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 Semiconducting metal oxide such as TiO2 and ZnO have attracted worldwide 

attention due to peculiar physical and chemical properties such as photoactivity, stability, non 

toxicity, environmentally friendly nature and low cost. TiO2 have been used in many 

technological applications such as heterogeneous catalysis, photocatalysis, gas sensor devices 

and dye-sensitized solar cells. However there are some limitations such as high bandgap and 

fast recombination of photogenerated electrons and holes and these factors limits its 

photoactivity. It is necessary to modify these properties for photocatalysis under sunlight. 

Transition metal and non-metal doping can shorten the bandgap and reduce the 

recombination rate.  

 Chapter 1 describes the current energy resources, global challenges of energy 

availability, the significance of solar energy harvesting by photocatalysis, general principle of 

mechanism of heterogeneous catalysis and  importance of waste water treatment. Crystalline 

structure, properties and applications of TiO2 and ZnO, different methods used for the 

synthesis of metal oxides and objective of the present work are also included in chapter. 

 Chapter 2 deals with basic principles of various instrumental methods used for the 

characterization of TiO2 and ZnO samples. 

 Chapter 3 discusses the synthesis of anatase-rutile mixed phase TiO2 from a 

convenient precursor, potassium titanyl oxide oxalate. TiO2 were also prepared by doping 

with 1 mol % Co, Ni, Mn, Cu and C. Thermal stability, structure, morphology, composition 

and properties of TiO2 were determined by various techniques like TG-DTG, XRD, FT-

Raman, FT-IR, HRTEM, FESEM, BET surface area and UV-DRS. On refluxing potassium 

titanium oxide oxalate a white precipitate was obtained and this white precipitate was found 

to be titanium oxalate complex from the XRD pattern. Formation of the complex was further 

supported by FT-IR spectra. The calcination of the sample at 450 ºC was found to give a 

mixed phase of anatase rutile TiO2 consisting of 70% anatase and 30 % rutile, from the XRD 

results. The SEM and TEM techniques were used to determine the morphologies of the 

prepared samples. The EDS spectra were used to determine the amount of dopants in the 

doped TiO2 samples. Photocatalytic performance of the samples were studied using 



xix 
 

photocatalytic degradation of methylene blue under visible LED light irradiation. All doped 

TiO2 samples showed higher photocatalytic activity than undoped TiO2. 

  Chapter 4 deals with synthesis of anatase TiO2 nanomaterials using titanium 

isopropoxide, doping of TiO2 sample with cobalt ion doping and study of its photocatalytic 

activity under sunlight irradiation. The prepared samples were characterized by various 

techniques like TG-DTG, XRD, FT-IR, HRTEM, FESEM-EDS, XPS and UV-DRS. 

Synthesized TiO2 and Co-doped TiO2 nanomaterials were used as a photocatalyst for the 

degradation of  methylene blue.  

 Chapter 5 gives the preparation of ZnO through various methods like simple 

precipitation, sol-gel method, reflux technique using convenient precursors. Their structure, 

morphology and properties were determined by various techniques like TG-DTG, XRD, FT-

IR, HRTEM, FESEM, BET surface area and UV-DRS. Spherical nanoparticles were obtained 

by precipitation and sol-gel methods. The ZnO nano rods were prepared by the thermo- 

hydrolysis of zinc nitrate using HMTA via low temperature reflux route. Photocatalytic 

activities of the samples were studied using photocatalytic degradation of methylene blue 

under visible LED light irradiation. The ZnO prepared from zinc nitrate and citric acid route 

show better photocatalytic activity than ZnO prepared form zinc nitrate and HMTA.  

 The conclusion of the thesis are given in Chapter 6. 

 Chapter 7 gives the recommendations for future work. 

 

 

 

Key words: Nanomaterials, TiO2, mixed phase anatase rutile TiO2, ZnO, doped TiO2, 
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Introduction to semiconductor photocatalysis 
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1.5 TiO2 as photocatalyst 

1.6 ZnO 

1.7  Different methods for the preparation of semiconducting metal oxide 

1.8  Objective of the present work 

1.9  Overview of the thesis 

 

1.1     Sustainable energy and environment 

Sustainable energy is the energy derived from clean, renewable sources of 

energy without endangering the energy needs of   future generations and without 

affecting the climate. These energy sources renew themselves, rather than sources 

like fossil fuels that can be depleted. According to World Energy Council report, 

the world energy demand in 2020 grew 50–80% higher than that in 1990.1 Figure 

1.1 shows the yearly energy demand and development. Such increasing demand 

could place significant damage on world environmental health. Researchers are 

actively working to develop eco-friendly alternative technologies for sustainable 

energy production and pollutant destruction in all areas of daily life. 

Semiconductor photocatalysis is a widely used technique for pollutant degradation 

and energy production. The appropriate position of the valence and conduction 

bands makes the semiconductors suitable materials for the absorption of light. 

1.2     Energy harvesting and human progress 

 World is becoming a global village. Energy is one of the basic needs for 

technological advancements and economic developments of human society. With 

world population increasing to 9 billion people by 2050, the demand for energy 

will also double by this time. The economic growth, energy security and 

environment protection are the fundamental aspects of the national energy policy 
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of every country. The industrialisation consumes 75% of the world’s energy 

supply. The rest of the energy used for enhancing lifestyle. 

 

 
Fig. 1.1   Energy demand and development 

 

Fossil fuels currently supply about 80% of the energy demand. At current rate of 

usage, fossil fuel will run out during this century. Fossil fuels take thousands of 

years to form naturally and cannot be replaced as fast as they are being consumed. 

The gases produced by the combustion of fossil fuels cause enhanced greenhouse 

effect and global warming. The serious consequences of these hazards are drastic 

climate changes like extreme weather, sea level rise leading to flooding and 

erosion of coastal and low lying areas, etc.  Nuclear power is capable of providing 

large scale power generation. But it has safety and waste management issues. Also 

the amount of uranium present in the Earth’s crust is limited. Alternative clean 

energy resources are needed for sustainable development.  
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1.2.1    Types of energy resources 

Fig.1.2 Different types of energy resources 

 

 Sources of energy are divided into two major categories, renewable and non-

renewable energy resources (Figure 1.2). Non-renewable resources are those that 

cannot be replenished in a short period.  Renewable energy resources are 

replenished naturally.  Resorting to renewable resources could protect us from the 

negative effect of climate changes and increasing energy price and supply. 

1.2.2    Non-renewable energy resources and its limitations 

 Non-renewable resources are mainly coal, natural gas and oil and nuclear 

energy. First three of these are collectively called fossil fuels and they are derived 

from biomass of dead plants and animals decomposed under high pressure and 

temperature, millions of years ago. Fuels from non-renewable resources are the 

primary source of energy in the world due to their affordable cost and availability. 

Advantages of non-renewable energy resources are that they are high energy 

sources, easy to use and can be conveniently moved across the world. Apart from 

these advantages, they have disadvantages also. The massive consumption of 

fossil fuel has a negative impact on the environment. Intergovernmental Panel on 

Climate Change observed that the global temperature is increasing since 20th 

century due to the increased consumption of fossil fuels. Carbon dioxide emitted 
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while burning of fossil fuel can trap heat in the earth atmosphere. Moreover 

processing methods like extraction, transportation, processing and combustion of 

fossil fuel causes health issues. Also the cost of this energy is continuously rising. 

Nuclear energy provides about 6% of total energy. Highly radioactive product 

formed in the nuclear power reactor and their disposal has negative impact on 

human health and environment. Also nuclear reactors are prone to accidents, for 

example the Fukushima nuclear disaster where a severe tsunami that followed a 

massive earthquake severely damaged the cooling systems of nuclear reactor 

leading to explosion and severe exposure to nuclear radiation.  

1.2.3    Need for renewable energy resources and its challenges 

 Renewable energy resources are the most efficient and effective solutions for 

sustainable development. There are five major renewable energy resources such as 

solar, wind, biomass, geothermal, etc. They are sustainable, eco-friendly and 

available locally in abundance. The sun and wind will not be exhausted in the near 

future. Many countries have agreed to lower the amount of CO2 and 

greenhouse gas emissions through the Kyoto Protocol and the Paris 

Agreement. However, the amount of CO2 keeps on rising in the atmosphere 

and the Earth is heating up at an alarming rate. Before industrial revolution the 

level of CO2 in the atmosphere was about 280 ppm. Currently this level has 

increased to about 420 ppm. Scientists warn that if this warming due to 

increased greenhouse effect continues unattended, it could bring major 

environmental catastrophe to much of the world, including record-breaking 

droughts, staggering sea-level rise and floods, and widespread species loss. 

 Depending on renewable energy resources can help us to mitigate climate 

change. They do not emit any carbon dioxide when they generate energy. Wind, 

hydroelectric and solar energies are carbon-free energy sources. Biomass and 

biofuels are considered as the chemical energy stored inside the plants by 

photosynthesis. Biomass and biofuels produce carbon dioxide when they are 

burned. The carbon dioxide returns to atmosphere are balanced in above process.2 

Hence, the biomass and biofuels are carbon-neutral resources. Nuclear power does 

not produce CO2 and air pollution. Nuclear energy generates heat through fission, 

not combustion and it is also considered a carbon-free energy resource.  
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 Today, the renewable energy sources contribute only around 22% to energy 

production.3 Extracting the renewable energy, conversion, transportation and 

utilization without loss are the major challenges today. Opportunities of renewable 

energy resources are shown in Figure1.3.  

Fig.1.3 Opportunities of renewable energy resources  

 

1.3    Solar energy harvesting by photocatalysis 

 Among the renewable energy resources, solar energy is the most plentiful 

energy source for the earth and available locally. Solar energy is utilised for 

widespread applications such as lighting, heating, cooling, cooking, space 

technology, communication electronics etc.4,5 Technology for solar energy 

harvesting was started from seventh century B.C.6  They used magnifying glass 

for making fire. In 1876 William Grylls Adams and Richard Evans Day found that 

selenium produces electricity during the exposure to sunlight. Development of 

materials and new approaches for the direct utilization of solar energy with 

improved efficiency is necessary for the future generations.  
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Semiconducting materials can be used for solar energy harvesting in 

environmental and energy systems. Solar energy has potential for photovoltaic, 

photodegradation of waste water and water splitting for hydrogen fuel production 

using nanostructured semiconductors.7 In this manner solar cells and 

photocatalysis applications are very important for the future. Various metal oxides 

such as TiO2, ZnO, CeO2, MnO2 and Bi2O3 have been studied for photocatalysis 

and photovoltaics applications. Among them TiO2 and ZnO are most attractive 

due to their good chemical stability, high photocatalytic activity, non-toxicity and 

long term photostability. 

1.3.1    Silicon solar cells 

 Photovoltaic technology using silicon was developed at Bell Laboratory in 

1954. This was the first solar cell capable of converting solar energy into 

electricity with 4% efficiency. The silicon solar cells are known as first generation 

solar cells. It consists of more than 90% of commercial solar cell production. It 

has broad spectral absorption range (Except blue and violet). The theoretical 

efficiency for single junction silicon solar cells is 33%. Si wafers (thickness ~ 200 

μm) are used for fabricating crystalline silicon solar cells. But the minimum cost 

for silicon 125 mm diameter wafers is about US $ 1 per square inch.8 To address 

the high production costs of silicon solar cells, a change from silicon solar cells to 

metal oxide based solar cell is necessary. 

1.3.2    Metal oxides semiconductor solar cells 

Metal oxide semiconductor solar cells are low cost alternative to first 

generation solar cells. Thin film solid state solar cells, dye-sensitised solar cells 

(DSSC) and hybrid solar cells have been considered as a promising candidate for 

next generation solar cells. They can be produced very easily on demand and are 

quite stable. Variety of metal oxides are used for the synthesis of solar cells. 

Among them, the most studied metal oxide is TiO2. It is the best successful anode 

owing to its chemical stability and suitable band alignment. Its unique electronic 

structure allows the separation of excited charge carriers during the absorption of 

light, whose energy greater than or equal to the energy bandgap. ZnO is a 

promising alternative to TiO2 due to its larger bandgap. Solar cells can be 
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classified as shown in Figure 1.4. DSSC, Hybrid solar cells and thin film solid 

state solar cells consist of semiconductor metal oxide especially TiO2 and ZnO.  

Fig.1.4 Generations of solar cells 

 

1.4     Working principle of solar cells 

 The working principle of solar cells are based on photoelectric effect. In 

photovoltaic effect, a potential difference is generated at the junction in response 

to absorption of sunlight. Classical P-N junction solar cells consist of a p-doped 

semiconductor and n-doped semiconductor. They are arranged in contact to form a 

junction. Charge carriers are generated due to the absorption of photons and the 

bandgap of semiconductor should match with the energy of light.  

Dye sensitized solar cells are third generation solar cell that converts visible 

light into electricity. The DSSCs were invented in 1991 by Professor Michael 

Graetzel and Dr Brian O’Regan and is often referred to as the Graetzel cell. The 

dye-sensitised solar cells consist of thin layer of metal oxide deposited over a 

transparent conducting glass plate. Common conducting glass plates are fluorine 

doped tin oxide (FTO) or indium tin oxide (ITO). Figure 1.5 represents the 

schematic representation of DSSC. Dye molecules get adsorbed on the 

semiconductor metal oxide surface. When the sunlight strikes on the surface of the 

dye-sensitised solar cells, the dye molecules absorb light and undergo excitation 
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from HMO to an unoccupied MO. Subsequently electron is injected into the 

conduction band of TiO2.  Metal oxide layer acts as an anode. The platinum film 

prepared on the transparent conducting glass substrate, acts as a counter electrode. 

The counter electrode completes the internal electrical circuit by injecting 

electrons into the electrolyte. Original state of dye is regenerated by interaction 

with the electrolyte. The electrolyte (organic solvent containing I-/I3
- redox 

couple) is filled over the conducting sheets. These two plates are joined and sealed 

together.  

 
Fig.1.5 Schematic representation of Dye sensitized solar cell 

 

1.5     Water pollution and degradation of pollutants /waste water treatment 

Human activity is connected with extraction, manufacture, distribution, use 

and finally disposal of materials. This process has vital role to the overall 

prosperity of our civilization. However, human activities are unavoidably 
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connected with environmental pollution especially water pollution because of 

consumption and industrialisation and hence fresh water is becoming a limited 

resource. About 70% of the earth surface is covered by water. Among them 97% 

of the water is in the ocean and unfit for human consumption. Only 1% is 

available as fresh water. Most of the industrial wastes are released to river, lakes 

and sea. Water resources are becoming increasingly scarce and polluted. 

Contaminants such as pesticides, surfactants, dyes, organic pollutants etc. 

produced by industries are increasing day by day and are harmful to both the 

environment and human beings. Several pollutants are soluble in water. They have 

been detected in surface water and ground water also. India is one of the world's 

biggest textile manufacturing nation. Majority of the dyes used in textile industries 

are organic compounds. The discharge of wastewater to the water bodies will 

causes several environmental problems such as: 1) Reduced dissolved oxygen 2) 

increase in the growth of microorganism and aquatic plants, leading into 

eutrophication 3) release of large amount of toxic material. 

1.5.1    Different methods for water treatment 

The recycling and reuse of wastewater effluents are important to reduce the 

demand for water. The different physical and chemical processes used for waste 

water treatment are adsorption, chemical treatment, biological treatment, ion 

exchange, reverse osmosis, coagulation, flocculation and membrane based 

separations, etc., as shown in the Figure 1.6.  

1.5.1.1    Physical methods  

 Physical methods are non-destructive operations to remove insoluble particles 

and soluble contaminants. Simple equipments are used for physical methods. No 

chemicals are used in these processes. These methods are inadequate for removing 

non-degradable compounds such as phenols, surfactants and heavy metals. In 

contrast with conventional techniques, adsorption is well-established technique for 

removal of pollutants, as it is efficient, easy to implement and cost-effective.  

Adsorption could remove pollutant molecules without generating sludge. Main 

disadvantage is weak selectivity and needs post-treatment. Other physical methods 

like coagulation-flocculation process based on the addition of aluminium sulphate 

and ferric sulphate etc. are also used. But the presence of residual aluminium and 
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iron can cause health issues like Alzheimer’s disease and significant problems for 

ecosystems. 

 

Fig.1.6 Different methods for the removal of pollutants. 

 

1.5.1.2    Biological methods 

 In Biological methods microorganism break down the organic matter such as 

soap, human waste, oil and food. Biological methods are environmentally 

friendly, inexpensive and effective. However, biological approaches are time 

consuming. They are sensitive to the toxicity of pollutants.  

1.5.1.3    Chemical methods 

 Chemical methods includes precipitation, neutralization, 

coagulation, oxidation and reduction etc. Chlorine, ozone are the oxidizing agents 

commonly used for waste water treatment. Chlorination is the safest and most 

reliable method. When bleaching powder is dissolved in water, the chlorine gas is 

release and hydrolyzes to form hypochlorous acid and hydrochloric acid. This 
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process is used to kill microorganisms like bacteria and viruses in water. Ozone is 

a powerful oxidant used in waste water treatment. Since ozone is an unstable 

molecule, it should be produced at the point of application for waste water 

treatment.  

 Heterogeneous photocatalysis is a promising advanced oxidation process for 

water purification. This method has been found to be safe, cost effective, 

environmentally friendly and reusable. It has the potential to fully oxidize organic 

pollutants and destroy microorganisms. The development of new innovative 

methods such as membrane separation is expanding the possibilities in future. 

 1.5.1.4    Semiconductor nanoparticles in photocatalysis  

 Semiconductor nanoparticles participate in either direct or indirect manner in 

a photocatalysis process. The bandgap excitation leads to charge separation in 

semiconductor particles. The substrates retained on the semiconductor are reduced 

or oxidized by the photogenerated electrons and holes. In addition, the charge 

exchange between two assimilated particles may also happen as a result of the 

photocatalytic response by the semiconductor nanocluster.9 This procedure, called 

photosensitization, is also broadly utilized in photochemistry. 

 The origin of various size-dependent properties of nanoparticles originating 

from a spatial confinement of the photogenerated charge carriers (excitons) in 

ultra-small semiconductor nanoparticles (quantum dots) have been focus on many 

studies. Unique optical, magnetic, electrical, catalytic, sensing and other 

properties emerge from the molecules at nanoscale.10  Highly active catalysts are 

generated from inert metal or metal oxides when size of the materials reduce to 

nano level. Nanoparticles have very high surface to volume ratio due to the fact 

that the large fraction of atom or molecule is exposed on the surface of the 

materials compared to bulk materials.11 Lower coordination and unsatisfied bonds 

make the surface atom less stabilized than bulk atoms and make them highly 

reactive in surface energy. These sites called active sites tries to reduce its surface 

energy by binding with foreign atoms and molecules.  

 

 

https://www.sciencedirect.com/topics/chemical-engineering/photocatalysis
https://www.sciencedirect.com/topics/chemical-engineering/nanoclusters
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1.5.1.5    Waste water treatment using semiconductor photocatalysis. 

 Semiconductor photocatalysis for waste water treatment is attractive for both 

industries and environmental sector since it would be relatively cheap and simple 

to implement. The minimum energy required for photoactivation of 

semiconductor depends upon its bandgap energy. The examples for 

semiconductors used as photocatalysts include Si, Fe2O3, WO3, SnO2, CeO2, 

Bi2O3, TiO2, ZnO, CdS, ZnS, GaAs. Among them, TiO2 and ZnO are promising 

one due to low cost, non-toxicity and stability. However, turning of semiconductor 

photoactivity to visible radiation of sunlight is the most challenging task. 

Eventhough the bandgap of CdS and ZnS are in the visible region, there are only 

few reports of using them as photocatalysts.  

1.6     Principles of heterogeneous photocatalysis and photoactivation of      

     semiconductor 

Catalysts are divided into two categories homogenous or heterogeneous. 

Homogeneous catalysts have higher activity and selectivity. Heterogeneous 

catalysts can be separated easily and recycled. The photocatalysts are materials 

that alter the rate of a chemical reaction on exposure to light. Compared to 

conventional catalysis methods, which lower the transition state energy, visible-

light photocatalysis usually transfer electron or energy to generate reactive 

intermediates. The heterogeneous photocatalysis can be classified into four major 

processes: 1) light harvesting, 2) charge excitation, 3) charge separation and 

transfer and 4) surface electrocatalytic reactions. The light harvesting process 

mainly depends upon the structure and surface morphology of photocatalysts.  

Heterogeneous photocatalysis can be divided into two main categories: first 

category is the sensitised photoreaction, in which the catalyst is induced into a 

photo-excited state followed by transfer of an electron to an adsorbed molecule. 

Second category is the catalysed photoreaction which is defined as initially photo-

excited adsorbed molecule such as a dye molecule reacts with the molecule 

adsorbed on catalytic surface. In both cases the reduction or oxidation of a target 

compounds occur resulting in the conversion of the reactants into the desired 

products.  
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 Photocatalyst may influence rate of chemical reaction either by transferring 

the energy or charge carrier.  UV and Visible regions are much concern to 

photochemist. UV region can be again subdivided into three UV-A (320-380 nm), 

UV-B (280 -320 nm) and UV-C (below 280 nm). Photocatalysis using TiO2, ZnO 

etc. usually employs low energy UV-A light. The n-type photocatalytic 

semiconductor materials are mainly used in various fields such as energy 

production, environmental depollution and chemical synthesis.  TiO2 and ZnO 

have been most intensively investigated photocatalysts for the environmental 

pollutants degradation studies. The semiconductor is irradiated with photon, 

whose energy equal or exceeds semiconductor band gap energy. On irradiation, 

electrons are excited from valence band to the conduction band within 

femtosecond timescale resulting the generation of charge carriers. These charge 

carriers have the ability to promote oxidation and reduction photochemical 

reactions on semiconductor surface. Electrons in the conduction band can reduce 

oxygen adsorbed on the catalytic surface site into superoxide anions and form 

hydroxyl radicals.12 The hydroxyl radicals have the potential to initiate 

photoreduction reaction.13 Several reactive oxygen species like O2
•-, OH•, HO2• 

and H2O2 are oxidising agents in photocatalysis. Equations for the formation of 

oxygen species are given below. 

                TiO2 + hv  e + h+                        (1) 

                         

                                    h+ +  H2 O 

 

 

 

H+  + OH
•
                

     

(2) 

 

                                             e +     O2
- •          (3) 

 

                                          O2
− 
•
 + H+  HOO

•           (4) 

 

Hydroxyl radical may also be formed by the oxidation of hydroxyl group by 

interaction with positive holes.14,15 Presence of hydroxyl radicals have been 

confirmed by electron paramagnetic resonance. Hydroxyl radical is a very 

powerful oxidant and is capable of oxidizing organic compounds with one or 

many double bonds. Hydroxyl radical has higher oxidising power due to its high 

reduction potential (+2.8) than other oxidising species such as 

hydroperoxyl/superoxide radical. The electron-hole recombination is competing 
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process with charge transfer reactions. Recombination can occur either in the 

semiconductor bulk or at the surface resulting in the release of heat.               

 Redox potentials of semiconductor plays a vital role in photocatalysis. The 

charge transfer process depends upon the redox potential of the adsorbed species 

and the position of valence and conduction band edges. For the reduction of 

adsorbed oxidant, the conduction band of semiconductor must be more negative 

than reduction potential. For the oxidation of the adsorbed species, the valence 

band of the semiconductor must be more positive than its reduction potential of 

adsorbed species.  

1.7     Advanced oxidation processes  

 The photocatalysis using semiconductor as catalyst are widely investigated for 

advanced oxidation process (AOP). AOP involves in-situ generation of highly 

reactive species for the complete decomposition of dye in the waste water. The 

advanced oxidation technology using semiconductors especially TiO2 are 

promising technology and can remove even low level of organic pollutants. It has 

several advantages over conventional oxidation processes such as complete 

mineralization of the pollutants, use of the near-UV or solar light, low cost and 

operation at near room temperature.16  Major applications of TiO2 photocatalyst 

are water purification, CO2 conversion, self cleaning glass, surface sterilization 

etc.  

1.8     TiO2 as photocatalyst 

 TiO2 is the most popular and widely used semiconductor photocatalyst 

because of its diverse applications.17 Fujishima and Honda discovered water 

splitting using an n-type rutile TiO2 photoanode in a PEC cell in 1972.18 Since 

then intense research has been carried out to understand the effect of the nature of 

TiO2 semiconductor photocatalysts on charge separation and transfer.19,20  TiO2 is 

more attractive and an ideal photocatalyst due to several factors such as its high 

refractive index, ultraviolet absorption, chemical stability, corrosion resistance, 

low cost, water insolubility, hydrophilicity, cheap availability, environmentally 

friendly nature and nontoxicity etc.21 TiO2 can be prepared in the pure form very 

easily. TiO2 can be supported on various substrates such as glass, fibres, stainless 



 Chapter 1 

 

15 
 

steel, inorganic material, sand and activated carbon.22 TiO2 has become most 

popular photocatalyst for water purification (green detoxification of 

environmental pollutants), degradation of organic pollutants, energy production, 

CO2 conversion, air pollution, self cleaning glass, dye sensitised solar cells, sensor 

and surface sterilization tool, etc.23-25 The most attractive property of TiO2 is 

photocatalysis to harvest the incident light for wide range of applications shown in 

the Figure 1.7. The TiO2 has been used for photooxidation, photoreduction and 

photo degradation of organic and inorganic compounds. 

 
Fig. 1.7 Main applications of photocatalysis 

   

 The main drawback of TiO2 is its large bandgap restricting its application only 

within the UV region having the wavelength lower than 387 nm. Band gap energy 

for rutile is 3 eV (410 nm) and for anatase it is 3.2 eV (380 nm).26 So its 

photoactivation can be done only under UV radiation. Sunlight consist of 5% UV 

radiation (300-400 nm), 43% Visible light (400-800 nm) and 52% IR radiation 

(800-2500 nm).27 A larger part of sunlight cannot be absorbed by TiO2.  

The TiO2 has high recombination rate of electron and hole pair. Majority of 

the excited charge carriers recombine before reaching the catalytic surface and 

dissipating the absorbed energy as heat. The bandgap energy, recombination rate 

of charge carriers and the surface charge transfer are the main factors which affect 

the photocatalytic activity. The defects and imperfections can act as 

recombination centres.28  
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1.8.1    Crystalline structure and properties of TiO2  

  Crystallinity of TiO2 has the vital role in the charge transportation of excited 

charge carriers through the crystal lattice. TiO2 has three crystalline phases in 

nature anatase, rutile and brookite.29 Anatase and rutile exist in tetragonal 

crystalline structure and brookite exists in orthorhombic crystalline structure.30 

Figure 1.8 represents anatase and rutile phases of TiO2 and crystal structure. 

 
Fig.1.8 Unit cell and crystal structure of rutile and anatase phase of TiO2 

(Adopted from http://ruby.colorado.edu/~smyth/min/tio2.html) 

 

 Different crystalline structures have different physical properties. Rutile phase 

is the most stable phase of TiO2. Anatase and brookite are metastable state and 

converted to rutile under high temperature.31 The brookite is least common and 

rarely used commercially. It is difficult to synthesis and seldom studied for 

photocatalysis. Properties of anatase and rutile phases are listed in the Table 1.1. 

Anatase and rutile structure have many similarities but they are differ in variety of 

ways. These crystalline structures consist of [TiO6]2- octahedra. Each Ti4+ ions are 

surrounded by irregular octahedron of six oxide ions in these three crystalline 

phases. Oxide ions are grouped into two. Four oxide ions are closer to Ti4+ ions 

and other two oxygen atoms are relatively away from Ti4+ ions. These distances 

are 1.92 A˚ and 2.01 A˚ in rutile. In anatase, these distances are 1.9 A˚ and      

1.95 A˚ respectively. Each oxide ions are linked to three Ti4+ ions. The octahedra 
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of anatase is more distorted than rutile. The transformation from anatase to rutile 

is a thermodynamically stable process. There is no unique temperature for these 

phase transformation and occurs in the temperature range 600-800 ˚C.  

 In anatase, TiO2 octahedra are connected by their vertices where as in rutile, 

octahedra are connected through edges. In the rutile structure, each octahedron is 

connected with 10 neighbours, with two sharing edge oxygen pairs and eight 

sharing corner oxygen atoms.  For the anatase, every octahedron is in contact with 

only eight neighbours (four sharing an edge and four sharing a corner). Hence 

rutile structure is more densely packed. Three-dimensional TiO2 network is 

formed from a mixture of corner-sharing and edge-sharing octahedral units.  

Table 1.1 Properties of anatase and rutile phase of TiO2  

 

Since photoactivity of nanoparticles is sensitive to the particle size and shape, it is 

essential to control nanoparticle size and shape.32 A variety of nanostructures such 

as nanoparticle, nanorods, nanotube, nanofiber, nanoflower are reported for 

TiO2.33 The TiO2 nanocrystals have several advantages over bulk materials such 

as high surface-to-volume ratio, increased number of delocalized carriers on the 

surface, improved charge transport and efficient separation of photo-generated 

hole and electrons. Anatase exhibits lower rate of recombination due to greater 

rate of hole trapping.34 

 Anatase shows higher photocatalytic activity than rutile due to higher degree 

of hydroxylation, differences of the Fermi level and lower charge carrier 

recombination.35 Anatase nanoparticles provide more surface area for light 

harvesting.36 
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There are two different types of band gap exist in semiconductors, direct band 

gap and indirect band gap. In direct band gap semiconductor, an electron can 

move from the highest-energy state in the valence band to the lowest energy state 

in the conduction band without a change in momentum. According to Density of 

states (DOS) considerations and density functional theory (DFT) calculations, 

anatase has an indirect band gap whereas rutile and brookite have direct band gap 

transitions.37 Thus anatase photocatalyst has longer lifetimes of photogenerated 

charge carriers to participate in surface reaction.38  But the bandgap of anatase is 

higher than the rutile. The larger band gap of anatase than rutile reduces the 

amount of light that it can absorb. However, the higher bandgap raises the valence 

band maximum to higher energy levels. This increases the oxidation power of 

anatase by facilitating the electron transfer to adsorbed molecule.39 It is necessary 

to develop most efficient photocatalyst in visible light viable for industrial scale 

applications. There are various strategies applied to extend the photoactivity to 

visible region and these includes coupling with low bandgap semiconductors,  

sensitization with dyes, doping with metal or non-metals,  or deposition of noble 

metal into semiconductor.40 

Best photocatalyst have the ability to create electron-hole pairs and reduces the 

recombination of charge carriers generating free radicals capable of undergoing 

secondary reactions. Degussa P25 contain approximately 78% anatase phase, 14% 

rutile and 8% of an amorphous phase of TiO2 and is more active than pure 

crystalline phases of TiO2.41  The Degussa P25 is composed of mixed phase 

anatase-rutile nanoparticles with an average diameter of 21 nm,  surface area of 

approximately 50 m2/g and an anatase to rutile composition of around 4:1. 

Degussa P25 is accepted as benchmark for photocatalysis studies. But the rapid 

recombination of photo induced charge carriers and need for ultraviolet excitation 

are the major disadvantages of TiO2.
40 The TiO2 has been used as a photocatalyst 

for the water splitting.   

1.8.2    Band structure and effect of dopants in the optical properties of TiO2  

The limitations of semiconductors can be modified by heterostructuring, 

which is a composite system in which two or more materials with different energy 

landscapes are integrated. The mixed phase anatase/rutile titania can improve the 
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charge separation of electron and hole pair through interfacial electron transfer at 

the phase boundary. Different mechanisms have been proposed to explain the 

photoactivity of mixed phase. One view is that rutile can act as the electron sink 

due to its lower CB edge compared with anatase. Other view is that low-energy 

trap sites in the anatase phase capture excited electrons from the rutile phase.42 

Scanlon et al. have reported a study on the band alignment of anatase and rutile 

mixed phase TiO2 photocatalysts supporting the flow of electrons from the 

conduction band of the rutile phase to the lower energy conduction band of 

anatase phase, while the holes moving in the opposite direction.5 The synergistic 

effect occurs since the interface of these two distinct phases in the mixed phase of 

TiO2 are in direct contact.  

The composition and optical properties of TiO2 can be modified by metal or 

non-metal doping. The transition metal doping into semiconductor have been of 

great interest to the researchers. The dopant may replace the Ti+4 ions in the lattice 

or may be present in the interstitial site. Doping introduce localized states in the 

bandgap and can shift the absorption region of TiO2 from UV to visible region.43 

Doping introduces the energy states close to either valence band or conduction 

band edges. This results in electrons or holes occupying energy states shown in 

the Figure 1.9. The p-type semiconductor introduces vacant states, or holes, close 

to the upper edge of the valence band and promoting easier transition of electrons. 

So the holes are the carriers in p-type semiconductors. The n-type semiconductors 

introduce electron states close to its conduction band where the carriers are 

electrons. 
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Fig. 1.9 p-type and n-type semiconductor 

 

Photogenerated electrons on the surface of the semiconductor react with electron 

acceptors (represented by A) in reduction reactions and holes with electron donors 

(represented by D) in oxidation reactions, adsorbed on the surface. Hence 

photocatalytic activity is improved. These processes are represented in the Figure 

1.10.  

 
              Fig. 1.10  Photoexcitation and transfer of electron and holes and surface    

         transfer of charge carriers in semiconductor. 
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1.9    ZnO 

The nano ZnO structures are attractive due to their multifunctional 

applications in photocatalysis, solar cells, piezophototronics, piezotronics, sensors, 

energy storage devices etc.44-47 It is n-type semiconductor having the bandgap 

energy of 3.35 eV.48,49 Hence ZnO is a important alternative for TiO2 in 

photocatalysis. 

ZnO has three different phases: wurtzite, zinc blende and rock salt. Usually 

ZnO crystals exist in the rocksalt and wurtzite phases. The wurtzite phase is most 

stable under ordinary conditions. It has been reported that the zinc blende phase of 

ZnO is metastable. The crystal structure of wurtzite and zinc blend are shown in 

the Figure 1.11. The Zn and O atoms are represented by orange and blue spheres, 

respectively. The atomic arrangement of zinc blende structure is similar to the 

wurtzite structure. 50 In the hexagonal wurtzite structure, each anion is surrounded 

by four cations at the corners of a tetrahedron, and vice versa with lattice 

parameters a = 0.3296 and c = 0.520 65 nm.50 

  
Fig.1.11 A schematic representation of ZnO crystal structures: a) wurtzite and b) 

zincblende(Adaptedfromhttps://www.tf.unikiel.de/matwis/amat/semitech_en/kap_2/illus
tr/i2_1_2.html) 
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ZnO has been proven to be the richest in the verity of morphologies such as    

sphere, tubes, rods etc.51 Different methodologies have been reported for the 

synthesis of  ZnO nanostructures and these methodologies are focused on 

controlling the shape, size and phase composition.52 A single step process without 

unwanted impurities is feasible for the cost-effective, large scale preparation of 

ZnO nanoparticles.53 Final particle shape depend upon the two important 

mechanisms (a) (mono)- crystal growth habit and dissolution/recrystallization 

phenomena or (b) nanoparticles oriented aggregation.54,55 Only few works have 

been done to investigate morphological effect on the photocatalysis.56,57. 

Photodegradation mechanism of  ZnO has been found to be similar to that of 

TiO2. 

1.10    Different methods for the preparation of semiconducting metal oxides 

 There are several synthetic processes being used to produce metal oxide nano 

structures including sol-gel, hydrothermal, solvothermal, chemical vapour 

deposition (CVD), thermal decomposition, precipitation method, etc.58 

1.10.1    Sol gel method  

The sol-gel method is a versatile process for synthesizing metal oxides.  In this 

method, usually an inorganic metal salt or metal organic compounds such as metal 

alkoxides are used as precursors. When the precursor reacts with water, both 

hydrolysis and condensation occur by nucleophilic substitution reaction followed 

by removal of either alcohol or water and  a colloidal suspension or a sol is 

gradually formed by the polymerization reaction. Sol gradually transforms to gel. 

The gel on drying and sintering yields nanomaterials. 

Sol-gel process have been used to fabricate thin film coatings, ultra fine or 

spherical shaped powders, microporous inorganic membranes and extremely 

porous aerogel materials through sol-gel process.59 Figure 1.12 shows the 

overview of sol-gel method and its applications. This method has several 

advantages such as homogeneity of the product with high purity. It is very simple, 

fast and cheap method. Low processing temperature is the main advantages of this 

method. Sol-gel method has some limitations; the chemicals used for the process 
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are very expensive. Also during drying, there is a lot of volume shrinkage and 

cracking.60 

Fig.1.12 A schematic representation of ZnO crystal structures: (adapted 

fromhttps://en.wikipedia.org/wiki/Sol%E2%80%93gel_process#/media/File:SolGelT
echnologyStages.svg)  

 

 

1.10.2    Hydrothermal method 

 The hydrothermal synthesis is widely used for the preparation of 

nanostructural materials. An aqueous mixture of precursors is heated in an 

autoclave. The synergistic effect of temperature and pressure provides a one-step 

process to synthesis highly crystalline material without annealing.  

 This method has been used to prepare nanoparticle with homogeneity, high 

purity, crystal symmetry and unique properties. The solubility of the precursor can 

be increased due to high temperature and pressure. Intermediate, metastable state 

or specific phase may be easily formed. This method has some limitation; it needs 

expensive autoclaves and safety measures during the reaction process. 
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1.10.3    Solvothermal method 

 The solvothermal method is similar to hydrothermal method and in this 

method aqueous and non-aqueous solvent mixtures can be used. The temperature 

and pressure can be higher than hydrothermal method. This method also has been 

used for the synthesis of wide variety of nanoparticles with controlled size 

distribution and shape.  

1.10.4    Chemical vapour deposition (CVD) 

 Chemical vapour deposition (CVD) is widely applied for depositing high-

purity, high-performance thin solid film and coatings on a heated substrate 

through chemical reaction of gas phase precursors.61 This method does not require 

high-vacuum working environments. It makes this method a popular technology 

for electronics, optoelectronics and biomedical application. This method can be 

used for different variety of coating materials based on metals, alloys and 

ceramics. The coating with very low porosity levels can be achieved. 

 Higher temperature requirement is the main limitation of this method and it is 

difficult to scale up. The CVD method is rather complicated and any change of 

reaction conditions may influence the final morphology. Solvents such as 

methanol, ethanol, hexane, dichloromethane and isopropanol are used for this 

method.  

1.10.5    Thermal decomposition 

 Thermal decomposition process is defined as a chemical process in which 

metal precursor is heated above its decomposition temperature.62 Usually metal 

alkoxides are used as precursors for the synthesis of metal oxides. Pure and doped 

metal nanomaterials can be easily synthesized by this method and the properties of 

nanomaterial depend upon the concentration of the precursor. The major 

drawbacks of this method are high cost and low yield. The morphology of the 

synthesized nanomaterials is very difficult to control using this method. 
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1.11    Objectives of the present work 

• The synthesis of TiO2 and ZnO nanopowders having different 

morphology by reflux method, simple precipitation method and sol-gel 

method,  using simple precursors. 

• Characterisation of metal oxides using different analytical techniques 

like TG, XRD, TEM, FESEM-EDS, FTIR, BET surface area, UV-

Visible spectroscopy etc. 

• Doping of TiO2 and ZnO with various transition metals and non-metals 

for the efficient visible light photocatalysis.   

• Systematic study of effect of doping on the phase composition of 

anatase and rutile mixed phase TiO2. 

• To measure the photocatalytic activity of ZnO and TiO2 nanopowders 

by studying the degradation of methylene blue dye under 

sunlight/white light LED irradiation. 

1.12    Overview of the thesis  

Chapter 1 gives an overview of semiconductors, different methods of synthesis 

and their applications. Individual chapters cover the experimental methods, results 

and discussions. Chapter 2 describes various instrumental techniques used for the 

characterization of nanomaterials. In chapter 3, synthesis of mixed phase anatase 

and rutile TiO2 and doped TiO2 and photocatalytic activity of the samples under 

visible LED light irradiation are given. In chapter 4, preparation of anatase TiO2 

and 1 mol % Co-doped TiO2 and their photocatalytic application are given. In 

chapter 5, preparation of ZnO via different methods and comparison of their 

photoactivity with TiO2 under visible LED light irradiation are discussed. Chapter 

6 describes summary and conclusion of the present studies. The recommendations 

for future work are given in chapter 7. 
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2.9 Fluorescence spectroscopy 
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Abstract        

Properties and nature of the materials are very important for their application in 

materials science. The proper selection of experimental techniques is the crucial steps 

to identity the material for a research problem. Full image of the material helps the 

researcher to find out the exact field of its application. This chapter describes the 

characterization techniques used in the present work. Characterisation   techniques 

can be divided into two main types, spectroscopic and microscopic methods. 

Vibrational frequencies from IR and Raman spectroscopic methods helps to 

understand molecular structure and composition. Electron microscopy is the simplest 

characterization technique for analysing the morphology of solid materials.   

2.1    Thermogravimetry (TGA) 

 Thermogravimetry is a thermal analytical technique in which the mass of the 

sample is continuously measured against time or temperature when it is heated at a 

constant linear rate in a specified atmosphere. The thermogram is a plot of mass change 

against temperature. It provides information about phase transition, thermal 

decomposition, thermal stability, dehydration, oxidation adsorption and desorption of 

the material studied.1 In this work the thermal stability of the prepared samples were 

analysed by heating the sample from 40 to 730 ˚C at a heating rate of 20 ˚C/min in a 

thermo gravimetric analyzer (Perkin Elmer STA 6000). Pictorial representation of 

thermogravimetrical analyser is shown in the Figure 2.1. 

https://en.wikipedia.org/wiki/Mass
https://en.wikipedia.org/wiki/Measurement
https://en.wikipedia.org/wiki/Thermal_stability
https://en.wikipedia.org/wiki/Adsorption
https://en.wikipedia.org/wiki/Desorption
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Fig. 2.1 Pictorial representation of Thermogravimetric Analyser 

 

 Thermogravimetric analysis was performed in the presence of oxygen or inert 

gas mixture. The sample is placed in a thermal microbalance during the TG analysis 

and heated at a predetermined rate.  Changes in the mass of the sample that occur in a 

variety of ways are recorded using microbalance.  

 Derivative thermogravimetric curve (DTG) enhances the steps in the 

thermogravimetric curve and the temperatures at which sudden mass change occur are 

represented by peaks.2  This is the plot of the rate of mass change with time (dm/dt). 

 Some instrument also records the temperature difference between the sample 

and the reference and is known as DTA. Differential thermal analysis (DTA) is based 

on the difference in temperature between the sample and reference material against 

time as the sample and reference are heated or cooled at a uniform rate. 

2.2    X-ray diffraction (XRD) 

 X-ray diffraction technique is used for the characterization of crystalline 

materials. X-ray powder diffraction technique was invented by William Lawrence 
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Bragg and Willium Hentry Bragg in 1913. The crystalline structure determination at 

the atomic level was made possible with this invention. The atoms of a crystal are 

arranged in a regular, ordered manner with uniform spacing. The wavelength of X-

rays is approximately equal to the interatomic distance in crystals. Hence crystal 

planes can diffract X-rays. The atomic planes act on the X-rays in the same manner as 

a uniformly ruled grating on a beam of light. As the X-ray beam interact with these 

atoms, a part of the X-ray beam is transmitted, some are absorbed, refracted, scattered 

and one part is diffracted. Scattering rays from atoms leads to the diffraction effect. 

Hence the diffracted beam is composed of scattered rays. These diffracted X-rays are 

then detected and intensity values (y axis) are plotted against the diffraction angle 2θ 

(x axis). From the θ values the d-spacing is calculated by the Bragg’s law given 

below.3  

n = 2d sinθ                  (5)                                                                                  

where λ is the wavelength of the X-ray, θ is the angle of diffraction from the lattice 

plane, d is the inter planar distance and n is the order. The Bragg's diffraction from 

various planes of crystalline material is shown in Figure 2.2. 

 
Fig. 2.2 Bragg diffraction of X-rays from a set of crystal planes  

 

The XRD spectrum provides the information of crystalline structures, phases, average 

grain size and crystallinity. The XRD pattern of a pure material is like a fingerprint of 

the material. The analysis was carried out using a Bruker X-ray diffractometer with a 

step size of 0.02˚ (2θ). Cu Kα radiation (λ =1.5406 Å, 40kV, 35 mA) was used as an      
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X-ray source. Samples were scanned in diffraction angle range of 20-80˚. The spectra 

were compared with the data from the Joint Committee Powder Diffraction Standards 

(JCPDS). The position of peaks was used to identify the crystal planes and crystal 

phases. The XRD also provide the information on unit cell dimensions. 

2.3    Raman spectroscopy 

 Raman spectroscopy is another scattering technique in which a laser source 

usually in the UV-Visible and near infrared range are used for excitation.4 It is a 

powerful characterisation tool for studying the vibrational modes of a molecule.5 

Raman spectroscopy can be performed over a wide range of temperatures and 

pressures in all three phases (solids, liquids and gases) of matter. The Raman 

spectroscopy is complimentary to infrared spectroscopy. The physical phenomenon 

involved in both the techniques is entirely different. Infrared spectroscopy is based on 

absorption of photons. Raman spectroscopy is based on inelastic scattering of incident 

monochromatic light from laser through its interaction with molecule.6 

 When a monochromatic radiation having frequency 'ν0' is incident on a non-

absorbing medium, most of the radiation is often transmitted without any change, and 

some of it is scattered. The scattered radiation split up into three components. When 

the frequency of incident light is same as that of emitted light, the process is referred 

to as Rayleigh scattering. A few photons undergo Raman scattering, losing its energy 

through exciting vibrational modes of the sample and resulting in the energy of the 

laser photons being shifted up or down than the incident radiation. When the 

frequency of emitted radiation is higher than the incident radiation, it is called as anti 

stokes shift (ν0 + νm). If the frequency of emitted radiation is lower than that of 

incident radiation, stock Raman shift (ν0 – νm) occurs. 

  In quantum interpretation, the scattering results from the incident photon 

exciting the molecule into a virtual energy state. The molecule subsequently undergos 

transition to lower energy state by emitting radiation. If the molecule comes back to 

the original state results in Rayleigh scattering. If the molecules comes to higher 

energy state it is called Stock Raman scattering and are shown in the Figure 2.3. The 

stokes lines are more intense and monitored for analysis. The Raman shifts are 

reported in wavenumbers.  

https://en.wikipedia.org/wiki/Wavenumber
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 Raman spectroscopy is used to study the phase transitions, chemical bonding 

and intramolecular bonds etc.5 Spectra provides a fingerprint to identify the structure 

of a molecules. The Raman spectra were obtained using Bruker’s MultiRam 

Spectrophotometer using 1064 nm excitation. 

 
Fig 2.3 Modes of scattering of light in Raman spectra 

 

2.4    Transmission electron microscopy (TEM) 

 TEM is a microscopic imaging technique in which a beam of electrons are 

used instead of visible light. It works under the same principle of optical microscopy. 

The crystalline sample interacts with electron beam by diffraction.7 When the 

electrons pass through the material, they are scattered by the electrostatic potential set 

up by the constituent elements in the specimen. Some of the electrons are absorbed 

and others are scattered over small angles depending on the composition and structure 

of the molecule. Scattering of electrons in very distinct direction causes diffraction. 

The intensity of diffraction depends on how the planes of atoms in a crystal are 

oriented. It is used for the analysis of structure, size, crystallization, degree of 

aggregation and morphology. Its resolution power is higher than light microscopes. A 

few electrons are reflected (backscattered) by the sample and some other electrons can 

knock electrons from sample which escape as low energy secondary electrons.8 The 

https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Optical_microscope
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transmitted electrons can be counted by the amount of energy lost in interactions with 

the sample. An image is formed by the magnification of transmitted electron beam. 

The path of the electron beam in a transmission electron microscope is shown in the 

Figure 2.4. X-ray produced by the interaction of the sample is used for determining 

the elemental composition of the sample.  

 
Fig 2.4 Schematic diagram of TEM 

 

 High-resolution transmission electron microscopy (HRTEM) is an imaging 

mode of advanced transmission electron microscopes. It allows direct imaging of the 

sample’s atomic structure. The transmitted electrons interact with the atoms through 

elastic and inelastic scattering. Electrons undergoing inelastic scattering have a 

change in energy whereas elastically scattered electrons maintain their initial 

transmitted energy. Elastically scattered electrons can be useful for the final data 

interpretation. They leave the sample and move through the lenses of the microscope 

to form the high-resolution images. Inelastically scattered electrons are not used in 

this technique. The HRTEM is an efficient tool for studying the properties of 

https://en.wikipedia.org/wiki/Transmission_electron_microscope
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materials on the atomic scale. The TEM images were recorded using High resolution 

Transmission electron microscope (JEOL/JEM 2100 with voltage of 200kV). The 

diffraction patterns obtained from a selected area of the specimen is used to determine 

the lattice parameter and crystal symmetry. This mode of operation is called selected 

area electron diffraction pattern (SAED). 

2.5    Scanning electron microscopy (SEM) 

 Scanning electron microscope is an electron microscope. It produces sample 

images by scanning the surface with electron beam in a raster scan pattern and 

produce secondary electrons, backscattered electrons, and characteristic X-rays.9 The 

electron beam is produced by an electron cathode and the columns of electromagnetic 

lenses.10 The electron beam  finally hits the surface of a sample. Schematic diagram of 

SEM is shown in the Figure 2.5. Secondary electrons and backscattered electrons are 

usually used for preparing the SEM images of the samples. The SEM images  

provides details on the surface topography and morphology. Backscattered electron 

are used for sample composition. The data are collected over a selected area of the 

surface of the sample. Approximately 1 cm to 5 microns in width can be imaged in a 

scanning mode. Its potential for resolution is up to nanometer scale. 

 
Fig 2.5 Schematic diagram of SEM 
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 The FESEM is an advanced microscope having increased magnification. The 

Field Emission Scanning Electron Microscope (FESEM) has a much brighter electron 

source and smaller beam size. It has the ability to observe very fine features at a lower 

voltage than the conventional SEM. The FESEM images were obtained by using FE-

SEM, Zeiss Gemini 300 field emission scanning electron microscopy. The FESEM 

provides topographical information at magnifications of 10x to 500,000x and  

produces high-quality, low-voltage, clearer and less electrostatically distorted images 

with spatial resolution down to1-2  nanometers, which is three to six times better than 

conventional scanning electron microscopy. The FESEM has the ability to examine 

smaller-area at electron accelerating voltages compatible with energy dispersive X-

ray spectrometry (EDS). 

 The EDS provides the information about elemental analysis map over a much 

broader area and chemical composition of materials in few micron spot size. The EDS 

analysis uses characteristic X-rays generated by the atoms. Basic principle behind 

EDS spectrum are shown in the Figure 2.6.   

 
Fig 2.6 Representation of principle behind EDS 
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Measurement is more efficient for heavier atoms especially for atomic number greater 

than 30. The main advantages of this technique are high speed data collection, almost 

all elemental coverage and easy to use. An energy-dispersive detector is used to 

separate the X-rays of different elements produced by the interaction of electron beam 

with the sample target. The EDS system software is used to analyze the energy 

spectrum to determine the presence of specific elements. 

2.6    Fourier transform infrared spectroscopy (FT-IR) 

 Fourier-transform infrared spectroscopy gives the information on the 

vibrational motions of a molecule which are the characteristic of their functional 

groups. The sample absorbs IR radiations corresponding to the energy of these 

vibrations. Most of the molecules having the covalent bond absorb IR radiation. This 

technique helps for the identification and characterization of organic, inorganic and 

biological compounds. The molecule must undergo a change in its dipole moment as a 

function of time to show FT-IR spectrum. The position of the band in the FT-IR 

spectra helps us to identify the functional group. The intensity of the band is 

proportional to the concentration of the compound. Hence FT-IR is used for the 

quantitative estimations. The FT-IR spectra can be used to find out the presence of 

metal-oxygen bonds in semiconducting materials. In this study FT-IR technique is 

used for the detection of Ti-O and Zn-O stretching vibrations. The FT-IR spectra were 

recorded using the Perkin Elmer FT-IR (Model L160000A) spectrophotometer over a 

range of 4000- 400 cm-1. The measurements were carried out using ATR attachment. 

2.7    UV –Visible diffuse reflectance spectra (DRS) 

 UV-Visible Diffuse Reflectance Spectra is used to study the optical properties 

of the materials by the interaction of UV-Vis radiation with molecules. The electron is 

excited from low energy state to a higher electronic state by absorbing UV-Visible 

radiation from the spectrophotometer. This can be detected in the absorbance 

spectrum.  The qantitative analysis using UV-Visible spectroscopy is based on Beer 

Lambert’s law. The law states that the absorbance of a sample is directly proportional 

to the concentration of the solution and the path length. When the light radiation 

interacts with sample, it absorbs a certain amount of light and the remaing amount of 

energy is transmitted, scattered or reflected. The transmitted light is measured by UV-
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Visible spectrophotometer using the photodetector. The UV-Visible spectrum is a 

graphical representation of the amount of light which the sample absorbs or transmits 

as a function of the wavelength. 

 
Fig 2.7 Representation of principle behind DRS 

 

 The diffuse UV- visible absorption spectra of the prepared samples were 

recorded on the Perkin Elmer (Lambda 35) spectrophotometer and were scanned in 

the wavelength range 200-800 nm. The Diffuse reflectance spectra of the sample was 

recorded on the same instrument equipped with an integrating sphere. BaSO4 disk was 

used as reference. One part of the incident beam is scattering inside the sample and 

return to the surface of the sample, which is referred to as diffuse reflection, as shown 

in the Figure 2.7. Diffuse reflectance spectroscopy is used to find out the absorption 

edges of the sample. From the band edge the band gap was calculated using the 

equation E = hc/ λ.  

2.8    X-ray photoelectron spectroscopy (XPS) 

 XPS is a surface-sensitive quantitative spectroscopic technique based on the 

photoelectric effect (X-ray hitting atom generate photoelectron). It is also known as 

Electron spectroscopy for chemical analysis (ESCA). In this technique the sample is 

illuminated with monochromatic X-rays (soft X-ray beam is used as the stimulant). It 

induces the photoemission of the core level electrons, whose binding energies are 

characteristic of the present elements. Figure 2.8 represents the principle of XPS. 

https://en.wikipedia.org/wiki/Photoelectric_effect
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Fig 2.8 Representation of principle behind XPS 

 

 Binding energy also represents the chemical state as well as element of atom. 

The kinetic energy of the emitted electron is recorded in terms of binding energy. The 

binding energy (E binding ) of the emitted electrons is given by   

E binding    = E photon - E Kinetic – φ                     (6)     

where EKinetic is the kinetic energy of the emitted electron, Ephoton is the energy of the 

X-ray photons and φ is the work function. The work function is the minimum energy 

an individual electron required to escape from the surface. The position of the peaks 

provides information about the oxidation state. The intensity of the peaks gives 

quantitative information for all elements except hydrogen. It is also used for 

determining the elemental composition and empirical formula within the material 

based on photo electric effect. Hydrogen and helium cannot be detected due to the 

smaller diameter of the orbital. A number of other peaks are also present along with 

the main binding energy peaks. Secondary peak is required for the correct 

interpretation of the element. The X-ray photoelectron spectra (XPS) were collected 

using Kratos Axis Ultra X-ray Photoelectron Spectroscope (UK). The spectra were 
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deconvoluted using Casa XPS programme (Casa Software Ltd, UK). The background 

was simulated using the Shirley function. The peaks were fitted using Gaussian 

software. All binding energies were referenced to C1s (284.8 eV) for calibration of 

XPS spectra. 

2.9    Fluorescence spectroscopy 

 The energy levels in the semiconductor are investigated using fluorescence 

spectroscopy. Semiconductor can be excited by a photon having energy greater than 

band gap energy. In the excited state, the electron will have higher potential energy 

and come back to the ground state by emitting energy. This can be detected in the 

fluorescence spectrum. The intensity of emitted light is directly related to the 

recombination rates. The Fluorescence spectra were measured using Perkin Elmer 

Fluorescence spectrometer. 

2.10    BET surface area measurement 

 
Fig 2.9 Figure Brunauer-Emmett-Teller method for the surface area measurement 

 

The surface area of the prepared samples was calculated by BET method. Surface area 

determination is very important for heterogeneous catalysis to predict the catalytic 

activity.11 The heterogeneous catalytic reaction occurs at the surface. The Brunauer-

Emmett-Teller method is used for the determination of the surface area of solid 

materials.12 Figure 2.9 is the graphical representation of BET method. This technique 
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follows the multilayer physical adsorption of gases on solid surfaces using the BET 

equation 7. Solid surface possesses uniform, localized sites. 

P/V (P0-P) = (1/Vm.C) + ((C-1)/Vm.C) P/P0          (7) 

Where V is the volume of gas adsorbed at equilibrium pressure P, Vm is the volume 

corresponding to the mono layer coverage, P0 is the standard vapour pressure of the 

adsorbate at liquid nitrogen temperature, P is the equilibrium pressure of the adsorbate 

and C is the isothermal constant. 

 Vm can be determined by plotting P/V (P0-P) Vs P/P0. The specific surface 

area can be calculated from slope of the graph using the relation at liquid nitrogen 

temperature 

                         A = VMN0AM/M                                     (8) 

where N0 is the Avogadro number, Am is the molecular cross sectional area of the 

adsorbate  ( for nitrogen it is 0.162 nm2 ), M is the weight of the adsorbate.  

 The graphical representation of variation of adsorption with pressure at a 

given constant temperature is called adsorption isotherm.13 

 The advantage of nitrogen adsorbate is that the area occupied by single 

adsorbed molecule can be estimated. The total surface area can be calculated from the 

number of molecules required for forming the monolayer (multiplying the area of one 

molecule). 

In the present study the nitrogen adsorption and desorption isotherms were measured 

at 77 K (Micromeritics ASAP2010). Before the analysis, the sample was degassed at 

150 ˚C for two hours. 
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Abstract   

This work reports a novel and simple method for the synthesis of mixed phase TiO2 

(Anatase 70% and Rutile 30%) and Co, Mn, Cu, Ni and C-doped TiO2. Refluxing 

aqueous solution of potassium titanyl oxide oxalate lead to direct crystallization of 

titanium oxalate complex [Ti2O3(H2O)2(C2O4).3H2O] and this complex on calcination 

at 450 ˚C for one hour yielded TiO2 powder. The powder samples were characterized 

by XRD, Raman spectroscopy, FESEM-EDX, TEM, XPS, FT-IR, UV-Visible 

spectroscopy and BET techniques. The XRD, TEM and Raman spectra of TiO2 

indicates the coexistence of anatase and rutile phases. The XRD result shows that the 

primary particle size of anatase crystals is 8.3 nm and that of rutile crystals is 35 nm. 

From the UV-Visible DRS spectrum, the bandgap of TiO2 was found to be 3.0 eV. 

The Co, Mn, Cu, Ni and C-doped TiO2 (Metal : Ti ratio 1:99) were prepared by 

adding cobalt nitrate, manganese chloride, copper sulphate, nickel nitrate and ethylene 

glycol, respectively, to the precursor solution. On Co, Mn, Ni and C-doping, 

anatase:rutile composition was changed from 70:30 to 84:16, 60: 40, 71:29 and 33:67 

respectively. On Cu doping, the TiO2 obtained was found to consist of only anatase 

phase. The optical analysis shows the red shift in the doped samples and reduction in 

the bandgap. The visible light photocatalytic activity of doped TiO2 samples were 

found to be better than that of pure TiO2 due to higher visible light absorption. The 

highest photocatalytic degradation of methylene blue was obtained with Ni-doped 

TiO2 sample.  
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3.1    Introduction  

Nanoparticles exhibit unique physical, chemical, and biological properties relative 

to bulk materials due to their large surface area and quantum confinement effect. They 

have tremendous applications as basic building blocks in the field of nanotechnology 

for various practical applications. The nanomaterials and their complexes with 

organic ligands have been widely studied for the degradation of pollutants, catalysis, 

as antibacterial and antifungal agents, for the extraction of poisonous metal ions, in 

hydrogen storage etc.1-7 Various techniques have been reported to prepare 

nanomaterials in different shapes like nanoflower, nanosquare, nanohexagon, 

nanowires have been reported by many groups.8-10 

In recent years, TiO2 has been explored for diverse applications such as pigments, 

sensors, photocatalysts, energy storage devices, solar cells etc.11-16  It is a promising 

semiconductor material due to its commercial availability, chemical and thermal 

stability, low cost, non toxicity and ease of handling.17,18   The TiO2 belongs to n-type 

semiconductor. Titania can exist in three crystalline phases, viz anatase, rutile and 

brookite and these phases are having bandgap energy of 3.2 eV (380 nm), 3.0 eV 

(415 nm) and 3.6 eV (344 nm), respectively.19 Controlled crystallisation of TiO2 from 

solutions is a prerequisite for preparing high quality TiO2 nanopowder.20 Rutile phase 

is difficult to obtain at low temperature and it is usually prepared by calcinations of 

anatase at higher temperature.21,22  The high temperature leads to agglomeration and 

larger particle size.23,24  Rutile has also higher chemical stability and higher refractive 

index compared to anatase.25,26  Zhang and Banfield demonstrated that the rutile is 

more stable than anatase but the stability reverses when the particle size is less than 

14 nm.27 There are several methods for the preparation of TiO2. Most of the 

traditional methods involved corrosive precursors or complicated and expensive 

equipments. The reflux method is comparatively easy and has potential to fabricate 

TiO2 with controlled morphology. It needs simple equipment, environmentally 

friendly process conditions. This method avoids the use of volatile precursors and 

release of harmful organic compounds. Commonly used precursors are titanium 

alkoxides or titanium chloride. But they quickly undergo hydrolysis in air producing 

HCl gas and titanium hydroxides and may get precipitated in the lungs on inhalation. 
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Most of the aqueous solution methods so far reported gives only anatase phase TiO2.28 

There are only a few reports on the synthesis of mixed phase TiO2 containing both 

anatase and rutile phases. 

Anatase has more photocatalytic activity than rutile and hence most of the 

previous photocatalytic studies of TiO2 involved anatase phase. Hence the anatase 

phase of TiO2 is mainly used in photocatalytic and photovoltaic devices, and for the 

degradation of contaminants in water.29,30  The photoelectrochemical splitting of 

water by nanocrystalline TiO2 was first reported by Honda and Fujishima in 1972.31 

This invention paved the way for utilizing the energy of sunlight for generating 

hydrogen fuel from water splitting and led to an explosion of research activities.32 The 

high photocatalytic activity of Degussa   Aeroxide® P25 (80% anatase and 20% rutile) 

is due to synergistic effect between anatase and rutile phase.33  The photochemistry of 

mixed-phase anatase and rutile TiO2 nanocomposites was studied by Gray, Rajh, and 

co-workers by using electron paramagnetic resonance (EPR) spectroscopy.33 They 

reported that the improved photocatalytic activities of mixed-phase TiO2 

nanocomposites were due to the effective separation of interfacial charge between 

anatase and rutile, providing high percentage of reactive phase of TiO2 and inhibiting 

the electron-hole recombination.34-37  The transfer of electrons from rutile to a lower 

energy anatase electron trapping site during the photo excitation in mixed-phase TiO2 

catalysts reduce the recombination rate of anatase. This synergistic effect leads to 

more efficient electron-hole separation and higher photocatalytic activity. Since 

sunlight consists of only 5% UV radiation, TiO2 cannot be used for complete solar 

energy harvesting.38,39  

Various methods have been developed to shift the spectral response and the 

photoactivity of TiO2 to the visible region such as doping with metal, non-metal and 

deposition of noble metal.40,41 Transition metals have partially filled d-orbitals and 

have been used for doping TiO2.42-45 The doping leads to the introduction of new 

energy levels between valence band and conduction band.46-49 According to various 

studies, doping TiO2 with transition metals like copper or chromium forms new 

energy level below the conduction band from their partially filled d-orbital. The 

optical response of the doped TiO2 can be tuned by varying the metal and amount of 

ions during doping, which leads to changes in the bandgap.50,51 
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The non-metal dopants also improve the photocatalytic activity in visible region 

by reducing bandgap energy of TiO2. On doping with nonmetal elements like C, N 

and S, new energy level are formed above the valence band.52 Doping causes a red 

shift in the bandgap enhancing the visible light harvesting. Carbon has been 

considered as one of the better dopant among the nonmetal elements. Dong et al. 

reported the visible light photocatalytic activity of TiO2 nanomaterials by carbon 

doping approach.53 When non-metals are doped into the TiO2 lattice, oxygen 

vacancies are often formed. But the photocatalytic efficiency of non-metal-doped 

titania is still low under visible light. 

The photocatalytic performance of TiO2 is limited by recombination of photo-

generated electrons and holes, resulting in a low quantum yield rate. Doping element 

in TiO2 may act as trapping sites to prevent charge recombination. Some transition 

metals, on the other hand, may act as recombination sites. When some transition 

metals are doped on TiO2, the band gap energy is reduced, but the photocatalytic 

activities are not greatly improved. In some cases, the transition metals ions are not 

incorporated into the TiO2 crystal lattice and accumulate on the surface, blocking 

some reaction sites.  

Hydrolysis, solvothermal method, hydrothermal method, microemulsion-mediated 

solvothermal method, solvent mixing and calcination method, sol-gel method and 

high-temperature calcination method are currently used to prepare mixed-phase TiO2. 

He, Jing, et al. reported the synthesis of anatase/rutile mixed phase TiO2 nanoparticles 

through sol-gel technique followed by calcinations using TiCl4 as titanium source 

with enhanced photocatalytic degradation of methylene blue under ultraviolet light 

illumination.54 The  synthesis of anatase-rutile mixed phase TiO2 photocatalyst by 

one-pot redox reactions of TiCl3 in the presence of graphene oxide with variable ratio 

of anatase to rutile  was reported by Xiong et al. and sample with 55%  anatase and 

45%  rutile had the maximum photoactivity.55 Almashhori et al. synthesized 

(anatase/rutile) mixed phase TiO2 nanophotocatalysts via microwave-assisted sol–gel 

technique.56 Ishigaki, et al. reported high-temperature heat treatment improved the 

visible-light photocatalytic activity of anatase-rutile mixed-phase nano-size powder.57 

The high-temperature heat treatment, on the other hand, causes grain formation and a 

reduction in specific surface area, lowering the photocatalytic activity. It also gives 

rise to the phase transformation process from anatase to rutile. The preparation of 
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high-performance TiO2 photocatalysts with high visible light activity and thermal 

stability is important for practical applications. 

There are only a few reports in the literature, on the preparation of TiO2 from 

potassium titanyl oxalate. When potassium titanyl oxalate was used as a precursor, the 

intermediate titanium oxalate [Ti2O3(H2O)2(C2O4)∙H2O]  was formed and it was 

thermally decomposes to form TiO2. It may be more favourable to prepare TiO2 with 

adjustable crystal phase composition, controllable morphology and high 

crystallinity.58 But most of these methods gives anatase phase or rutile phase TiO2 

alone. Hu et al. reported synthesis of rutile/anatase TiO2 mixed crystal from potassium 

titanyl oxalate by hydrothermal method.59 On hydrothermal treatment, titanium 

oxalate precursor was converted to Ti complex and this complex on calcinations at 

temperature higher than 450 ˚C yielded TiO2.  However, they used hydrothermal 

method which require longer reaction times. The present method provides a simple 

route to prepare mixed phase TiO2 without using hydrothermal conditions and TiO2 

synthesis was done in open glass vessels and hence is highly useful for the bulk 

synthesis of TiO2.  

Khlyustova, et al. investigated the effect of the metal ion (Al, Cu, Mo and W) 

doping on the visible light photocatalytic performance of TiO2 using Rhodamine B 

dye.60  Zhang, Zhiyong, et al. reported the wide range tunability in transition-metal 

(V, Cr, Mn, Fe, Co, Ni, Cu, Mo, etc.) doped brookite-phase TiO2 nanorods.61 Fu, Fan, 

et al. synthesised Mn-doped and anatase/rutile mixed-phase TiO2 nanofibers and 

reported  enhanced photocatalytic activity performance.62 There are a few reports 

on the preparation of Co, Ni, Mn, and Cu doped anatase/rutile mixed phase TiO2 

nanostructures.  

In this work, we report the synthesis of nanocrystalline anatase and rutile mixed 

phase TiO2 and Co, Mn, Cu, Ni and C-doped TiO2 by refluxing aqueous potassium 

titanyl oxide oxalate solutions followed by calcination at 450 ˚C. The potassium 

titanium oxide oxalate precursor is noncorrosive, non-volatile, easy to handle and 

soluble substance in aqueous medium.63 On doping the phase composition and visible 

light absorption properties of mixed phase TiO2 was found to change relative to that 

of undoped TiO2. The photocatalytic activity of the pure and doped TiO2 was studied 

by monitoring the photodegradation of methylene blue under visible LED light 
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irradiation. The LEDs have the advantages that they are small in size, have a longer 

life span than conventional light sources and do not contain environmentally 

hazardous mercury.64 These properties of LEDs offer advantages over UV and open 

new possibilities for the design of various types of photocatalytic reactors. The 

activities of the samples were compared with TiO2 under same experimental 

conditions. The photoactivity of the doped samples were found to be higher than that 

of TiO2 and the photoactivity of the doped samples were in the order Ni > Co > Mn > 

Cu > C.  

3.2    Materials and methods 

Potassium titanium oxide oxalate dihydrate (Sigma- Aldrich, 98%), Sulphuric acid 

(Merck, 98%), Cobalt nitrate hexahydrate (Merck, 99%), Manganese chloride 

tetrahydrate (Merck, 99%), Copper sulfate pentahydrate (Merck, 99%), Nickel nitrate 

hexahydrate (Merck, 99%) and Ethylene glycol (Merck, 99%) were used as starting 

material. All standard solutions were prepared by using distilled water. Methylene 

blue dye ( Merck, 90%) was used for the photodegradation study. 

3.2.1    Preparation of mixed phase TiO2 and doped TiO2  

Mixed phase TiO2 was synthesised by reflux method using potassium titanium 

oxide oxalate as titanium source. Con. H2SO4 (6.25 g) was added to 40 mL of distilled 

water. Then 5.75 g (16.23 mmol) of potassium titanium oxide oxalate was added to 

the above solution and dissolved under vigorous stirring. The solution was diluted to 

400 mL. The resulting solution was refluxed in a 1000 mL round bottom flask 

attached to Liebig condenser at 100 ˚C for two hours. A white precipitate was formed 

directly and was filtered and washed with distilled water many times. The samples 

were dried in a hot air oven at 100 ˚C. Figure 3.1 shows the experimental method for 

the preparation of anatase-rutile mixed phase TiO2 from potassium titanium oxide 

oxalate.   
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Fig. 3.1 Experimental method for the preparation of anatase-rutile mixed phase TiO2 

  from potassium titanium oxide oxalate. 

 

The prepared sample was calcined at 450 ˚C for one hour. Same method was also 

used for the preparation of 1 mol% Co-doped TiO2. To the sulphuric acid solution 

prepared as above, 0.052 g, (0.17 mmol) of cobalt nitrate and 5.75 g (16.23 mmol) of 

potassium titanyl oxide oxalate was added and refluxed for two hours. Same 

procedure was repeated for 1 mol% Ni, Mn, Cu and C-doped TiO2. Schematic 

diagram for the preparation of mixed phase anatase - rutile TiO2 is given in the Figure 

3.2. 

 
Fig. 3.2   Schematic representation of mixed phase anatase-rutile TiO2 formation       

    mechanism. 

 

3.2.2    Photocatalytic activity of mixed phase TiO2 and doped TiO2 under visible 

 LED light irradiation 

The photocatalytic activity of the mixed-phase TiO2 and 1 mol% doped TiO2 (Co, 

Mn, Ni, Cu, C) samples were investigated by analysing the aqueous solutions of 
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methylene blue (MB) after visible light LED irradiation. The degradation studies were 

done according to the reported standard procedure.24  A suspension of 0.05 g of mixed 

phase TiO2 or 1 mol% doped TiO2 was dispersed in 100 mL of 10-4 M solution of the 

dye and was stirred under dark to attain adsorption and desorption equilibrium. After 

stirring in the dark, the suspensions were centrifuged. The clear solution was used to 

calculate the initial concentration of MB from the intensity of the peak at 663 nm in 

the UV-Visible spectrum. For visible LED light photodegradation studies, the 

solutions were kept in a homemade visible light LED reactor (20 W) for 15 hours. 

After exposure to visible radiation the concentration of MB was measured from the 

UV visible spectrum. 

3. 3    Results and discussion 

3.3.1    Thermogravimetric analysis  

The thermogravimetry (TG) and derivative thermogravimetry (DTG) curves of the 

precipitate obtained by refluxing potassium titanyl oxalate aqueous solution is given 

in Figure 3.3. There were three stages in the thermo gravimetric analysis. First stage 

started from room temperature to 150 ˚C which accounted for 7% weight loss of the 

sample.  

 
Fig. 3.3  TG-DTG curve of prepared TiO2 sample. 
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The endothermic curve appeared in the same temperature region, corresponding to 

the evaporation of water. In the second stage, there was a drastic drop in weight from 

150 to 380 ˚C due to the decomposition of oxalate to TiO2.65 Weight loss is 

approximately 26%. Third stage started from 450 to 550 ˚C showed a weight loss of 

2%. The weight loss indicates the loss of chemisorbed water. Further increase of 

temperature did not produce any considerable change to weight of the sample. 

3.3.2    XRD analysis 

XRD patterns of the precipitate obtained by refluxing potassium titanyl oxalate 

aqueous solution is given in the Figure 3.4 (a) and was similar to that of titanium 

oxalate complex Ti2O3(H2O)2(C2O4). 3H2O [JCPDS card no. 54-0330].66,67 A low 

concentration of titanium oxalate precursor yielded titanium oxalate–based complex 

[Ti2O3(H2O)2(C2O4)].H2O. 

 

Fig. 3.4 XRD pattern of a) prepared TiO2 b) TiO2 calcined at 300 ˚C and c) TiO2   

   calcined at 450 ˚C. 

 

Crystalline structure of complex is represented in the Figure 3.5. Four vertices of 

each TiO6 octahedron in the [Ti2O3(H2O)2(C2O4)].H2O crystal  are corner shared with 

the adjacent octahedron and remaining two vertices are attached with the carbon 

atoms.65 During the calcination, the Ti-O bond in the titanium oxalate is broken and  

oxalate  is decomposes to   carbon monoxide, carbon dioxide and water molecule are 
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also eliminated. The residual titanium oxalate complex is decomposed to form mixed 

phase anatase and rutile TiO2. 

 
Fig. 3. 5  Crystal structure of [Ti2O3(H2O)2(C2O4)].H2O, Hydrogen bond are 

represented by dotted line.65 

 

After calcination of the precipitate at 300 ˚C and 450 ˚C respectively, the XRD 

patterns obtained are given in Figure 3.4 (b-c). After calcinations at temperature 

above 300 ˚C, the peaks corresponding to titanium oxalate complex disappeared. The 

XRD patterns obtained at 300 and 450 ˚C showed the peaks corresponding to both 

anatase and rutile phase. This data also supported the TG-DTG results, which showed 

the maximum weight loss at 281 ˚C corresponding to the decomposition of titanium 

oxalate complex. Since peaks corresponding to oxalate phase was very weak in the 

XRD spectra of TiO2 calcined at 300 ˚C for one hour, we may conclude that the 

appreciable conversion of oxalate phase to mixed phase TiO2 takes place in this 

temperature range. On calcinations at 450 ˚C for one hour the TiO2 peaks become 

sharper indicating the more crystallinity and increased particle size. Also no peaks 

corresponding to titanium oxalate complex was present in the XRD spectrum. 

Synthesis of anatase phase or rutile phase TiO2 alone from titanium oxalate complex 

has been reported by many groups. There are only few report on the synthesis of 

mixed phase anatase rutile mixed phase TiO2 from titanium oxalate complex.68 

However, they used hydrothermal method for the synthesis of TiO2, which require 
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relatively higher temperature and longer reaction time (120 ˚C, 12 hours). The amount 

of TiO2 formed is also limited by the volume of the autoclave. In this method, TiO2 

synthesis can be done in open big glass vessels and hence is highly useful for the bulk 

synthesis of TiO2. 

The characteristic peaks in the XRD pattern of TiO2 calcined at 450 ˚C such as 

25.42˚, 37.19˚, 48.03˚, 54.26˚, 62.8˚ indicated the various planes (101), (004), (200), 

(112), (204)  of anatase phase (JCPDS Card No.21-1272) and the peaks observed at 

27.61˚, 36.32˚ and 54.31˚ corresponds to (110), (101)  and (211) planes of rutile phase 

(JCPDS Card No.21-1276). The percentage of anatase to rutile was calculated using 

the Spurr equation.25  

                              𝜒 =
1

[1+0.8(
𝐼𝐴
𝐼𝑅

)]
                      (9) 

Where IA and IR are the integrated intensities of anatase (101) and rutile (110) 

peak respectively. The anatase/rutile composition was found to be 70:30. The 

crystallite size of anatase and rutile was calculated using Scherrer equation 

                                      𝐷 = 0.9𝜆
𝛽𝑐𝑜𝑠𝜃⁄                                (10) 

It was found to be 8.3 nm for anatase and 35 nm for rutile. The presence of 

sulphuric acid in the aqueous precursor salt solution of TiO2, induced a strongly acidic 

medium with a pH value of ~1. On refluxing this precursor solution for 2 hours 

titanium oxalate hydrate complex got precipitated. 

Previous studies of the TiO2 preparation in strongly acidic medium (H2SO4) under 

reflux condition at 90 ˚C for 4 hours, resulted in the preferential formation of anatase 

phase of TiO2.28  However when they added oxalate ions to the precursor solution 

only hydrated titanium oxalate was precipitated, which then was converted to mixed 

phase TiO2 on calcination at 450 ˚C. Comparing these results with the XRD and 

TG-DTG the results of TiO2 sample obtained in the present work, it may be 

concluded that oxalate ions play major role in the formation of anatase-rutile mixed 

phase TiO2 in present method. During the calcination, titanium oxalate break down to 

form TiO6 octahedra and finally it was converted to TiO2.69  The formation of rutile 

phase along with anatase phase may be due to the complexing ability of oxalate ions 
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to the Ti4+ ions and this effect helps in the creation and growth of rutile phase nuclei 

also during crystallisation.70  

We also prepared 1 mol% Co, Mn, Cu, Ni and C-doped TiO2 by precipitation of 

titanium oxalate complex in the presence of cobalt nitrate, manganese chloride, 

copper sulfate, nickel nitrate and ethylene glycol respectively. The sample was 

calcined at 450 ˚C for one hour. The XRD pattern of the pure and 1 mol%  doped 

TiO2 samples after calcinations, are given in the Figure 3.6. 

After the introduction of cobalt ion, the intensity of all peaks increased compared 

to that of undoped TiO2 indicating the higher crystalline nature of TiO2. The anatase 

phase was found to be the dominant phase in the calcined sample. No diffraction line 

corresponding to cobalt oxide was seen in the XRD spectrum. This indicates the 

uniform dispersion of cobalt on TiO2 lattice. The summary of the XRD results are 

presented in Table 3.1. 

The crystallite size slightly decreased from 8.3 nm to 8.1 nm for anatase phase 

after of Co-doping. But in the case of rutile phase, the crystallite size increased from 

35 nm to 41 nm as a result of doping. The Co2+ ions present at the surface of the TiO2 

crystallite prevent the mutual contact between the grains which reduces the crystallite 

size of anatase.68  The effect of cobalt ion doping on d-spacing of the TiO2 lattice, as 

measured from anatase (101) and rutile (110) diffraction lines, are given in the 

Table 3.1. 

The XRD pattern of Co-doped TiO2 showed a small shift in d-spacing of both 

anatase and rutile crystal phases. This shift indicates the incorporation of cobalt ions 

in the TiO2 lattice. Since Co2+ has a larger ionic radius (0.79 A˚) than that of Ti4+ 

(0.745 A˚), a slight expansion of the unit cell occurs and leads to an increase of lattice 

parameters. The difference in oxidation state of Ti4+ and Co2+ ions creates oxygen 

vacancies to maintain electrical neutrality. The present method provides a simple 

route to prepare mixed phase TiO2 and Co-doped TiO2 without using hydrothermal 

conditions.67   

Figure 3.6.(c) shows the XRD diffraction patterns of 1 mol% Ni-doped titanium 

dioxide powder sample, after calcination at  450 ˚C. The Ni-doped TiO2 showed sharp 

and high intense XRD peaks, indicating high crystallinity of TiO2. The XRD pattern 
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shows peaks corresponding to both anatase and rutile; the peaks at 25.24˚, 47.95˚ and 

62.51˚ correspond to the (101), (200) and (204) planes, respectively, of anatase phase 

(JCPDS Card No.21-1272). The sample had a dominant anatase phase. The peaks at 

27.45˚ and 54.12˚ confirmed the presence of rutile phase (JCPDS Card No.21-1276). 

The Spurr equation was used to calculate the phase composition ratio between anatase 

and rutile in 1 mol% Ni-doped TiO2. The average crystallite sizes of 1 mol% Ni-

doped TiO2 sample was calculated by Scherrer‘s formula. 1 mol%-Ni doped TiO2 

sample exhibited a composition of 60% anatase and 40% rutile phase with a 

crystallite size of 11.3 nm and 25.6 nm, respectively. The crystallite size increased 

from 8.3 nm to 11.3 nm for anatase phase after doping. The average crystallite size of 

rutile phase reduced from 35 nm to 25.6 nm in 1mol% Ni-doped TiO2. Table 3.1 

contains an overview of 1 mol% Ni-doped TiO2. At lower concentrations, nickel 

doping will stabilize the anatase phase.71                                 

 
Fig. 3.6 The XRD pattern of a) TiO2, b) 1 mol% Co-doped TiO2, c) 1 mol% Ni-doped 

TiO2, d) 1 mol% Mn-doped TiO2, e) 1 mol% Cu-doped TiO2 and f) 1 mol% C-doped 

TiO2 calcined at 450 ˚C. 
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1 mol% Mn-doped TiO2 was composed of anatase and rutile phases of TiO2. 

Figure 3.6 (d) shows the diffraction patterns of the 1 mol % Mn-doped TiO2 calcined 

at 450 ˚C. The sample exhibit anatase peaks at 25.1˚, 37.72˚, 47.89˚, 62.51˚, 

corresponding to the (101), (004), (200) and (204) planes, respectively. The 

characteristic peaks of rutile phase was observed at 27.49˚ and 54.12˚, corresponding 

to the (110) and (211) planes, respectively. The average crystallite size of anatase 

phase of 1 mol% Mn-doped TiO2 nanoparticles was calculated from the anatase (101) 

peak at 25.10˚ by Debye-Scherrer‘s formula. The anatase phase had a particle size of 

10.4 nm, whereas the rutile phase has a particle size of 99 nm.  Anatase: rutile phase 

composition was found to be 71:29. No peaks corresponding to manganese oxide 

were observed in the XRD spectrum. Hence from the XRD results, it may be 

concluded that all three doped samples (Co, Ni, Mn) consist of mixed crystalline 

phases of anatase and rutile.   

Table 3.1. Summary of d spacing and compositions of anatase and rutile. 

Sample d spacing 

(101)A˚ 

d spacing 

(110)A˚ 

Anatase  

(%) 

Rutile  

(%) 

TiO2 3.5001 3.25 70 30 

Co-doped TiO2 3.5588 3.27 84 16 

Ni-doped TiO2 3.5359 3.26 60 40 

Mn-doped TiO2 3.5278 3.2092 71 29 

Cu-doped TiO2 3.5331 - 100 0 

C-doped TiO2 3.5078 3.2586 44 66 

 

Figure.3.6 (e) display the X-ray diffraction pattern of 1 mol% Cu-doped TiO2 

sample after calcination at 450 ˚C. The peak at 25.10˚ corresponding to (101) plane 

confirms the presence of anatase phases. The other anatase peaks were located at 

37.72˚, 47.89˚ and 62.51˚ and are indexed as (004), (200) and (204) planes, 
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respectively. In contrast to 1 mol% Co, 1 mol% Ni, 1 mol% Mn-doped samples, 

anatase phase was only present in 1 mol% Cu-doped TiO2 with a crystallite size of 

13.7 nm.  

Figure.3.6 (f) presents the X-ray diffraction pattern of 1 mol% C-doped TiO2 

sample calcined at 450 ˚C. The sample exhibits peaks corresponding to both anatase 

and rutile phase of TiO2. The rutile phase was identified by the peaks located at 

27.30˚, 35.97˚, 41.20˚ and 54.1˚ corresponding to (110), (101), (111) and (211) 

planes, respectively. In addition to rutile phase, the anatase peaks were also observed 

at 25.29˚, 37.78˚, 47.89˚ and 62.51˚ and are indexed as (101), (004), (200) and (204) 

planes, respectively. The Scherrer’s formula was used to calculate the average 

crystalline size of the sample by using the FWHM of the (110) peak for rutile phase 

and (101) peak for anatase phase. Crystallite size of anatase was found to be 10.5 nm 

and for the rutile phase, it was 15.47 nm. The mixed-phase 1 mol% C-doped 

nanocrystalline TiO2 contain 66% rutile and 44% of anatase phase.  

3.3.3    Raman spectral studies 

 Raman spectra was used to confirm the presence of anatase and rutile phases. The 

Raman spectra of TiO2 calcined at 450 ˚C is given in Figure 3.7. The bands 

corresponding to both anatase and rutile phases of TiO2 are present in the Raman 

spectra.  

 
Fig. 3.7 Raman spectra of TiO2 from potassium titanium oxide oxalate a) calcined at 

450 ˚C inset shows the enlarged view of rutile peaks. 
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The bands at 146, 394, 517 and 642 cm-1 are assigned to the Eg, B1g, A1g/B1g, and 

Eg fundamental Raman active modes of anatase. The Eg mode is due to the symmetric 

stretching vibration of the O-Ti-O bond of TiO2 and the B1g mode is due to the 

symmetric bending vibration of O-Ti-O. The A1g mode is due to anti-symmetric 

bending vibration of O-Ti-O.72 The sample also showed the characteristic bands at 

610, 446 and 242 cm-1 corresponding to rutile. The enlarged view is shown in the 

inset. Raman active vibration modes of rutile are A1g (610 cm-1) and Eg (446 cm-1). 

The Eg mode of rutile is due to the out of plane vibrational mode and A1g mode is due 

to the Ti-O stretching vibration.  

3.3.4    TEM analysis 

The crystallographic structure, particle size and surface morphology of TiO2 

prepared from potassium titanium oxide oxalate were studied using TEM and the 

images are shown in Figure 3.8. The TEM images at different magnifications clearly 

show that the TiO2 prepared from potassium titanium oxide oxalate is spherical in 

shape and that large number of primary particles are aggregated together to form a 

flower like morphology.  

 
Fig. 3.8 The TEM images of TiO2 from  potassium titanium oxide oxalate  calcined at 

450 ˚C (a-d) are images at different magnifications, e) HRTEM and f) SAED pattern. 



  Chapter 3 

 

61 
 

The nanoparticles obtained had an average primary particle size of 8 nm, which is 

in good agreement with the primary particle size obtained from the XRD (8.3 nm). 

Lattice fringes are very clear in the HRTEM image. From the image d-spacing of 

lattice fringes was calculated. The mixed phase of both anatase and rutile phases was 

observed, with d spacing 0.34 nm corresponding to (101) planes of anatase and 

0.32 nm corresponding to (110) planes of rutile. By comparing with the XRD results, 

the d-spacings were indexed to interplanar distances of (101) planes of anatase and 

(110) planes of rutile phases. The SAED pattern shows the crystalline nature of the 

samples and concentric Debye-Sherrer ring, which can be indexed to anatase phase. 

These results are consistent with the XRD results. 

The morphology and average primary particle size of the 1 mol% Co-doped 

sample was similar to that of undoped TiO2.  The TEM image of 1 mol% Co-doped 

TiO2 calcined at 450 ˚C is given in Figure 3.9. The 1 mol% Co-doped TiO2 were also 

analysed by HRTEM. The particles are crystalline in nature. The d-spacing of 0.34 

nm between lattice fringe matches with the (101) planes of anatase. The concentric 

rings in the SAED pattern indicate the crystalline nature and small size of 

nanocrystals. 

 
Fig. 3.9 TEM images of 1 mol% Co-doped TiO2 calcined at 450 ˚C :(a-d) are images 

at different   magnifications, e) HRTEM and f) SAED pattern. 
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The TEM images of 1 mol% Ni-doped TiO2 calcined at 450 ˚C are presented in 

Figure 3.10. As seen in TEM images, the particles are aggregated spherical spheres 

and are having an average particle size of 11 nm. The separation between the lattice 

fringes are found to be 0.33 nm, which is equivalent to the interplanar distances of the 

characteristic (110) planes of rutile phase. The rutile phase formation was also 

confirmed from the d-value obtained from HRTEM. The selected area electron 

diffraction patterns indicate the features of anatase phase with the interplannar 

spacing (d) of 3.5 Å corresponding to (101) planes. The results are consistent with the 

XRD results. 

 
Fig. 3.10 TEM images of 1 mol% Ni-doped TiO2 calcined at 450 ˚C :(a-d) are images    

     at different   magnifications, e) HRTEM and f) SAED pattern. 

 

The TEM images of 1 mol% Mn-doped TiO2 calcined at 450 ˚C are given in 

Figure 3.11.  From the figure it can be seen that most of the particles in the samples 

appeared as spheres with non-uniform sizes. The average particle size in the sample 

was about 10 nm in diameter which is in agreement with the results obtained from the 

XRD analysis. The observed d-spacing in the HRTEM images of the sample is 

0.31 nm, which corresponds to the (110) plane of rutile. The d-spacing values are in 

good agreement with the XRD data. Selected area electron diffraction patterns specify 
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the crystallographic features of (101) planes of anatase phase and the (110) plane of 

rutile.  

 
Fig. 3.11 TEM images of 1 mol% Mn-doped TiO2 calcined at 450 ˚C :(a-d) are 

images at different   magnification, e) HRTEM and f) SAED pattern. 

 

The morphology of the 1 mol% Cu-doped TiO2 sample, calcined at 450 ˚C was 

obtained from TEM and the images are given in Figure 3.12. The images showed that 

the sample was composed of uniform spherical nanoparticles. The average particle 

size was in the order of 13 nm. The lattice fringes are clearly observed in HRTEM 

images, indicating that the TiO2 particles are crystalline and consists of only anatase. 

The results are consistent with the XRD data. The crystal lattice spacing of the 

nanoparticles were found to be 0.35 nm, which matches well with the (101) plane of 

anatase TiO2. The SAED pattern of the sample shows rings corresponding to the 

anatase phase.  

The morphology of 1 mol% C-doped TiO2 was studied by TEM analysis and the 

images at different magnification are shown in the Figure 3.13. Particles are having 

uniform spherical shape and are highly crystalline with well resolved lattice structure. 
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The primary particle size of the sample was found to be 15 nm. The particle size 

obtained from TEM was in good agreement with that derived from XRD data. 

Particles were assembled in a common centre and appear to be petal shape and having 

the size of 112 nm. Sample exhibited flower like morphology and uniform particle 

size. Particles are highly agglomerated. The HRTEM images are presented in Figure 

3.12(e). From the images, TiO2 particles are polycrystalline in nature and observed 

d-spacing between the lattice fringes is 0.35 nm corresponding to (101) plane of the 

anatase phase. The corresponding SAED patterns are also displayed to show the sharp 

diffraction pattern of rutile and anatase mixed phase TiO2. 

 
Fig. 3.12 TEM images of 1 mol% Cu-doped TiO2 calcined at 450 ˚C :(a-d) are images 

at different   magnification, e) HRTEM and f) SAED pattern. 
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Fig. 3.13 TEM images of 1 mol% C-doped TiO2 calcined at 450 ˚C :(a-d) are images 

at different   magnification, e) HRTEM and f) SAED pattern. 

 

3.3.5    Morphology and composition analysis by FESEM-EDS 

The microstructure of TiO2 prepared from potassium titanium oxide oxalate 

calcined at 450 ˚C were analysed by FESEM also and the results are shown in Figure 

3.14. Images are in good agreement with the result of TEM images. The FESEM 

images of TiO2 sample clearly show the self-assembled uniform flower like 

structures. The particles are agglomerated. The average size of the aggregated 

particles was found to be 200 nm. The FESEM image of 1 mol% Co-doped TiO2 

calcined at 450 ˚C was presented in Figure 3.15. The FESEM image of 1 mol% cobalt 

doped TiO2 was similar to the FESEM images of the undoped TiO2.  
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Fig.3.14 FESEM image of TiO2 from  potassium titanium oxide oxalate  calcined at 

450 ˚C: (a-d) are images at different    magnifications. 

 

 

 
Fig. 3.15 FESEM image of 1mol% Co-doped TiO2 calcined at 450 ˚C. 
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The elemental compositions of 1 mol% Co-doped TiO2 was studied by EDS 

analysis. The EDS spectrum (Figure 3.16.) showed the presence of cobalt in addition 

to titanium and oxygen, indicating the successful Co-doping. The concentration of Co 

in the doped TiO2, as measured from EDS, was close to the value of cobalt 

concentration, used in the preparation of Co-doped TiO2. 

 
Fig. 3.16 EDS spectrum of 1 mol% Co-doped TiO2. 

 

FE-SEM images of 1 mol% Ni-doped TiO2 shows agglomerated, spherical shaped 

nanoparticles as shown in Figure 3.17. Nanoparticles are seen as big clusters with 

different sizes and shapes in the sample. The aggregates are found to have diameter in 

the range from 10 nm to 1000 nm. 
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Fig. 3.17 FESEM images of 1mol% Ni-doped TiO2 prepared from potassium titanium 

oxide oxalate and calcined at 450 ˚C: (a-d) are images at different magnifications. 

 

 Figure 3.18 shows the EDS spectrum of 1 mol% Ni-doped TiO2.  The 

spectrum confirmed the presence of nickel ions in TiO2 crystal lattice.  

 
Fig. 3.18 EDS spectrum of 1 mol% Ni-doped TiO2. 
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Morphological characteristic of 1 mol% Mn-doped TiO2 was analysed by field 

emission scanning electron microscopy and are shown in Figure 3.19. Morphology of 

the sample consists of large size particles of irregular shape. 

 
Fig.3.19 FESEM images of 1mol% Mn-doped TiO2 prepared from potassium titanium 

oxide oxalate  and calcined at 450 ˚C: (a-d) are images at different    magnifications. 

 

 The EDS spectrum of 1 mol% Mn-doped TiO2 is shown in Figure 3.20. The 

EDS spectrum shows that the manganese ions have been doped into the crystal lattice 

of TiO2 and that the concentration of Mn2+ ion in the Mn doped TiO2 sample is 

0.09%, which is in good agreement with the concentration of Mn2+ used in the 

experiment. 
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Fig. 3.20 EDS spectrum of 1 mol% Mn-doped TiO2. 

 

Figure 3.21 shows the surface morphologies of 1 mol% Cu-doped TiO2 after 

calcination at 450 ˚C. Particles are agglomerated with nearly spherical shape and the 

average particle size was in the range of 10 nm.  

 
Fig.3.21 FESEM image of 1mol% Cu-doped TiO2 prepared from potassium titanium 

oxide oxalate  and calcined at 450 ˚C: (a-d) are images at different magnifications. 
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The EDS spectrum of 1 mol% Cu-doped TiO2 is presented in Figure 3.22. The 

presence of copper ion in the doped TiO2 sample was confirmed by the EDS 

spectrum. 

 
Fig. 3.22 EDS spectrum of 1 mol% Cu-doped TiO2. 

 

FESEM micrograph of 1 mol% C-doped TiO2 at different magnification are 

presented in   Figure 3.23. The particles are found to be nanospheres of irregular size, 

that are aggregated together and formed into nanoflowers, with a particle diameter of 

about  200 nanometers. From the FESEM images, we can conclude that morphology 

of the C-doped sample is different compared to undoped TiO2. 
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Fig.3.23 FESEM images of 1mol% C-doped TiO2 prepared from potassium titanium 

oxide oxalate and calcined at 450 ˚C: (a-d) are images at different    magnifications. 

 

 Figure 3.24 shows the EDS spectrum of 1 mol% C-doped TiO2. The spectrum 

confirmed the presence of carbon in the doped sample.  

 
Fig. 3.24 EDS spectrum of 1 mol% C-doped TiO2. 
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3.3.6    FT-IR spectral studies 

 The FT-IR spectra of the precipitate obtained after refluxing potassium 

titanium oxide oxalate and TiO2 after calcination of the precipitate are given in Figure 

3.25. The FT-IR spectra of oxalate complex show the absorption bands corresponding 

to different modes of the oxalate group at 1666 cm-1, 1460 cm-1 and 1244 cm-1. These 

peaks confirmed the formation of titanium oxalate complex [Ti2O3(H2O)2(C2O4). 

3H2O], which are  consistent with XRD data.73 The broad band, at 3400 cm-1 is due to 

symmetric and antisymmetric stretching vibrational modes of adsorbed water 

molecules. In the FT-IR spectra of TiO2 sample calcined at 450 ˚C, the peak 

corresponding to oxalate group was completely absent confirming the complete 

decomposition of titanium oxalate complex to TiO2. These results are also consistent 

with the XRD data. The Ti-O-Ti stretching vibration band of TiO2 was observed at 

490 cm-1 and this band confirms the formation of TiO2.
74 

 
Fig. 3.25  FT-IR spectra of the precipitate obtained by refluxing a) potassium titanyl 

oxalate aqueous solution  and b) sample after calcinations at 450 ˚C. 

 

 The FT-IR spectra of precipitate obtained by refluxing the aqueous solution of 

titania precursor along with the metal salts used for doping are presented in Figure 

3.26. The FT-IR spectra of doped TiO2 calcined at 450 ˚C were similar to pure TiO2 

and shown in Figure 3.27. In the doped TiO2 samples calcined at 450 ˚C, the peak 
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corresponding to oxalate group was completely absent confirming the complete 

decomposition of titanium oxalate complex to TiO2 in the doped TiO2 samples also.   

 
Fig. 3.26  FT-IR spectra of the precipitate obtained by refluxing pure potassium 

titanyl oxalate aqueous solution and that of the precipitates obtained by potassium 

titanyl oxalate with 1 mol% Co, 1 mol% Ni, 1 mol% Mn, and 1 mol% C are given in 

Figure 3.25 (a-e), respectively. 

 

 
Fig. 3. 27 FT-IR spectra of a) TiO2 and b) 1 mol% Co-doped TiO2, c) 1 mol% Ni-

doped TiO2, d) 1 mol% Mn-doped TiO2 and e) 1 mol% C-doped TiO2 calcined at 

450 ˚C. 
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3.3.7    UV-Visible diffuse reflectance spectra (DRS) and bandgap determination 

UV-Visible diffuse reflectance spectrum was recorded to study the optical 

absorption property of the TiO2 and 1 mol% doped TiO2 samples, after calcination at 

450 ˚C are presented in Figure 3.28. The DRS spectra show that the TiO2 possess a 

near visible sharp absorption edge at 400 nm with λmax peak at 365 nm. This supports 

the presence of rutile phase in the TiO2. This band arises due to the charge-transfer 

from the valence band formed by 2p orbitals of the oxide ions to the conduction band 

formed by 3d t2g orbitals of the Ti4+ cations.75,76 

 
Fig. 3.28 i) Diffuse reflectance spectra of a) TiO2, b)1 mol% Co-doped TiO2, c)1 

mol% Ni-doped TiO2, d)1 mol% Mn-doped TiO2, e)1 mol% Cu-doped TiO2, f)1 mol% 

C-doped TiO2 calcined at 450 ˚C.  

 

Two absorption edges have been observed for 1 mol% Co-doped TiO2, first peak 

is observed at 380 nm and second peak at 542 nm. The origin of absorption peak at 

542 nm is attributed to Co2+ to Ti4+ charge transfer transition.76,77 The high 

photoactivity of the 1 mol% Co-doped TiO2 can be attributed to the presence of above 

charge transfer band. 

Compared to pure TiO2, 1 mol% Ni doped TiO2 shows two absorption bands, one  

broad absorption band is in ultraviolet region and other one is in visible region.78 Its 



  Chapter 3 

 

76 
 

absorption maximum in UV region is at about 343 nm. Absorption in the visible 

region is due to crystal field splitting of 3d8 orbital.79 The absorption edge of 1 mol% 

Ni doped TiO2 sample is red shifted to visible region (490 nm) compared to pure 

TiO2. These results are consistent with previous report on Ni-doped TiO2 in 

literature.80  The absorption maximum in the visible region is 695 nm. The absorption 

in the visible region is due to charge transfer from Ni2+ to Ti4+ ion.79 Bashir et al. has 

also  reported the appearance of the new absorption band in the visible region caused 

by Ni+2 doping and slight red shift in bandgap.81 

The TiO2 can absorb the visible light due to Mn2+ ion doping. The band gap 

energy and band structure of TiO2 have been modified by Mn2+ ion doping. The 

intensive absorption band is present in the UV region ranging from 200-398 nm. The 

absorption band edge of TiO2, which is situated at 400 nm, is red shifted to 465 nm 

after Mn2+ ion doping. It may be due to the presence of new electronic state formed 

after Mn2+ ion doping in the middle of the TiO2 band gap.82 As a result, the charge 

transfer gap between d electrons of Manganese ion and  conduction band of TiO2 is 

reduced. 

The UV-Visible diffuse reflectance spectra, of 1 mol% Cu doped TiO2 sample 

shows UV absorption as well as extended visible light absorption, up to 700 nm.83 

The change in colour from white to black in TiO2 confirms the presence of Cu doping. 

The absorption spectra shows the band edge at 450 nm.84 The absorption in UV 

region is caused by charge transfer from O2p to Cu d-state. The absorption in visible 

region is due to d-d electronic transition of Cu2+ ion. 

 UV-Visible diffuse reflectance spectra were recorded to confirm the presence of 

carbon in the doped TiO2 sample. It is clear in the image that absorption edge of the 

1mol% C-doped TiO2 sample is extended to 426 nm with absorption maximum at 

300 nm, indicating that carbon doping is effective for extending the absorption to 

visible light region.85 

The bandgap energy of TiO2 and 1 mol% doped TiO2 samples are calculated by 

plotting absorption coefficient (F(R)*E) 0.5 vs energy of absorbed light using Kubelka-

Munk function.86 Figure 3.29 shows the graph of Kubelka-Munk function versus the 

energy of the absorbed light. From the graph, bandgap is calculated to be 3.0 eV for 

pure TiO2 and 2.8 eV for 1 mol% Co-doped TiO2
87-89. Nguyen et al. has reported a 
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bandgap of 2.38 eV for TiO2 doped with the same amount of cobalt (1%). 44 After 

Ni2+ ion doping, the band gap of Ni-doped TiO2 has a significantly decreased and the 

Ni-doped TiO2 has a lowest band gap of 2.5 eV.90  

The bandgap energy of Mn-doped TiO2 is found to be 2.6 eV. This result supports 

that the Mn2+ cations are incorporated into the TiO2 host lattice. The Mn-doping is 

most effective to shift the absorption of TiO2 to the visible region. The bandgap 

energy for 1 mol% Cu-doped TiO2 is 2.7 eV.  

The bandgap energy calculated from the Kubelka-Munk function for all the doped 

samples are listed in the Table 3.2. The reduction in bandgap energy with Cu doping 

is attributed to the intercalation of Cu2+ ions in the TiO2 lattice and generation of 

oxygen vacancies due to charge compensation effect.91 The lowering of bandgap 

ensures the visible light absorption. The optical bandgap calculated for 1 mol% 

C-doped TiO2 is found to be 2.9 eV, which is smaller than that of pure TiO2 indicating 

that the carbon is doped into TiO2 crystal lattice. 

 
Fig. 3.29 Plot of the Kubelka-Munk function versus the energy of absorbed light. a) TiO2, b)1 

mol% Co-doped TiO2, c)1 mol% Ni-doped TiO2, d)1 mol% Mn-doped TiO2, e)1 mol% 

Cu-doped TiO2, f)1 mol% C-doped TiO2calcined at 450 ˚C. 
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Table 3.2. Bandgap energy of doped sample. 

Sample  bandgap   

(eV) 

surface area  

(m2 g-1) 

TiO2   3 97.04 

1 mol% Co-doped TiO2  2.8 14.14 

1 mol% Ni-doped TiO2  2.5     88.48 

1 mol% Mn-doped TiO2 2.6      44.55  

1 mol% Cu-doped TiO2 2.7      36.19 

1 mol% C-doped TiO2 2.9      104.66  

 

3.3.8    BET surface area analysis 

BET adsorption desorption isotherms were plotted to calculate the specific surface 

area of TiO2 and 1 mol% Co-doped TiO2 calcined at 450 ˚C and are given in the 

Figure 3.30. At a relatively low pressure, monolayer of nitrogen was adsorbed on the 

material and this is shown by the initial part of the isotherm. As the pressure increases 

multilayer adsorption takes place as seen by a steep rise in the isotherm. A typical 

type-II isotherm is observed in both the samples. According to IUPAC classification 

this is a characteristic feature for macroporous (intra-particle pores) materials.92 The 

isotherm indicates that the nanoparticles are aggregated to form macropores. The 

surface area of pure TiO2 was found to be 97.04 m2 g-1 by BET method. For 1 mol% 

Co-doped TiO2 it was only14.14 m2 g-1. Thus the surface area of TiO2 has been 

significantly reduced by cobalt ion doping. The BET surface area, pore volume and 

pore diameter of the pure and 1 mol% Co-doped TiO2 are presented in Table 3.3. The 

decrease in surface area may be due to increased crystallinity of Co-doped TiO2. This 

observation is also consistent with XRD and HRTEM results. 
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Fig. 3.30 Nitrogen physisorption isotherms of a) mixed phase TiO2 and b) 1 mol% 

Co-doped TiO2. 

 

The nitrogen adsorption-desorption isotherms of 1 mol% Ni-doped TiO2 is given 

in Figure 3.31. According to the IUPAC classification, 1 mol% Ni-doped TiO2 exhibit 

type-IV isotherms and H1-type hysteresis loops. The surface area of 1 mol% Ni-

doped TiO2 powder is 88.48 m2 g-1. When TiO2 was doped with 1 mol% Ni, crystallite 

size was increased and the BET surface area was reduced. The values of BET surface 

area, pore diameter and pore volume of 1 mol% Ni-doped TiO2 are presented in Table 

3.3. 

 
Fig. 3.31 Nitrogen physisorption isotherms of a) mixed phase TiO2 and b) 1 mol% 

Ni-doped TiO2. 
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The surface area of 1 mol% Mn doped TiO2 was calculated using nitrogen 

adsorption-desorption measurements. Figure 3.32 displays the nitrogen adsorption-

desorption isotherm. The isotherm has a typical type IV isotherm curve, indicating 

that the sample has mesoporous structure. The specific surface area is calculated to be 

44.55 m2 g-1.  

Table 3.3 Summary of BET surface area and pore size measurement 

Sample BET Surface area 

(m2 g-1) 

Pore Volume  

(cm3 g-1) 

BJH desorption 

pore size 

(nm) 

Pore 

diameter 

 (nm) 

TiO2 97.04  0.1028  1.26  5.3713  
Co-doped TiO2 14.14  0.0128 1.26  4.7776  
Ni-doped TiO2 88.485 0.0559 1.96 3.3648 

Mn-doped TiO2 44.554 0.0168 1.26 2.6445 

Cu-doped TiO2 36.196 0.0280 1.26 3.9441 

C-doped TiO2 104.66 0.0859 1.26 3.2857 

 

The BET measurements were used to determine the surface area, pore size, and 

total pore volume of 1 mol% Cu-doped TiO2. The N2 adsorption-desorption isotherms 

of 1 mol% Cu-doped sample showed a typical type-II isotherm (Figure 3.33). This is a 

defining feature of macroporous (intra-particle pores) materials, according to IUPAC 

classification. The pore size was determined using the BJH method and are listed in 

Table 3.3. 

 
Fig. 3.32 Nitrogen physisorption isotherms of a) mixed phase TiO2 and b) 1 mol% 

Mn-doped TiO2. 
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Fig. 3.33 Nitrogen physisorption isotherms of a) mixed phase TiO2 and b) 1 mol% 

Cu-doped TiO2. 

 

The N2 adsorption-desorption isotherms of pure TiO2 and 1 mol% C-doped TiO2 are 

shown in Figure 3.34. The 1 mol% C-doped sample is constituted of mesopores and 

micropores, as shown by the type IV adsorption isotherm with a hysteresis loop.93 The 

1 mol% C-doped TiO2 sample has a surface area of 104.66 m2 g-1 and an average pore 

diameter of 3.2857 nm, as shown in Table 3.3. 

 
Fig. 3.34 Nitrogen physisorption isotherms of a) mixed phase TiO2 and b) 1 mol%  

C-doped TiO2. 
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3.3.9 Photocatalytic activity 

The photocatalytic activity of mixed phase TiO2 and 1 mol% doped TiO2 (Co, Ni, 

Mn, Cu and C) for methylene blue dye degradation under LED visible light were 

studied and the results are shown in the Figure 3.35. The intensity of the absorption 

peak at 664 nm in the UV visible spectra of methylene blue was used to study the rate 

of its degradation. The percentage of photocatalytic degradation of methylene blue 

was determined by the following equation 

                𝜂 = (1 − 𝐴 𝐴0⁄ ) = (1 − 𝐶 𝐶0⁄ ) 𝑋 100                      (11)  

A0 is the initial absorbance and A is the absorbance at time t and C0 and C 

are the corresponding concentrations. 

The percentage of degradation for 1 mol% Co-doped TiO2,  1 mol% Ni-doped 

TiO2, 1 mol% Mn-doped TiO2, 1 mol% Cu-doped TiO2, 1 mol% C-doped TiO2 and  

pure TiO2 after 5 hours of visible light irradiation were 17%, 21%, 15%, 12%, 11% 

and 9%, respectively, whereas these values were 74%, 79%, 70%, 65%, 62% and 

60%, respectively, after 15 hours of irradiation. Photograph of the samples after 

photodegradation are given in Figure 3.36. These results show that the photocatalytic 

activity of the doped TiO2 samples were generally higher than that of the pure TiO2. 

Furthermore, the photocatalytic activity of doped TiO2 varied from sample to sample. 

The lower bandgap of titania (2.5 eV), caused by the incorporation of Ni2+ ions into 

the titania lattice, makes 1 mol% Ni-doped TiO2 more effective for methylene blue 

degradation. From the BET surface area measurement, the surface area of 1 mol%   

Ni-doped TiO2 was found to be very high. This also explains its higher photocatalytic 

activity. Moreover, doping with Ni2+ ions may introduce trapping sites which may 

reduce the recombination of charge carriers. 

These results indicate that the doping of Co2+ ions expands the photo response of 

TiO2 to visible region. Dorraj et al. reported improved visible-light photocatalytic 

activity for TiO2, co-doped with copper and iodine. The improved activity was 

attributed to strong visible light absorption and synergistic effects of Cu and I dopants  

causing effective charge separation.94 Cao et al. reported improved visible light 

photocatalytic activity for  C, N and Ce co-doped TiO2 and they attributed it to a 
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lowered band gap of 2.14 eV.95 The higher activity of Co-doped TiO2 can be 

attributed to low bandgap energy (2.8 eV) leading to higher absorption of visible 

light.  

 
Fig. 3. 35 Plot of relative concentration as a function of time for the degradation of 

dye under LED visible light (a) TiO2,  b) 1 mol% C-doped TiO2 c) 1 mol% Cu-doped 

TiO2, d) 1 mol% Mn-doped TiO2, e) 1 mol% Co-doped TiO2 and  f) 1 mol% Ni-doped 

TiO2.  

 

1 mol% Mn-doped TiO2 has a greater photocatalytic activity than pure TiO2. The 

increased defect sites generated by Mn2+ doping, resulting in increased optical 

absorption in the visible range, is responsible for the quicker degradation rate of MB 

under visible light irradiation in 1 mol% Mn-doped TiO2.
96 The Mn2+ ion doping 

increases the life time of excited charge carriers resulting in the enhanced 

photocatalytic activity.  
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Doping with Cu also can create new electronic states in the band gap of TiO2 and 

enriches the visible absorption spectrum by the Cu3d→Ti3d optical transition, 

lowering band gap energy which enhances the methylene blue degradation.91 Doping 

inhibits recombination rate. The methylene blue degradation was also enhanced by 

carbon-doping, which reduces the band gap of TiO2 to 2.9 eV.  

 

Fig. 3.36 Photograph of dye degradation test of doped and undoped TiO2. 

 

Many oxygen defects are produced during calcination at 450 ˚C due to desorption 

of surface oxygen and this improves photocatalytic activity of TiO2.97  In general, the 

photocatalytic activity depends on several parameters, such as phase structure,  

surface area and crystalline size etc. The mechanism of the photocatalytic activity of 

undoped TiO2 may be explained as follows; when TiO2 catalyst is exposed to light, 

electrons in the valence band are excited to the conduction band leaving holes in the 

valence band. The lower part of the conduction band is formed by overlapping the 3d-

orbitals of Ti4+. Valence band is formed by overlapping 2p-orbitals of oxygen. Figure 

3.37 shows the energy band structure of mixed phases of anatase and rutile TiO2.98 

The photogenerated electrons are captured by oxygen vacancies and facilitate the 

reduction of electron acceptors adsorbed on the active site of the photocatalyst 

surface. The electrons can be scavenged by O2 and produces superoxide radicals O2
.-. 

The holes promote oxidation of electron donors. Positive holes can accept electrons 

from H2O or OH- ions and undergo oxidation to produce HO. radicals. These radicals 

accelerate the decomposition of dye. The above properties of TiO2 may be used for 

the practical application of wastewater treatment under sunlight. Charge carrier plays 

the vital role in the photocatalytic activity. These radicals decompose the dye to form 

CO2 and H2O. The high surface area creates more active sites. 
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Fig. 3. 37 Schematic representation of the energy band structure of mixed phase of 

anatase and rutile TiO2. 

  

 Introducing doping ions into the pure oxides did not show any change in the 

crystal structure but caused change in anatase rutile phase composition, a slight 

changes in their particle size and an increase in their photocatalytic activities. The 

photodegradation results show that the metal–doped TiO2 exhibited a significant 

increase in the MB photodegradation rate comparable with that of pure TiO2, This 

may be explained on the basis that the introduction of doping ions into the TiO2 lattice 

can act as electron–hole separation centers and reduces the charge recombination rate. 

The carbon-doping  into the TiO2 lattice modifies the valence band level of TiO2 and 

reduces the effective band gap energy and shift the  light absorption into the visible 

light region. The UV Visible spectra of all doped samples showed that the doping ions 
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leads to an increase in the absorption in the visible region, and doped samples in 

general have  higher photocatalytic activity than pure TiO2. 

3.4    Conclusion 

 In summary, nanocrystalline TiO2 was synthesised from aqueous potassium 

titanium oxide oxalate by reflux method. The mixed phase anatase rutile 

nanocrystalline 1 mol% doped TiO2 (Co, Ni, Mn, Cu and C) with varying rutile 

content were also synthesized. The complex [Ti2O3(H2O)2(C2O4). 3H2O] was formed 

during the reaction. The complex was decomposed to form anatase and rutile mixed 

phase TiO2 on calcinations at 450 ˚C for one hour. The XRD, Raman spectra and 

TEM images confirm the formation of mixed phase TiO2. The XRD spectra and TEM 

images of TiO2 prepared from potassium titanyl oxide oxalate indicates the 

coexistence of anatase and rutile phases. The XRD results of TiO2 obtained from 

potassium titanium oxide oxalate show that the primary particle size of anatase 

crystals is 8.3 nm and that of rutile crystals is 35 nm. Morphology and properties of 

TiO2 depend upon the precursor and reaction conditions. Self-assembled uniform 

flower like structures were also found in the FESEM images of the mixed phase TiO2. 

Agglomerated spherical particles were observed in single phase anatase TiO2. On 

doping, the anatase-rutile phase composition was changed from 70:30 to 84:16, 60: 

40, 71:29 and 33:67 on  Co, Mn, Cu, Ni and C doping. The doped TiO2 possessed 

visible light absorption and a reduction of bandgap. The surface area of TiO2 was 

decreased during doping. The photocatalytic activity of TiO2 and doped samples were 

tested by the degradation of methylene blue under white light LED irradiation. The 

doped TiO2 exhibited higher photoactivity under white light LED irradiation than 

undoped TiO2 and it can be attributed to lower bandgaps. Since solar light consists 

mainly of visible light (~49.4%), the better visible phtoactivity of doped TiO2 indicate 

that these doped samples will be very useful for the fabrication of solar cells.   
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Abstract 

In this work, TiO2 was prepared using a novel and simple method, using titanium 

tetraisopropoxide (TTIP) as a precursor. The TTIP underwent direct hydrolysis to 

anatase TiO2 on refluxing its aqueous solutions and calcination at 450 ˚C for 1hour. 

The synthesized samples were characterized by TGA-DTG, X-ray diffraction (XRD), 

Fourier transform infrared spectroscopy (FT-IR), FESEM-EDX, XPS, UV-Visible 

spectroscopy, TEM and BET techniques. The XRD results of the uncalcined and 

calcined samples reveal that the both samples consist of only nanocrystalline anatase 

TiO2. The crystallite size of TiO2 was found to increase from 3 nm to 5 nm on 

calcination. 1 mol% Co-doped TiO2 nonmaterial was also synthesized by the above 

method. The degradation of methylene blue was used to study the photocatalytic 

activities of the undoped TiO2 and 1 mol% Co-doped TiO2 under natural sunlight 

irradiation. The results show that the photocatalytic activity of doped TiO2  is higher 

than that of undoped TiO2.  

4.1    Introduction  

Photocatalysis has been widely used in a variety of fields, including solar cells, 

pollutant degradation and water splitting. Among the various photocatalysts, titanium 

dioxide has been widely employed for many environmental and energy applications. 

In the recent decade, numerous surface science methodologies have been used to 

study the mechanisms of photocatalysis, particularly that of TiO2.1 In 1972, Fujishima 

and Honda reported that photoelectrochemical water splitting could create O2 on a 

TiO2 electrode and H2 on a platinum black electrode by irradiating the TiO2 electrode 
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with UV light. Since then, researchers have been interested in TiO2 semiconductor 

photocatalysis because of its potential application in energy production. The 

Fujishima et al. also reported photocatalytic reduction of CO2 with different types of 

semiconductors like TiO2, CdS, GaP, ZnO and SiC as photocatalysts in 1979.2  

Titanium dioxide remains the most studied material for heterogeneous 

photocatalysis due to its chemical stability, low cost, non-toxicity and accessible 

bandgap.3-5 However, TiO2 has several drawbacks, such as poor absorption of visible 

light due to its large band gap (3.2 eV) and high recombination of photogenerated 

charge carriers.6,7 Current research works mainly focuses on increasing the lifetime of 

excited charge carriers. To overcome these limitations, appropriate modifications has 

been applied, including doping, making heterojunctions and structural changes.8 

Three crystalline phases of TiO2 are anatase, rutile and brookite. Among them 

rutile phase is more stable. The anatase phase has been found to have the higher 

photocatalytic activity than rutile and brookite phases.9 Anatase nanocrystalline has 

considerably greater surface area than rutile nanocrystalline, resulting in more active 

sites. Furthermore, anatase nanoparticles have more oxygen vacancies than rutile 

nanoparticles.10 These three phases are made up of TiO6 octahedra with different 

distortions. Photocatalytic activity of TiO2 are also influenced by the phase 

composition and the phase composition mainly depends on the chemical procedure 

used to produce these crystals. 

There are several methods for the preparation of TiO2 including sol-gel, chemical 

vapour deposition (CVD) and hydrothermal methods, reverse micelles, wet-chemical 

synthesis by precipitation of hydroxide, electrochemical synthesis, solvothermal, 

sonochemical and microwave-assisted methods. Among these sol-gel, thermal 

decomposition and hydrothermal methods are the most commonly used methods.  

The sol-gel method has been commonly used for preparing nanoparticle TiO2 and 

involves following steps; hydrolysis and polycondensation of the titanium precursors 

(usually titanium alkoxide and titanium metal salt) and formation of sols, sol–gel 

transition (gelation), aging, drying and crystallization.11 An acid-catalyzed hydrolysis 

of titanium precursor is usually used in this approach. The growth of Ti-O-Ti chains 

results in three-dimensional polymeric skeletons developed by gel with tight close 

packing. Nateq et. al. reported a method for the  synthesis of titania nanocrystalline 
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particle with enhanced surface area via sol-gel method in water- oil micellar 

solution.10 Prepared TiO2 nanoparticles had  a primary crystallite size of 10-15 nm 

with BET surface area over 100 m2 g-1. However, optimising the temperature and pH 

of the solution is essential to obtain homogeneous nanoscale TiO2 particles. Moreover, 

the long processing time is required.  

The hydrothermal method has also been used widely   for the synthesis of TiO2 

nanoparticles. In hydrothermal method, the temperature of the solvent is increased 

above its boiling point at elevated pressure. The advantages of this technique include 

a restricted particle size distribution, controlled morphology, less particle 

agglomeration and higher phase homogeneity. Luo et. al. have synthesised TiO2 

nanomaterials with controlled morphologies using hydrothermal method and 

nanobelt, nanourchin and nanotube were obtained depending up on the temperature, 

time, and additives.12 Most of the previously reported hydrothermal methods have 

yielded anatase phase. Beyer et al. has been used  hydrothermal approach to prepare 

phase pure rutile TiO2  nanoparticles with a rod-like morphology.13 Safety issues 

throughout the reaction process and the need of expensive autoclave are the 

drawbacks of the hydrothermal method. 

Thermal decomposition of inorganic titanium salts during heating is one of the 

simplest method for the preparing TiO2 particles. Nevertheless, the salt characteristics 

and decomposition conditions may have significant impact on the synthesis of 

particles, particularly in their dimensions and agglomeration. Sofronov et. al. has been 

reported preparation of TiO2 by thermal decomposition of titania precursors especially 

titanium nitrate, titanium oxyfluoride and titanium oxysulphate at various 

temperatures, with and without organic additive.14 Titanium nitrate was thermally 

decomposed at 700 ˚C to produce anatase and rutile phases, while titanium 

oxyfluoride and oxysulfate produced only anatase. Deshmukh et al. reported 

preparation of titania nanoparticles by urea-assisted thermal decomposition of 

titanium oxysulphate with various weight ratios of urea. The anatase phase, spherical 

nanoparticles of TiO2 with crystalline size of 14–19 nm were obtained.15 

Most of the traditional methods involved corrosive precursors or complicated and 

expensive equipments and experimental conditions. The water assisted crystallisation 

of TiO2 has been considered to be most efficient and convenient approach at low 
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temperature.16 The synthesis of nanostructured titania in the aqueous phase has been 

described using a variety of synthetic techniques. The reflux method is comparatively 

easy, for scale up and has the potential to fabricate TiO2 with controlled 

morphology.17 It needs simple equipment, environmentally friendly process 

conditions. 

Traditional titanium precursors may be used in the most of the aqueous phase 

synthesis. Titanium isopropoxide, titanium butoxide, titanium ethoxide, titanium 

acetylacetonate, titanium chloride, potassium titanium oxalate are the different 

precursors used for the synthesis of TiO2 in the laboratory scale.18 Commonly used 

precursors of titania are tanium isopropoxide and titanium chloride. These precursors 

are moisture-sensitive. Among them titanium isopropoxide is one of the most popular 

precursor for TiO2 nanoparticles. Titanium isopropoxide itself react with water to give 

TiO2 and hence it is very difficult to control the size and morphology. The effect of 

different alkoxides on the size of TiO2 nanoparticles was studied by Vorkapic and 

Matsoukas.19 They found that as the length of alkoxy groups increases, the size of 

TiO2 nanoparticles decreases. The pyrolysis of titanium tetraisopropoxide in 

helium/oxygen atmosphere produced TiO2 nanoparticles with sizes less than 10 nm.20 

Another commonly used precursor is titanium chloride. However, it quickly undergo 

hydrolysis in air producing HCl gas and titanium hydroxides. The titanium hydroxides 

may get precipitated in the lungs on inhalation. Rab et al. reported a precipitation 

method for the synthesis of anatase, spherical TiO2 from titanium chloride precursor 

in water and glycerol reaction medium.21 Single phase TiO2 nanocrystals were 

synthesized by Cao T. et al. from a TiCl4/butanol mixture and reported that the molar 

ratio of TiCl4 to butanol determines the crystal phase and morphology.22 Li et.al. 

reported that the hydrolysis of titanium chloride in aqueous H2SO4 solution at very 

low temperature 0-90 ˚C produced anatase TiO2 nanocrystals in the size range of 10 

nm to 50 nm.23 The effects of the reaction parameters such as reaction temperature, 

sulfuric acid concentration, and the calcination temperature on the particle size and 

crystal phase were also reported. 

This chapter aims to report the synthesis of titanium dioxide via refluxing aqueous 

solution of TTIP for the photocatalytic applications. Nanocrystalline anatase phase 

TiO2 was obtained by refluxing the aqueous titanium tetraisopropoxide solution.  The 

calcination at 450 ˚C of the same sample increased the crystallite size. The structural, 
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optical and crystallinity of the prepared TiO2 and 1 mol% Co-doped TiO2 samples 

were also investigated using characterization techniques like TGA-DTA, X-ray 

diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), FESEM-EDX, 

XPS, UV-Visible spectroscopy, TEM and BET surface area. The photocatalytic 

activities of TiO2 and 1 mol% Co-doped TiO2 for the degradation of organic dye 

under sunlight irradiation were also studied.   

4. 2    Materials and method  

4. 2.1    Materials 

Titanium (IV) isopropoxide (Sigma- Aldrich, 97%), sulphuric acid (Merck, 98%) 

and cobalt nitrate hexahydrate (Merck, 99%) were used as starting materials. All 

solutions were prepared by using deionised water. Chemicals were used without any 

pre-treatment.  

4.2.2    Preparation of  TiO2 and Co-doped TiO2 from titanium isopropoxide 

 Titanium (IV) isopropoxide was used as titanium source for the synthesis. 

Con. Sulphuric acid (31.28 g) was added to 200 mL of distilled water in RB flask kept 

in a ice cold water then 25 mL of titanium (IV) isopropoxide was added drop wise to 

the above solution under vigorous stirring. Stirring was continued for 30 minutes. A 

clear solution of Ti(IV) sulphate solution was obtained. Then 25 mL of the above 

solution was diluted with 175 mL of water and refluxed at 100 ˚C for two hours.  The 

resulting suspension was filtered and washed with distilled water many times. 

Schematic representation for the preparation of anatase phase TiO2 is given in the 

Figure 4.1. The samples were dried in a hot air oven at 100 ˚C. The prepared sample 

was calcined at 450 ˚C for two hours. The 1 mol% Co-doped TiO2 was synthesized by 

same method by adding cobalt nitrate. 

4.2.3    Photocatalytic activity of undoped and 1 mol% Co-doped TiO2 for 

 methylene blue dye degradation 

The degradation of methylene blue dyes under the sunlight was used to assess the 

photocatalytic activity of titanium dioxide and 1 mol% Co-doped TiO2 photocatalysts. 

The experiment was carried out with 0.01 g of TiO2 or Co-doped TiO2 dispersed in 

100 mL of 10-4 M solution of the dye under the sunlight irradiation. Prior to 

photocatalytic experiment, the suspension was stirred in the dark for 30 minutes for 
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equilibrium adsorption. It was then exposed to sunlight under constant magnetic 

stirring. Then 5 mL of the suspensions were withdrawn at 10 minutes intervals and 

the solutions were centrifuged and the absorption of the samples were measured using 

UV-Visible spectrophotometer in the wavelength range of 200 to 800 nm. The 

degradation of the dye was monitored by measuring the absorbance at λmax of 615 nm.  

 
Fig. 4.1 Schematic representation of anatase phase TiO2 formation mechanism. 

 

4. 3    Results and discussion 

4.3.1    Thermogravimetric analysis 

The thermal decomposition of the TiO2 synthesized by reflux method was 

analyzed by thermogravimetric and derivative thermogravimetric analysis. Figure 4.2 

shows the TGA-DTG curve of TiO2. It can be clearly seen that TG curve descends 

until it becomes horizontal around 414 ˚C. Figure shows two main stages of mass loss 

in TGA and two main exothermic peaks in DTG. Dehydration of water is the first 

weight loss below 100 ˚C which account 18% of total weight loss. The second and 

main stage, which occurred between 182 to 414 ˚C was corresponding to removal of 

chemically bounded water molecules making TiO2 surface free of hydroxyl groups.24 

This corresponds to 35% of total weight loss. The DTG curve had exothermic peaks 

in the same temperature ranges as the TGA curve, indicating the mass loss.25 After 
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414 ˚C, no mass loss were recorded in the thermogram until 700 ˚C. The mass of the 

material remains constant confirming the formation of TiO2. 

 
Fig. 4.2 TG-DTG curve of prepared TiO2 sample. 

 

4.3.2    XRD analysis 

The crystal structure and phase purity were analysed using powder X-ray 

diffraction spectrum. The XRD pattern of the as prepared precipitate obtained by 

refluxing titanium isopropoxide solution and after calcination at 450 ˚C are shown in 

the Figure 4.3. The anatase phase was the only crystalline phase in both the samples. 

The XRD result indicates that pure crystalline anatase TiO2 was directly formed 

after refluxing the aqueous titanium isopropoxide. The presence of only peaks 

corresponding to anatase phase indicates that the present method is very effective in 

obtaining single phase anatase TiO2 nanoparticles at low temperature. The 

characteristic lattice planes corresponding to the anatase phase, (101), (004), (200), 

(112) and (105), at 25.62˚, 38.12˚, 48.12˚, 54.81˚, 62.91˚and 69.61˚were observed in 

both the samples. All the diffraction peaks are indexed to the pure anatase phase 

(JCPDS Card No.21-1272).26,27 The calcination enhances the intensity of the peaks 

indicating the increased crystallinity of the sample. 
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Fig. 4.3 XRD pattern of TiO2 a) prepared TiO2 b) TiO2 calcined at 450 ˚C c) 1 mol% 

Co-doped TiO2 calcined at 450 ˚C.  

 

The crystallite size of the anatase phase was calculated using FWHM of the most 

intense diffraction peak at (101) 25.62˚, using Scherrer equation given in chapter 3.    

The crystallite size was found to be 3 nm for uncalcined sample and 6.5 nm for 

calcined sample at 450 ˚C. Hence the diffraction peaks are broad due to the small 

crystallite size of TiO2. 

  Figure 4.3 (C) displays the XRD patterns of 1 mol% Co-doped TiO2 

synthesized by the same method using cobalt nitrate as the cobalt source and titanium 

tetraisopropoxide as the titanium source. The XRD result shows the presence of only 

anatase phase of TiO2. There was no peak observed corresponding to metal oxide of 

doping element in the XRD spectrum, which is consistent with previous reports on 

Co-doped TiO2.28 Thus, the XRD patterns clearly show that the current method 

produces only single phase TiO2. The crystallite size of the 1 mol % Co-doped TiO2 

sample was also calculated using Scherrer’s equation and was found to be 6.4 nm. 

4.3.3    TEM analysis 

The crystallographic structure, particle size and surface morphology of TiO2 

prepared from Titanium isopropoxide and 1 mol% Co-doped TiO2 calcined at 450 ˚C 

were studied using TEM. The images are shown in Figure 4.4 and Figure 4.5, 

respectively.  
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Fig. 4.4 TEM images of TiO2 from titanium isopropoxide calcined at 450 ˚C: (a-d) are 

images at different magnification, e) HRTEM and f) SAED pattern. 

 

Titania particles are agglomerated and having different particle size. The particles 

are appeared to be spherical in shape. The images indicate that the particles are 

agglomerated and average particle size was about 6 nm in diameter. The HRTEM 

image shows that the interplannar distance (d) is 0.35 nm corresponding to (101) 

plane of anatase, which is in good agreement with XRD data.29 The lattice fringes of 

anatase TiO2 are clearly visible at a certain area of the particle. Selected area electron 

diffraction (SAED) pattern of the sample shows continuous concentric Debye-

Scherrer rings.30 It shows that the sample is highly crystalline nature. The distinct 

rings are corresponding to different planes of tetragonal anatase TiO2.31 

The TEM images of 1 mol% Co-doped TiO2 at different magnifications clearly 

show that the particles are agglomerated and having different particle size and shape. 

The nanoparticles obtained had an average primary particle size of 6 nm, which is in 
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good agreement with the primary particle size obtained from the XRD. Lattice fringes 

were very clear in the HRTEM images. From the HRTEM image, d spacing of lattice 

fringes was found to be 0.33 nm corresponding to (101) planes of anatase. By 

comparing with the XRD results, the d spacings were indexed to interplanar distance 

of (101) of anatase. The SAED pattern shows the crystalline nature of the samples and 

concentric Debye-Sherrer rings, which can be indexed to anatase phase. These results 

were consistent with the XRD results. 

 
Fig. 4.5 TEM images of 1 mol% Co-doped TiO2 calcined at 450 ˚C: (a-d) are images 

at different magnifications, e) HRTEM and f) SAED pattern. 

 

4.3.4    Morphological studies by FESEM 

The surface morphology was analyzed using FESEM images. The FESEM images 

of TiO2 from titanium isopropoxide calcined at 450 ˚C at different magnifications are 

shown in the Figure 4.6. These images showed irregularly shaped structures with 

rough surface due to the agglomeration of spherical particles during calcinations. 

Images are in good agreement with the result of TEM images. The individual sphere 

size of 300-400 nm made up of granular 6 nm sized anatase TiO2 nanoparticles. 
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Interconnected small granular TiO2 nanoparticles of the spherical structures exhibit 

the roughness.  

 
Fig.4.6 FESEM image of TiO2 from titanium isopropoxide calcined at 450 ˚C: (a-d) 

are images at different magnifications. 

 

The microstructure of 1 mol% Co-doped TiO2 calcined at 450 ˚C were further 

analysed by FESEM and are shown in Figure 4.7. The FESEM images show spherical 

shaped nanoparticles agglomerated together to form big clusters. The average size of 

the aggregated particles was found to be 200 nm.32 Fomekong et al. have reported 

synthesis of 1 mol% Co-doped TiO2 by co-precipitation route and the particles were 

spherical and agglomerated with sizes of around 70 nm. 

The EDS spectral analysis was carried out to find out the % of Co ion present in 

TiO2 lattice. The EDS spectrum of Co-doped TiO2 is shown in the Figure 4.8. 

Spectrum indicates the presence of Co element in addition to Ti and O element in the 

1 mol% Co doped TiO2 sample. The weight ratio of cobalt in the 1 mol% Co-doped 

sample is close to 1, which is the same ratio of metal precursors used for the 

preparation of Co-doped TiO2. The spectrum shows two peaks at 0.2 and 4.5 keV. 

The bulk TiO2 has the most intense peak, whereas the surface TiO2 has the least 

intense peak.33 In the EDS, there are peaks at 0.6, 6.9 and 7.5 keV corresponding to 
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cobalt. The less intense peak of Co-doped TiO2 is assigned to cobalt in the TiO2 

lattices. The presence of cobalt ions in the TiO2 lattice was confirmed by EDS 

spectrum. Therefore it may be concluded that the cobalt ions are uniformly distributed 

throughout the anatase crystallites.34 

 
Fig.4.7 FESEM image of 1 mol% Co-doped TiO2 calcined at 450 ˚C: (a-d) are images 

at different magnifications. 

 

 
Fig.4.8 EDS spectrum of 1 mol% Co-doped TiO2 nanoparticles calcined at 450 ˚C. 
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4.3.5    Surface analysis using XPS 

XPS data of 1 mol% Co-doped TiO2 is shown in the Figure 4.9. In the wide XPS 

spectrum binding energy peaks are observed at 458.6 eV, 529.8 eV and 782.6 eV 

indicating the presence of Ti, O and Co elements. 

 
Fig. 4.9 XPS spectrum of 1mol% Co-doped TiO2 a) wide spectrum, b) deconvoluted 

Ti 2p, c) O 1s and d) Co 2p. 

 

The peaks observed at 458.5 eV and 464.24 eV corresponds to the spin orbital 

splitting of Ti 2p3/2 and Ti 2p1/2 and  indicates the presence of Ti4+ in the TiO2 

lattice.35 The difference between the two peaks is 5.67 eV again confirming the 

existence of Ti4+. 

A peak at 529.8 eV in the deconvoluted spectrum of oxygen is due to the existence 

of O2- ions in the Ti-O-Ti bond.36 Co 2p spectrum could be deconvoluted into two 

peaks, one at 782.6 eV corresponding to Co 2p3/2 and other at 798.2 eV corresponding 

to Co 2p1/2. The spin orbit splitting of two peaks was 15.6 eV indicating the existence 

of cobalt in the +2 oxidation state. 



 Chapter 4 

 

107 
 

 

4.3.6    FT-IR spectral studies 

The FT-IR spectra were recorded to study the nature of functional groups and 

bonding. The FT-IR spectra of the precipitate obtained by refluxing the aqueous 

solution of titanim isopropoxide and of the sample after calcinations at 450 ˚C for two 

hours are shown in the Figure 4.10(a-b). In Figure 4.10 (a), the band at 3355 cm-1 

corresponds to the OH stretching vibrations and the peak at 1615 cm-1 is due to 

bending vitiation. The appearance of these two peaks indicate the presence of 

chemically bounded water molecules and hydroxyl groups on the surface of the 

titania. These bands are completely absent in the calcined sample indicating the 

removal of chemically bound water molecules and hydroxyl groups from the surface. 

These results are consistent with TG/DTG data. The band at 750-500 cm-1 

corresponds to the characteristics stretching vibration of O-Ti-O bond.37,38  

 
Fig. 4.10  FT-IR spectra of TiO2 obtained from titanium isopropoxide a) as prepared 

and b) calcined at 450 ˚C. 

 

The FT-IR spectra of 1 mol% Co-doped TiO2, obtained by refluxing the aqueous 

solution of titanim isopropoxide in the presence of 1 mol% Co ions and sample after 

calcinations at 450 ˚C for two hours are shown in the Figure 4.11. The broad band, at 

3400 cm-1 is due to symmetric and antisymmetric stretching vibrational modes of 
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adsorbed water molecules.  The FT-IR spectra of calcined and uncalcined Co-doped 

TiO2 were similar to the corresponding FT-IR spectra of the undoped TiO2. 

 
Fig. 4.11  FT-IR spectra of 1 mol % Co-doped TiO2 obtained from titanium 

isopropoxide  a) as prepared and b) calcined at 450 ˚C. 

 

4.3.7    Optical absorption studies 

UV-Visible diffuse reflectance spectroscopy was used to study the optical 

property of pure TiO2 and cobalt doped TiO2 nanoparticles. The absorption spectra 

are shown in Figure 4.12. The optical transition due to the energy band gap causes a 

strong absorption band in the UV range and showed almost constant value over 

visible region. For a 1 mol% Co doped TiO2 sample, strong absorption band in the 

UV region and small absorption band in visible light were clearly visible. Both the 

samples showed strong absorption band at around 345 nm and can be attributed to the 

optical transition caused by the energy band gap. Adsorption edges were red shifted to 

visible region in 1 mol% Co-doped TiO2 nanoparticles. The calculated optical band 

gap value for pure TiO2 is 3.0 eV. As shown in Figure 4.13, the band gap energies of 

both samples were determined using the absorption coefficient (F(R)*E) 0.5 vs. the 

energy of absorbed light from the Kubelka-Munk function. The bandgap for 

Co-doped TiO2 is red shifted to 2.8 eV. The cobalt doping reduced the distance 

between the conduction band and valence band and this could be the reason for higher 
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photocatalytic activity. The lower bandgap energy of 1 mol% Co-doped TiO2 

compared with pure TiO2, leads to higher photocatalytic behavior under visible light 

irradiation. 

 
Fig. 4.12 Diffuse reflectance spectra of a) TiO2, b) 1 mol% Co-doped TiO2 calcined at 

450 ˚C. 

 

 
Fig. 4.13 Plot of the Kubelka–Munk function versus the energy of absorbed light. a) 

TiO2, b) 1 mol% Co-doped TiO2. 
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4.3.8    Photocatalytic activity 

The photocatalytic activity of anatase phase TiO2 and 1 mol% Co-doped anatase 

TiO2 were studied by following methylene blue dye degradation under sunlight. The 

rate of dye degradation was determined by measuring the intensity of absorption peak 

at 664 nm in the UV visible spectra. The percentage photocatalytic degradation of 

methylene blue was determined by the equation mentioned in chapter 3. The results 

are shown in the Figure 4.14. 

 

Fig. 4.14 Plot of relative concentration as a function of time for the degradation of 

dye under sunlight (a) 1 mol% Co-doped anatase TiO2  and  b) Anatase TiO2.  

 

1 mol% Co-doped anatase TiO2 exhibited higher photocatalytic activity under 

natural sunlight irradiation. The percentage of degradation for 1 mol% Co-doped 

anatase TiO2 and pure anatase TiO2 after 10 minutes of sunlight irradiation were 24% 

and 18%, respectively, whereas these values were 93% and 85% after 100 minutes of 

irradiation.  

The higher activity of 1 mol% Co-doped TiO2 can be attributed to low bandgap 

energy (2.8 eV) which lead to higher absorption of visible light. The higher 

photocatalytic activity of 1 mol% Co-doped TiO2 may also be due to crystal defects 
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induced by doping, which prevents the recombination of charge carriers. The pure 

TiO2 cannot absorb the visible light theoretically. 

The rate constants for the photodegradation of methylene blue were obtained from 

a plot of ln(C0/C) vs time. The reaction rate constant was calculated by the following 

equation  

   𝑙𝑛(C0/𝐶) =  𝑘𝑡                                                     (12) 

where t is the reaction time, C is the concentration of dye at time t and Co is 

the initial concentration.  

Kinetics of photocatalytic activity were studied from the linear relationship 

between ln(C0/C) and time. The reaction rate constant is calculated from the slope of 

the straight line in the Figure 4.15. The order of the reaction is pseudo-first-order. For 

sunlight irradiation, the rate constant for pure 1 mol% Co-doped anatase TiO2 was 

0.02484 min-1
 whereas for TiO2 a lower value of 0.01792 min-1 was obtained.  

 
Fig.4.15 Pseudo first order kinetics plot for the degradation of methylene 

blue under sunlight a) 1 mol% Co-doped anatase TiO2 and b) 

anatase TiO2.  

 

4.3.9    Dye-sensitized solar cells (DSSCs) 

Solar cells made up of semiconductor metal oxides are an alternative to silicon 

solar cells. The dye-sensitized solar cell (DSSC) is made up of four basic components: 
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transparent conducting metal oxide coated substrate, counter electrode, dye and 

electrolyte. TiO2 is the best semiconductor metal oxide for DSSC. Anatase phase 

titania is commonly used as a photo-anode material in DSSC. The dye is very 

important since it absorbs sunlight directly. Ruthenizer 535-bis TBA and Ruthenizer 

535 have been found to be most effective sensitizers for titanium dioxide. However, 

these dyes are very costly since sophisticated methods and purification steps are 

required for synthesis. Moreover, limited abundance and availability of noble metals 

have forced the scientific community to search for natural dyes. The use of natural 

dyes in the fabrication of DSSC offers more cost-effective manufacturing alternative.  

Fabrication of solar cell 

The doctor blade method was used to make TiO2 nanoparticle coating on the top 

of fluorine doped tin oxide (FTO) transparent glass plate. The TiO2 film on FTO is 

immersed in dye solution for the adsorption of dye molecules on the surface of TiO2. 

Iodide/triodide (I-/I3-) were used as liquid electrolyte. Carbon coated FTO glass plate 

was used as counter electrode. Two electrodes and an electrolyte in between were 

sandwiched together to form the cell assembly. Schematic representation of cell 

assembly is shown in Figure 4.16. In our studies, fruit juices from pomegranate and 

beetroot was used as dyes in the fabrication of DSSCs. The voltage and current of 

cells under natural sunlight irradiation were measured using a digital voltmeter 

ammeter and the values are shown in Table 4.4.  

Table 4.4. Summary of current and voltage measurement of DSSC for various natural 

dyes.   

Natural Dye Voltage  

(V) 

Current  

(μA) 

 

Beetroot 

 

 

0.19 

 

100 

Pomegranate 

 

0.6 180 
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Fig. 4.16 Schematic representation of cell assembly. 

 

DSSC have been constructed and photograph is given in Figure 4.17. However, 

the magnitude of the current was very low. The results suggest that the natural dyes 

can be used in the place of costly synthetic dyes for the fabrication of low cost solar 

cell.  

 
Fig. 4.17 Photograph of Dye sensitised solar cell assembly. 
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4.4    Conclusion 

 In summary, nanocrystalline anatase TiO2 was synthesised from titanium 

isopropoxide through an aqueous reflux route.  1 mol% Co-doped anatase phase TiO2 

has been successfully prepared using this method. Properties of both doped and 

undoped titania were analysed. The XRD and TEM images confirmed the formation 

of anatase TiO2. The XRD result of TiO2 shows that the primary particle size of the as 

prepared anatase crystals is 3 nm and that of calcined sample is 6.5 nm. The 

crystalline nature of the calcined sample was also confirmed by HRTEM images. 

From the FESEM images, the particles were found to be spherical and agglomerated. 

The XPS and EDS were used to determine the presence of cobalt ion in the TiO2 

lattice. The UV-Visible diffuse reflectance spectrum shows that 1 mol% Co-doped 

TiO2 has also an absorption in the visible region. Degradation of methylene blue in 

presence of sunlight was used to study the photocatalytic activity of the Co-doped and 

undoped TiO2 samples. TiO2 is excellent photocatalyst under UV light irradiation. 

Cobalt doping extends the optical absorption of TiO2 to the visible region and allows 

efficient use of sunlight for photocatalysis. The result of the present study shows that 

cobalt-ion doping enhances the photocatalytic activity of TiO2. Finally, prepared 

anatase TiO2 was also used to fabricate DSSC using natural dyes pomegranate and 

beetroot as photosensitizers. 
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Abstract 

In this work, wet chemical process such as simple precipitation, reflux technique and 

sol-gel based Pechini’s method were used to synthesize nanostructured zinc oxide 

(ZnO)  crystals from zinc nitrate hexahydrate as starting materials and 

ammonia/hexamethylene tetraamine as a precipitating agent or carboxylic acid such 

as oxalic acid/citric acid as chelating agents. The precipitates were calcined at 550 ˚C 

resulting in the formation of different shapes of zinc oxide crystals. The samples were 

characterized by X-ray diffraction, UV-Visible spectroscopy, FT-IR spectroscopy, 

TG-DTG, BET surface area, SEM and TEM techniques. The XRD pattern confirmed 

the formation of hexagonal wurtzite structure of ZnO nanoparticles having an average 

size of 16.29 nm and 12.31nm, for oxalic acid and citric acid methods, respectively. 

The crystallite size was found to be 27.8 nm for 2 hour refluxed sample and 33.8 nm 

for 4 hours refluxed sample. UV- Visible diffused reflectance spectra were used to 

determine the optical properties of the samples. The bandgap energy of ZnO was 

found to be 3.1 eV, 3.04 eV and 3.1 eV oxalic acid method, citric acid methods, reflux 

route, respectively. Finally, Methylene blue dye degradation was used to study the 

photocatalytic activity of ZnO under visible LED light irradiation and was found to 

have remarkable activity.  

5.1    Introduction  

Zinc oxide is a member of wide-bandgap semiconductors having the band gap 

energy of 3.37 eV. The ZnO has recently emerged as a promising building component 

in piezoelectric transducers, photovoltaic devices, UV detectors, photocatalysts, gas 

and biosensors, and light-emitting diodes.1-3 It is also used in paints, animal feed, 

cosmetics, pharmaceuticals, ceramics and rubber industries.4 The ZnO is a highly 

photosensitive material with good chemical stability, high electron mobility, large 
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piezoelectric response and exciton binding energy (60 meV).5-7 It is used as 

transparent conducting oxide in smart windows and solar cells.8 Because of its high 

crystalline and low-dimensional feature enhance electron transportation. In addition it 

posses two emission bands, first of which is in the UV region and second of which is 

a deep level band that cover whole visible spectrum.9 Hence it is suitable for 

photocatalytic reaction. The novel properties of ZnO nanomaterials are depend upon 

its size, shape, crystallinity, morphology and crystallographic orientation. In recent 

years, great attention has been given to the preparation of ZnO nanopowder due to the 

various attractive properties and applications.  

The ZnO occurs naturally as the mineral zincite. Thermodynamically stable 

crystallographic phase of ZnO is wurtzite. It has a hexagonal tight packing of oxygen 

and zinc atoms, with zinc atoms in tetrahedral sites in its ionic structure. Zinc oxide 

has been prepared using a variety of techniques, including magnetron sputtering, 

spray pyrolysis, chemical vapour deposition, sol–gel process, hydrothermal synthesis, 

thermal decomposition precipitation method, flame spray pyrolysis and pulsed laser 

deposition. It is more desirable to synthesise ZnO using low-cost technologies based 

on solution phase growth. Many wet chemical methods have been reported for the 

synthesis of ZnO, such as thermal decomposition, sol-gel technique and precipitation. 

Wet chemical processes are carried out at low temperature and are cost effective and 

scalable. In wet chemical process, reactant, reaction time, concentration etc. have 

significant role on the morphology of ZnO nanoparticles. 

Compared to other traditional methods, homogeneous precipitation techniques are 

simple and it is easy to produce ZnO in various sizes and shapes on large scale and in 

repeatable manner.10 Nevertheless, intermediate compounds are precipitated 

depending upon the types of precursor and subsequently converted into zinc oxide by 

thermal decomposition processes. Precipitation from inorganic or organic solution is a 

bottom up process. This method can be used to easily control nucleation, growth and 

ageing of particles in solution. The precipitation method can be controlled by different 

factors such as concentration and pH.4 Kumar et.al reported the synthesis of ZnO 

nanoparticles from zinc sulfate heptahydrate and sodium hydroxide using simple 

precipitation method. Morphology of the ZnO samples was found to change and the 

bandgap was found to decrease, by increase in calcination temperature. The 

absorption maximum was also found to be shifted to higher wavelength region, by 
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increase in calcination temperature.11 Srivastava et.al reported the pyrolysis of oxalate 

produced by conventioanal precipitation method followed by calcinations at 450 ̊C to 

synthesis ZnO nanomaterials.12 They obtained nano-rods having diameter 75-300 nm. 

The sol–gel method using zinc nitrate and citric acid has proved to be a relatively 

simple, low cost and low temperature method for synthesizing uniformly distributed 

zinc oxide nanoparticles.13 Alpha-hydroxycarboxilic acid such as citric acid can be 

used as a precipitating agent and it is also act as capping agent. Akbar et.al has been 

synthesized ZnO using simple precipitation technique with the addition of citric 

acid.14 They obtained ZnO nanorods and they attributed reason for anisotropic growth 

as being due to citric acid molecules adsorbed on the surface of ZnO nuclei.  

The citric acid serves two important functions: 1) it plays as fuel for the 

combustion reaction 2) it chelates with metal cations and forms complexes, thus 

preventing the precipitation of hydroxylated compounds.15 Nitrate anion works as 

oxidizer.  

In particular, the reflux technique has attracted attention because of its simple 

experimental setup and high potential for scaling-up. The ZnO is relatively uniform in 

size and shape. The solution phase growth methods for nanostructures have received 

lot of attention because they do not require high temperatures or vacuum systems.16  

A long series of papers has been published for the synthesis of ZnO using 

hexamethylenetetramine.17 It is a non-ionic, heterocyclic organic compound with 

molecular formula (CH2)6N4. It functions as a nonpolar chelating agent that 

preferentially adheres to the ZnO crystal's nonpolar facets, exposing just the (001) 

plane for epitaxial growth.18,19  The following are the most important equations for the 

growth of ZnO from Zn(NO3)2 and HMTA precursors at 90 ºC.20 

                          (CH2)6N4 + 6 H2O    6HCHO + 4 NH3    (1)  

 

                                    NH3 + H2O       
    

NH4
+  + OH-                    (2) 

                            

                                     2OH- + Zn2+     
    

Zn(HO)2 + H2O             (3) 

 

                                          Zn(OH)2      
    

ZnO +H2O                      (4) 

 

HMTA buffer the pH of the reaction and act as continuous source of hydroxide 

ions through thermal decomposition.21,22  It ensures crystalline and morphological 
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properties better than other reducing agents. The growth takes place at temperature 

ranging from 55 to 95 ˚C. It was recently reported that the growth rate and 

morphology of the produced nano-rods/wires can be controlled to some extent by 

changing the experimental parameters, such as temperature and precursor 

concentration. Vayssieres et.al synthesised single crystalline hexagonal rods array of 

ZnO on transparent conducting tin oxide glass substrate from aqueous solution of zinc 

nitrate and HMTA at 95 ˚C.23 They also reported that the material was readily 

crystalline and additional heat treatment was not required. 

In present work, we synthesised  nanosized ZnO materials through three wet 

chemical methods; (i) simple precipitation using ammonia (ii) sol-gel method 

(Pechini’s method) using carboxylic acids, oxalic acid and  citric acid and (iii) reflux 

technique using as HMTA in aqueous medium.  

 In a neutral solution, zinc oxide is insoluble, but it is soluble in an highly acid or 

alkali solution.24 So we selected weak acid and base for the study. Furthermore, the 

structural and optical properties and photocatalytic activity of ZnO were also studied. 

The particle size, crystallinity and morphology were characterized using X-ray 

diffraction, TEM and SEM techniques. The photoactivity of prepared ZnO samples 

were analyzed by the photodegradation of methylene blue under visible light 

irradiation. 

5. 2    Materials and method  

5. 2.1    Materials 

Zinc nitrate hexahydrate (Merk, 99%), Ammonium hydroxide min. 25% (Merck, 

99%), Oxalic acid (Merck, 99%), Citric acid (Merck, 99%) and hexamethylene 

tetramine-HMTA (Merck, 99%) were used as starting materials for the synthesis of 

ZnO samples. All  solutions were prepared by using deionised  water. Chemicals were 

used without any pre-treatment. 

5.2.2    Synthesis of ZnO nanoparticles 

5.2.2.1    Precipitation method  

The precipitation method was used to make ZnO nanoparticles using zinc nitrate 

hexahydrate and ammonium hydroxide as precursors. The 0.04 M zinc nitrate solution 

was prepared and a dilute ammonium hydroxide solution was slowly added drop wise 
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into the above solution until pH of the solution reaches 10. The solution was stirred. 

White coloured precipitates were filtered, washed with water and dried at 120 ˚C for 2 

hours. Then the precipitate was calcined at 550 ˚C by heating from room temperature 

at a heating rate of 15 degrees per minute. Figure 5.1 shows a schematic 

representation of the preparation of the above method. 

 
Fig. 5.1 Schematic representation of precipitation method 

 

5.2.2.2    Sol-Gel method  

(i) Preparation using oxalic acid 

Zinc nitrate and carboxylic acid such as oxalic acid solution were prepared 

separately. The oxalic acid was added slowly into the zinc nitrate solution under 

magnetic stirring. Solution was refluxed at 100 ˚C for one hour. The precipitate were 

collected, rinsed with distilled water, dried in a muffle furnace at 550 ˚C for 1 hour 

and ground to fine powder. Figure 5.2 shows a schematic representation of the 

preparation method.  

(ii) Preparation using citric acid  

Zinc nitrate and citric acid solution were prepared separately. Zinc nitrate solution 

was added to citric acid and a colloidal solution was obtained. Then concentrated 

ammonium hydroxide was added until the pH reached 7. The solution became more 

and more viscous during heating at 100 ˚C and finally become xerogel.  
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Fig. 5.2  Experimental method for the preparation of ZnO from zinc nitrate and oxalic 

acid. 

 

5.2.2.3    Reflux route 

An aqueous solution of 0.04 M zinc nitrate solution was prepared and a solution 

of 0.04 M HMTA solution was added to above solution under magnetic stirring. The 

solution was transferred to a round bottom flask and heated at 100 ˚C for 2 hours. 

White coloured precipitate was gradually obtained. The precipitate was collected, 

washed with distilled water, dried and then calcined in a muffle furnace at 550 ˚C for 

1 hour. The above procedure was repeated by changing the refluxing time to 4 hours.  

The powders were characterized by various analytical techniques. The above 

procedures were also repeated by changing the HMTA concentration to 0.02 M.  

The photocatalytic activities of these samples were analysed under visible LED 

light irradiation by studying methylene blue dye degradation. A suspension of the 

ZnO in the MB solution was stirred in the dark for half an hour to complete the 

adsorption desorption equilibrium of the dye on the nanoparticles. The suspension 

was exposed to visible LED light radiation under stirring. The dye concentration in 

the suspension was measured and monitored using a UV-Visible spectrophotometer, 

every 15 minutes. Degussa TiO2 was used for comparison of the photoactivity. 

5. 3    Results and discussion 

(1) Characterization of ZnO prepared by precipitation method 

5.3.1.1    XRD analysis 

X-ray diffraction pattern of ZnO prepared by precipitation method and calcined at 

550 ˚C is shown in the Figure 5.3. The diffraction peaks are indexed to the wurtzite 
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structure of ZnO (JCPDS 036-1451), which is predominantly c-axis oriented.25  The 

peaks at 2θ = 31.8˚, 34.6˚, 36.5˚, 47.7˚, 56.6˚ and 63.5˚ corresponds to the hexagonal 

crystal planes (100), (002), (101), (102), (110) and (103) of ZnO. No characteristic 

peaks corresponding to other phases of ZnO or Zn(OH)2 were observed in XRD 

spectra, indicating the presence of single phase wurtzite structure. The presence of 

strong and sharp peaks indicates that the ZnO are highly crystalline in nature. The 

average primary crystallite size of ZnO was estimated from (101) XRD peak using 

Debye-Scherrer’s equation and was found to be 46.87 nm. The nucleation and growth 

of ZnO crystal from the aqueous solution are affected by the precursor concentration, 

pH etc. Fast nucleation and growth of the crystal occurs at high concentration of 

ammonium hydroxide and at high pH.  

 
Fig. 5.3 XRD pattern of  ZnO prepared using zinc nitrate and ammonia solution after 

calcination at 550 ˚C.  

 

5.3.1.2    Morphological studies by FESEM 

      Morphology of the ZnO prepared by precipitation method using zinc nitrate and 

ammonia solution was studied by FESEM. The FESEM images of ZnO nanoparticles 

prepared by precipitation method (calcined at 550 ˚C) at different magnification are 

shown in Figure 5.4. From the images, it was observed that the particles are spherical 
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shape and agglomerated to form bigger clumps of diameter around 200 nm.  At higher 

concentration of ammonia, the Zn2+ forms stable complexes with ammonia. As a 

result, the heterogeneous nucleation of ZnO occurs and particle size increases 

slowly.13 Ammonia solution plays a vital role in the formation of ZnO nanostructure.  

Hydroxide ion causes the formation of primary nanocrystallite in the solution and 

rapidly assembles together to form larger aggregates.  

 
Fig.5.4 FESEM image of ZnO prepared by precipitation method using zinc nitrate and 

ammonium hydroxide and after calcination at 550 ˚C: (a-d) are images at different 

magnifications. 
 

5.3.1.3    FT-IR spectral studies 

The results from the previous analysis were further supported by the FT-IR 

analysis. The FT-IR spectra of precipitate obtained by the addition of zinc nitrate and 

ammonium hydroxide and calcined sample (at 550 ˚C) are given in the Figure 5.5. 

Broad bands around 3600-3000 cm-1 are observed in the sample obtained by 

precipitation. These bands correspond to stretching vibration of –OH groups. The 

band at 1645 cm-1 is attributed to bending vibration of O-H groups.  A sharp band at 

1363 cm-1 corresponding to symmetric stretching vibration of N-O bond.  After 

calcinations, the broad band corresponding to O-H and N-O vibrations disappeared 

due to the decomposition of nitrate groups and elimination of water. The IR spectra 

supports the formation of zinc hydroxynitrates (Zn(OH)(NO3)·H2O) during the 
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precipitation method.26 However, these bands are completely absent in the calcined 

sample. Only a band at 500-400 cm-1 corresponding to stretching vibration of Zn-O 

bond was observed in the calcined sample indicating the formation of ZnO on 

calcination.27 

 
Fig.5.5 FT-IR spectra of ZnO a) before calcination and b) after calcination at 550 ˚C. 

 

(II) Characterization of ZnO prepared by sol-gel method 

5.3.2.1    XRD analysis 

XRD patterns of ZnO obtained by sol-gel method using oxalic acid, after 

calcination at 550˚C is presented in Figure 5.6. From the figure it is clear that the 

XRD indexed with the typical wurtzite structure. The major peaks are observed at 

31.81˚, 34.46˚, 36.28˚, 47.57˚, 56.63˚ and 62.87˚ corresponding to (100), (002), (101), 

(102), (110) and (103) planes, respectively. These data are in good agreement with 

JCPDS 36-1451 of pure wurtzite ZnO.28 The average primary crystallite size was 

calculated using Sherrer equation. The primary crystallite size of the particles 

obtained by the sol gel method (16.29 nm) was found to be less than that obtained by 

the precipitation method (46.87 nm).   
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We obtained the similar XRD pattern for ZnO prepared by sol-gel method using 

citric acid and is shown in Figure 5.7. The major peaks in the XRD spectrum were 

observed at  31.66˚, 34.30˚, 36.13˚, 47.42˚, 56.46 ˚ and 62.71˚ and were indexed to the  

lattice planes (100), (002), (101), (102), (110), (103). The XRD patterns are in good 

agreement with standard wurtzite ZnO (JCPDS 36-1451). No characteristics peaks for 

other phase were observed in the XRD spectrum revealing the formation of pure 

wurtzite structure of ZnO. Sharp peaks in the XRD pattern indicate the highly 

crystalline nature of ZnO. The average primary crystallite size of the nanoparticles 

were calculated by Scherrer equation and was found to be 12.31 nm. It is clear that 

full width at half maximum value is higher compared to that of ZnO obtained by 

oxalic route, indicating the lower crystallite size of nanoparticles. The crystallite size 

of ZnO prepared by the sol gel methods (16.29 nm and 12.31 nm, for oxalic acid and 

citric acid methods, respectively) are lower than that obtained by precipitation method 

(46.87 nm). 

 
Fig. 5.6 XRD pattern of ZnO prepared by sol gel method using zinc nitrate and oxalic 

acid solution calcined at 550 ˚C.  
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Fig. 5.7 XRD pattern of ZnO prepared by sol gel method using zinc nitrate and citric 

acid solution after calcination at 550 ˚C.  

 

Citric acid is an effective complexing agent in the prevention of precipitation of 

Zn(OH)2.13 Two carboxylate groups of citric acid form coordinate bonds with the 

Zn2+ ion resulting in the formation of asymmetric and symmetric structure. Zinc 

citrate complex prevents the formation of Zn(OH)2.  Citric acid also increases 

viscosity during evaporation of sol, which in turn allowed for a faster sol-gel 

transition and prevents aggregation. It was observed that the grain sizes of the ZnO 

particles were minimum at pH 1. 

5.3.2.2    Morphological studies by SEM 

This SEM analysis was used to understand the surface morphology of the sample. 

Figure 5.8 shows the SEM images of ZnO prepared by sol-gel method using zinc 

nitrate and oxalic acid. It is very clear from the SEM images that the particles are 

highly agglomerated with irregular shape. Average particle size is in the range 1μm. 
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 Fig.5.8 FESEM images of ZnO prepared by sol gel method using zinc nitrate and      

oxalic acid after calcination at 550 ˚C: (a-d) are images at different magnifications. 

 

5.3.2.3    Morphological studies by TEM 

The morphologies of ZnO synthesised by the sol-gel method using oxalic acid and 

citric acid were also analysed by TEM and images are shown in Figure 5.9 and Figure 

5.10, respectively. The TEM images clearly show that the particles are spherical and 

having different particle sizes. The diameter of the spherical nanoparticles was in the 

range of 30-60 nm in oxalic acid route. In the citric acid route, size was in the range of 

10-30 nm. The crystalline nature of the ZnO was studied using HR-TEM and SEAD. 

The HR-TEM images indicated that the particles were highly crystalline in nature. 

The interplanar distance of nano particles is 0.23 nm in oxalic acid route and 0.22 nm 

in citric acid route. This corresponds to (101) plane of ZnO. The SAED patterns also 

confirm the crystalline structure and hexagonal wurtzite structure of ZnO. In oxalic 

acid route the concentric rings are very clear with distinguishable spots. These spots 

corresponding to crystal planes are consistent with the XRD pattern. From SAED 

pattern of ZnO prepared by citric acid route, the rings are more spread out without 

sharp spots (faded edges) compared to oxalic acid route indicating the lower size of 

the particle. Zhang et.al reported the formation of spherical ZnO nanoparticles of size 

20-30 nm by citric acid method.13,29 Poonguzhali et al. has reported the formation of  
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ZnO spherical nanoparticle by a green combustion method using natural citric acid 

from lemon juice.30 

 
         Fig. 5.9 TEM images of ZnO prepared by sol-gel method using oxalic acid and 

after calcination at 550 ˚C; (a-d) are images at different magnifications, e) 

HRTEM and f) SAED pattern. 

 

 
Fig. 5.10 TEM images of ZnO prepared by sol-gel method using citric acid and 

after calcination at 550 ˚C :(a-d) are images at different magnifications, e) HRTEM 

and f) SAED pattern. 

 



 Chapter 5 

 

131 
 

5.3.2.4    UV-Visible diffuse reflectance spectra (DRS) and bandgap 

determination 

Diffuse reflectance spectroscopy is widely used to study the optical property and 

bandgap energy of the solid materials. Diffuse reflectance spectra of ZnO prepared by 

sol-gel method using oxalic acid after calcination at 550 ˚C is shown in Figure 5.11. 

The sample exhibited its characteristic absorption in UV region and sharp cut off in 

the visible region. The band is corresponding to the excitation of electrons from the 

valence band to the conduction band. The curve has two absorption maxima  λmax at 

220 nm and 305 nm.  

 
 

Fig. 5.11 Diffuse reflectance spectra of ZnO prepared by sol-gel method using oxalic 

acid and after calcination at 550 ˚C. 

Band gap energy of ZnO was calculated  using the absorption coefficient (F(R)*E) 0.5 

vs. the energy of absorbed light using the Kubelka-Munk function. Figure 5.12 

represent the graph of Kubelka-Munk function versus the absorbed light energy. 

Extrapolating the linear portion of the curve to the x-axis gives the band energy of the 

sample. The bandgap energy of ZnO prepared using oxalic acid is found to be 3.1 eV, 

using the above method. 

UV-DRS spectrum of ZnO prepared by sol-gel method using citric acid followed 

the same trend as observed in the ZnO prepared by oxalic acid method. Diffuse 
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reflectance spectra of ZnO prepared by sol-gel method using citric acid showed 

characteristic absorption band in UV region with two absorption maxima at 224 nm 

and 311 nm. Figure 5.13 shows the UV-DRS spectra of ZnO prepared using citric 

acid. Bandgap energy was calculated as explained previously. Figure 5.13 represent 

the graph of Kubelka-Munk function versus the absorbed light energy for ZnO 

prepared using citric acid. The bandgap was found to be 3.04 eV. 

 
Fig. 5.12 Plot of the Kubelka-Munk function versus the energy of absorbed light for 

ZnO prepared by sol-gel method using oxalic acid and after calcination at 550 ˚C. 

 

  
Fig. 5.13 Diffuse reflectance spectra of ZnO prepared by sol-gel method using citric 

acid and after calcination at 550 ˚C. 
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Fig. 5.14 Plot of the Kubelka-Munk function versus the energy of absorbed light for 

ZnO prepared by sol-gel method using citric acid and after calcination at 550 ˚C. 

 

5.3.2.5    FT-IR spectral studies 

Above result was further supported by FT-IR spectra. FT-IR spectra of as 

prepared and calcined ZnO prepared using oxalic acid are represented by Figure 5.15. 

For the as prepared sample, broad band at 3441 cm-1 corresponds to the stretching 

vibration of hydroxyl group. A sharp band at 1660 cm-1 represents the stretching 

vibration of carbonyl group. Band at 1315 cm-1 is the characteristic stretching band of 

nitro group. The formation of zinc oxalate was further supported by FT-IR spectra.  

During calcination, these bands are disappeared. For the calcined sample a 

characteristic band at    550-400 cm-1 corresponding to Zn-O bond was only obtained. 

The FT-IR spectra of as prepared and calcined ZnO prepared using citric acid are 

shown in Figure 5.16. Similar result was obtained for ZnO prepared by citric acid 

route. 
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Fig. 5.15 FT-IR spectra of ZnO prepared using oxalic acid a) before and b) after 

calcination at 550 ˚C. 

 

 
Fig. 5.16  FT-IR spectra of ZnO prepared using citric acid a) before and b) after 

calcination at 550 ˚C. 
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(III) Characterization of ZnO prepared by reflux route 

5.3.3.1    Thermogravimetric analysis 

Thermogravimetric analysis was conducted for the precipitate obtained from 

refluxing zinc nitrate and HMTA after 2 hours. Figure 5.17 shows the TGA and DTG 

curves of ZnO prepared by reflux route. The thermogram represents three stages of 

decomposition of ZnO precursor between 40-400 ºC. The first stage with peak centred 

at 130 ºC with a mass loss of 4.93% is due to dehydration of physisorbed water. The 

second stage of decomposition occurred with peak centred at 166.8 ºC with a mass 

loss of 7.34%. Second stage was due to the dehydration of intercalated water.31 Third 

stage of decomposition is from 200-315 ºC, which accounts for only 3.3% weight 

loss. Decomposition of nitro group occurred within the temperature range. Liang, 

Mei-Keat, et al. investigated the influence of reflux time on ZnO formation using zinc 

nitrate hexahydrate and HMTA.31 They have clearly observed the decomposition of 

precipitate after refluxing the precursors for half an hour, 24 hours and 48 hours. Our 

result is similar to similar to that of half an hour refluxed sample. They reported that 

the total weight loss decreased with the progress of refluxing time. Gerbreders et al. 

reported the equimolar amount of zinc nitrate and HMTA precursors are commonly 

used for the synthesis of ZnO nanostructures.21  

 

Fig. 5.17 TG-DTG curve of prepared ZnO by reflux route (2 hours) using HMTA. 
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5.3.3.2    XRD analysis 

Crystalline structure of ZnO powder prepared by reflux route is analysed by X-ray 

diffraction spectrum. The XRD patterns of ZnO prepared by reflux method using zinc 

nitrate and HMTA (2 hours refluxed) are shown in Figure 5.18. For the 2 hours 

refluxed sample, extra peaks were appeared in addition to wurtzite ZnO. These 

additional peaks are indexed to JCPDS 47-965 and indicates the formation of zinc 

hydroxynitrate. However, these phase is completely absent in 4 hours refluxed 

sample. The XRD spectrum of ZnO refluxed for 4 hours is shown in the Figure 5.19 

and  the peaks are seen at 31.4 º, 34.2 º, 36.1 º, 47.3º, 56.5º, 62.7º, corresponding to 

the (100), (002), (101), (102), (110) and (103) planes,  respectively. Peaks were 

indexed to JCPDS 75-0576. It confirmed the completely transformation to fully 

crystalline wurtzite ZnO. The peaks are very sharp and intense, indicating the high 

crystalline nature of the prepared sample.  The crystallite size was calculated using 

Debye-Scherrer’s equation. The crystallite size was found to be 27.8 nm for 2 hour 

refluxed sample and 33.8 nm for 4 hours refluxed sample.  

 
Fig. 5.18 XRD pattern of ZnO prepared by reflux route using zinc nitrate and HMTA 

solutions refluxed for 2 hours. 
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Many of the other precursors for the preparation of ZnO and methods reported 

earlier require calcinations at or above 550 ˚C. The present work  have the advantage 

that phase pure crystalline nano ZnO can be prepared even at reflux temperature 

100 ˚C. 

 
Fig. 5.19 XRD pattern of ZnO prepared by reflux route using zinc nitrate and HMTA 

solutions refluxed for 4 hours. 

 

5.3.3.3    Morphological studies by TEM 

TEM technique was used to understand the effect of HMTA on the morphology of 

the sample. Figure 5.20 shows the TEM images of ZnO obtained by refluxing Zinc 

nitrate and HMTA (4 hours). Images clearly indicate the nanorod structure. The 

average length of the nanorod is < 50 nm. The HRTEM images support the crystalline 

nature of the ZnO nanorods. The interplanar spacing between the lattice was found to 

be 0.26 nm corresponding to the (002) planes. The SAED pattern also shows the 

unidirectional growth of nanorods. The SAED pattern and lattice fringe width are in 

good agreement with the XRD results. The HMTA has a significant impact on the 

morphology of zinc oxide due to slow generation of OH- ions. The growth of zinc 

oxide occurs only in one direction to form nanorods. Sahlevani et al. reported the 

influence of HMTA during thermo-hydrolysis. They proposed that HMTA acts as 

virtual shell around ZnO nanostructure and hence leads to enhanced axial growth.32 In 
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the presence of HMTA, rapid hydrolysis occurs and generated Zn(OH)2 nuclei 

aggregates to form rod like morphology. 

 
Fig. 5.20 TEM images of ZnO prepared by reflux route using zinc nitrate and HMTA 

:(a-d) are images at different   magnifications, e) HRTEM and f) SAED pattern. 

 

5.3.3.4    FT-IR analysis 

The formation of ZnO  were further confirmed by FT-IR spectra. The FT-IR 

spectra of ZnO prepared using zinc nitrate and HMTA refluxed for 2 and 4 hours are 

shown in the Figure 5.21. For sample refluxed for 2 hours, there are two absorption 

bands at     1335 cm-1 and 3481 cm-1. Since XRD results have indicated the formation 

of Zn(OH)(NO3).H2O along with ZnO, these two bands can be attributed to stretching 

vibrations of hydroxyl ion and nitrate ion.33 For sample refluxed for 4 hours, the 

intense band at 433 cm-1 is due to the stretching vibration of Zn-O bond and the peaks 

corresponding to hydroxyl group and nitro group are completely absent. This shows 

that the reaction time controls the decomposition of Zn(OH)(NO3).H2O to  zinc oxide.  
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Fig. 5.21 FT-IR spectra of ZnO prepared using HMTA a) precipitate obtained after 

refluxing 2 hours and b) precipitate obtained after refluxing 4 hours. 

 

5.3.3.5    UV-Visible diffuse reflectance spectrum and bandgap calculation  

UV-Visible spectroscopy was used to study the optical properties of ZnO prepared 

using precursors zinc nitrate and HMTA and refluxing for 4 hours. Figure 5.22 shows 

the diffused reflectance spectra of ZnO. The spectrum has two absorption maxima at       

λmax = 308 nm and 366 nm. The ZnO absorb entire UV region of the spectrum. For the 

electronic excitation, the energy of the incident photons should be higher than or 

equal to bandgap energy. The percentage reflectance of the ZnO was measured using 

UV-Visible diffuse reflectance spectra. The bandgap energy of ZnO was calculated by 

plotting Kubelka-Munk function versus the absorbed light energy and extrapolating 

the linear portion of the graph and are given in Figure 5.23. The bandgap energy of 

ZnO powder is found to be 3.1 eV. Compared to earlier reports the value is smaller 

and this may be due to the structural defects that arises during the preparation.34  
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Fig. 5.22 Diffuse reflectance spectra of ZnO prepared using zinc nitrate and HMTA, 

refluxed for 4 hours. 

 

 

 
Fig. 5.23 Plot of the Kubelka-Munk function versus the energy of absorbed light for 

ZnO prepared using zinc nitrate and HMTA, refluxed for 4 hours. 
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5.3.3.6    Photoluminescence spectra  

Photoluminescence spectrum is a most effective technique to study the emission 

properties of zinc oxide. The photoluminescence spectra of ZnO prepared using zinc 

nitrate and HMTA refluxed for 4 hours is shown in Figure 5.24. The spectra shows 

three emission peaks, one band at 380 nm near UV region, second and third emission 

bands at 603 nm and 662 nm in the visible region. The emission band at UV region is 

the characteristic emission of zinc oxide, mainly due to the near band edge emission 

(NBE) or recombination of exciton between valence band and conduction band.35,36 

The visible emission band at 603 nm and 662 nm is caused by photo-generated 

electron transition from conduction band to deeply trapped hole may be due to 

structural defects.35,37 The position and intensities of the emission bands may vary 

depending upon the preparation conditions. The high intensity peak represents fast 

electron hole recombination and wider peak represent better electron-hole separation.3  

 
Fig. 5.24 Photoluminescence spectra of ZnO prepared from zinc nitrate and HMTA, 

after refluxing for 4 hours. 

  



 Chapter 5 

 

142 
 

5.3.3.7    Photocatalytic activity of ZnO 

ZnO has been employed as photocatalyst in variety of applications. Photocatalytic 

property of ZnO prepared using zinc nitrtate-citric acid and zinc nitrtate-HMTA were 

evaluated using methylene blue dye degradation under visible LED light irradiation. 

Degussa TiO2 was used as reference for comparison. The photocatalytic ativity was 

calculated by measuring the decrease in concentration of dye against time and are 

shown in Figure 5.25. After 20 hours of visible light irradiation, only 35% of dye was 

degraded with ZnO sample prepared using zinc nitrtate and HMTA. The photograph 

of degradation of methylene blue is provided in Figure 5.26. The ZnO prepared using 

citric acid exhibited better catalytic activity than other. Sample showed 65% removal 

of MB under visible light irradiation. The surface area of the ZnO may also affect the 

photocatalytic activity. The BET surface area measurements were performed on zinc 

oxide samples and surface area was found to be 10.1 m2/g for ZnO obtained by citric 

acid route and         0.81 m2/g for ZnO obtained by HMTA. The smaller crystallite 

size and porous nature of ZnO sample obtained by the thermal decomposition of zinc–

citric acid complex might be the reason for its higher photocatalytic activity.    

 
Fig. 5. 25 Plot of relative concentration as a function of time for the degradation of 

dye   under LED visible light (a) ZnO prepared using HMTA b) ZnO prepared 

using citric acid and c) TiO2.  
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Fig. 5. 26 Photograph of dye degradation test of a) ZnO obtained using HMTA,          

b) ZnO obtained using citric acid route, c) Degussa TiO2. 

 

Bandgap energy of material plays an important role in the photocatalytic property. 

According to photochemisty, a radiation of energy equal to or greater than bandgap 

energy can excite electrons from valence band to conduction band and generate 

electron and hole pair. These charge carriers diffuse to the ZnO catalytic surface and 

electrons combine with molecular oxygen and forms superoxide radical anions for the 

dye degradation. Holes react with water to form hydroxyl radicals.  Oxygen  

vacancies trap the electron and reduces the recombination of photogenerated charge 

carriers. Hence oxygen defects present in the catalyst act as active sites for higher 

catalytic degradation of dye.   

5.4    Conclusion 

In summary, ZnO nanopowder were prepared by various wet chemical processing 

methods and characterised by XRD, TEM, FT-IR, BET surface area and UV-DRS 

techniques. Agglomerated and spherical nano zinc oxide powder was obtained by 

simple precipitation method. The zinc oxide prepared through sol-gel method using 

oxalic acid and citric acid resulted in spherical nanopowder, having particle size < 18 

nm. The ZnO nanorods were also prepared via thermal hydrolysis of zinc nitrate using 

HMTA at low temperature. The change in morphology in this case may be due to 

slow and controlled release of hydroxide ion. The XRD spectrum of ZnO samples 

confirmed the wurtzite crystalline structure. The bandgap of ZnO are 3.1 eV, 3.04 eV 

and 3.1 eV, respectively, for samples prepared via oxalic acid route, citric acid route 

and HMTA route. The bandgap energy of ZnO nanocrystals is lower than theoretical 

value (3.37 eV) probably due to oxygen vacancy.  According to the present study 

morphology, bandgap and particle size of the final product depend upon the 

precursors and experimental conditions.  Photocatalytic degradation studies of ZnO 

samples were carried out and compared with pure TiO2 under visible LED light. 

c b a 
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Among the prepared zinc oxide samples, ZnO prepared by sol-gel method using citric 

acid shows highest photocatalytic activity. The results indicates that the surface area, 

crystallite size and oxygen vacancies have significant role in the photocatalysis. This 

study strongly suggests that the ZnO can be successfully applied for photocatalysis for 

environmental application, under visible light irradiation.   
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Chapter 6 

 

Summary and conclusion  

 

 

 In summary, the present research work represents the synthesis and 

characterization of nanoscale semiconducting metal oxides, TiO2 and ZnO, and study 

of their photocatalytic activity. The TiO2 were synthesised using various precursors 

such as potassium titanium oxide oxalate and titanium isopropoxide. The TiO2 was 

also prepared by doping with different transition metal ions and carbon for enhancing 

the visible light absorption. The photocatalytic properties of the samples were 

evaluated under LED light as well as natural sunlight irradiation.  The ZnO was also 

prepared via different methods and its photocatalytic activities were studied under 

visible LED light exposure.  

Introduction, characterization techniques and its principles are given in Chapter 1 

and 2, respectively.  

In Chapter 3, synthesis of anatase rutile mixed phase TiO2 from potassium titanyl 

oxide oxalate via reflux route are given. The complex [Ti2O3(H2O)2(C2O4). 3H2O], 

formed by the hydrolysis of potassium titanium oxide oxalate,  was decomposed to 

anatase and rutile mixed phase TiO2, by calcination at 450 ºC. The TG-DTG, XRD, 

Raman, electron microscopy, FT-IR, UV-DRS, N2 physisorption and UV-Visible 

techniques were used to characterize the nanomaterials. Doping of TiO2 with 1 mol% 

Ni, Co, Mn, Cu and C were also done for enhancing the visible light absorption. The 

results are included in chapter 3. The structural properties of pure as well as doped 

TiO2 were evaluated. The percentage composition of anatase and rutile phase was 

found to change on doping. For 1 mol% Cu-doped sample, only anatase phase TiO2 

was obtained. Finally, photocatalytic activity of the samples were studied by 

following the degradation of methylene blue dye under visible LED light irradiation. 

1 mol % Ni doped TiO2 shows the highest photocatalytic activity among doped TiO2 

samples.  
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Chapter 4 of the thesis describes the preparation of anatase TiO2 from titanium 

isopropoxide via reflux route. 1 mol% Co-doping was used to reduce the bandgap to 

visible region. Visible light absorption properties of the sample were studied by UV-

Visible Diffuse reflectance spectra. Various characterization techniques, including 

TG, XRD, TEM, FESEM-EDS, XPS, FT-IR and UV-DRS were used to characterize 

the samples. The anatase phase was only observed in both pure and 1 mol% Co-doped 

sample, as shown by the XRD patterns. The TEM images indicated that the TiO2 

nanoparticles were highly agglomerated and SAED pattern further confirmed the 

existence of anatase phase. The XPS and EDS analyses indicated the presence of 

cobalt ion in TiO2 crystal lattice. The samples were used for the photocatalytic 

degradation study of dye under sunlight. The kinetics of dye degradation using TiO2 

and 1mol% Co-doped TiO2 photocatalysts under sunlight were studied, and the results 

are included in this chapter. 

Chapter 5 includes the synthesis of ZnO through different wet chemical 

processing techniques like simple precipitation method, sol-gel method and reflux 

techniques using slow decomposition of HMTA. Zinc nitrate hexahydrate was used as 

the zinc source. ZnO samples prepared by various methods were characterized using a 

variety of instrumental techniques including XRD, FESEM, TEM, FT-IR and UV-

DRS. X-ray diffraction patterns confirmed the wurtzite structure of ZnO. Spherical 

shape of the ZnO, prepared by simple precipitation and sol-gel method, was 

confirmed by FESEM. The nanorods morphology of ZnO was obtained by the 

thermal hydrolysis of zinc nitrate using HMTA. The crystalline nature of the ZnO 

nanoparticles was further confirmed by HRTEM and SAED pattern. Finally the 

photocatalysis properties of ZnO samples were studied by following the methylene 

blue dye degradation under visible LED light illumination. 

  Photocatalysis offer environmentally friendly process for decomposing toxic organic 

materials. Both TiO2 and ZnO were found to be highly active for the degradation of 

dye. In future, ZnO may be used for  self cleaning coatings in tiles and ceramics. 
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Chapter 7 

 

Recommendations 

 In this thesis work nano mixed phase anatase rutile TiO2 and doped TiO2 were 

prepared from potassium titanium oxide oxalate as precursor. Anatase phase of TiO2 

was also synthesised by the hydrolysis of titanium isopropoxide. ZnO nanopowders 

were prepared by various wet chemical processing methods. In future work, influence 

of variation of experimental parameters such as pH, concentration of precursor, 

calcination temperature on the phase composition of TiO2 and ZnO may be 

systematically studied. Influence of varying metal and non-metal dopant 

concentration on the phase composition of TiO2 and ZnO may also be studied. 

  In future the doped and undoped TiO2 and ZnO, prepared in this study, can be 

tested for further applications such as antibacterial activity, as a photoanode material 

in DSSC and in supercapacitors etc.  

 In this thesis work, the methylene blue was selected as a dye to evaluate the 

photocatalytic activity. In the future, the photocatalytic activity can be further 

extended by measuring the degradation of other organic dyes, such as methyl orange, 

textile dyes etc. 

 In future, the techniques like LC/MS/MS, GC/MS, HPLC, Organic Carbon 

(TOC) can be use to study the intermediate products formed during the photocatalytic 

degradation of methylene blue. 
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