl3 in order to obtain various weight percentages of each type 

of catalyst. Ru/TiO2 catalyst mixtures of 1, 2, and 5 weight percent and Co/TiO2 catalyst mixtures 

of 1, 2, 5, 10, 20, and 40 weight percent were created in the lab for this study. To disperse the 

catalyst on the substrate (filter paper and FTO glass), Ru/TiO2 powder was mixed with water as a 

paste, followed by coating on the surface of the substrate and then drying at 25 oC overnight. 

To create each mixture, the required amount of Ru or Co is first calculated. For example, 

the synthesis of 5 weight percent Ru/TiO2, where the molecular weight using anhydrous basis of 

RuCl3 is 207.43 g/mol, and the molecular weight of Ru is 101.07 g/mol requires 0.1026 g of 

ruthenium (III) chloride hydrate per 1.0 g of titanium dioxide. This is found through the 

calculation, 

0.05 g Ru (desired) ×
207.43 g RuCl3/mol

101.07 g Ru/mol
= 0.1026 g RuCl3(required). 
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        Since it is difficult to get exactly the required number of grams of RuCl3, as shown in Figure 

9, the adjusted amount of TiO2 needed can be found through the calculation, 

0.1033 g RuCl3 (measured) ×
1.0 g TiO2

0.1026 g RuCl3
= 1.0067 g TiO2(required). 

 

 

Figure 9: Pictures of the amounts of the reactants. 

Both of the measured amounts of ruthenium (III) chloride hydrate granules and titanium 

(IV) oxide powder are then combined into a 25 ml beaker along with just enough distilled water 

to cover the dry ingredients and a magnetic stir bar. The beaker is then covered with thin plastic 

film to prevent contaminants and placed on an automatic stirrer at 300 rpm for 2 hours and at room 

temperature. The beaker is then set aside for a minimum of 8 hours after which it is placed in a 

low-temperature oven until the mixture is thoroughly dehydrated.  



 

 

 

25 

 

Next, the dried contents in the beaker are carefully scraped into a mortar bowl and 

subsequently ground with a pestle into a fine powder of uniform consistency. Finally, the powder 

is funneled into a vial and labeled appropriately. 

Each of the various weight percent catalysts is produced individually using the same 

method. 

 

Figure 10: Pictures of the stirring process. 

4.3 Characterization of photocatalyst 

4.3.1 Morphology and crystal structure 

        Hitachi S-4700 field emission scanning microscopy (FE-SEM) was employed to observe the 

morphology of ZnO samples. Before the scan, mounted Ru/TiO2 were coated by carbon to improve 

the conductivity. The morphology can be directly observed in this method, including particle size 

and the morphology of sample surface. The observed particle sizes were comparable with the data 

calculated by XRD data and Scherrer equation. The Hitachi S-4700 is shown in Figure 11. 
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Figure 11: Picture of Hitachi S-4700 field emission scanning microscopy. 

        X-ray diffraction is a technology used to figure out the atomic and molecular structure of a 

crystal. By analyzing the data such as peak intensity, peak positions and full width at half 

maximum (FWHM), more information about structure of sample can be obtained including 

particle size, lattice parameter, lattice strain, inter planar spacing, crystalline phase etc. 

        In this research, the Scintag XDS 2000 powder diffractometer was used for characterization 

of samples to determine the crystal structure. It can be seen in Figure 12. The scan range for every 

sample is from 10o to 70o, including most of characteristic peak positions of TiO2. DMSNT 

software was used in scan and data analysis. 
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Figure 12: Picture of Scintag XDS 2000 powder diffractometer. 

4.3.2 Band potential measurement 

UV-Vis test is utilized as a characterization technique to determine the composition, 

content and structure of material. In this research, a Shimadzu UV-2450 UV-Vis 

spectrophotometer is used to measure the absorbance in the range of 200nm-800nm.  The data is 

used to observe the absorbance change of samples in visible light region. At the same time, the 

band gap is calculated from the absorption edge with this data. 

Samples were mounted in a holder based by compacted barium sulfate powder. The powder 

was evenly distributed on the barium sulfate base, and compacted carefully. Barium sulfate was 

also used to determine the baseline, because the absorption of barium sulfate in the test area is 0. 
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Figure 13: Picture of Shimadzu UV-2450 UV-Vis spectrophotometer. 

        EIS is commonly utilized as an experimental method of characterizing electrochemical 

systems. In this research, EIS data was used to determine the band potential of the photocatalyst. 

        Firstly, flat-band potentials (Efb) were determined by the Mott-Schottky method in a three 

electrodes system with 0.1M LiClO4 as electrolyte, a saturated calomel electrode (SCE) reference 

electrode and a Pt counter electrode were used in this test.  Ru/TiO2 samples are dispersed by 

ethanol, then evenly smeared on a fluorine-doped tin oxide (FTO) glass plate in a 1 cm2 square 

area. The capacitance data measured by EIS were used to calculate the Flat-band potential.  

Conduction band potential (Ecb) were calculated from the flat-band potential. Three different scan 

frequencies were used, and the scan range was from -0.6 V to 0.1 V. A difference of 0.2415V will 

be added to the calculated results to get the potential vs SHE (Standard Hydrogen Electrode). As 

the band gap have been measured by UV-vis test, the potentials of valence band were obtained by 

combining these results. 
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Figure 14: Picture of Gamry Interface 5000E. 

        The Fourier transform near infrared (FT-NIR) spectrum was determined using a Bomem (MB 

160) Fourier transform near infrared spectrophotometer in the wavenumber range 4000-12000  

cm-1 at room temperature.106 

 

Figure 15: Picture of Bomem MB 160. 



 

 

 

30 

 

4.4 Photocatalytic hydrogen production from water 

4.4.1 System Design 

The pressure gauge is connected to a glass test tube by a series of sealed stainless steel 

tubing and adapters, including a release valve. This rig was tested and found to hold pressures 

between 30 and 40 psi, or about 1500 to 2000 torr. These tested pressures were at least an order of 

magnitude greater than those encountered during experimental testing. 

 

Figure 16: Pressure gauge (A), test tube connection (B), and release 

valve (C), connected by sealed stainless steel tubing and adapters. 

 

4.4.2 Performance evaluation 

A quartz reactor (diameter: 1.5 cm) was filled with 10 ml water containing different ratios 

of methanol as a sacrificial agent. AM 1.5 global sunlight was simulated by a solar simulator 

(Newport) with an AM 1.5G filter. To evaluate the photocatalytic performance of the catalyst, the 

Ru/TiO2 coated on the substrates (filter paper and FTO glass) were immersed in the liquid with 

vertical illumination of incident light on the substrate surface. Hydrogen production was monitored 

by pressure change.  
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CHAPTER 5 

RESULTS AND DISCUSSION 

 

5.1 Morphology and crystal structure 

Figure 17 shows the FESEM images of catalyst highly dispersed on filter paper substrate, 

which indicates that the roughness surface can remarkably increase the light irradiation of 

Ru/TiO2. 

Figure 17: Field emission scanning electron microscopy (FESEM) 

image of Ru/TiO2 coated on filter paper substrate. 

 

The XRD patterns of Ru/TiO2 are shown in Figure 18. The peaks at 2θ = 25.1o, 37.6o, 48.0o, 

and 55.3o can be indexed to anatase TiO2 (JCPDS 21-1272). The peaks at 2θ = 27.51o, 36.04o, 

54.23o, 62.26o, and 69o can be indexed to rutile TiO2 (JCPDS 01-1292). 

 



 

 

 

32 

 

 

Figure 18: XRD spectrum of Ru/TiO2. 

5.2 Band potential 

The band structure of the Ru/TiO2 was first evaluated by UV-vis spectrum. As shown in 

Figure 19, Ru/TiO2 can remarkably absorb visible light compared with pristine TiO2. The energy 

gap (Eg) between conduction band (CB) and valence band (VB) for Ru/TiO2 is narrower (3.1 eV) 

than pristine TiO2.  

Furthermore, the Mott-Schottky method was employed to determine the flat-band potential 

(Efb), which is -0.55 eV (Figure 20). The conduction band edge potential (-0.55 eV) was then 

calculated from flat-band potential.106 EIS results were utilized to calculate the flat band potential 

in a method named Mott-Schottky plot. The capacity of samples was calculated from the EIS 

results. 

The Mott-Schottky equation can be written as:  

𝐴2

𝐶2
=

2

𝑞𝜀𝜀0𝑁
(𝐸 − 𝐸𝐹𝐵 −

𝑘𝑇

𝑞
) 
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In this equation, A is the surface area of electrode exposed in solution (in this experiment, 

A=1cm2), C is the capacity of working electrode calculated from the imaginary part of impedence, 

q is the charge of the electron, N is the donor density, 𝜀 is the dielectric constant of the 

material, 𝜀0 is the permittivity of free space, E is the applied electrode potential, k is Boltzmann’s 

constant, and T is temperature (in this case, temperature is room temperature, T = 298K is used in 

the calculation). A Mott-Schottky plot is made by A2C-2 versus E for the electrode. As the reference 

electrode used in this experiment is a saturated calomel electrode (SCE), 0.2415V will be added 

to the results to get the potential vs standard hydrogen electrode (SHE). Furthermore, the 

conduction band edge potentials were calculated from flat-band potentials with a method described 

in reference.107  

Figure 21 shows the Fourier transform near infrared (FT-NIR) spectrum of the pristine 

TiO2 and Ru/TiO2 in the wavenumber range of 4000-12000 cm-1 at room temperature, in which 

the Ru/TiO2 exhibited strong absorption, whereas obvious absorption was not observed for pristine 

TiO2. Furthermore, the first-order derivative FT-NIR spectra was obtained for Ru/TiO2 from its 

spectrum, in which the energy gap can be determined108. As shown in Figure 22, the peak position 

of the first-order derivative of FT-NIR signal of Ru/TiO2 is at 10536 cm-1, corresponding to an 

energy gap of 1.31 eV. This was assigned to the generated donor level (Ti3+) below TiO2 CB, 

which means the visible and near-infrared light absorptions could be attributed to the excitation of 

electrons from the Ti3+ level to TiO2 CB.  

Therefore, band potential of Ru/TiO2 was summarized in Table 1 and a relationship between band 

structure of Ru/TiO2 and redox potentials of water splitting was obtained. As shown in Figure 23, 

one can see that those energies meet the thermodynamic requirement for visible light 

photocatalytic hydrogen production (with methanol as a sacrificial agent): (a) TiO2 CB is more 
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negative than H2O/H2 redox potential, (b) the energy level of the Ti3+ is more positive than the 

redox potential of CO/CH3OH or CO2/CH3OH and (c) the energy gap (1.31 eV) between Ti3+ level 

and TiO2 CB ensures the absorption of visible light and even near IR. This indicates that Ru/TiO2 

would be an excellent photocatalyst for photocatalytic water splitting. 

Figure 19: UV-Vis spectrum of TiO2 and Ru/TiO2. 

Figure 20: Mott-Schottky Plots of Ru/TiO2. 
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Figure 21: FT-NIR spectra of pristine TiO2 and Ru/TiO2. 

 

 

Figure 22: The first-order derivative FT-NIR spectra of Ru/TiO2. 
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TABLE 1 

BAND POTENTIAL OF Ru/TiO2. 

Potential (V vs SHE) Ru/TiO2 

Flat band potential (Efb) -0.55 

Conduction band edge potential (Ecb) -0.55 

Energy gap (Eg) 3.1 

Valence band edge potential (Evb) 2.55 

 

 

Figure 23: Relationship between band structure of Ru/TiO2 and 

redox potentials of water splitting. 
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5.3 Photocatalyst performance 

        To confirm the feasibility of the above catalyst design for photocatalytic water splitting, the 

catalyst was immersed in H2O in a quartz tube reactor. It is well known that the suppression of 

charge recombination can be attempted in a number of ways, such as the use of scavengers, which 

can remove either holes or electrons in the system so that only one half of the water splitting 

reaction can be studied in isolation.109 So different ratios of methanol were added into the water as 

a sacrificial agent. Under the illumination of simulated AM 1.5 global sunlight (100 mW cm-2) at 

room temperature, the pressure change was monitored and recorded. 

 

Figure 24: Picture of the reaction. 

The impact of the mass loading was first evaluated by loading different amount of the 

catalysts on the substrate. The filter papers were used in this experiment and different amounts of 

the photocatalysts (6 mg and 15 mg) were deposited onto the substrates. The pressure change was 

monitors by using the pressure gauge. As shown in Figure 25, the lower mass loading sample 



 

 

 

38 

 

shows better performance than the other sample. This can possibly be attributed to the sunlight 

block of the catalyst’s surface due to the thickness of the layer of  the catalyst. 

Figure 25: System pressure change vs time for different mass loadings. 

Then the influence of the substrate materials was explored by replacing filter paper with 

FTO glass. Figure 26 shows the pressure change for the photocatalysts dispersed on different 

surfaces. The photocatalyst dispersed on the filter paper shows better performance than FTO glass. 

Since the roughness of filter paper is much higher than FTO glass, we conclude that the high 

roughness will promote the photocatalytic reaction. 
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Figure 26: System pressure change vs time for different substrates. 

Finally, the stability of the prepared photocatalyst was evaluated. The data was obtained 

after the the system reached a stable state. Negligible pressure change was observed in Figure 27, 

which indicates the good stability of the Ru/TiO2 photocatalyst. 

Figure 27: Stability test for Ru/TiO2. 
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CHAPTER 6 

CONCLUSION AND FUTURE WORK 

 

 

The Ru doped TiO2 was synthesized and investigated as a photocatalyst for the water 

splitting process. We found out that the Ru/TiO2 an is an efficient photocatalyst for the water 

splitting process towards hydrogen generation. The morphology of the obtained photocatalyst was 

evaluated by FESEM and the crystal structure was determined by XRD. Furthermore, the band 

potential was evaluated by UV-Vis spectrum, Mott-Schottky plot, and FTNIR spectrum. We also 

conclude that the lower mass loading and higher roughness can enhance the photocatalytic 

performance. 

The recommendation for future work: (1) A novel nanostructure should be designed and 

synthesized, for example, the core-shell with higher surface shell structure should be studied; (2) 

The expensive noble metal should be replaced by abundant earth element to reduce the cost and 

remove the barrier for commercialization. 
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