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ABSTRACT 

Among all nanoparticle types, TiO2 (anatase) has proven to be the most promising one, 

primarily because of its superhydrophilic properties and effective antibacterial actions. 

The photo-induced self-cleaning characteristic can be demonstrated by the 

hydrophilicity of TiO2 nanoparticles. However, the lack of photosensitivity to visible 

light (>390 nm) reduces the scope for utilizing TiO2 in photocatalytic processes. 

Therefore, most studies regarding TiO2 nanoparticles have focused to broaden its 

spectral sensitivity through band gap manipulation for effective photocatalysis under 

visible light. Transition metal dopants have been used to decrease the band gap energy 

of TiO2 for visible light-responsive photocatalytic purposes. Fe3+ is a good dopant 

candidate for producing visible light-sensitive nanoparticles owing to its capability to 

decrease the band gap energy and enhance electron/hole trapping. In this study, 

nanocrystalline undoped and Fe-doped TiO2 (Ti1-xFexO2, x = 0.01 to 0.04) was 

synthesized by the sol-gel method. The prepared samples were characterized by X-ray 

diffraction (XRD), field emission scanning electron microscopy (FE-SEM), and 

ultraviolet and visible spectroscopy (UV–vis) to study their structure, morphology, and 

optical properties. A photocatalytic dye degradation test and a hydrophilic conversion 

test were carried out to compare the photocatalytic activity and hydrophilicity of the 

samples under UV and visible light. The obtained results demonstrated the self-cleaning 

characteristic of undoped and Fe-doped TiO2 nanoparticles. According to the 

characterizations and comparisons of the prepared samples, particle size and band gap 

reduction were observed due to an increase in Fe concentration in Fe-doped TiO2, which 

yielded a red shift in the absorption band edge. Fe0.03-doped TiO2 (average particle size 

21.3 nm, crystallite size 11.97 nm, and band gap 2.37 eV) showed the optimum 

photocatalytic activity (60% MB degradation) and super-hydrophilicity (water droplet 

contact angle 9°) under visible light radiation. This optimum result was possible because 

the band gap reduction of Fe-doped TiO2 reached an optimum level in Fe0.03-doped TiO2 

so that more (⦁OH) radicals and (𝑂2
−) groups were produced by achieving the optimum 

number of electron- and hole-trapping sites and the lowest rate of electron-hole 

recombination. Further increase of Fe content (Fe0.04-doped TiO2) increased the electron-

hole recombination center, hence an increment of the rate of recombination which 

yielded lower photocatalytic reaction and hydrophilicity. Therefore, Fe0.03-doped TiO2 

was found to be the optimum doping content that can effectively be used as self-cleaning 

coating material.  
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CHAPTER 1: INTRODUCTION 

1.1 Background and Motivation of the Research 

Titanium dioxide (TiO2) is a non-toxic naturally occurring transition metal oxide of 

titanium. The TiO2 nanoparticles have significant properties because the quantum effect 

dominates the regular physics of material [1]. Generally, TiO2 is used as a whitening 

agent in paints, toothpaste, cosmetics, and many more. Nano-TiO2 particles have a 

higher surface-to-volume ratio and more exposed surface area than that bulk-TiO2. In 

TiO2 nanocrystals, the confinement of the charges tends to have discrete energy states 

which are responsible for unique properties [2]–[4]. These properties provide unique 

solutions to various technological problems. Nano-TiO2 has been widely used for the 

last two decades as a water and air purifier [5], antibacterial agent [6], self-cleaning and 

hydrophilic glass and ceramic surfaces [7]. A number of researches have been carried 

out to utilize the photocatalytic characteristic of TiO2 after the discovery of 

photocatalytic water splitting on TiO2 electrodes under ultraviolet (UV) light by 

Fujishima and Honda [8]. Solid surfaces coated with TiO2 nanoparticles show high 

hydrophilicity when exposed to lights of specific wavelengths. Electrons and holes 

produced by the photocatalytic reactions of TiO2 play a vital role in decomposing 

organic compounds. There are three polymorphs of TiO2 which are anatase, rutile and 

brookite. Generally, anatase displays much higher photocatalytic activities than both 

rutile and brookite [9]. As the photocatalytic activities of anatase is activated under 

ultraviolet light (λ < 390 nm), which is present only about 3% in sunlight, the 

photocatalytic characteristic of TiO2 is inactive under visible light [10].  

To develop visible-light sensitization and a more efficient photocatalyst, band 

gap modification of TiO2 has been done by doping and co-doping of non-metals or 

metals in TiO2 [11]–[14]. Doping and co-doping can be defined as the addition of a 

small amount of impurity or extraneous materials to nanoparticles to impart suitable 

properties to them. Among the various combinations of non-metal and metal doping, 

iron has received considerable attention because of its interesting effect in depressing the 
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electron-hole recombination rate, which is the prime condition for increasing 

photocatalytic activities [15]. Moreover, with this modification, the hydrophilicity of the 

TiO2-coated surfaces can also be increased. Hydrophilicity is one of the prime factors to 

increase the wettability of the TiO2-coated self-cleaning surfaces. However, an adequate 

comparative study is so far lacking on the hydrophilic properties of this dopant TiO2-

coated surface. This research work was focused on the comparative influence of 

undoped and Fe-doped TiO2-coated glass surfaces in the visible region. Since LED light 

is used as the common source of indoor light nowadays, it was used as a visible light 

source during the study under the visible region. The study of the photo catalytic activity 

of Fe-doped TiO2 under LED light is a unique aspect of this work. 

1.2 Mechanism of Self-cleaning 

Self-cleaning can be achieved by both hydrophilicity and hydrophobicity of surfaces. 

The wettability of a surface plays an important role in self-cleaning. It can be determined 

by the contact angle between the surface and the water droplet at the solid-vapor-liquid 

interface. The contact angle of a liquid droplet deposited on a solid depends not only on 

the surface morphology but also on external parameters such as temperature, humidity, 

light, etc. A change in these parameters may propel the transition from partial wetting to 

complete wetting of the surface. Self-cleaning induced by hydrophilicity was explored in 

this research work.  

The hydrophilic nature of solid surfaces is a widely researched topic in materials 

science because of its usefulness and future commercial potential. Under the light of 

definite wavelengths, these surfaces take part in photocatalysis and cause the dirt 

materials to decompose [16]. The water molecules then wash away the dirt particles 

along their path and clean the surface. These surfaces are synthesized by applying a 

coating that is composed mostly of metal oxide. Studies have revealed that metal oxides 

such as TiO2, ZnO, SnO2, and Al2O3 are useful for utilizing as coating material [17]–

[19]. However, TiO2 has received the focus among researchers because of its substantial 

photocatalytic activity, non-toxicity, cost-effectiveness, chemical stability, and 



3 

transparency. Furthermore, TiO2 is used in textiles and painting as a pigment, in 

cosmetics as a blocker of UV rays, and is also known to have strong bactericidal 

properties [20]. Although the mechanism of hydrophilicity described in this thesis paper 

mainly focused on TiO2, the process is similar for all other metal oxides used in self-

cleaning applications.  

The combined properties of photocatalysis and superhydrophilicity are the basis 

of the self-cleaning action of metal oxides. Photocatalytic activity degrades organic and 

inorganic contaminants in the presence of ultraviolet (UV) light. TiO2 mainly absorbs 

UV photons resulting in the generation of electrons and holes on the surface of the 

coated solid. A photon having energy equal to or higher than that of the band gap pushes 

an electron from the valence band to the conduction band and leaves behind a hole in the 

valence band [21]. The photogenerated electrons and holes either recombine or migrate 

to the surface. These migrated electrons and holes react with the contaminants present 

on the surface. The holes in the valence band also react with water molecules adsorbed 

on the surface to produce hydroxyl radicals (∙OH). On the other hand, the electrons in 

the conduction band reduce O2 to produce superoxide ions (O2
−). Because of their strong 

oxidation power, hydroxyl radicals and superoxide ions are very active in decomposing 

organic compounds. The hydroxyl radicals (∙OH) on the surface of the TiO2 increase the 

hydrophilic (‘water-loving’) character of the TiO2-coated surfaces. Organic compounds 

are decomposed in the presence of water molecules on the surface of TiO2. When it 

rains, the water runs off the TiO2-coated surfaces in the form of a sheet, and the dirt is 

washed off. Therefore, relative humidity and oxygen content in the environment are two 

very important factors for hydrophilicity [22]. Products of the following reactions are 

responsible for the decompositions [23]: 

 

 e − + O2 → O2 
– (ad) (1) 

 O2 
– (ad) + H+ → HO2∙(ad) (2) 

 h + + H2O → ∙OH (ad) + H + (3)  

 h + + O2 
– (ad) → 2∙O (ad) (4) 
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Here, the first two reactions involve conduction band minimum (CBM) and the 

last two valence band maximum (VBM). Therefore, the band alignments of CBM and 

VBM with respect to the redox potentials for water are important criteria required to 

achieve the high photocatalytic activity.  

Metal oxide surfaces are also advantageous because they show reversible 

wettability, meaning that they exhibit hydrophobicity upon storing in the dark and 

hydrophilicity when re-exposed to UV radiation [24]. The schematic representation of 

photocatalytic hydrophilicity in the case of TiO2 films under UV irradiation is shown in 

Figure 1.1. 

 

 

 

Figure 1.1: The photocatalytic activity of TiO2 under UV irradiation. Modified from 

reference [21]. 

 

When the energy of the incident photons matches the band gap energy (Eg) of 

semiconductors, semiconductor oxide photocatalysts can absorb solar light. Thus, the 

electrons are excited from the valence band (VB) to its conduction band (CB) and 

initiate reduction reactions on the catalyst surface under solar radiation. Oxidation is 

caused by the holes left in the valence band. The electron-hole pairs recombine very fast 

and release energy in the form of heat when they are not used in photocatalytic 
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reactions. The electron-hole pairs are separated and diffused to the surface of the 

electrode. Redox reactions take place on photocatalyst surfaces [25]. There are many 

semiconductors oxide photocatalysts, among them, TiO2 is an n-type semiconductor that 

shows optical absorption in the UV region (λ < 390 nm) of the solar spectrum. Its CB 

level (−0.3 eV) is more negative and suitable for the redox potential of H+/H2 (0 eV) and 

its VB level (2.9 eV) is more positive than the standard redox potential of O2/H2O (1.23 

eV) as compared to a normal hydrogen electrode (NHE) as shown in Figure 1.2. 

electron-hole pairs are produced when TiO2 is irradiated under solar light. The electrons 

in the CB reduce H+ ions to evolve H2, and the holes in the VB oxidize H2O to form O2 

[26]. 

 

 

Figure 1.2: Schematic illustration for the band gap structure showing the CB and VB 

positions of TiO2 and the redox potentials vs. NHE [26]. 

1.3 Current Challenges for Self-cleaning 

Nanoscale materials are a relatively new topic of research but have high potential in 

various sectors such as electronics, cosmetics, textiles, medicine, ceramics, etc. The use 

of nanomaterials as a self-cleaning agent for solid surfaces is being researched widely 

and scientists have been able to suggest some outlines for developing a viable 

technology. The self-cleaning character of a surface can be induced by both 



6 

hydrophobicity and hydrophilicity [27], [28]. The property of hydrophobicity is seen in 

nature e.g., on lotus and rice leaves, legs of water striders, taro leaves, etc. The surface 

morphology of these leaves enables them to repel water and water droplets and simply 

sweep away the dirt particles along their path on these surfaces [29]. It is possible to 

simulate this mechanism just by making a surface with similar morphology [30]. On the 

other hand, self-cleaning characteristic by hydrophilicity is not a natural phenomenon. 

Proper designing and application of nanoscale materials are required to impart this 

character to solid surfaces. In general, solid surfaces do not have self-cleaning properties 

through hydrophilicity. A material (metal oxide like TiO2 or ZnO) has to be added as a 

coating which activates self-cleaning properties in the presence of water molecules and 

light of specific wavelengths. However, this technique seems to work only under UV 

light which drastically limits its applications [21]. Comparisons of Self-cleaning 

properties induced by hydrophobicity and hydrophilicity are listed in Table 1.1. 

Table 1.1: Comparison properties of hydrophilicity and hydrophobicity 

 

Hydrophilicity Hydrophobicity 

(1) Hydrophilicity depends on the chemical 

composition of the surface coating. 

(2) Employs photocatalysis under the 

influence of light. 

(3) Decomposes dirt materials. 

(4) Not found in nature. 

(5) Shows antimicrobial properties. 

(6) Requires light of specific wavelengths. 

(7) Employs chemical reactions. 

(1) Hydrophobicity depends on the morphology 

or physical structure of the surface. 

(2) Does not employ photocatalysis. 

 

(3) Does not decompose dirt materials. 

(4) Found in nature. 

(5) Does not show antimicrobial properties. 

(6) Does not require light at all. 

(7) Does not employ any chemical reaction. 

 

The main challenge that scientists are dealing with nowadays is the activation of 

the self-cleaning ability of nanomaterials in the visible region of light. Proposals have 

been made to dope nano-sized metal oxides with either metal or non-metal to trigger 

their self-cleaning characteristics under visible light. Commercialization of this 

technology is only possible after overcoming this challenge. 
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Therefore, doping and co-doping of metal or non-metal in TiO2 is required to 

activate the self-cleaning process under visible light. Researchers have used different 

materials to impart the hydrophilic self-cleaning property of TiO2 to solid surfaces under 

visible light. It is a topic of great significance because of its useful applications in our 

homes, office buildings, and other belongings. With the successful application of this 

technology, glass windows of homes and cars, tiles, roofs, solar cells, and fabrics will be 

cleaned automatically under sunlight and visible light. It will make risky human labor 

unnecessary and also decrease the maintenance cost. 

1.4 Objective of this Research 

Nanotechnology has brought the era of the nano revolution. Every aspect of our life will 

be influenced by this nano revolution. Nano TiO2 particles are used for building an 

energy-efficient, pollutant-free, and echo-friendly world. But, the uses of nano TiO2 

particles are limited under the light of UV region as it is not active under visible light. 

Therefore, the main objective of this research is to eradicate the limitation of nano TiO2 

by making it responsive to visible light. 

This research aims to synthesize undoped and Fe-doped nano-TiO2 (especially 

anatase) by sol-gel synthesis process and to produce a self-cleaning coating on glass 

surfaces by a dip coating method. Besides, a comparison of hydrophilicity among these 

photocatalyst-coated glass surfaces under UV radiation and visible light is also the aim 

of this research.  

Objectives: 

▪ To enable visible-light sensitization of nano-TiO2 particles by doping.  

▪ To increase the photocatalytic activity of nano-TiO2 particles under visible light.  

▪ To produce a self-cleaning coating of undoped and Fe-doped TiO2 on glass 

surfaces.  

▪ To compare the hydrophilicity between undoped and Fe-doped TiO2-coated 

surfaces.  
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1.5 Thesis Overview 

This thesis is divided into five chapters. Chapter 1 begins by laying out the background 

of this research, explaining the mechanism of self-cleaning, highlighting current 

challenges for self-cleaning, and pointing out the objectives and overview of the thesis 

paper. Chapter 2 starts with a brief review of nanomaterials, their basic properties, and 

their uses. Further in this chapter, a brief review of the crystal structure of TiO2, its 

modification technique, notable scholarly works regarding Fe-doped TiO2, and 

applications of TiO2 nanoparticles are highlighted. Chapter 3 describes the experimental 

methodology which includes the synthesis of materials, preparation of photocatalyst-

coated glass surfaces, characterization of the prepared samples, photocatalytic dye 

degradation experiment, and hydrophilic conversion test of photocatalyst-coated glass 

surfaces. The results of the characterization, experiments, and tests are presented and 

discussed in chapter 4. Finally, the conclusion of the thesis work is summarized, and the 

future scope of this research is disclosed in chapter 5. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Nanomaterials Introduction 

A nanoparticle is a small object that behaves like a whole unit that, in three-dimensional 

space, falls within the nanometer scale range (1–100 nm) or at least one of the 

dimensions is within this range [31]. In the case of pronouncing nanomaterials, at least 

half of the particles in the number size distribution must measure 100 nm or below 

according to the European Commission [32]. In other words, materials with grain sizes 

in the order of a billionth of a meter are called nanomaterials. Nanomaterials are a 

widely researched topic in the field of materials science because of their extraordinary 

properties. They can be modified and utilized to solve various technical issues that 

cannot be overcome with conventional bulk materials [33]. 

Nanomaterials can be found naturally, produced by chemical processes, or 

through engineering. They can be further tailored to perform various specialized 

functions [34], [35]. 

 

2.2 Properties of Nanomaterials 

Materials at the nanoscale are influenced by the laws of quantum physics. Conversely, 

bulk-form materials follow the rules of classical physics. Due to the smallness of 

nanomaterials, their mass is extremely small, and gravitational forces become negligible. 

In the case of nanomaterials, electromagnetic forces are dominant in determining the 

behavior of atoms and molecules. For objects of very small mass, such as the electron, 

wavelike nature has a more pronounced effect. As a result, nanomaterials can 

demonstrate different physical and chemical properties to their bulk-form counterparts 

[36]. Some major characteristics of nanomaterials are discussed below: 
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2.2.1 Quantum Tunneling 

Quantum tunneling is a fundamental quantum mechanical effect. In classical physics, a 

physical body can pass a barrier (potential barrier) only if it has enough energy to jump 

over it. Therefore, if the object has lower energy than that needed to jump over the 

energy barrier (the ―obstacle), the probability of finding the object on the other side of 

the barrier is null. On the other hand, in quantum physics, a particle with energy less 

than that required to jump the barrier has a finite probability of being found on the other 

side of the barrier [37]. It is like the particle passes into a virtual tunnel through the 

barrier as seen in Figure 2.1. However, to cause a tunnel effect, the thickness of the 

barrier (i.e., energy potential) must be comparable to the wavelength of the particle 

which is observed only at the nanometer level. In other words, when a wave 

function/particle can propagate through a potential barrier, tunneling can occur on the 

nanoscale. Tunneling is also known as the penetration of an electron into an energy 

region that is classically forbidden. Quantum tunneling has a wide array of applications 

including scanning tunneling microscope [38] and the tunnel diode [39]. 

 

Figure 2.1: Schematic representation of tunneling [40]. 

 

2.2.2 Quantum Confinement 

Using the electrical properties of materials quantum confinement can be explained. 

Based on electrical properties, there are three kinds of materials which are (1) 

conductors, (2) Semiconductors, and (3) insulators. The energy separation between the 
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valence band and the conduction band of a material is called band gap (Eg). Whether a 

material is a conductor, a semiconductor, or an insulator is determined by the filling 

capability of the conduction band with electrons and the energy of the band gap. In 

conducting materials like metals, the value of Eg is very small, as a result, the valence 

band and the conducting band overlap. Thermal energy is sufficient to influence 

electrons to move to the conduction band. The band gap of semiconductors is a few 

electron volts. When an applied voltage surpasses the band gap energy, the electron 

jumps to the conduction band from the valence band, thereby forming electron-hole 

pairs. Insulators have a large band gap that requires an enormous amount of voltage to 

overcome the threshold causing them not to conduct electricity. (Figure 2.2)  

 

 

Figure 2.2: Band diagram of Insulator, semiconductor, and conductor [40]. 

 

In nanomaterials, the movement of electrons is restricted in space which is 

contrary to their behavior in bulk materials in which electrons are capable of moving 

freely. This phenomenon is known as Quantum confinement [41]. Quantum confinement 

is responsible for increasing the energy of the band gap as illustrated in Figure 2.3. As a 

result, more energy will be required to be absorbed by the band gap of the material. 
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Figure 2.3: Illustration of quantum confinement effect [42]. 

 

At the nanoscale, the band overlap present in metals disappears and is 

transformed into a band gap. This is the reason why some metals become 

semiconductors as their size is reduced. The requirement of higher energy due to 

quantum confinement corresponds to a shorter wavelength (blue shift). The same blue 

shift will occur in the case of fluorescent light emitted from nanomaterials which have a 

shorter wavelength and higher energy. This phenomenon enables tuning of the optical 

absorption and emission properties of a nano-sized semiconductor over a range of 

wavelengths by controlling its crystallite size. 

2.2.3 Optical Properties 

The nanoparticles have discrete band levels which are separated with definite energy. In 

a QD, the presence of discrete energy levels widens the energy gap between the highest 

occupied electronic states and the lowest unoccupied states as compared to the bulk 

material. For this reason, the optical properties of the semiconductor nanoparticles are 

size-dependent [43]. For a smaller particle, higher energy is required for an electron to 
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get excited. As a result, shorter wavelengths of light are absorbed to cross a band gap of 

greater energy, i.e., a blue shift appears. 

2.2.4 Surface Properties and Shape also Matters 

It is a boundary between two phases, the material and the surrounding environment 

(liquid, solid, or gas), the term interface, rather than surface, is often used in the case of 

nanomaterials. If a bulk material is subdivided into an ensemble of individual 

nanomaterials, the total volume remains the same, but the collective surface area is 

greatly increased. As a result, the surface-to-volume ratio of the material is increased 

compared to that of the parent bulk material.  

Nanomaterials possess a notable proportion of atoms existing at the surface. As a 

result, a profound effect is obtained on reactions that occur at the surface such as 

catalysis reactions, detection reactions, and reactions that, to be initiated, require the 

physical adsorption of certain species at the material‘s surface [44]. The fact that a larger 

fraction of the atoms present at the surface of a nanomaterial influences some physical 

properties such as the melting point (lower). Given the same volume, the extent of the 

surface area is depended on the shape of the material. For example, when a sphere and a 

cube have the same volume, the cube has a larger surface area than the sphere. For this 

reason, not only the size of a nanomaterial but also its shape is important in nanoscience 

[45]. 

 

2.3 Uses of Nanomaterials 

Nanomaterials are the rapidly developing field of nanotechnology. Their unique size-

dependent properties make these materials superior and indispensable. Therefore, they 

can be used for a range of structural and non-structural applications. As nanomaterials 

possess advantageous, exclusive physical, chemical, and mechanical properties, 

nanotechnology and nanomaterials can be applied in electronics, energy production, 

aerospace, biomedicine, textile, healthcare, and cosmetics industries. Self-cleaning 

coated surfaces, air purification with ions, wastewater purification with nanobubbles, or 

https://www.twi-global.com/who-we-are/who-we-work-with/industry-sectors/aerospace
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nanofiltration systems for heavy metals are some of its environmentally-friendly 

applications [45]–[48]. Nanocatalysts are also used to make chemical reactions more 

efficient and less polluting. 

2.4 Electronic and Crystal Structures of TiO2 

TiO2 has three polymorphs which are - anatase, rutile, and brookite. Among these three 

crystal structures, only anatase shows higher photocatalytic activities. Although rutile is 

the stable phase in general, anatase shows good stability in the nanoscale [49]. Brookite 

is rarely considered a photocatalyst due to the difficulties associated with its synthesis. 

Anatase as a semiconductor, has an indirect band gap, whereas rutile and brookite have 

direct band gaps [9]. Because of its indirect band gap, anatase shows a longer lifetime of 

photogenerated electrons and holes than brookite and rutile. In anatase, the direct 

transition of photogenerated electrons from the conduction band to the valence band is 

impossible due to this indirect band gap.   

 Again, the average effective mass of photogenerated electrons and holes in 

anatase is smaller than that of rutile and brookite. As a result, the transfer rate of the 

holes and electrons in anatase is the fastest among the three materials. For this reason, 

the photoexcited charge carriers of anatase migrate more easily and transfer to the 

surface from its interior to participate in photocatalytic reactions [9]. 

The most common form of TiO2 is the densely packed rutile phase. As seen in 

Figure 2.4, the anatase phase has an open tetragonal crystal structure which makes it 

highly photocatalytic. Rutile also has tetragonal structure. The brookite phase is 

orthorhombic and extremely rare. Among these phases, anatase TiO2 draws the most 

attention because of its higher reactivity and chemical stability.  

Due to its higher reactivity, anatase TiO2 has been the focus of most of the 

investigations regarding semiconductor-based photocatalysis [49]–[51]. In the presence 

of ultraviolet light (λ<390 nm), photocatalytic activity on the TiO2 surface is triggered 

by photogenerated electrons and holes. Its energy exceeds the band gap of 3.2 eV in the 

anatase crystalline phase. This process requires exposure to sunlight containing UV light 
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which is only about 3%. Such condition limits the range of the applications of this 

technology. Only those photocatalysts that can yield high reactivity under visible light (λ 

>~390 nm), will allow the use of the main spectrum of sunlight to be utilized for useful 

purposes. 

 

Figure 2.4: (a) Crystal Structure of anatase where Ti atoms are grey and O atoms red. 

(b) Equilibrium crystal shape of anatase TiO2 [52].  

 

The electronic structure of TiO2 is the basis for designing the band gap 

modification for visible-light sensitization. Several ab initio calculations were carried 

out to study the electronic structure of TiO2 [53]–[55]. A fundamental characteristic of 

the electronic structure for anatase TiO2 is shown in a molecular orbital bonding diagram 

presented in Figure 2.5 [55]. At the top of the valence bands (VBM), there is the 

nonbonding O pπ orbital (out of the Ti3O cluster plane) and at the bottom of the 

conduction bands (CBM) are the nonbonding dxy states. A similar feature is found in 

rutile where it is less significant than in anatase [56]. Each octahedron in rutile shares 

corners with eight neighbors, and edges with two other neighbors, resulting in a linear 

chain. On the other hand, a zigzag chain with a screw axis is created when in anatase 

each octahedron shares corners with four neighbors and edges with four other neighbors. 

Therefore, anatase is less dense than rutile. Anatase also has a large metal−metal 

distance of 5.35 Å. As a result, the Ti dxy orbitals at CBM are relatively isolated, while 

the t2g orbitals at CBM in rutile provide the metal-metal interaction with a smaller 

distance of 2.96 Å. Thus, the bandwidth of anatase is smaller than that of rutile. Anatase 
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has a slightly wide band gap of 3.2 eV as compared to 3.0 eV for rutile [10]. Generally, 

the anatase to rutile phase transition occurs in a wide temperature range of 600°C –

1100°C [57]. That’s why during anatase synthesis, less than 600°C annealing 

temperature is maintained to get more anatase structure. 

 

 

 

Figure 2.5: Molecular-orbital bonding structure for anatase TiO2:(a) Atomic levels (b) 

Crystal-field split levels (c) Final interaction states. The thin-solid and dashed lines 

represent large and small contributions, respectively [55]. 

2.5 Modification Technique of TiO2 

As regular TiO2 is not sufficiently photo-active in the presence of visible light, its band 

gap must be modified so that the major part of solar radiation and interior lighting can be 

properly utilized. The following three techniques have been proposed to make TiO2 

sensitive to visible light [10] - 

(i) A lower shift of conduction band minimum (CBM)  

(ii) A higher shift of valence band maximum (VBM) 

(iii) Introduction of impurity states in the band gap 
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Figure 2.6: Three schemes for band gap modifications for visible-light sensitization: (a) 

Lower shift of CBM (b) A higher shift of VBM (c) Introduction of impurity states [10]. 

 

Figure 2.6 is a graphical representation of the techniques proposed for band gap 

modification. These techniques are focused on basically one thing – to shorten the band 

gap of TiO2 nanoparticles. 

 Asashi, et al. [58] found N 2p state creates hybrids with O 2p states in anatase TiO2 

doped with nitrogen. It is because of the fact that their energies are very close, and thus 

the band gap of N-TiO2 is narrowed which enables it to absorb visible light. Irie, et al. 

[59] stated that TiO2 oxygen sites substituted by nitrogen atom form isolated impurity 

energy levels above the valence band. Illumination with visible light only excites 

electrons in the impurity energy level, although irradiation with UV light excites 

electrons in both the VB and the impurity energy levels. Ihara, et al. [60] concluded that 

oxygen-deficient sites can also help the photocatalytic mechanism. These sites formed in 

the grain boundaries are important to emerge vis-activity and nitrogen-doped in parts of 

oxygen-deficient sites is important as a blocker for re-oxidation. 

 

Such type of modification mechanism of anatase doped with nonmetals was also 

analyzed by Zhao et al. [61]. They concluded that TiO2 doped with substitutional 

nitrogen has shallow acceptor states above the valence state after investigation. 

However, TiO2 doped with interstitial nitrogen has isolated impurity states in the middle 
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of the band gap. It was found that these impurity energy levels are mainly hybridized by 

N 2p states and O 2p states. 

Absorption of photons having energy (hv1) equal to or greater than the band gap 

of anatase (3.3 eV) triggers photocatalysis. As a result, an electron-hole pair is produced 

on the surface of the TiO2 nanoparticle as shown in Figure 2.7. A positive hole is 

created in the valence band when an electron migrates to the conduction band from it. 

Several things can happen with the excited-state electrons and holes: they can recombine 

and dissipate the input energy as heat, get trapped in metastable surface states, or react 

with electron donors and with electron acceptors adsorbed on the solid surface or within 

the surrounding electrical double layer of the charged particles. These holes produce 

hydroxyl radicals with high redox oxidizing potential. If conditions are met, the holes, 

∙OH radicals, O2
−, H2O2, and O2 itself can play important roles in the photocatalytic 

reactions [62]. 

 

 

 
 

Figure 2.7: Mechanism of TiO2 photocatalysis. hv1: pure TiO2,hv2: metal-doped TiO2, 

hv3: nonmetal-doped TiO2 [63]. 

. 

 

 The Photoactivity of metal-doped TiO2 under visible light can be explained by a 

new energy level produced in the band gap of TiO2 by dispersing metallic nanoparticles 

in the TiO2 matrix. By the action of photons having energy hv2, electrons from the defect 

state are excited to the conduction band. Another goal for using transition metal doping 
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is to trap the electrons well so that electron-hole recombination can be avoided. 

Inhibition of this recombination process results in increased photoactivity.  

 

2.6 Photocatalytic Activity of Fe-doped TiO2 

The doping of Fe in Nano-TiO2 causes the incorporation of Fe3+ ions into the crystal 

lattice of TiO2. As a result, the band gap decreases and a red shift in the light absorption 

occurs. This enables the photocatalyst to be activated under visible light illumination. 

Moreover, the energy level of Fe3+/Fe4+ is above the valence band energy and that of 

Fe3+/Fe2+ is below the conduction band energy of TiO2 [64]. Therefore, Fe3+ reacts with 

both holes and electrons and forms Fe4+ or Fe2+ traps [65]. On the other hand, Fe2+ and 

Fe4+ are less stable than Fe3+. That’s why Fe2+ and Fe4+ eventually revert to the Fe3+ 

state upon their release of the electron and hole at the surface of the photocatalyst 

initiating the photocatalytic reactions [66], [67]. Thus after light absorption by Fe-doped 

TiO2, the photo-generated electrons and holes are created, and concomitantly hydroxyl 

and superoxide radicals are generated as follows [15], [68]. (Figure 2.8) 

 

𝑭𝒆𝟑+ + 𝒉+ → 𝑭𝒆𝟒+
 

𝑭𝒆𝟑+ +  𝒆− →  𝑭𝒆𝟐+
 

 

𝑭𝒆𝟒+ +  𝑶𝑯− →  𝑭𝒆𝟑+ + 𝑶𝑯⦁
 

 

𝑭𝒆𝟐+ + 𝑶𝟐  →  𝑭𝒆𝟑+ + 𝑶𝟐
− 
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Figure 2.8: Schematic representation of mechanism involved in photocatalytic activity 

of Fe-doped TiO2 [63]. 

 

2.7 Notable Scholarly Works Regarding Fe-doped TiO2 

Visible light-sensitive Fe-doped TiO2 photocatalyst was successfully prepared by 

Moradi et al. by sol-gel method using titanium isopropoxide (TTIP) as the precursor and 

ferric nitrate nonahydrate (Fe(NO3)3.9H2O) as doping source [15]. The crystallinity of 

synthesized anatase decreased gradually with the increase in the Fe doping content. The 

increase in the doping content decreased the band gap energy from 3.3 eV to 2.9 eV and 

particle size from 3 nm to 5 nm. They observed a contaminating amorphous layer of iron 

oxide on the surface of catalyst particles. Treating with an HCl solution the amorphous 

layer was successfully removed. It was observed that after removing the amorphous 

layer the photocatalytic activity increased significantly from 24% to 98% under visible 

light illumination. 

 

Fe-doped TiO2 powders were prepared by Marami et al. by the sol-gel method 

using titanium(IV) isopropoxide (TTIP) as the precursor, ethanol as solvent, ethylene 
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glycol (EG) as stabilizer and FeSO4.7H2O as doping source [69]. The particle size of Fe-

doped TiO2 was in the range of 18–39 nm. The lowest crystallite size was obtained for 4 

mol% of Fe. Both anatase and rutile phases were found and with various molar 

concentrations of Fe dopant, their ratio changed. Crystallite size decreases with the 

increase of Fe doping as demonstrated by XRD. At about 2.6 eV for 4 mol % Fe-doped 

TiO2, the optimal band gap was achieved. The photocatalytic activity was increased by 

the Fe3+ ions by the separation of photogenerated charges, significantly affecting the 

material efficiency as a photocatalyst for solar energy conversion.  

 

Gullapelli Sadanandam et al produced Fe-doped TiO2 with various levels of Fe 

(0.5, 1, 2, 3, and 5 wt. %) via impregnation [70]. The Fe-doped TiO2 catalysts were 

further modified with g-C3N4 (graphitic carbon nitrides). The photoresponse of titania 

expanded into the visible region by the fine dispersed Fe3+ and g-C3N4. The catalyst’s 

photocatalytic activity was tested by hydrogen production from pure water splitting. By 

coupling g-C3N4 with the above Fe-doped TiO2, the hydrogen formation rate from solar 

light-induced photocatalysis can be increased significantly. High photoactivity and 

stability are particularly shown by the 1 wt. % Fe-modified TiO2 with the g-C3N4 

composite for hydrogen production by solar irradiation. The stable hydrogen evolution 

in the case of 1 wt.% Fe-doped TiO2 with g-C3N4 was found to be 17 times higher than 

in the case of unmodified TiO2. A near-doubling of the rate was seen when g-C3N4 

modification on Fe-doped TiO2 was carried out compared with bare Fe-doped TiO2 

catalysts, which can be attributed to synergetic effects occurring among the components 

Fe3+, g-C3N4, and TiO2. 

 

Kim et al. successfully prepared visible light active Fe–N–TiO2 photocatalyst by 

sonochemical method [71]. The synthesized co-doped TiO2 nanopowder was of anatase 

phase and possessed a specific surface area of 75 m2g-1. The nitrogen and iron dopants 

are possibly placed into the TiO2 lattice, replacing some Ti4+ and O2
– respectively which 

enabled the band gap to be sensitized by the visible region of light. The absorption area 

of the doped TiO2 has been red-shifted towards 600 nm. The doped nanoparticles 
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exhibited good photocatalytic activity on the degradation of indigo carmine dye (ICD) 

under solar radiation. The incorporation of N and Fe caused the diminishing of electron-

hole recombination and improved the photocatalytic activity under simulated solar light.  

 

Ping Yu et al. synthesized N, Fe doped TiO2 photocatalyst by sol-gel method 

[72]. The prepared catalyst was characterized by X-ray diffraction (XRD), Fourier 

transform infrared (FT-IR), and ultraviolet and visible spectroscopy (UV-vis). The 

analyses showed that the N, Fe doped TiO2 had the anatase structure. The absorption 

edge of the photocatalyst shifted to a longer wavelength and the degradation of 

methylene blue (MB) under Xe-lamp (350 W) was much more active than in the cases of 

un-doped TiO2, N-doped TiO2, and Fe-doped TiO2 as seen in Figure 2.9. 

 

Figure 2.9: Photocatalytic degradation of MB for samples of (a) N-Fe-TiO2, (b) Fe-

TiO2, (c) N-TiO2, (d) P-25, (e) TiO2 [72]. 

 

Ionela et al. found that the physical properties of the polyester fabrics treated 

with nitrogen and iron co-doped TiO2 nanoparticles prepared by the hydrothermal 

method were not significantly modified [73]. However, the use of a polyacrylic binder 

allowed the deposition of a higher number of nanoparticles on the textile surface which 

improved the photo-discoloration efficiency under visible light radiation. Their findings 

further reported the biocompatibility on human skin cells of PES (polyester) fabrics 
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modified with photocatalytic TiO2-1% Fe–N nanoparticles which could be further used 

as novel materials for biomedical applications, such as disposable operatory fields, 

hospital sheets, medical robes and wound dressing for preventing patients’ accidental 

contamination with microorganisms from the hospital environment. 

 

Ramalingam et al. synthesized N and Fe-doped TiO2 nanoparticles by a one-step 

template-free hydrothermal method and electro-deposition technique [74]. The XRD 

analysis of all the catalysts showed the presence of the crystalline anatase phase with a 

crystallite size in the range of 20–25 nm for the N-doped TiO2 nanoparticles. On the 

other hand, the average particle size for the Fe-N-TiO2 sample was found to be 12 nm. 

Very fine rectangle-shaped nanoparticles were formed in the case of the Fe-N-TiO2 

photocatalyst. Fe-N-doped TiO2 catalysts demonstrated the best result for 

photoelectrochemical and visible light-activated catalysis. For the NT2 (0.5N:1Ti) photo 

anode, the enhanced activity with a photocurrent of 0.25 mA/cm2 at 1V vs RHE was 

obtained. The doped TiO2 can be utilized in water-splitting reactions for hydrogen 

production. 

 

Larumbe et al. prepared Fe, N doped TiO2 nanoparticles by sol-gel method and 

made a comparative study with undoped TiO2 samples [75]. Nanoparticles of 

monophasic anatase structure with an average diameter of around 4-6.5 nm were 

obtained under calcination at 300°C (1h). Both doping elements induced a red-shift of 

the absorption curves due to the introduction of a new intragap energy level. It resulted 

in an enhancement of the photocatalytic activity for the nitrogen-doped samples. At low 

temperatures, magnetic measurements evidenced an antiferromagnetic nature in Fe-

doped samples correlated to the homogeneous distribution of Fe3+ in the nanoparticles. 

This resulted in the deterioration of the photocatalytic activity due to the reduction of the 

electron/hole pairs that could reach the surface of the nanoparticles. A weak 

ferromagnetic behavior was detected at room temperature in the case of nitrogen-doped 

samples which is related to the formation of oxygen vacancies. The photocatalytic 
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activity is reduced with the increase of the nitrogen concentration as these oxygen 

vacancies act as recombination centers.  

 

Ohwaki et al. reported improvements in the photocatalytic activities of N-TiO2 

upon modification with Cu or Fe compounds to obtain visible-light sensitive 

photocatalysts [76]. X-ray absorption fine structure (XAFS) has been used to investigate 

the valence state of Cu on the modified N-TiO2 and the results indicated that it was in its 

hydroxide form. The mechanism by which the photocatalytic activity is enhanced has 

been discussed based on an increased number of active oxidative species.  

 

Li et al. reported that the N, Fe co-doped TiO2 shows higher photocatalytic 

efficiency than pure TiO2, N-TiO2, Fe-TiO2, and P-25 (Degussa) [77]. Most of the 

samples presented high photocatalytic activity under natural light. In 60 minutes, 

approximately 96.4% methyl orange (MO) was degraded. The high photocatalytic 

activity may be attributed to the small diameter of 17 nm of N-Fe-TiO2 and the high 

specific surface area of about 201 m2/g. The increase of the photogenerated electrons 

would be facilitated by a smaller particle size and a larger specific surface area. Also, the 

anatase phase of the samples possessed the best photocatalytic activity. The tailored 

band gap was another important reason for the best photocatalytic activity of the N-Fe-

TiO2.  

 

Zhang et al. prepared Fe–N co-doped mesoporous TiO2 photocatalyst via the fast 

sol-gel method by introducing PAM (polyacrylamide) and PEG (polyethylene glycol) as 

the bi-templates [78]. It had a high surface area, well-order mesoporous structure, and 

high visible light photocatalytic activity. It was observed that the sol-gel reaction 

velocity was accelerated and the reaction time was reduced to several hours. This could 

be attributed to templates produced by the intermolecular hydrogen bond and the 

polymerization crosslink of the hydrolysates of Ti alkoxides. It has been speculated that 

the fast sol-gel method may have more potential for practical application than the 
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conventional sol-gel method, because of its fast preparation process and lower cost for 

templates.  

 

Zhang et al. suggested that undoped TiO2 had no photocatalytic activity under 

visible light irradiation [63]. TiO2 co-doped with N and Fe broadened the range of 

response to visible light, providing a technique to purify outdoor air. Co-doping with N 

and Fe also strengthened the photocatalytic activity of TiO2 under UV and visible light 

which was demonstrated by the decomposition of NH3. However, high calcination 

temperature had a negative effect on the photocatalytic activity of TiO2. The addition of 

N and Fe to TiO2 lessened this negative effect of calcination temperature on TiO2. The 

average particle size of co-doped anatase samples was 20 nm. They found that the traps 

of the N-2p, Fe-3d, and Ti-3d orbitals inhibited the recombination of photogenerated 

hole–electron pairs, which improved the photocatalytic quantum efficiency of TiO2. 

 

Kaur et al. synthesized nanocrystalline undoped, N-doped, and N, Fe co-doped 

TiO2 by sol-gel method for the photocatalytic degradation of Reactive Blue 4 dye under 

visible light [79]. They found that the N, Fe co-doped TiO2 exhibited the best 

photocatalytic activity. To solve the problem of separation of N, Fe co-doped TiO2 

photocatalyst, magnetically separable γ-Fe2O3/N, Fe co-doped TiO2 heterojunction was 

fabricated. This caused to exhibit higher photoactivity with 100% dye degradation as 

compared to 85% with N, Fe co-doped TiO2 as seen in Figure 2.10. 
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Figure 2.10: Photocatalytic degradation of  RB 4 dye with synthesized catalysts; C0=10 

ppm, catalyst amount= 0.24 gm/200 ml [79]. 

 

The enhanced electron-hole transfer in γ-Fe2O3/N, Fe co-doped TiO2 

heterojunction, low electron-hole recombination rate, the existence of pure anatase 

phase, and a narrow band gap of 1.5eV are responsible for this behavior. Good 

repeatability of photoactivity was also exhibited by the recycled γ-Fe2O3/N, Fe co-doped 

TiO2.  

2.8 Applications of TiO2 Nanoparticles 

The potential applications of TiO2 nanoparticles are numerous and are coming to light 

only recently. Although the following applications have been suggested and 

experimented with TiO2 nanoparticles in general, Fe-doped TiO2 can be applied to 

obtain better results when photocatalysis is involved.  

 

Water Treatment 

Decontamination of water from organic pollutants during agricultural production has led 

to research on developing methods that lower the consumption of chemical reagents 

[80]. The photocatalytic decomposition of organic pollutants in water is of particular 

interest and has received significant attention from scientists [81], [82]. By far, TiO2 is 
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the most popular semiconductor that is used in photocatalytic processes. Large-sized 

TiO2 semiconductors are stoichiometric and exhibit poor photocatalytic activity, 

however, nano-TiO2 crystallites (typical size <50 nm) have the desired electronic 

properties for application in photocatalysis [83]. Reactive species can be formed on the 

surface of a nano-TiO2 photocatalyst that is exposed to UV radiation through this 

photocatalysis process. In most cases, the complete degradation and mineralization of a 

large variety of organic contaminants can be achieved. 

 

The main obstacle that has limited the practical application of nano-TiO2 in 

water purification is either a relatively low process rate or a limited efficiency for the use 

of irradiated energy [84], [85]. The exploitation of low-cost radiation such as solar 

energy can be a solution to this problem [86], [87]. As the intensity of ultraviolet 

radiation in the solar spectrum is very limited, the use of metals or metal oxide doping to 

extend the TiO2 nanoparticles’ sensitivity to visible light is currently a widely suggested 

option for solving the problem. For instance, it was observed that the degradation rate of 

phenol is significantly enhanced by the addition of fluoride to TiO2 [88]. Vione et al. 

reported similar findings about fluoride-doped TiO2 [80]. Bessekhouad et al. reported 

that alkaline-doped TiO2 at low concentrations could be a promising material to degrade 

organic pollutants and the best results were obtained for 5% Li-doped TiO2 that was 

prepared using the impregnation technique [83]. Brezová et al. reported that the 

photoactivity of TiO2 can be improved by the doping of metals, such as Li+, Zn2+, Cd2+, 

Pt0, Ce3+, Mn2+, Al3+, and Fe3+ through sol-gel technique [89].  

 

Ling et al. prepared TiO2 nanoparticles (with diameters of 10–23 nm) that 

showed good photocatalytic activity [90]. They reported that the initial degradation rate 

of phenol by the action of TiO2 nanocatalyst was 6 times higher than what was achieved 

with H2O2. Moreover, the addition of H2O2 to TiO2 can increase the initial concentration 

of hydroxyl radicals and accelerate the degradation rate.  

 

Hao et al. developed a TiO2/WO3/GO nanocomposite (via a hydrothermal 

synthesis), which displayed excellent photocatalytic activity for the degradation of 
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bisphenol A [91]. The photogenerated electrons on TiO2 have a strong reducing capacity 

to remove pollutants including Cd (II), Hg (II), As (V), and Cr (VI) from water. Dusadee 

et al. fabricated a titania-decorated reduced graphene oxide (TiO2.rGO) nanocomposite 

via a hydrothermal process that can be used to degrade organic pollutants [92]. Studies 

on reducing the Cr6+ ion toxicity using the titanium dioxide x/rGO numerical control 

have demonstrated that photocatalytic reduction of toxic Cr6+ generally increases with 

the increase in x. The combination of photoexcited electrons and holes decreases which 

leads to an increased duration of photocatalytic activity, since rGO accelerates electron 

transport [92]. Many pollutant degradation processes such as the reduction of nitrate, the 

degradation of acid fuchsin, the decomposition of acetaldehyde, and the dechlorination 

of CCl4 have been facilitated by TiO2 [93], [94].  

 

Air Treatment 

Industrial development throughout the world has put a negative effect on our 

environment. Air pollution endangers the health of all species that live in this world and 

therefore, new techniques are being developed to reduce harmful airborne emissions. 

Highly efficient oxidation and reduction during photocatalysis is considered to be an 

effective method to degrade inorganic and organic air pollutants [95], [96]. Kakeru et al. 

prepared TiO2 nanoparticles with palladium sub-nanoclusters (<1 nm) using the flame 

aerosol technique which under sunlight, can remove NOx at approximately 3 to 7 times 

the rate of commercial TiO2 (P-25, Evonik) (without Pd) [97].  

Natércia et al. used a hydrothermal method to prepare a new composite material 

of TiO2 (P-25) and N-doped carbon quantum dots (P-25/NCQD), which was applied as 

the photo-oxidation catalyst of NO under the presence of ultraviolet and visible light 

[98]. The conversion rate of the P-25/NCQD composite material (27.0%) was more than 

twice that of P-25 (10%) without modification and the selectivity in visible light 

increased from 37.4% to 49.3%. Also, the photocatalytic performance of the composite 

material in the UV region was better than that of P-25.   

Zeng et al. have proposed an H2 reduction strategy to produce H–TiO2 materials 

(with enhanced oxygen vacancy concentrations and distributions) that can promote 
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formaldehyde decomposition in the dark [99]. Research of TiO2-based photocatalysts 

has also been carried out to facilitate the removal of acetone [100], benzene [101], 

phenol [102], tetrachloroethylene [103], etc. from the atmosphere. 

 

Pesticide Degradation 

Repeated use of pesticides results in excessive chemical residues in the environment and 

biota. Scientists have made efforts to develop methods that can remove residual 

pesticides and destroy biorecalcitrant organic contaminants [104]. Semiconductor 

photocatalysis has attracted significant attention among the scientific community as it is 

a promising approach to remedy the pesticide residue problem [105], [106]. Pesticides 

are decomposed by the action of TiO2 photocatalysts in the presence of a UV light 

source. Electron–hole pairs are produced when TiO2 is irradiated with photons whose 

energy is equal to or greater than its band gap energy (Eg = 3.2 eV). These holes react 

with H2O or OH− that are adsorbed on the semiconductor surface to produce ∙OH 

radicals in an aqueous system, which are the strongest oxidants in this process [107]–

[109]. These radicals react with pesticides that are adsorbed on the surface and 

decompose them. The pesticides are degraded into various forms like H2O, CO2, and 

other biologically degradable and less toxic substances that are without secondary 

pollution. It was reported that the TiO2 photocatalyst is effective in degrading the 

phosphamidon insecticide [110].  Lhomme et al. observed and reported the 

photocatalytic degradation of chlortoluron and cyproconazole pesticides on TiO2-coated 

media, and the process was found to be effective [111]. This photocatalytic degradation 

process of pesticides is mainly based on the in-situ generation of highly reactive ·OH 

radicals, which are capable of converting pesticide molecules into relatively harmless 

end products. However, the high rate of electron-hole recombination, wide band gap, 

etc. are the limitations for the wide application of TiO2 semiconductors for pesticide 

photocatalytic degradation [112], [113]. The major criteria for the increase of 

photocatalytic efficiency for pesticide degradation are the minimization of the electron-

hole recombination and efficient visible light excitation. To overcome these limitations, 
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many modification strategies have been applied to TiO2 nanomaterials such as doping 

with metal and/or non-metal. 

 

Self-cleaning Objects 

Daily atmospheric deposits of dirt, soot, and other pollutants released by various sources 

including vehicles, industries, forest fires, etc. lead to a constant need of cleaning 

buildings. Also, the growth of various microorganisms disfigures and corrodes 

infrastructures, causing mechanical weakness and even dilapidation. One approach to 

get rid of this problem is to cover the construction exterior using materials that contain 

nano photocatalysts. Commercial surfaces with self-cleaning properties are usually made 

of thin TiO2 layers whose photo-induced catalytic performances are well-known 

nowadays [114]. It is important to note that TiO2-coated surfaces can show hydrophilic 

characteristics under illumination and hydrophobic characteristic in the absence of light. 

This superhydrophobic character is due to the roughness induced by the nanoparticles, 

preventing them from wetting or soiling. This phenomenon is inspired by nature and was 

observed for the first time in Nelumbo nucifera leaves, widely known as the "Lotus 

Effect" [115].  

 

Figure 2.11: Glass covers on highway tunnel lighting fixtures darkened by automobile 

exhaust without TiO2 and maintained clean with TiO2 [23].  
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The self-cleaning properties of TiO2 nanoparticles (NPs) have not remained at 

the research stage only; they have been employed in practical applications by many 

companies. For example, ActivTM glass developed by Pilkington is one of the most 

successful commercial self-cleaning products which are being used in different buildings 

around the world [116]. The hydrophilicity of nanoparticles has been used in self-

cleaning cover glass for tunnel light in Japan. Yellow light-emitting sodium lamps are 

used for lighting in most tunnels, and the decrease in light intensity due to film 

formation with exhaust compounds is one of the most serious problems. At the position 

of its cover glass, a high-pressure sodium lamp also emits UV light of about 3mW/cm2. 

This UV light is sufficient to keep the surface clean when the cover glass is coated with 

the TiO2 photocatalyst, although not considered in the original purpose of the lighting 

(Figure 2.11) [117]. 

 

Another photo-induced superhydrophilicity-based technology being used widely 

is HydrotectTM, introduced by the Japanese company TOTO Ltd. [118]. Self-cleaning 

windows and tiles are widely used in Japan and other countries are also starting to utilize 

this new technology. Glass and cement containing TiO2 NPs have also been used on the 

surface of the National Opera Hall in China, in “Dives in Misericordia” Church in 

Rome, and on the roof of Dubai Sports City’s cricket stadium [119]. 

 

Interior 

Researchers have been trying to create interiors with functions that can eliminate odors 

and volatile organic compounds (VOCs) in indoor air and prevent bacterial or viral 

infection for a long time. Many studies on the elimination of odors and VOCs [120], 

[121] and the prevention of bacterial and viral infections using photocatalytic oxidation 

in the presence of light have been carried out [122]. N-doped TiO2 photocatalysts have 

been successfully applied to decrease odors and VOCs in indoor air. To secure the 

interior, N-doped TiO2 coating solutions are used to maintain coatings that provide 

antifouling, deodorizing, antibacterial, and antiviral protection. Moreover, they are also 
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used in window shades, artificial flowers, Japanese paper, furniture made with artificial 

leather, and wallpaper. 

 

Hydrogen Generation 

Mankind is facing an unprecedented crisis with the ever-increasing population and its 

huge energy demand. The photogenerated electrons on the TiO2 surface have a strong 

reducing capacity, enabling the generation of hydrogen from the photocatalytic splitting 

of water. Moreover, its potential as a truly clean energy source has received considerable 

attention, since hydrogen combustion produces only water and no harmful emissions. 

Photocatalytic hydrogen production is based on two essential elements: a semiconductor 

that absorbs the light to generate electron-hole pairs, and a metal that acts as an electron 

trapper or a co-catalyst [123]. Among all the potential semiconductors for photocatalysis 

that have been explored so far, TiO2 remains the most suitable material for hydrogen 

production, owing to its intrinsic properties [124].  

 

Zou et al. reported a self-modified TiO2 material with paramagnetic oxygen 

vacancies that can be used to produce hydrogen [125]. They chose a porous amorphous 

TiO2 material as a precursor that possessed a high surface area of 543 m2g-1 for the 

synthesis of Vo-TiO2 (Vo: denotes a paramagnetic oxygen vacancy). To obtain the Vo-

TiO2 material, the precursor was calcined in the presence of imidazole and hydrochloric 

acid at an elevated temperature in the air. The H2 production rate was approximately 115 

µmol h-1g-1 with the Vo-TiO2 sample (for H2 evolution from water) which used methanol 

as a sacrificial reagent under visible light (≥400 nm) at room temperature, which is 

substantially higher than that achieved with Vo-Ti3+-TiO2 (32 µmol h-1g-1).  

 

Zhou et al. introduced an ordered mesoporous black TiO2 material that utilized a 

thermally stable and mesoporous TiO2 with a high surface area as the hydrogenation 

precursor for treatment at 500°C [126]. The samples possessed a relatively high surface 

area of 124 m2g-1 and exhibited a photo response that extended from ultraviolet to visible 

light. In the presence of solar radiation, the ordered mesoporous black TiO2 material 
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exhibits a high hydrogen production rate (136.2 µmol h-1), which is almost twice as high 

as that of pristine mesoporous TiO2 (76.6 µmol h-1).  

 

A covalently bonded oxidized graphitic C3N4/TiO2 heterostructure was made by 

Zhong et al. that markedly increased the visible light photocatalytic activity for H2 

evolution by nearly a factor of approximately 6.1 compared to a simple physical mixture 

of TiO2 nanosheets and O-g- C3N4 [127]. 

 

CO2 Reduction 

The photogenerated electrons on TiO2 are capable of generating valuable solar energy 

fuels such as CH4, HCO2H, CH2O, CH3OH, etc. in addition to reducing water into 

hydrogen, which can alleviate the problems associated with the production of 

greenhouse gases from the combustion of fossil fuels. Cu-doped TiO2 was prepared by 

Slamet et al. through an improved impregnation method for photocatalytic CO2 

reduction [128]. It was observed that Cu doping can greatly enhance the photocatalytic 

performance of TiO2 with respect to CO2 reduction. Liu et al. prepared copper-loaded 

titania photocatalysts via a one-pot, sol-gel synthesis method and found that it consisted 

of highly dispersed copper [129]. A strong volcano dependence on Cu loading was 

observed by CO2 photoreduction, which was responsible for the transition from 2-

dimensional CuOx nanostructures to 3-dimensional crystallites and optimum CH4 

production was observed for 0.03 wt.% Cu/TiO2.  

 

Solar Batteries 

For better performance, TiO2 can also be applied to dye-sensitized solar cells, Li-ion 

batteries, Na-ion batteries, and supercapacitors. Electric energy can be obtained through 

charge transport since semiconductors absorb photons to produce photonic carriers, and 

the photonic carriers move and separate at the same time. A spring-like Ti@TiO2 

nanowire array wire was synthesized by Liu et al. that could be utilized as a photoanode 

in dye-sensitized solar cells. A conversion efficiency of more than 95.95% was exhibited 

by this configuration [130]. 
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The use of anatase TiO2 nanotubes on rutile TiO2 nanorod arrays as photoanodes 

in quantum dot-sensitized solar cells was reported by another study indicating an 

impressive solar energy conversion efficiency of approximately 1.04%. Compared with 

solar cells using the original TiO2 nanorod array photoanodes, this is almost 2.7 times 

higher [131]. Chen et al. prepared a C@TiO2 nanocomposite as the anode material for 

lithium-ion batteries which utilized the esterification of ethylene glycol with acetic acid 

in the presence of potassium chloride. Li-ion batteries utilizing this technique exhibited 

excellent performance and specific capacity (237 mA h-1g-1), and a coulomb efficiency 

(CE) of approximately 100% after 100 cycles [132].  

 

Su et al. utilized a template approach to synthesize anatase TiO2 as the anode in 

Na-ion batteries; this resulted in better battery performance in comparison to that 

achieved when amorphous and rutile TiO2 was used as the anode material [133]. 

Anatase titanium dioxide produced the highest capacity compared to other crystalline 

phases of titanium dioxide, 295 mAh-1g-1, in the second cycle, tested at a current density 

of 20 mA g-1. By an electrochemical self-doping of an amorphous TiO2 nanotube array 

and N2 annealing, Kim et al. developed a black-colored TiO2 nanotube array that 

displayed high capacitance, satisfactory electrocatalytic performance, good stability, and 

an excellent material for supercapacitors and oxide anodes [134].  

 

Antibacterial Activity 

Bacteria’s resistance to antibiotics due to its misuse has become a global crisis and 

nanoparticles (NPs) are being considered as a potential drug alternative to overcome this 

bacterial multidrug resistance. Nanoparticles can override bacterial resistance by coming 

into direct contact with the bacterial cell wall, without needing to penetrate the cell 

itself. Nanomaterials have shown substantial antimicrobial activity against both Gram-

positive and Gram-negative bacteria, mycobacteria, and fungi [135]. The physical 

structure of the nanoparticle itself may have inherent antibacterial characteristics due to 

its abrasiveness that causes damage to the bacterial membrane, as seen in graphene 

oxide nanoparticles. It has been observed that the high surface-to-volume ratio of the 
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nanoparticles can increase antimicrobial activity as it allows an improved interaction of 

the nanomaterials with the surrounding environment. Particle size, particle shape, 

chemistry, and zeta potential are among the most relevant variables affecting 

antibacterial activity[135]. Guided release of antibacterial metal ions from the surface of 

nanoparticles has also been suggested.  

 

The antimicrobial activity of heavy metals such as silver (Ag), copper (Cu), gold 

(Au), titanium (Ti), and zinc (Zn) has been known to humans for centuries. The 

Rasashastra of the Ayurvedic system of medicine deals with drugs of mineral origin 

[136]. Evidence of the use of the medicine of mineral origin in China’s Song dynasty 

has also been found [137]. Among various nanoparticles, substantial antimicrobial 

activities have been exhibited by metallic oxides. Silver oxide (Ag2O), titanium dioxide 

(TiO2), copper oxide (CuO), zinc oxide (ZnO), calcium oxide (CaO), magnesium oxide 

(MgO), silicon (Si), gold (Au), etc. are significantly active against a wide array of 

microorganisms [138]. Many factors can affect the toxicity of the NPs, including their 

shape, size, surface charge, composition, and stability. The US Food and Drug 

Administration (FDA) has approved the use of several types of nanoparticles including 

silver and titanium derivatives for products such as antibacterial skin lotions and 

sunscreens which are already in commercial use. 

 

It has been observed that reactive oxygen species act in concert to attack 

polyunsaturated phospholipids in bacteria and also catalyze DNA damage by generating 

H2O2 which result in the death of bacterial cell [139]. ZnO NPs have shown substantial 

antimicrobial activity against common food pathogens such as Campylobacter jejuni, E. 

coli O157:H7, Salmonella spp., Listeria monocytogenes, and S. aureus, indicating its 

usefulness as a food preservative. They can block the growth of both Gram-positive and 

Gram-negative bacteria. Gram-positive bacteria including S. aureus, Streptococcus 

pyogenes and Enterococcus faecalis have shown 95% growth inhibition in the presence 

of ZnO nanoparticles [140]. Silver nanoparticles have also shown synergistic activity 

with common antibiotics that are used today including ampicillin, erythromycin, 
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clindamycin, penicillin G, and vancomycin against E. coli and S. aureus [141]. Ag NPs 

are particularly used as a coating material for textiles, medical devices, refrigerators, and 

food containers for their substantial antibacterial properties. The antimicrobial activity of 

copper NPs has been observed against a wide array of bacteria and yeast. They are 

active against methicillin-resistant S. aureus (MRSA) and Bacillus subtilis, Gram-

negative organisms such as S. cholerasuis and P. aeruginosa, and yeast species such as 

Candida albicans [135].  

 

Drug Delivery 

It has been observed that TiO2 with a high specific surface area can be advantageous in 

drug delivery carrier applications. Through surface energy and pore size control, Johan 

et al. controlled the kinetics of drug delivery from mesoporous titania thin films[142]. 

By the use of different structural guiding templates and expansive agents, different pore 

sizes ranging from 3.4 nm to 7.2 nm were achieved. In addition, the surface energy of 

the pore wall could be altered by attaching dimethyl silane to the pore wall. The results 

inferred that the pore size and surface energy had significant effects on the adsorption 

and release kinetics of alendronate [142].  

 

To cure breast cancer by effectively delivering doxorubicin (DOX) to the cancer 

cells, Biki et al. designed silica-supported mesoporous titania nanoparticles (MTN) 

coated with hyaluronic acid [143]. To overcome the drug resistance of tumors, Guo et al. 

deposited (onto the surface of MTN) hyaluronic acid and cyclic pentapeptide (ADH-1), 

which target CD44-overexpressing tumor cells and selectively inhibit the function of N-

cadherin, respectively [144]. Nakayama et al. demonstrated that H2O2-treated TiO2 can 

enhance the production of reactive oxygen species (ROS) in response to X-ray 

irradiation [145]. Dai et al. designed and synthesized a novel nano-drug delivery system 

for the treatment of lung cancer with a synergistic effect [146]. They loaded DOX onto 

H2O2-treated TiO2 nanosheets and in this method, chemotherapy and radiotherapy were 

combined effectively for the synergistic therapy of cancers. 
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Textiles  

Nanoparticles are being used in apparel and filters because of their multi-functionality 

including water repellency, vapor transmission, thermal storage, antifouling, 

deodorizing, and antibacterial properties. N-doped TiO2-supported fibers are particularly 

useful because they can effectively provide these functionalities due to oxidative 

decomposition properties under visible-light illumination [147]. It has been 

demonstrated that inactivation rates of the influenza virus are more than 99.9% under 

UV light irradiation and more than 98.3% under fluorescent light irradiation.  

 

Various studies have demonstrated that fiber properties are improved by nano-

decorating textiles with active particles, which may include gaining water repellency 

[148], increased mechanical strength [149], wrinkle resistance, antistatic, color change 

[150] or UV protection [151]. Among all nanoparticles, TiO2 turned out to be the most 

effective and cheap alternative for textile coatings [152]. Recently, many articles have 

focused on the functionalization of textiles with TiO2 NPs and their self-cleaning 

properties [153], [154]. Various photocatalytic fibers based on cotton [155], polyester 

[156], wool [157], etc. were designed and, despite the changes that might have occurred 

during the functionalization process, these materials remain harmless to the skin cells. 

For example, it has been demonstrated that nano TiO2-coated fabrics exhibit great 

antibacterial efficiency against Escherichia coli and Staphylococcus aureus and 

antifungal activity against Candida albicans, along with a significant self-cleaning 

capacity and no cytotoxic effects on human skin fibroblasts [158].  

 

Veronovski et al. reported that self-cleaning fabrics can be obtained by applying 

an active photocatalytic layer containing the oxide of a transition metal [159]. This 

coating reacts with organic compounds or pollutants deposited on the fabric and 

decomposes them under sunlight into simple inorganic compounds such as CO2 and H2O 

which are subsequently removed by heat, wind or rain. Fiber degradation is another 

issue related to the photoactivity of TiO2. Veronovski and her team developed a 

titanium-silica composite shell that can be applied to avoid the negative impact on 

fibers. However, any applied pre-treatment only modifies the outer superficial layers of 
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the fabric without affecting its inherent properties. A real-life application of these so-

called “smart” textiles was introduced by US Army in collaboration with the 

Massachusetts Institute of Technology. They have invented a waterproof, lightweight, 

and breathable uniform that can kill bacteria. Furthermore, for protection against 

chemical or biological weapons during wars, scientists have attempted to develop 

"nanopores" in soldiers' uniforms that can close automatically when chemical or 

biological agents are detected. 

 

Anti-fogging Effect 

The anti-fogging effect is another useful aspect of TiO2 nanoparticles based on their 

hydrophilic nature. Fogging occurs when steam cools down on the surfaces of mirrors 

and glasses to form water droplets which can be very disturbing at times. On an effective 

hydrophilic surface, a uniform thin film of water is formed which prevents the 

accumulation of water droplets, hence fogging.  

 

 

Figure 2.12: Anti-fogging effect of automobile side-view mirror: conventional mirror 

(left) and TiO2-coated hydrophilic mirror (right) [23].  

 

The surface can retain this state for up to one week [23]. Therefore, this property 

can be applied to various glass products such as eyeglasses, mirrors, etc. Many Japanese 

car manufacturers have started to equip their cars with mirrors having antifogging 

properties as shown in Figure 2.12.   
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CHAPTER 3: EXPERIMENTAL 

METHODOLOGY 

 

3.1 Materials Synthesis 

Synthesis of undoped and Fe-doped TiO2 

Undoped and Fe-doped TiO2 were prepared by sol-gel synthesis. The raw materials used 

in this research are the following: 

a. Titanium (IV) butoxide/ tetrabutyl titanate (TBT) (from Sigma-Aldrich as a 

precursor). 

b. Absolute ethanol (from Hayman Ltd. England as solvent).   

c. Acetic acid glacial (UN2789) (from Ghtech China as an inhibitor. Acetic acid 

further catalyzes crystallization).  

d. Iron (III) nitrate nonahydrate/ ferric nitrate (Fe(NO3)3.9H2O) (from Sigma-

Aldrich as doping source).  

e. Iso-propanol (from Changshu Yangyuan Chemical, China for making coating 

suspension).  

f. Distilled water. 

All the chemicals were AR (analytical reagent) grade. Ping Yu et al. [60], Ramalingam 

et al. [62], Li et al. [148], and Sood et al. [149] also used TBT as a precursor and 

Fe(NO3)3.9H2O as an iron doping source to synthesize Fe-doped TiO2.  

 

Step 1: Preparation of undoped TiO2  

Firstly, solution-A was prepared by adding and mixing TBT, acetic acid, and absolute 

ethanol.  
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Secondly, solution-B was prepared by adding and mixing acetic acid, distilled water, and 

absolute ethanol. Solution-B was added dropwise into solution-A with vigorous 

magnetic agitation. The obtained mixture was stirred for 4 h, followed by aging for more 

than 24 h, which resulted in gel formation. This gel was dried at 100°C in the oven and 

reduced into powder using mortar and pestle. The obtained powder is then annealed at 

500°C at a rate of 3°C/min in a programmable furnace for 3 h. The final powder 

obtained was undoped TiO2.  

 

 

Figure 3.1: Schematic process for the synthesis of undoped and Fe-doped TiO2. 

 

Step 2: Preparation of Fe-doped TiO2  

The Fe-doped TiO2 (Ti1-xFexO2, x = 0.01 to 0.04) was prepared using the same 

procedure, while dopant source ferric nitrate was added in solution-B.       
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i.  

ii.  

iii.  

Figure 3.2:  Physical appearances of undoped and Fe-doped TiO2 at different steps of 

synthesis (i) After gel formation; (ii) After drying; (iii) After grinding and annealing. 
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Step 3: Preparation of photocatalyst-coated glass surfaces 

Photocatalyst-coated glass surface for every sample was prepared by a dip coating 

method. At first coating suspensions of each photocatalyst powder and iso-propanol 

were prepared for making photocatalyst-coated glass surfaces. The ratio of each 

photocatalyst powder and iso-propanol was 1:10. The suspension-coated glass surfaces 

were then dried in an oven at 83°C for 1 h. Photocatalyst-coated glass surfaces for every 

sample were prepared in similar way.  

 

Figure 3.3: Photocatalyst-coated glass surfaces. 

 

3.2 Characterization of the Undoped and Fe-doped TiO2 Samples 

The structural, optical, and morphological analysis of undoped and Fe-doped TiO2 

samples were performed using X-Ray Diffraction, UV-Vis-NIR diffuse reflectance 

spectroscopy, and Field-emission Scanning Electron Microscopy, respectively. 

Moreover, the photocatalytic activity and self-cleaning performance of all samples were 

tested by photocatalytic dye degradation experiment and hydrophilic conversion test. 
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3.2.1  FESEM Analysis 

The surface morphology of the synthesized nanoparticles was observed using JSM 

7600F, JEOL (Japan) Field Emission Scanning Electron Microscope. The images were 

taken using 5 kV at magnifications of x100,000. Particle size analysis for each sample 

was carried out from these FESEM images by using ImageJ software. 

3.2.2  X-Ray Diffraction Analysis 

To obtain the crystalline phases present in the synthesized samples as well as crystallite 

size, lattice parameters, and other crystallographic information, X-Ray Diffraction 

(XRD) technique was carried out. The XRD analysis of the samples was performed by 

X-Ray Diffractometer (PANAlytical, Netherlands) with radiation source Cu Kα 

(wavelength 1.54Å) at 2θ range 10-80°. The powder samples were placed on a non-

diffracting sample holder positioned in the Bragg-Brentano diffractometer setup. 

Rietveld refinement was performed using software (HighScore Plus 4.1) before 

calculating the crystallite sizes, FWHM, and lattice parameters of the samples.  

3.2.3  UV-Visible Spectroscopy Analysis 

To determine the optical absorption edge of the samples, Diffused Reflectance Spectra 

of all samples were collected using LAMBDA 1050, PerkinElmer (USA) UV-Vis-NIR 

Spectrophotometer from wavelengths 200-800 nm at 25°C. From the diffused 

reflectance spectra, the optical absorbance of the samples was measured. 

3.2.4  Photocatalytic Dye Degradation Experiment 

Photocatalytic degradation of the aqueous solution of Methylene blue (MB) was 

investigated under UV-A light and LED light (as visible light irradiation) separately. 

Both UV-A and LED lights had a capacity of 100W. Azami et al. also selected LED 

light as a visible light source for the photocatalytic dye degradation experiment [160].    

The photocatalytic nanoparticles of 0.15 g of each sample were dispersed in a 500 ml 

MB solution (20 mg/l) in an ultrasound generator for 10 min. After stirring the 

suspension for 30 min in the dark to achieve adsorption equilibrium, the photocatalytic 
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activity of the catalyst was tested. The Undoped TiO2 sample was observed under both 

UV-A radiation and visible light illumination separately. Fe-doped TiO2 samples of 

different concentrations were observed under visible light illumination. The time 

duration of observation for undoped and Fe-doped samples was 6 h.  The reactive 

solutions will be withdrawn at intervals. The residual concentration of MB solutions was 

measured with a UV–Vis spectrophotometer. The high-intensity characteristic 

absorbance band at 663 nm indicated the initial concentration of MB. 

For keeping the samples under UV-A radiation and visible light illumination 

separately, an arrangement of the box was prepared (Figure 3.4) to test the 

photocatalytic activity of the samples. The samples were kept inside the box in such a 

way that no other light radiation from outside can enter the box. As a result, the samples 

were observed under our desired light radiation only.  

 

Figure 3.4: Prepared box with the arrangement of UV-A and visible light bulbs for 

checking the photocatalytic activity of the samples. 
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3.2.5  Hydrophilic Conversion Test 

The hydrophilicity of a surface can be measured by the contact angle of a water droplet 

on the surface. Contact angle (θ) is defined as the angle between a liquid and a solid 

surface at the interface of a solid, a liquid, and a vapor. A surface with less than a 

contact angle of 90° is called hydrophilic. A hydrophobic surface is one having a contact 

angle of more than 90°.  A surface having a contact angle of less than 10° is known as 

superhydrophilic and more than 150° as superhydrophobic. The wettability of a surface 

can be determined by the contact angle.  

 

The hydrophilicity of each coated surface was measured by the contact angle of a 

water droplet on each surface. Before putting the water droplet on the coated surface, the 

undoped TiO2-coated glass surface was kept under UV-A and visible light illumination 

separately. On the other hand, Fe-doped TiO2-coated glass surfaces with different Fe 

concentrations were kept under only visible light illumination. Time durations for both 

undoped and Fe-doped TiO2-coated surfaces were 2 h. To determine the contact angle of 

a water droplet on each photocatalyst-coated glass surface, a digital camera containing a 

macro lens was used. Photos of tiny little droplets on each photocatalyst-coated glass 

surface were taken by this camera very carefully so that the plane of the coated glass 

surface and the plane of the camera lens remains at a 90˚ angle. Using these HD photos, 

the contact angles of the water droplet on each photocatalyst-coated glass surface were 

measured. 
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CHAPTER 4: RESULTS AND 

DISCUSSION 

4.1 Morphology Analysis by FE-SEM 

 The morphology and particle size of the samples were studied by Field Emission 

Scanning Electron Microscope (FESEM) analysis. SEM images of undoped and Fe-

doped TiO2 samples are provided in Figure 4.1. According to FESEM analysis, both 

undoped and Fe-doped particles are spherical. Particle sizes were measured by using 

ImageJ software from the SEM images of each sample. The average particle sizes of 

each sample are listed in Table 4.1. The particle size of undoped TiO2 was found to be 

almost uniform. But in the case of Fe-doped TiO2 samples, particle size varied randomly 

which is due to the effect of Fe doping on TiO2 nanoparticles. It was observed that 

average particle size reduces with Fe doping. The ionic radius of Ti4+ is about 0.68 Å 

and Fe3+ is about 0.64 Å  [69], [161]. Reduction of particle sizes with Fe doping 

indicates the probability of some Ti4+ ions being replaced by Fe3+ ions within the crystal 

framework of TiO2 [162], [163].  

Table 4.1: Average particle sizes of pure and Fe-doped TiO2 samples 

 Average  particle size (nm) 

Undoped TiO2 25.05 

Fe0.01-doped TiO2 23.42 

Fe0.02-doped TiO2 22.39 

Fe0.03-doped TiO2 21.3 

Fe0.04-doped TiO2 20.27 
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A. Undoped TiO2 

 

 

B. Fe0.01 doped TiO2 
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C. Fe0.02 doped TiO2 

 

 

D. Fe0.03 doped TiO2 
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E. Fe0.04 doped TiO2 

 

Figure 4.1: FE-SEM images of the samples at magnification x 100,000. (A) Undoped 

TiO2 (B) Fe0.01 doped TiO2 (C) Fe0.02 doped TiO2 (D) Fe0.03 doped TiO2 (E) Fe0.04 doped 

TiO2. 

 

4.2 Structural Analysis by X-Ray Diffraction 

Figure 4.2 shows the XRD patterns of undoped and Fe-doped TiO2 samples. The Bragg 

peaks of the XRD line profiles are completely matched with the anatase phase of TiO2 

(ICSD database code: 9853,  Space group: I 41/a m d (141)). No Bragg peaks of any 

second phase were observed within the XRD detection limit, indicating that no other 

phase is present in both undoped and Fe-doped TiO2 samples. The Bragg angles and the 

corresponding planes are listed in Table 4.2 and Figure 4.2, confirming the peaks of the 

pure anatase phase of TiO2 for all samples. Generally, 500°C annealing temperature is 

used to obtain anatase structure as anatase to rutile phase transition occurs in a wide 

temperature range of 600°C –1100°C [57], [161], [164]. Yu et al. in their research on the 

preparation of N, Fe co-doped TiO2 Photocatalyst by sol-gel method also found pure 
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anatase structure at 500°C annealing temperature [72]. In this work, a 500°C annealing 

temperature was also used to obtain the pure anatase phase. 

 

Figure 4.2: XRD patterns of undoped and Fe-doped TiO2 samples. All Bragg peaks are 

indexed according to their corresponding crystallographic planes. 
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Table 4.2: The Bragg angles and the corresponding crystallographic planes of obtained 

sample confirm the anatase phase 

 

Sl.  2θ h k l 

1 25.30 1 0 1 

2 36.93 1 0 3 

3 37.79 0 0 4 

4 38.54 1 1 2 

5 48.02 2 0 0 

6 51.95 2 0 2 

7 53.91 1 0 5 

8 55.05 2 1 1 

9 62.11 2 1 3 

10 62.70 2 0 4 

11 68.79 1 1 6 

12 70.30 2 2 0 

13 74.12 1 0 7 

14 75.08 2 1 5 

15 76.04 3 0 1 

16 78.71 2 0 6 

 

  The information on lattice parameters and the unit cell volumes of the samples 

were obtained from the Rietveld analysis of the XRD patterns (Table 4.3). As all the 

samples show only anatase structure, their lattice structure is tetragonal with a slight 

change in crystal size. The radius of Fe3+ (0.064 nm) is smaller than that of Ti4+ (0.068 

nm) [69], [161]. While entering into the TiO2 lattice, Fe3+ doesn't break the crystal 

structure but inhibits the growth of the particle size. Therefore, this may be the reason 

for the broadening of the peak width and decrease in particle size of Fe-doped TiO2 with 

increasing the concentration of Fe (Table 4.3) [77], [162].  Smaller particle size 

increases the surface area, which favors better photocatalytic activity [164]. Moradi et al. 

[165], Sood et al. [163], and Li et al. [166] also observed a decrease in particle size with 

Fe-doping in their experiment. The average crystallite sizes of all samples in Table 4.3 

were calculated by using Debye–Scherrer Formula. 
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Debye–Scherrer Formula: 𝐷 =  
0.94𝜆

𝛽𝐶𝑜𝑠𝜃
 

Where, 

 D= Average crystallite size or particle size 

 β= FWHM or width of the diffraction peaks at half height (rad) or line broadening 

in radians 

 θ=Bragg angle 

 λ= X-Ray wavelength 0.15406 nm 

 

Table 4.3: Comparison of average crystallite size obtained from XRD and average 

particle size from SEM 

Sample Name 

 

Lattice 

Parameters 

 

Cell Vol. 

(x 106 pm3) 

FWHM Average 

crystallite 

size from 

XRD 

Average 

particle 

size from 

SEM 

Undoped TiO2 a = 3.784154 Å 

b = 3.784154 Å 

c = 9.508555 Å 

α = β = γ = 90º 

136.16 0.51 16.67 25.05 

Fe0.01 doped 

TiO2 

a = 3.784752 Å 

b = 3.784752 Å 

c = 9.504419 Å 

α = β = γ = 90º 

136.14 0.65 13.08 23.42 

Fe0.02 doped 

TiO2 

a = 3.784569 Å 

b = 3.784569 Å 

c = 9.501848 Å 

α = β = γ = 90º 

136.09 0.67 12.69 22.39 

Fe0.03 doped 

TiO2 

a = 3.784532 Å 

b = 3.784532 Å 

c = 9.499923 Å 

α = β = γ = 90º 

136.06 0.71 11.97 21.3 

Fe0.04 doped 

TiO2 

a = 3.783631 Å 

b = 3.783631 Å 

c = 9.503588 Å 

α = β = γ = 90º 

136.05 0.75 11.31 20.27 
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4.3 Optical Analysis by UV-Vis Spectroscopy 

The photocatalytic activity of TiO2 is related to the range of its spectral response. Figure 

4.3 shows UV–Vis absorption spectra of undoped and Fe-doped TiO2 samples. Planck’s 

equation, Tauc Plots, and Kubelka-Munk function are used to calculate the band gap and 

optical absorption edge of all samples. Kubelka-Munk function is based on a standard 

Tauc plot and generally uses the intercept of the extrapolated straight line with the 

energy/wavelength axis at (αhc/γ)n = 0 which indicates that there is no absorption fall 

beyond the slope point. However, for the samples where the absorption tail is not 

parallel to the energy/wavelength axis, the extrapolated energy value of the intersection 

of two linear portions of the absorption curve could be more useful to estimate the 

optical band gap. 

Planck’s equation:   𝐸 =  
ℎ𝐶

𝜆
 

The equation used for obtaining Tauc Plot:  (𝛼ℎ𝑐/𝛾)𝑛 = 𝐴(ℎ𝑣 − 𝐸) 

 

Where, 

E = Band gap energy in eV,  

h = Planks constant,  

C = Velocity of light, 

𝜆 = Wave length,  

ν = Photon’s frequency,  

α = Absorption coefficient,  

A = Proportionality constant, and 

n = 0.5 for indirect band-gap   
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A. Undoped TiO2: Band gap 3.14 eV 

 
 

B. Fe0.01-doped TiO2: Band gap 2.52 eV 
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C. Fe0.02-doped TiO2: Band gap 2.42 eV 

 
 

 

 

 

D. Fe0.03-doped TiO2: Band gap 2.37 eV 
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E. Fe0.04-doped TiO2: Band gap 2.25 eV 

 
Figure 4.3: UV-Vis absorbance spectra of the samples. (A) Undoped TiO2 (B) Fe0.01 

doped TiO2      (C) Fe0.02 doped TiO2 (D) Fe0.03 doped TiO2 (E) Fe0.04 doped TiO2. 

 

The pure TiO2 sample almost had no response to visible light and the absorbing 

edge was at approximately 395 nm. The optical absorbing edges of Fe0.01, Fe0.02, Fe0.03, 

and Fe0.04 doped TiO2 were extended to approximately 492 nm, 512 nm, 523 nm, and 

550 nm. The shift in the absorption band edges of the Fe-doped TiO2 samples indicates 

that the optical band gap decreases with Fe doping. The band gap of pure TiO2 was 

about 3.14 eV. On the other hand band gaps of Fe0.01, Fe0.02, Fe0.03, and Fe0.04 doped TiO2 

were reduced to approximately 2.52 eV, 2.42 eV, 2.37 eV, and 2.25 eV. It may be 

attributed to the Fe dopant that entered into the TiO2 lattice and narrowed the band gap 

to extend the visible response [15], [163], [164], [166]. A new energy level is created by 

doped Fe ions below the conduction band of TiO2 by which a red shift in the absorption 

band edge occurs [69], [167]. 
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4.4 Photocatalytic Activity Analysis by Methylene Blue Degradation 

The photocatalytic activity of a photocatalyst is related to the range of its spectral 

response. Figure 4.4 and Table 4.4 show the effect of the photocatalytic reaction of both 

undoped and Fe-doped TiO2. Figure 4.4(A) represents the photocatalytic degradation of 

MB solution indicated in the Y-axis as C/C0. Where, C is the concentration of MB after 

a specific time and C0 is the initial concentration of MB (C0 = 20 ppm MB solution). 

Figure 4.4(B) indicates the percentage of MB degradation with respect to time.  

Photocatalytic degradation of MB solution containing undoped TiO2 was carried out 

under UV and visible light illumination separately. In the case of undoped TiO2 under 

UV radiation, 75% MB was degraded. As undoped TiO2 is not particularly active under 

visible light, only 7% MB was degraded during visible light illumination. 

In the case of Fe-doped TiO2 under visible light illumination, the degradation 

percentage of MB increased. MB degradation was increased with the increase of Fe 

doping at a certain level. The MB degradation percentages of Fe0.01, Fe0.02, Fe0.03 and 

Fe0.04 doped TiO2 in visible range were 19%, 30%, 60%, 26%, respectively. Among Fe-

doped TiO2 under visible light illumination, Fe0.03-doped TiO2 was able to provide an 

enhanced photocatalytic reaction. Further increasing of Fe doping lowered the 

photocatalytic reaction. 

The conduction band minimum of TiO2 consists of Ti d states. A lower energy 

level was introduced by Fe doping in the TiO2 lattice. Due to the narrowing of the band 

gap of Fe-doped TiO2, successfully yielded a redshift of the light absorption [69], [166], 

[167]. The holes and electrons are generated under visible light irradiation which are 

then trapped by the Fe ions[168]. Subsequently, the Fe3+ ions appear again by generating 

hydroxyl radicals (⦁OH) and superoxide (𝑂2
−) groups. Thus Fe doping enabled the 

photocatalytic reaction of Fe-doped TiO2 under visible light illumination [15], [69], 

[163]. Fe3+ can trap both electrons and holes up to an optimum amount of doping. 

However, recombination centers can appear if doping is further increased. This can lead 

to the reduction of the photo-generated charge carriers resulting in less photocatalytic 
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reaction [15], [69], [163], [168]–[170]. That’s why Fe0.04-doped TiO2 yielded lesser MB 

degradation than Fe0.03-doped TiO2 

A 

 

B 

 
Figure 4.4: Photocatalytic activities of undoped and Fe-doped TiO2 samples:  (A) 

photocatalytic degradation of MB solution indicated as C/C0  (C0 = 20 ppm MB 

solution), (B) MB degradation percentage as a function of irradiation time. 
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Table 4.4: Photocatalytic Degradation of MB solution 

 

MB Degradation % After 1 

hour 

After 2 

hour 

After 3 

hour 

After 4 

hour 

After 5 

hour 

After 6 

hour 

Undoped TiO2 under UV 19 25 31 39 52 75 

Undoped TiO2 under visible 

light 

1 2 3 4 5 7 

Fe0.01-doped TiO2 under visible 

light 

1 2 3 6 13 19 

Fe0.02-doped TiO2 under visible 

light 

3 7 14 21 25 30 

Fe0.03-doped TiO2 under visible 

light 

2 20 50 53 57 60 

Fe0.04-doped TiO2 under visible 

light 

2 4 9 13 20 26 

 

 

4.5 Hydrophilicity Comparison  

Hydrophilicity is the expression of the contact angle of a droplet. To compare the 

hydrophilicity, the contact angles of the water droplets on the undoped and Fe-doped 

TiO2-coated glass surfaces under UV and visible light illumination were measured 

(Table 4.5).  

The initial contact angle of the droplet on an uncoated glass surface was 51°. 

Contact angles of undoped TiO2-coated glasses under UV and visible light illumination 

were 7° and 28°, respectively. The obtained result indicates the photocatalytic reaction 

of undoped TiO2-coated glass surface under UV light has made it superhydrophilic. As 

the photocatalytic activity of undoped TiO2-coated surface under visible light is low, 

hydrophilicity decreases during visible light illumination. 
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Table 4.5: Contact angles of the water droplets on the undoped, Fe-doped TiO2 coated, 

and uncoated glass surfaces under UV and visible light illumination 

Coating type  Contact angle 

Without TiO2 coating 51° 

 

TiO2 coating under UV 

 

7° 

 

TiO2 coating under visible light 28° 

 

Fe0.01-doped TiO2 coating under 

visible light 

18° 

 

Fe0.02-doped TiO2 coating under 

visible light 

15° 

 

Fe0.03-doped TiO2 coating under 

visible light 

9° 

 

Fe0.04-doped TiO2 coating under 

visible light 

21° 
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Under visible light illumination the contact angles of Fe0.01, Fe0.02, Fe0.03 and 

Fe0.04 doped TiO2 were 18°, 15°, 9° and 21°, respectively. It was also observed that the 

Fe0.03-doped TiO2-coated surface showed the best hydrophilicity among Fe-doped TiO2-

coated surfaces as hydrophilicity depends on the photocatalytic reaction of coated 

surfaces. The findings are consistent and can be correlated with the MB degradation 

property of Fe-doped TiO2, where Fe0.03-doped TiO2 exhibited maximum degradation 

under the visible region. The competition between the rate transfer of surface charge 

carriers and the recombination rate of the electrons and holes determines the 

photocatalytic activity of TiO2. Oxygen is crucial to this process as it traps electrons in 

the conduction band and hinders electron-hole recombination [69]. The enhanced 

photocatalytic reaction of Fe0.03-doped TiO2-coated surfaces may be explained by the 

following two parameters. 

 

Particle size effect:  

The average particle size and crystallite size of Fe0.03-doped TiO2 are 21.3 nm and 11.97 

nm respectively and are smaller than that of undoped, Fe0.01, Fe0.02 doped TiO2 but larger 

than that of Fe0.04-doped TiO2. Ganesh et al. explained the fact that nanoparticles having 

smaller sizes give better photocatalytic reactions [164]. However, the size effect on 

photocatalytic reaction does not explain the fact for Fe0.04-doped TiO2. 

 

Effect of band gap reduction and trapping site:  

The doped Fe ions form a new energy level below the conduction band and reduce the 

band gap of TiO2 by which visible light absorption is possible [69], [167]. The holes and 

electrons are generated under visible light irradiation. The Fe3+ ions work as a trapping 

site and are able to trap the photoinduced electrons [168]. Because of the reducibility of 

the photoinduced electrons, the Fe3+ ions are reduced to Fe2+ ions. Some holes are also 

trapped by Fe3+ to form Fe4+ ions. The generated Fe2+ and Fe4+ ions are less stable than 

Fe3+ ions. Subsequently, the Fe3+ ions appear again by generating hydroxyl radicals 

(⦁OH) and superoxide (𝑂2
−) groups [69], [163]. Fe3+ can trap both electrons and holes up 

to an optimum amount of doping. However, recombination centers can appear if doping 
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is further increased [168]. This can lead to the reduction of the photo-generated charge 

carriers resulting in less photocatalytic reaction [163], [169], [170].  In the case of Fe0.03-

doped TiO2, an optimum amount of visible light absorption is observed in which electron 

and hole trapping sites are increased to an optimum level and electron-hole 

recombination rate becomes lowest. Thus more (⦁OH) radicals and (𝑂2
−) groups are 

produced. Further increase of Fe content, as in Fe0.04-doped TiO2, increases electron-

hole recombination center, hence the rate of recombination which yields lower 

photocatalytic reaction and hydrophilicity.  

Table 4.6 represents the overall comparison of all the characterizations and tests 

of the samples. Fe0.03-doped TiO2 performs better as a photocatalyst under visible light 

irradiation which yields enhanced photocatalytic reaction and more hydrophilicity. 

Table 4.6: Overall comparison of undoped, Fe0.01, Fe0.02, Fe0.03, and Fe0.04 doped TiO2 

 

 Undoped 

TiO2 

Fe0.01 

doped 

TiO2 

Fe0.02 

doped 

TiO2 

Fe0.03 

doped 

TiO2 

Fe0.04 

doped 

TiO2 

Average particle size 

from SEM (nm) 
25.05 23.42 22.39 21.3 20.27 

Crystallite size from 

XRD (nm) 

16.67 13.08 12.69 11.97 11.31 

Band gap (eV) 3.14 2.52 2.42 2.37 2.25 

MB degradation 

percentage under UV 
75 -- -- -- -- 

MB degradation 

percentage under 

visible light 

7 19 30 60 26 

Contact angle of the 

droplet under UV 
7° -- -- -- -- 

Contact angle of the 

droplet under visible 

light 

28° 18° 15° 9° 21° 
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CHAPTER 5: CONCLUSIONS AND 

FUTURE WORK  

 

5.1 Conclusions 

Undoped and Fe-doped TiO2 nanoparticles were synthesized by a simple sol-gel method 

using tetrabutyl titanate as a precursor and ferric nitrate as an iron doping source. The 

obtained powder samples were annealed at 500°C to get an anatase structure. XRD 

patterns of all the samples confirmed 100% anatase phase. The XRD results also 

revealed that the crystallite size decreases with the increase of Fe doping. The average 

particle sizes obtained from FESEM analysis and the average crystal sizes obtained from 

XRD analysis were in a similar pattern. UV-visible spectroscopy analysis indicated that 

the optical band gap decreases with the increase of Fe doping.  

  From the photocatalytic dye degradation test, the higher photocatalytic activity 

(60% MB degradation) under visible light radiation was obtained from Fe0.03-doped 

TiO2, having an average particle size of 21.3 nm, average crystallite size of 11.97 nm 

and band gap of 2.37 eV. Moreover, hydrophilic conversion test also confirmed the 

enhanced photocatalytic activity for the Fe0.03-doped TiO2 sample by exhibiting super-

hydrophilicity (water droplet contact angle 9°) under visible light radiation. It is worth 

noting here that the most commonly used indoor LED light was used as the visible light 

source during the photocatalytic dye degradation and hydrophilic conversion test under 

the visible region. Though undoped TiO2 yielded more MB degradation (75%) and 

super-hydrophilicity (contact angle 7°) than Fe0.03-doped TiO2  under UV radiation, its 

photocatalytic activity was very low under visible radiation. Again, the photocatalytic 

activity of Fe-doped TiO2 nanoparticles under visible radiation gradually increased with 

Fe doping till 3 mol% iron concentration. Further increase in Fe doping reduced the 

photocatalytic activity due to the enhancement of electron-hole recombination rate. As a 
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result, Fe0.04-doped TiO2 gave lower MB degradation and lesser hydrophilicity under 

visible radiation. Hence, in this study optimum range of iron doping concentration was 

found to be 3 mol% Fe. Therefore, in the sense of photocatalytic activity under visible 

radiation, Fe0.03-doped TiO2 performed better as a photocatalyst. Therefore, the iron-

doped TiO2 can be effectively used as self-cleaning coating material. 

 

5.2 Future Work 

▪ In this study, 100% anatase structure for both undoped and Fe-doped TiO2 

nanoparticles was found. The band gap adjustment for visible light sensitization 

has been carried out only by doping with iron. Developing nanocomposite of 

TiO2 with co-doping with other metals, non-metals, and other compounds can be 

explored to find out future materials with better photocatalytic activity under 

visible light. 

▪ Photocatalytic water splitting on TiO2 and platinum electrodes under ultraviolet 

(UV) light yields hydrogen which can be used as fuel. But, the production of 

hydrogen as fuel using TiO2 photocatalyst is not economically efficient. Studies 

may be carried out in the future to make TiO2 acceptable for economically 

efficient hydrogen fuel production. 
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