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ABSTRACT 

 

 

Hydrogen energy is an alternative source of energy apart from the fossil fuel sources being 

utilized at present. With the depleting energy from fossil fuels and very low reserves, hydrogen 

energy can be an excellent fuel for future generations to come. Water splitting is a technique by 

which hydrogen (H2) can be separated from the water (H2O) molecule, and this hydrogen can then 

be transferred to fuel cells as energy. The water-splitting theory is depicted when the water 

molecule is exposed to sunlight under the action of a photocatalyst. The photon energy is not 

entirely utilized to split the water molecule, which is mainly due to the large energy band gap of 

semiconductor materials.  

The photoactivity of semiconductor material is increased by tuning down the energy band 

gap. In this research, the energy band gap of titanium dioxide (TiO2) as a semiconductor was tuned 

down by doping TiO2 nanoparticles with indium tin oxide (ITO), fullerene (C60), and a single-

walled carbon nanotube (SWCNT) separately. The TiO2 nanoparticles were synthesized by a sol-

gel technique using titanium isopropoxide (C12H28O4Ti), 2-propanol anhydrous (C3H7O), and 

hydrochloric acid (HCl). This research might well open new opportunities and possibilities for 

synthesizing a semiconductor-based photocatalyst for photoelectrochemical (PEC) solar water 

splitting. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Background 

Hydrogen energy is one of the most attractive sources of energy in the upcoming future. 

Nano-sized photocatalytic water-splitting technology has great potential for low-cost, 

environmentally friendly solar-hydrogen production to support the future hydrogen economy [1]. 

Hydrogen could be a great source of fuel for future generations. It can be produced by either fuel 

cells or the water-splitting technique. The water-splitting technique is a chemical process by which 

a water (H2O) molecule is split into hydrogen (H2) and oxygen (O) molecules separately. If 

produced and manufactured correctly, this hydrogen can be a great source of energy. Figure 1 

shows schematically the chemical reaction involved in water splitting. 

 

Figure 1. Chemical reaction of water splitting. 

Photocatalytic water splitting is an artificial photosynthesis process in which photocatalysts 

are used to disassociate the water molecule into its respective hydrogen and oxygen molecules. 

This particular phenomenon, which can be observed under either natural or artificial light, can 

prove to be very helpful if it is possible to split hydrogen from the water molecule.  

The energy band gap (Eg) is defined as the space in which there are no electrons. In 

semiconductors, this can be defined as the energy gap between the conduction band (CB) and the 
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valence band (VB) [2]. The reduction of this energy band gap can help electrons flow from the VB 

to the CB, which can lead to the production of electricity. This is the role of the energy band gap 

in this research. 

1.2 Motivation 

The most common source of energy today is from fossil fuels, which have a high carbon 

content and are not environmentally friendly. Moreover, they are viscous, difficult to handle, and 

have impurities, such as sulfur, a contaminated gases that is harmful to the atmosphere. Therefore, 

it has become even more necessary to look for alternate fuel sources that are more reliable and 

environmentally friendly. To find an alternate and optimal source of energy, two areas must be 

taken into consideration: 

 More naturally occurring energy sources of energy, such as natural gas, solar energy, and 

oceanic power, instead of fossil fuel or petroleum energy that is primarily used in today’s 

economy [3]. 

 The by-products of alternate sources of energy. In the case of hydrogen energy, one study 

shows that the about 60–70% of the electricity being transmitted today ends up in 

industries. If hydrogen instead is used as fuel in these industries, then it is known that the 

by-product would be hydrogen [3]. 

It has been challenging to develop a practical artificial photosynthetic system that can carry 

out the water-splitting reaction, as mentioned in Section 1.1, particularly the photocatalyst required 

to carry out this reaction. In addition, the H2 gas that is produced from this water-splitting process 

can be used directly as transportation fuel or a source of electricity with the help of fuel cells. This 

hydrogen fuel does not produce any greenhouse gasses or any pollutants upon combustion [4]. 
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 These aspects of water splitting and the uses of hydrogen as a fuel in the future to meet the 

ever-mounting energy demands of the present world have spurred considerable research in finding 

the most appropriate and economical photocatalyst to drive the uphill reaction of water splitting. 

1.3 Objectives 

 The metal oxide titanium dioxide (TiO2), or titania, shows a large band gap of around 3.2 

electron volts (eV), which implies that its peak absorption is observed just below 400 nm. Thus, 

only 4–5% of solar energy is being utilized to create the conduction band electrons and valence 

band holes, which are responsible for the electron flow and in turn leading to the redox reaction. 

This redox reaction would be useful in carrying out the water-splitting reaction [5]. The energy 

band gap of TiO2 can be tuned by doping the metal oxide with a nanopowder dopant, which will 

lower the energy band gap because of its opposite nature. The lower energy band gap basically 

implies that the peak absorption has shifted in the visible light spectrum, which is between 400 nm 

and 700 nm. 

 The doping of nanoparticles in TiO2 is accomplished by the sol-gel process, in which both 

the dopant and the metal oxide are mixed thoroughly, and in the process, the solution steadily 

progresses towards the formation of a gel-type structure. If the large energy band gap of TiO2 is 

tuned down (decreased) using a dopant, then it can be used as a photocatalyst in the water-splitting 

reaction. The resultant hydrogen energy can be utilized in fuel cells and many other energy-

producing applications. Therefore, this breakthrough using a photocatalyst for the water-splitting 

reaction could be a solution to the energy crisis in today’s world and also a major invention in 

obtaining hydrogen as a source of energy.  

The main objectives of this research are as follows: 

 To synthesize TiO2 nanoparticles using the sol-gel technique. 
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 To synthesize TiO2 nanoparticles with different weight percentages (wt%) of different 

dopants: indium tin oxide (ITO), fullerene (C60), and a single-walled carbon nanotube 

(SWCNT). 

 To shift the peak absorption of nanopowder samples into the visible light region. 

 To tune down the large energy band gap of TiO2. 

 To investigate the structure of nanoparticles using scanning electron microscopy (SEM). 
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CHAPTER 2 

 

LITREATURE REVIEW 

 

 

2.1 Hydrogen Energy 

 

Hydrogen energy is considered to be one of the best renewable energy sources, which is 

defined as those sources found in natural resources. Some examples of renewable energy sources 

are solar, wind, tidal waves, and geothermal heat, which are found in abundance in nature and are 

very eco-friendly. The low reserves of present-day fossil fuels are being depleted. Therefore, it is 

important to find alternate renewable sources of energy that can be used as fuel. 

 Hydrogen energy is one such type of fuel and is currently a hot topic among researchers.  

Hydrogen is the simplest element available in nature. In one atom of hydrogen, there is one electron 

and one proton, though its abundance in nature finds it mixed with other elements. It combines 

with oxygen to form water, and it can be separated from water by passing an electric current 

through it, a process known as electrolysis. Hydrogen is also found in abundance with 

hydrocarbons and can be derived from hydrocarbons with the application of heat, a process known 

as reforming. Other sources of energy are also efficient, but hydrogen can be stored as a fuel and 

then used only when necessary. The National Aeronautics and Space Administration (NASA) has 

been burning hydrogen as fuel due to its high energy and because it results in absolutely no 

pollution. NASA used liquid hydrogen in the 1970’s to launch its space shuttles. The byproduct of 

hydrogen upon its combustion as a fuel is pure water, which is then drunk by the shuttle crew [6]. 

A fuel cell using hydrogen and oxygen can produce electricity. The fuel here is hydrogen. 

Therefore, a fuel cell keeps working as long as it has a constant supply of fuel (hydrogen). Figure 

2 shows the NASA space shuttle’s launch using hydrogen as the fuel source. 
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Figure 2. Space shuttle launch using hydrogen as fuel [6]. 

Toyota has launched a new, completely fuel-cell-based vehicle, the Toyota MIRAI, as 

shown in Figure 3. Sales of this vehicle begin in the fall of 2015 in California and are expected to 

begin in the northeastern U.S. in 2016. Toyota claims that the car comes with no internal 

combustion and no carbon emissions, thus realizing the dream of hydrogen being used as fuel in 

cars [7]. 

 

Figure 3. Toyota MIRAI [7]. 

2.2 Photoelectrochemical Solar Water Splitting 

 Photoelectrochemical (PEC) solar water splitting is a renewable and eco-friendly way of 

producing hydrogen [8]. Here, hydrogen is produced as the result of splitting the water molecule 

into its different elements of hydrogen and oxygen by placing a metal oxide, mostly a 
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semiconductor, in an aqueous electrolyte solution. With the addition of sunlight, the semiconductor 

electrode splits the water molecule, thus yielding elemental hydrogen [8]. The two most important 

factors in the water-splitting process for it to be efficient are as follows: 

 Absorption of the visible light spectrum, and the generation of hydrogen and oxygen. 

 The consequential separation and transport of ions. 

After a thorough investigation of the previous literature, it was discovered that the 

photocatalytic and PEC application properties were best found in metal oxides because of their 

physical and chemical stability in nature [8]. The photocatalyst should have a conduction band 

minimum higher than the water molecule and a valence band maximum lower than the water 

molecule. Also, the photocatalyst should absorb most of the photons of the solar spectrum [9]. 

Since the first report by Fujishima [10] on PEC water splitting and his explanation in using 

TiO2 as an electrode, there has been considerable interest in this process as a way for an eco-

friendly, less-expenditure, and free-of-pollution type of hydrogen production by using solar energy 

[11]. The mechanism in the process of photocatalytic water splitting using a semiconductor is as 

follows: First, a semiconductor photocatalyst has both a valence band and a conduction band. The 

introduction of photon energy with the semiconductor leads to the formation of electrons (e-) in 

the CB and holes (h+) in the VB. A hydrogen ion is generated upon the interaction of holes with 

the electron donors [12]. Synchronously, the electron will reduce the hydrogen ion into hydrogen 

gas. 

2.3  Sol-Gel Process 

 The sol-gel process is a chemical technique in which a solution has both a solid and a liquid 

phase. The solution (sol) in this process forms a gel-like network among the chemicals 

participating in the reaction. This process was first discovered in the 1940’s by Geffcken and 
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Bergen, who produced the first-ever single-oxide coatings. Later, Schroeder was the first to deposit 

thin films. In the meantime, scientists and engineers have developed many different techniques to 

produce sol-gel and also various applications [13]. The sol-gel process is essentially a solution-

based process to generate a coating of different densities [14]. Sol-gel is similar to a colloidal 

solution with hanging particles because their gravitational force is negligible, as compared to the 

Brownian force. The sol-gel solution forms a gel-like structure [15].  

One practical application of sol-gels is that they can be used to prepare TiO2 nanoparticles, 

which are known for their photocatalyst applications because they create hydroxyl radicals and 

super oxide ions in the presence of light and also help in degrading the harmful waste in water, 

converting it into harmless carbon dioxide (CO2) and water [16]. Sol-gel has also proved helpful 

in anti-cancer agents. The anticancer drug cisplatin is a platinum complex that crosslinks 

deoxyribonucleic acid (DNA) molecules, induces apoptosis, and prevents cell division [17]. Sol-

gels have also been helpful in cleaning up hazardous materials. For example, doped alumina 

nanoparticle sol-gels are used in cleaning off chemical warfare agents, such as sulfur mustard, or 

mustard gas [18]. Sol-gel-derived alumina nanoparticles have also been helpful in removing 

nickel(II) ions from aqueous solutions [19]. Sol-gel-derived nanoparticles have been used to 

separate arsenic from water [20]. Using the sol-gel method, symphonized lithium zirconate 

(Li2ZrO3) nanoparticles were utilized to create a CO2 absorber [21]. Sol-gels are very popular in 

making optics. This technique was also applied in developing cerium-doped yttrium aluminum 

garnet (Y3Al5O12, YAG) [22]. Green, blue, and red nanophosphors were combined to form the 

white light “The Holy Grail” of lightning from light-emitting diodes [23]. Moreover, various sol-

gel techniques have been used as catalysts and explosives. Upon the synthesis of doped ZnAl2O4, 

using a sol-gel. They predisposed strontium-doped ZnAl2O4 nanomaterials with a spinel structure 
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[24]. A combination of diethylene glycol and zinc acetate via an ester elimination reaction that 

included ultrasound techniques was used to synthesize a rod-like zinc oxide (ZnO) nanopowder 

[25]. Dissolving nickel nitrite in urea and introducing the explosive cyclotrimethylene-trinitramine 

(RDX) in paraffin helped in synthesizing a nickel-based nanoparticle using an explosive sol-gel 

process [26]. 

2.4  Titanium Dioxide 

 Titanium dioxide can be potentially applied in the form of photo anodes to carry out 

photoelectrochemical water splitting [27]. TiO2 is popular for its nontoxicity, high stability, and 

cheap cost for use as a photoelectrode in the PEC water-splitting process [28]. Fine-sized titania 

particles can be used in adsorbents, catalytic support, and also pigments [29]. Titanium dioxide is 

inorganic, insoluble, non-hazardous, and thermally stable, as stated by the Globally Harmonized 

System of Classification and Labeling of Chemicals (GHS). Ultrafine TiO2 nanoparticles are 

transparent and very effective as ultraviolet (UV) light absorbers for the photocatalyst process. 

2.4.1 Benefits from Titania Nanoparticles 

As a result of its increasing popularity among researchers, particularly the photoelectric 

applications work of Fujishima et al. [10], titanium dioxide has numerous other applications, 

including the following: 

 TiO2 has an excellent light-absorbing property, which can be used in applications that 

require opacity and brightness in the pigment state. 

 In paint, TiO2 confirms its longevity and protection of the main substrate. 

 In exterior applications, the coolness confabulated by the colored surfaces of TiO2 as the 

result of light reflectance is cutting edge, reducing the need for air conditioning in 

equatorial regions and translating to large-scale energy savings in these areas. 
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 In product applications, TiO2 can often be equated with palpable environmental prosperity. 

For example, TiO2 is a potential opacifier, thus improving resource efficiency. 

2.4.2 Human Health-Related Hazards 

Titania shows few hazards in its nature, due to its chemical stability: 

 Most regular household items contain titanium dioxide as a color, and it has been a major 

part of that industry since it was first introduced in 1923. 

 More than 20,000 workers who work in TiO2 industries in North America and Europe have 

shown no occurrence of any adverse lung effects [30].  

 In 2006, the International Agency for Research on Cancer (IARC) valuated TiO2 as 

carcinogenic to humans based on a few studies on rats, but considering the fact that the rat 

is uniquely sensitive to over-loading in its lungs, it was stated that the same amount of 

damage may not occur in humans [30]. 

 TiO2 is usually mixed into a matrix where it is bound, such as in paints or plastics; therefore, 

it is not extensively exposed to the general public. 

Based on existing studies and standards, it can be stated that titanium dioxide can be used 

in sunscreen and beauty products that applied to no more than 25% of the skin. Below this 

percentage, TiO2 poses absolutely no risk to human health [31]. Figure 4 clearly shows that TiO2 

is one of the major constituents of sunscreen lotions and signifies the hazard-free usage of TiO2 

[32]. After a thorough research about the material and its reactivity all the precautionary measures 

were taken while working with titanium dioxide. 
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 [33]. 

Figure 4. Active ingredients in sunscreen. 

2.5 Energy Band Gap 

 The energy band gap is defined as the minimum energy required for an electron to jump 

from its bound state into its valence state where it can engage in conduction [33]. Energy valence 

(Ev) is the lower energy level, and energy conduction (Ec) is the state of energy where the electron 

is considered to be free [34]. The difference between these two energies is the energy band gap 

and is the minimum energy required to excite the electron into the conduction band from the 

valence band [35]. 

The band gap has a direct cognation over the electrons. When the group of electrons all 

move in a single direction, they form an electric current. Electrons in an atom are arranged in their 

respective states, shell, momentum, spin, and energy levels [36]. Some electrons are at the same 

energy level, while others are not. The set of possible electron states is called the band, whereas 

the set of electron states that are not possible is referred to as the band gap [39]. Bands that are 

closer to the nucleus are called core levels. The band farthest from the nucleus is called the valence 

band. The next band is the conduction band, in which electrons are free to move. In metals, the 
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VB and the CB overlap each other, thus leading to the free flow of electrons and consequently 

making them good conductors of electricity. Insulators are another type of material in which the 

VB and the CB are very far from each other. It is almost impossible to move an electron to the CB 

[38]. Semi-conductors are the material in which the gap between VB and CB gap here is very 

narrow. They act as both conductors in some cases and insulators in others. When semi-conductors 

were first discovered and prior to physicists solving the mystery of the band gap, they were of little 

interest because of their variant nature. The idea of an energy band encouraged scientists to 

understand the applications of semi-conductors for optoelectronic devices [39]. When the electron 

is hit by light energy called the photon, it can help the electron to jump across the band gap. In the 

conduction band, the electron is free to flow, thus producing an electric current [40]. Figure 5 

shows different energy band gaps for different materials. 

 

Figure 5. Different energy band gaps for different materials [37]. 

 Direct and indirect energy band gaps, as shown in Figures 6 and 7, respectively, are the 

two variants in semiconductors. In a semiconductor with a direct band gap, the top of the valence 

band and the bottom of the conduction band both occur at the same momentum, whereas in a 
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semiconductor with an indirect band gap, the maximum in the valence band is at a different 

momentum than that of minimum of the conduction band energy [41]. 

 

Figure 6. Direct band gap [41]. 

 

. 

Figure 7. Indirect band gap [41]. 

 Optical spectroscopy can be used to measure the accurate energy band gap of a material. 

One way to predict the energy band gap is to employ separate chemical electronegativity. The most 

commonly used scale is the Pauling scale (1932), which is based on disassociation energies in 

chemical bonds. The Pauling scale was used based on differences in the electronegativity to 

determine the energy band gap of binary dioxides [42]. He refined his model based on an 

assumption that the s, p and d orbital semi-conductors would behave differently, and he used two 
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parameters that varied depending on which orbitals contribute the most to the valence band. 

However, he found difficulty in finding the band gap of transitional metal oxides whose bonds are 

less ionic in nature, for example, ZnO, CdO, Ag2O, and Cu2O [42]. 

 Optical electronegativity (OE) is a concept developed to measure the energy band gap in 

binary compounds. This approach is based on the frequency of electron promotion in a solid phase. 

The frequency is calculated by the disassociation energy of gaseous molecules at zero temperature. 

Duffy’s model used the difference in OE to predict the energy band gap. The OE of oxygen in 

binary compounds depends on the cation present in the compound; therefore, Duffy developed an 

empirical formula to relate the OE of oxygen based on the cation: 

Eg = 3.71ΔX 

 

Eg = Energy band gap; ΔX = Difference in anion and cation OE 

𝑋𝑜𝑥𝑖𝑑𝑒 = 4.30 −
1.5

𝑋𝑚 − 0.26
 

Xoxide = OE of oxide; Xm = Pauling electronegativity of cation [42]. 

It state that by using this equation and the parameters, they were able to find the accurate value of 

the energy band gap (Eg). They also found that by using this equation, one can predict the energy 

band gap value for binary oxides that have not yet been synthesized. 

2.5.1 Tuning the Energy Band Gap 

 A great portion of the research in this present study is focused on tuning the energy band 

gap. In the current energy systems, metal oxides have an absorption that is just below the visible 

light range. Hence, doping any material with metal oxide will bring in more photoactivity in the 

visible light region. For example, TiO2 has an absorption onset of around 380 nm [43]. Asahi et al. 

contemplated that the doping of nitrogen (N) into TiO2 will lower the energy level and bring the 

photoactivity into the visible light region by narrowing the energy band gap [44]. In laser materials, 
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the current research is on Ti3+-doped oxides, because many studies suggest that the shift in band 

gap energy is due to the color centers. Other studies theorize that the shift in band gap is not 

because of doping a metal oxide semiconductor, whereby a semiconductor with a total different 

composition is formed [45]. 

 Various cases relative to the study of tuning the band gap are discussed here. First, a simple 

structure showing the energy band gap of TiO2 is shown in Figure 8. From many studies, TiO2 is 

calculated to have an energy band gap of 3.2–3.5 eV. 

 
 

Figure 8. TiO2 energy band gap. 

 

Figure 9 shows the change in band gap structure of TiO2 upon doping with nitrogen. 

Di Valentin et al. contended that super-abundant N-doped TiO2 shows a photo response in the 

visible light region, as a result of the occupied N 2p localized states, which are located above the 

valence band edge [46], whereas the interstitial N 2p states lie evenly above the valence band [47]. 

The doping of TiO2 creates localized states below the conduction band edge. In that study, the 

spectral band was around 410–535 nm and the band gap of the dopant TiO2 was about 3.02–

2.32 eV. 
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Figure 9. Doped TiO2 with localized dopant levels. 

 

The localized sets near the valence band edge, as shown in Figure 10, are the results of 

visible light activity. This excitation from the localized sets to the conduction band leads to the 

absorption edge being shifted to lower energies. However, some studies contradict this implication 

because of the presence of oxygen vacancies. For a certain number of oxygen vacancies, the 

experimentally observed energy band gap is 2.0–2.5 eV above the valence band edge [48]. 

Umebayashi et al. doped TiO2 with xSx and reached the conclusion that the mixing of S 3p states 

with O 2p states in the valence band will shorten the band gap as the valence band width widens 

itself. But whether the properties of the dopant remain the same, even after altering the valence 

bandwidths by introducing of O 2p states, is controversial [49]. 

 

Figure 10. Localized dopant levels and change in energy band gap. 
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If anion-doped TiO2 is to be used in photocatalyst applications, then its durability should 

also be considered. The photocatalytic property of TiO2 is based on its available three phases: 

anatase, brookite, and rutile. Anatase is the most stable phase and has higher photocatalytic activity 

than the other two phases. Titanium oxide has various optical and electronic applications. Reddy 

et al. investigated the anatase phase of TiO2 and found that in an indirect transmission, it has an 

energy band gap of 2.95–2.98 eV [50]. However, a larger part of that work indicates that the 

anatase phase has only an indirect band gap of 3.23 eV [51], whereas the rutile phase has a direct 

energy band gap of 3.06 eV and an indirect band gap of 3.10 eV [52]. 

 Today, doping is considered to be a highly promising approach to increasing the absorption 

edge of titanium oxide into the major part of the visible light spectrum. This doping mainly 

involves the addition of an isolated impurity [53]. Barber et al. investigated the ultraviolet-visible 

(UV-Vis) photoelectron spectroscopy (PS) plot showing the absorption edge of cadmium sulfide 

(CdS) nanoparticles, as shown in Figure 11 [54]. The plot in Figure 11 shows the absorbance vs 

the wavelength (nm) of the CdS nanoparticles. From this plot the energy band gap is calculated by 

plotting (αhv)2 versus hv, where hv is the photon energy and α is the coefficient of optical 

absorption. In this case, the energy band gap was calculated to be 3.44 eV [54]. 

 
 

Figure 11. Absorption spectrum of CdS nanoparticles in PS matrix [54]. 
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 Semiconductors without any impurities are termed intrinsic semiconductors, and those that 

are doped with impurities are known as extrinsic semiconductors. For example, using silicon (Si) 

crystal, the diagram in Figure 12 illustrates the Si lattice when one of the atoms is replaced with 

phosphorus (P). Four electrons of the P atom are shared with other atoms, and the fifth electron is 

sent to the conduction band. This type of material is referred to as an n-type semiconductor due to 

the excessive negative charge in the lattice. It is also called an n-type donator. The schematic 

presentation of an n-type P-doped Si semiconductor is shown in Figure 12. 

 

Figure 12. Schematic presentation of n-type P-doped Si semiconductor. 

In a p-type semiconductor, a silicon atom is replaced by a boron atom that has an electron 

deficiency. In this lattice, the electron can be received from the surrounding atoms or from a free 

conduction band electron, thereby releasing a positive charge. Therefore, the material is called a 

p-type acceptor. It must be noted that in semiconductors, the movement of the positive charge is 

considered to classify the materials, rather than the movement of the negative charge, as in the 

regular convention. The schematic presentation of a p-type acceptor is shown in Figure 13. 
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Figure 13. Schematic presentation of p-type acceptor. 

In an n-doped semiconductor, the majority of carriers are the conduction electrons, and the 

minority of carriers are the conduction holes, whereas in the case of a p-doped semiconductor, the 

conduction holes are in the majority, and the conduction electrons are in the minority. The energies 

affiliated with dopants introduced in a semiconductor are shown in Figure 14. A donator is ionized 

by accepting the valence electron, thereby injecting a conduction hole in the valence band. 

 
 

Figure 14. Energies in a doped lattice. 

  

Photon energies which are more than the energy band gap in undoped semiconductors, the 

band gap widens due to the free flow of charge carriers; this is known as band widening. This flow 

of charge carriers is counterattacked and results in narrowing of the band by the impurities doped 

in the semiconductor [55]. 
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 Transparent conducting oxide (TCO) thin films from a semiconductor with a large band 

gap and low electrical resistivity have generated tremendous interest among researchers because 

of their wide applications in optoelectronic devices such as solar cells [56]. Roth et al. stated that 

the charge carrier concentrations ranging from 6*1018cm-3 to beneath 3*1019cm-3 follow the 

Burstein-Moss theory for band filling [57]. The band gap tuning occurs at a lower concentration, 

from 2*1019cm-3 to 3*1019cm-3. 

Burstein-Moss Theory 

 This theory stipulates that the band gap of a semiconductor increases as the absorption edge 

increases in its energy levels as the electrons near the conduction band are populated. This 

phenomenon of energy shift is known as the Burstein-Moss shift. This effect is mainly observed 

when the electron carrier concentration increases and is over the conduction band edge density of 

the electrons, which reciprocates the degeneration in doping in semiconductors. Between the 

conduction and valence bands in regular semiconductors lies a Fermi level. As doping is increased, 

the electrons populate the Fermi level, and in the case of degenerate semiconductors, the Fermi 

level lies within the conduction band. The Fermi level, shown in Figure 15, is defined as the top 

of the collection of the electron states in a semiconductor at an absolute zero temperature (–273 K). 

. 

Figure 15. Schematic representation of Fermi level. 
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The application of zinc oxide in thin films is used as a transparent conductive layer in solar 

cells. These films are expected to transmit the maximum amount of light to the underneath absorber 

layer of the solar cell. In general, ZnO has a maximum transmittance of 300 to 250 nm. In the 

plasma edge, it lies between 200 and 400 nm based on the carrier concentration. This change 

appears when there is a change in the carrier concentration. This effect is basically known as the 

Burstein-Moss shift. 

 In pure undoped semiconductors, the optical band gap energy is the same as the separation 

between the band edges. With excessive doping, the electrons will occupy the states at the bottom 

of the conduction band, implying that the energy required in exciting the electrons from the 

conduction band to the valence band is more than that of the fundamental energy band gap. Hence, 

the optical band gap increases with increasing charge carrier concentration. This results in the band 

gap widening. The electron-electron and electron-impurity interactions and scattering of the 

particles are also considerations in tuning the band gap. 

Indium Tin Oxide as Dopant 

 Indium tin oxide is a trivium composition of indium tin and oxygen. Based on the amount 

of oxygen content, it can be divided into either an alloy or a ceramic. ITO is usually an oxygen-

saturated composition with 74% indium (In), 18% oxygen (O), and 8% tin (Sn). The color of ITO 

is greenish yellow [58]. The optical transparency and electrical conductivity of the semiconductor 

makes it widely used among transparent conducting oxides. Here it should be noted that the 

increase in transparency will decrease the conductivity of a material. In 1907, cadmium oxide 

(CdO) thin and transparent films drew keen interest in transparent conductors. It is known that 

non-stoichiometric oxide films of zinc, tin, cadmium, and their alloys exhibit high transmittance 

and can act as pure metallic conductors. 
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 A limited transparency and bearable reduction in conductivity can be obtained in thin films, 

whereas both high transparency and high conductivity are not possible with congenital materials. 

This high conductivity is possible in materials by way of electron degeneracy, which creates an 

energy band gap of more than 3 (Eg ˃ 3 eV). By introducing a deserved dopant, this band gap can 

be achieved. These properties can be easily achieved in the case of ITO [59]. 

Uses of ITO 

 ITO is traditionally used in the heating elements of cars and aircraft. ITO has also been 

used as an anti-static coating in the display panels of electronic devices. In high-temperature gas 

sensors, ITO is used as a coating for a couple-charged device (CCD) and liquid crystal display 

(LCD), and also as transparent electrodes for various display electronics and most of the early 

electro-optic devices. In most recent devices, ITO is used in solar cells and light-emitting photo 

diodes, light-emitting photo transistors, and lasers [60]. ITO is also used as a glass substrate to 

deposit thin films and sometimes to treat polymer substrates [61]. ITO is attractive for many 

applications because of its optical properties. Research into using ITO wherever there is a 

possibility is ongoing. For example, it can be used in light-detecting devices because of its optical 

sensitivity, and in light-emitting devices because of its quantum efficiency. 

 However apart from these uses involving thin films of ITO, advancement in science and 

perpetual research had front rank to the demand of a sophisticated and unfathomable study on the 

electrical and optical properties of ITO. Recently the deposition of ITO films onto plastic 

substrates using the sputtering method has been reported [62], and there is a strong demand. ITO 

films for different applications should be accumulated as substrate in polyethylene terephthalate 

(PET). This signifies that ITO films are very useful for their optical and electrical applications 

[63]. 
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Properties of ITO 

 ITO is usually formed by empathetic doping of indium oxide (In2O3) with tin, which leads 

to the replacement of In3+ atoms from the cubic bixbyte structure of In2O3 [64]. An intestinal bond 

between Sn and O forms, and may exist in forms of tin oxide (SnO2 or SnO) in valence forms of 

+4 and +2. This valency of the structure has a great influence on the final conductivity of ITO. Out 

of these two valencies, the +2 valency state creates a hole in the structure, which acts as a trap and 

lowers the conductivity of the ITO, whereas the Sn4+ acts as an n-type donor semiconductor, 

whereby the electron is released into the conduction band. The conductivity of the material will 

depend on the valency of Sn, whether it is in SnO with 2+ valency or it is SnO2 with 4+ valency. 

However, in the case of ITO, both tin and oxygen valencies affect the conductivity of the material. 

ITO can be chemically represented as In2-xSnxO3-2x. The lattice parameter of ITO is close to that of 

In2O3 and is reported to lie between 10.12 and 10.31 A°. 

 ITO has a high conductivity, hence the reason for it being the high carrier concentration. 

ITO has low mobility of charge carriers when compared to the mobility of bulk In2O3, which is 

due to scattering mechanisms of the ionized impurities. Mobility increases due to intensified 

crystallinity of films deposited at higher substrate temperatures [65]. 

 Sreenivas et al. suggest that films developed at room temperature have many internal faults 

in their structure and hence are amorphous in nature [66]. For a polycrystalline structure, the 

temperature of the thin films is raised to about 200°C. If these thin films are annealed, then a single 

crystalline structure with a uniform grain size is formed, thus increasing ITO conductivity. 

Enhancement in the grain-growth process in the deposition of ITO can be observed if it occurs on 

single-crystal substrates rather than that amorphous glass. 
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 The direct band gap of ITO is in the range of values from 3.5 to 4.05 eV, but in general, 

the most common and most repeated value upon calculation is reported to be 3.75 eV. This wide 

band gap is due to the high optical transmittance, Tr. The absorption edge is generally in the 

ultraviolet region. This edge generally shifts to shorter wavelengths when the carrier concentration 

increases. This is due to the Burstein-Moss shift phenomenon [67]. The energy band gap is 

assumed to be parabolic in shape. Figure 16 compares the energy band gap structures of Sn-doped 

and undoped In2O3. It is clear that the band gap of undoped In2O3 is more than that of Sn-doped 

In2O3. 

 
 

Figure 16. Comparison of energy band gap of Sn-doped and undoped In2O3 [67]. 

 

The band gap decreases upon doping with Sn because doping leads to the formation of 

donor states just below the conduction band. When doping increases, the CB might just merge 

with the VB. The density at which the two bands merge is known as the critical density. Gupta et 

al. calculated the critical density to be 2.3*1019 cm-3 [67]. All ITO thin films are expected to 

degenerate in nature. Once degenerate occurs, the columbic interactions lead to a shift in the energy 

band gap by lowering the CB and increasing the valence band, eventually leading to a narrowing 

of the energy band gap. 
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 The refractive index value for ITO is reported to be 1.96 [68]. Optical inhomogeneity in 

the direction normal to the surface and surface roughness affect transmittance of ITO. Dark brown-

colored ITO thin films have been reported because they were developed negligently. These films 

are reported to be effectively translucent in nature. Unoxidized tin metal grains occur on the ITO 

surface because there is a deficiency of oxygen reported during the doping of Sn on the In2O3 

surface. Hence, this leads to opaqueness in the ITO films [69]. The above properties and study of 

the structure of ITO adequately explain the importance of ITO being used as a dopant in this study, 

in order to tune down the energy band gap of TiO2. Here, ITO was used as a dopant, and the 

different changes in energy band gap were calculated. 

Fullerene (C60) as Dopant 

Fullerene is one of the topological structures of carbon. It is usually found as a hollow 

sphere structure (in the shape of a football). The carbon structure is one of the family of carbon 

allotropes. The discovery of fullerene as a carbon allotrope has led to many new topics in the field 

of research in nanotechnology, electronics, and material science. The structure of fullerene is in 

the form of hexagonal rings arranged in a sphere. Fullerene allotropes are found in nature in the 

forms C60, C70, C76, C82, and C84. These allotropes were found in abundance in 1992 in the Shunga 

valley of Karelia, Russia. 

 The C60 molecule has two bond lengths: one is between hexagon and hexagon structures 

(ring bond 6:6), and the other is between the hexagon and pentagon ring (6:5 bonds); the average 

bond length is 1.4 angstroms. The fullerene compound is slightly soluble in solvents. It is the only 

allotrope of carbon that is soluble at room temperature and is most soluble in 1-Chloronapthalene 

The sparing solubility of this fullerene compound implies that it has a small energy band gap, both 

in the ground state and in the excited state. Small band gap fullerene particles are usually highly 
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reactive and bond to other fullerene particles. Fullerene energy band gap is evaluated to be equal 

to 1.86 eV, which is way less than the energy band gap of TiO2 [70]. The fullerene structure is 

shown in Figure 17. 

 

Figure 17. Fullerene structure. 

SWCNT as Dopant 

 Nanotubes are cylindrical wall-shaped carbon compounds. They are usually long and 

spindly in nature, and generally of two types: single-walled carbon nanotube (CNT), with a single 

cylindrical wall , and a multi-walled CNT, which has numerous layers of graphene. The SWCNT 

generally has a higher aspect ratio in a one-dimensional form. The name implies that SWCNT 

materials have mechanical and electrical properties, which make them quite interesting among 

researchers. The structure of an SWCNT is shown in Figure 18. The SWCNT has a high 

mechanical strength, high electrical conductivity, high chemical reactivity, and high optical 

activity. Its chemical reactivity is usually compared to that of graphene, and in general, a CNT 

with a smaller diameter shows increased reactivity [76]. The difference in band structure of the 

CNT leads to a change in its optical activity. A CNT with a small length has a higher optical 

activity [83]. CNTs are suitable materials in the manufacturing of composites due to their high 

elastic modulus. The SWCNT has a tensile strength almost equal to 100 times that of steel. The 

maximum tensile strength of the SWCNT is calculated to be 30 GPa. The strength of the SWCNT 
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is dependent on the diameter of the nanotube [84]. Several Studies on MWCNTs inferred that the 

strength of MWCNT mainly depends on the disorder of the nanotube walls. The fundamental 

properties of a CNT from the mechanical and electrical perspectives of science have led to 

considerable interest of researchers; surely this is a new dimension to explore. 

 

Figure 18. Structure of SWCNT. 

2.6 Previous Studies 

 Bhosale et al. [83] synthesized Ni-ferrite using a sol-gel technique. They added NiCl2.6H2O 

and FeCl2.4H2O in 1:2 ratios (w/w) in ethanol and used sonication until a clear solution was 

obtained. After sonication, a fixed and pre-decided amount of propylene oxide (PO) was added to 

the solution and kept at room temperature until gel was observed in the solution. This solution was 

dried for about 24 hours at 100oC. Later calcination of the dried gel at 900oC took place in the 

presence of N2 to obtain sol-gel. Bhosale et al. also reported that with the increase in PO 

concentration, the gel time was found to decrease. The characteristics of the powder did not change 

with respect to the aging time of the gel. 

 Khan et al.[9]. report in their work that chemically modified (CM)-n-type TiO2 has a more 

porous structure than normal n-TiO2, as shown in their SEM analysis . In their x-ray photoelectron 

spectroscopy (XPS) analysis, they found that the composition of the CM-n-TiO2 is n-TiO2-xCx. 

The “x” here is calculated to be approximately 0.15. The incorporation of carbon in the TiO2 films 
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is due to the presence of CO2 in the atmosphere, a combustion product at 850oC. The optical 

absorption spectrum of the CM-n-TiO2 sample has a perceptible absorption wavelength at 530 nm, 

which implies an energy band gap of 2.33 eV. But the n-TiO2 sample did not absorb that effectively 

in the visible light range. A threshold value was observed at 412 nm for the n-TiO2 sample, which 

implies an energy band gap of 3.0 eV. Figure 19 illustrates the difference in the energy band gap 

of the two samples [9]. 

 
 

Figure 19. Absorption spectra of samples (absorbance vs wavelength) [9]. 

Gokhale et al. [71] estimated the effect of temperature and additional reactants on the size 

of TiO2 particles that were synthesized by the sol-gel process using titanium isopropoxide or 

titanium tetraisopropoxide (TTIP). They combined polyethylene glycol (PEG) with nitric acid at 

a high temperature and reported that the precipitation of the TTIP began instantly due to the 

presence of the nitric acid.  Particle size distributions were studied using dynamic light scattering 

techniques [71]. 
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 Shi et al. [72] synthesized a TiO2 microfiltration membrane. Their method dragged ionic 

liquids with carboxylic acid moieties to prepare the TiO2 nanoparticles. A sol-gel process 

involving ClCH2COOH and distilled water in ethanol was used. This solution was added dropwise 

to Ti(OBu)4 in ethanol. The TiO2 particles were washed with acetone and then dried. The 

membranes were made by dispersing these sol-gel nanoparticles in dimethyl phthalate in a hot oil 

bath and then quenching them in an ice water bath to form solid polymer in a diluent. The result 

was found to have an increase in pure water flux and porosity [72]. 

 Razmjou et al. [73] used titania sol-gel particles to coat the surface of a polyethersulfone 

ultrafiltration membrane. They carried out this technique by combining Pluronic® P-127 in 

anhydrous ethanol, then adding a mixture of ethanol with TTIP, 2,4 pentanedione, perchloric acid, 

and water. After stirring for an hour, a stable sol was formed. The TiO2-coated surfaces had 

decreased protein adsorption and an increase in flux recovery as a model foulant over humic acid 

[73]. 

 Morikawa et al. [74] synthesized a single-phase rutile Ti-O-N in their study of narrowing 

the energy band gap of TiO2 with nitrogen. They did this by annealing TiN in the presence of 

oxygen, which led to 0.1% of N atoms in the TiO2 lattice. They calculated the chemical 

composition to be TiO1.997N0.003 as a result of oxidative annealing. The absorption spectra of this 

sample were studied and compared to that of highly light-scattering materials (including 

impurities) in a  diffuse reflectance spectrum. They observed a noticeable change in the absorption 

edge of the material, which exhibited a shift into a lower energy level or that of the visible light 

region. Therefore, they reported that the energy band gap of was successfully tuned upon the 

doping of nitrogen into TiO2 [74]. 
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 Husin et al. synthesized a sol-gel-based photocatalyst by dissolving TaCl5 solution into 

50 ml of ethanol [12]. Also, La(NO3)3.6H2O and NaOH were dissolved in deionized (DI) water 

and then later blended with TaCl5 and citric acid (dissolved in 50 ml DI water). In their work, the 

ratio of TaCl5 to citric acid was 1:5. This solution was poured drop by drop into the first solution 

and stirred for about one hour. A small amount of NH3 was added to the solution to maintain the 

desired pH level. A sol was obtained after this step, and they converted this sol into gel by heating 

it to 80oC. Then, the gel was dried in an oven at 110oC for about 6 hours. These dried gel particles 

were ground into a fine powder using a mortar and pestle. Later, the powder was transferred into 

a crucible and calcined at 400oc for 3 hours. Finally, after initial calcination, the powder was 

ground even more finely, and the samples were again calcinated at 500°C, 700°C, and 900°C for 

8 hours. After the final calcination, the powder samples were cooled down back to room 

temperature, and later sealed and stored in a desiccator. Desiccators are sealed containers used to 

store and protect chemical substances that are hygroscopic in nature and form humidity when 

reacting with water [12]. 

 Krysa et al. [27] prepared TiO2 and α-Fe2O3 thin films using the sol-gel method and the 

high power impulse magnetron sputtering (HiPIMS) method. These thin films were prepared for 

their potential applications in photoelectrochemical water splitting. The sol-gel process in this 

study consisted of four steps: precursor synthesis, precursor deposition, drying, and finally 

calcination. The sol-gel thin films were prepared by titanium(IV) isopropoxide as a precursor. 

Ethyl acetylacetate and ethanol were used as solvents and nitric acid was used as a catalyst for the 

reaction. Absolute ethanol was added dropwise to the titanium isopropoxide and stirred 

continuously at room temperature. The ethyl acetoacetate was mixed with ethanol and nitric acid. 
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This mixture was added to the isopropoxide solution and stirred actively for 24 hours, whereby sol 

was formed. The deposited thin films of TiO2 sol were calcined at 500°C for one hour [27]. 

 Govindaraj et al. [75] synthesized a dye-sensitized solar cell application of TiO2 in a 

mesoporous anatase phase using a sol-gel technique and studied the ultraviolet-visible (UV-Vis) 

DRS spectroscopy of the material. They used TTIP dissolved in ethanol and DI water. The molar 

ratio of the solution Ti:H2O was kept at 1:4. The mixture was stirred using magnetic stirrers until 

the formation of sol. The sol was dried for one day at 130°C followed by sintering at 450°C. The 

UV-Vis diffuse reflectance spectroscopy (DRS) results demonstrated an absorption edge of 

396 nm. This translates to the sample showing an energy band gap of 3.2 eV [75]. 

 Aware and Jadhav [77] characterized and synthesized zinc (Zn)-doped TiO2 for a 

photocatalytic application. A solution containing 160 ml of ethanol and 20 ml of isopropanol was 

mixed with a solution of 50  ml of titanium(IV) butoxide. Following sonication, the resultant 

solution was added to 100 ml of DI water containing 2 g of cetyltrimethylammonium bromide 

(CTAB) for the pure TiO2. However, for the doped Zn-TiO2, the required amount of Zn was added 

to the DI water solution before mixing it with the previous solution. The resultant system was 

stirred for about 4 hours at 80°C, followed by drying at 100°C for 10 hours and then calcined at 

500°C for 4 hours. The photocatalytic activity of the sample was tested using UV-Vis 

spectroscopy. The authors reported that the absorption edge of the sample increased as the 

concentration of Zn increased in the sample. This signifies that the energy band gap decreased 

with the increase in the amount of Zn doping in the pure TiO2 [77]. 

 Kaur et al. [78] synthesized chromium (Cr)-doped ZnO nanoparticles using the sol-gel 

approach to enhance magnetism in the nanoparticles. Their study purports that pure ZnO is 

diamagnetic in nature when Cr is doped into the ZnO. The Cr atom enters the hexagonal lattice of 
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ZnO without disturbing the structure of ZnO. Upon doping with Cr, the nanoparticles showed a 

ferromagnetic nature [78]. 

 Touam et al. [79] synthesized TiO2 thin films by the sol-gel route using TTIP and called 

the thin films waveguide samples. After making the desired waveguide samples, they were 

annealed at 350°C and 500°C for about 2 hours. The optical properties are discussed in their 

research which were inspected by m-line spectroscopy based on the prism coupling technique. 

This method is most popular for its use to obtain the optogeometric property of thin films (mostly 

refractive index and thickness). In this study, it was concluded that low losses in the optical 

properties and the surface morphologies prove that material synthesized by the sol-gel method is 

well adapted to waveguiding applications [79]. 

Valencia et al. [80] used synthesis following the sol-gel route to study the photoactivity of 

TiO2. The band gap was computed using the reflectance diffusion module. After synthesizing the 

TiO2 sample for photocatalytic activity measurements, 37.5 g of TiO2 was added to 250 ml of 

methyl orange solution at an initial concentration of 20 ppm for a TiO2 amount of 0.15 g/ml. A 

photolysis test showed no degradation. The photocatalytic properties were tested after the solution 

reached adsorption equilibrium. It took one hour to reach this equilibrium point. Blacklight blue 

(BLB) fluorescent lamps were turned on for about 7 hours. They analyzed the samples using a 

wavelength of 450 nm. They also used a BLB lamp of 25 W/cm2 with emissions ranging from 300 

to 400 nm and which has a maximum emission at 350 nm in the lamp. They carried out the research 

in an aeration system to ensure that the system was saturated with oxygen [80].  
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CHAPTER 3 

 

MATERIALS AND EXPERIMENTAL METHODS 

 

 

3.1 Materials 

 

 While working on this research, a number of chemicals were used to prepare the TiO2 using 

the sol-gel technique. Mainly 2-propanol and titanium(IV) isopropoxide were used as the basic 

reactants. ITO, SWCNT, and C60 were used as dopants in the TiO2. The gel-like structure was 

formed upon the introduction of hydrochloric acid (HCl). All the chemicals were purchased from 

Sigma-Aldrich and used without any further purification or alterations. 

3.2 Apparatus 

3.2.1 Magnetic Stirrer and Hot Plate 

 The hot plate, purchased from Fisher Scientific and used to stir the 2-propanol and 

titanium(IV) isopropoxide, is shown in Figure 20. The stirring was done with a magnetic stirrer, 

also shown in Figure 20. The temperature of the hot plate could be set at any temperature in the 

range of  0–120oC. The magnetic stirrer used for rotating and stirring the solution could be set in 

the range of 0–1200 rotations per minute (rpm). Safety measures using this apparatus included the 

fact that the solution should always be covered with a parafilm. The hot plate was used inside a 

fume hood in the laboratory [81]. 

 

Figure 20. Hot plate and magnetic stirrer in operation. 
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3.2.2 Sonicator 

 Sonication is a process used to suffuse the solution with sound waves, which advances the 

process of dissolution. Here, the sonication process was used to agitate the solid TiO2 nanoparticles 

in a methanol and water (1:1) solution. During the sonication process, the dissolved gasses in the 

liquid are also removed [82]. The sonicator, purchased from Fisher Scientific and used in this 

study, is shown in Figure 21. The experiment was carried out in the Nanotechnology Laboratory 

in Wallace Hall at Wichita State University (WSU). 

 
 

Figure 21. Sonicator. 

 

3.2.3 Laboratory Oven 

 A Thermo Scientific™ laboratory oven, featuring gravity or mechanical convention, was 

used for drying and baking applications. The experiment was carried out in the Nanotechnology 

Laboratory in Wallace Hall at WSU. The oven, shown in Figure 22, has a double-wall interior with 

one inch of silica-based insulation and a powder-coated cold-rolled steel exterior. This oven was 

used to dry the sol-gel at 80oC for 6 hours. 
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Figure 22. Thermo Scientific™ laboratory oven. 

 

3.2.4 Mortar and Pestle 

 A pestle is a blunt, club-shaped tool, the end of which is used for crushing and grinding 

hard solid particles and turning them into a powder form. In this research, the powder particles 

were nanosized after crushing. The mortar is a round-shaped bowl-like structure in which the hard 

particle substance is crushed.  Both mortar and pestle are shown in Figure 23. This system has 

been used for crushing and grinding purposes since ancient times. A ceramic mortar and pestle, 

purchased from HIC Harold Import Company, were used in this research, and the experiment was 

carried out in the Nanotechnology Laboratory in Wallace Hall at WSU. 

 
 

Figure 23. Mortar and pestle. 
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3.2.5 Assorted Analytical Scale 

 An assorted analytical scale, which is a simple weighing balance, was purchased from 

Mettler Toledo Company and, as shown in Figure 24, was used to measure the weight of the 

nanopowders which were added into the TiO2 sol-gel solution before the gelation of the liquid. 

The weighing balance in this machine is enclosed with a plastic cabin and sliding doors. The 

machine is so sensitive that doors of the scale must be shut while using the machine. With this 

scale, even 0.0001 g of powder is possible to weigh. The experiment was carried out in 

Nanotechnology Laboratory in Wallace Hall at WSU. 

 

Figure 24. Assorted analytical scale. 

3.2.6 Benchtop Muffle Furnace 

 The benchtop muffle furnace used in this research was a Thermolyne, purchased from 

Thermo Scientific™. This furnace is used for the heat treatment of organic and inorganic 

compounds. Its temperature range is 100–1100oC. The furnace is very lightweight, about 20 

pounds, and is easily portable from one location to another. Annealing was carried out in this 

furnace. The temperature inside the furnace can be easily controlled with a digital display on the 

outside of the furnace. For safety measures, the bench top muffle furnace was placed inside a fume 
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hood ensure safety from any thermal leaks from the furnace. This type of furnace is famous for its 

fast heat-up and reduced energy consumption. Figure 25 shows the benchtop muffle furnace placed 

in the fume hood while in operation during this research. 

 

Figure 25. Bench top muffled furnace. 

3.2.7 UV-Vis Spectroscopy 

 The term UV-Vis refers to both ultraviolet-visible spectroscopy and also the ultraviolet-

visible spectrophotometer. The apparatus was used to study the absorption spectra of the 

synthesized nanopowders. The wavelength range in this spectrophotometer is 1100–200 nm. This 

apparatus requires a computer with software, in this case UV Solutions 2.2, a reliable software 

providing accurate values. The absorption spectrum graph is plotted with the help of the software. 

The graph plots absorption vs wavelength, with absorption on the Y-axis and wavelength on the 

X-axis. A Hitachi U-2900 spectrophotometer was used in this research, and the apparatus is shown 

in Figure 26. 
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Figure 26. UV-visible spectrophotometer. 

3.2.8 Scanning Electron Microscopy 

 Highly focused electron beams were used to focus the internal parts of the nanopowder 

samples in order to create images of the internal topology of the samples or specimens. The term 

SEM refers to both scanning electron microscopy and scanning electron microscope. This 

microscope is one of various kinds of electron microscopes, the most important task of which is to 

detect a secondary atom in a structure. SEM uses an electron beam to focus on a sample and creates 

very reliable images with the desired amount of magnification. The apparatus used in this research 

was a Carl Zeiss Sigma VP Field Emission Scanning Electron Microscope, as shown in Figure 27.  

 

Figure 27. Scanning electron microscope. 
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3.2.9 Glass Furnace for Annealing 

 A glass furnace was used for two different heat treatments: stabilization followed by 

annealing. This furnace has a glass tube with a diameter of 1.8 inches. This experiment was carried 

out in the Nanotechnology Laboratory in Wallace Hall at WSU. The apparatus, purchased from 

MTI Corporation, is shown in Figure 28. The furnace can reach a maximum temperature of 

1250oC. The heating rate of this furnace is about 20oC/min., which can be adjusted with controls 

on the face of the furnace The nanopowder samples were placed in the glass tube of the furnace 

and annealed in the presence of Argon (Ar) gas. 

 

Figure 28. Glass furnace. 

3.2.10 Ceramic Crucibles 

 Ceramic crucibles are used as containers in general. They are made of ceramic and can 

withstand a temperature of 1050oC; hence, they were very favorable for all the heat treatment 

procedures during this research. Also, these crucibles are safe in that the material of which they 

are made will not add their own effects on the powder samples during the heat treatment 

procedures. A ceramic crucible, purchased from American Educational, who generally 

manufactures learning and educational materials for research laboratories throughout the U.S., is 

shown in Figure 29. 
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Figure 29. Ceramic crucible. 

3.2.11 Optical Microscope 

 The optical microscope is used to study structures, in this case the nanopowder samples, 

by zooming in on a structure.  The optical microscope used in this study was an Axio Imager 

upright microscope supplied by the Carl Zeiss company. The design of this optical microscope is 

the most efficient for studying materials. The Axio Imager is available in the Department of 

Geology at WSU. The exact apparatus used in this research is shown in Figure 30.  

 

Figure 30. Carl Zeiss Axio Imager upright microscope. 
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3.3  Experimental Methods 

3.3.1 Preparation of TiO2 Using Sol-Gel Technique 

 Figure 31 shows the materials used in the sol-gel process:  

 Titanium(IV) isopropoxide: Ti[OCH(CH3)2]4  

 10% HCl in DI water 

 2-propanol anhydrous 

     
  (a)     (b)      (c) 
Figure 31. Materials used in sol-gel technique: (a) titanium isopropoxide, (b) hydrochloric acid, 

and (c) 2-propanol anhydrous. 

 

 Ten percent HCl is defined as a solution in which for every 100 parts, 10 parts of it are HCl 

and the remaining 90 parts are DI water. In this research, 2,000 ml of 10% HCl solution was 

prepared, using the following steps: 

 In a beaker, pour 200  ml of HCl using a volumetric flask. 

 To this beaker, add another 1,800  ml of DI water. 

 Stir the solution with a magnetic stirrer at 500 rpm on a hot plate at room temperature for 

2 hours. 

 Store the prepared 10% HCl solution in a fume hood.  
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The steps used to synthesize the TiO2 gel-like nanoparticles using the sol-gel technique are 

as follows: 

 Pour 16.5 g of 2-propanol anhydrous into a beaker. 

 Add 4.25 g of titanium(IV) isopropoxide to the beaker. 

 Stir the solution on a hot plate at 350 rpm at 35oC for 30 minutes. 

 Add HCL to the solution in the beaker dropwise until the solution in the beaker turns into 

gel, a phenomenon known as gelation. This process is shown in Figure 32. 

 

Figure 32. Dropwise addition of HCl. 

 Check for polymerization when the pH of the solution reaches below 3. 

 Transfer the gel to a ceramic crucible and place it in a laboratory oven (Figure 33). 

 

Figure 33. Crucible placed in oven. 
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 Heat the sol-gel in the oven at 80oC for 6 hours (Figure 34 shows the resultant dry solid 

particles of TiO2). 

 

Figure 34. Sol-gel after drying. 

 

3.3.2 Grinding Dry Solid Particles of TiO2 

After drying the sol-gel particles in the laboratory oven, the solid particles of TiO2 were 

transferred into a ceramic mortar and slowly ground with a pestle. Grinding was done by hand 

without a machine because care must be taken to ensure that the size of the particles is very minute. 

Figure 35 shows the solid TiO2 particles in the mortar before grinding. The solid particles were 

ground until they turned into a white shiny powder around 20 nm in size. This TiO2 nanopowder, 

which is crystalline in nature, is shown in  Figure 36. 

 

Figure 35. Solid TiO2 particles in mortar before grinding. 
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Figure 36. TiO2 nanopowder. 

 

3.3.3 Annealing in Benchtop Muffle Furnace 

 After grinding, the TiO2 nanopowder was poured back into the ceramic crucible and placed 

inside the oven. Initially the furnace was set at room temperature, which is 25oC, and the powder 

was heated for 10 minutes. Then the temperature was raised another 25oC, up to 50oC, and held 

for 5 minutes. This gradual increase of temperature was repeated until the desired temperature was 

attained. After reaching the desired temperature, the temperature was held there, and the powder 

was left in the furnace for 2 hours. After 2 hours, the furnace was turned off, and the powder was 

left in the furnace and allowed to cool back down to room temperature, which typically takes 

overnight. In this research, annealing was done at two different temperatures: 550oC and 650oC. 

After annealing, the powder samples were tested for their absorption spectrum in the UV-Vis 

spectrophotometer. 

3.3.4 UV-Vis Spectroscopy 

 A UV-Vis spectrophotometer was used for finding the respective absorption for the desired 

wavelength. The main objective of plotting the absorption spectra of the samples was to find the 

energy band gap of the material. The UV-Vis spectrophotometer basically requires a baseline 
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solution against which the absorption of the actual material is compared. In a UV-Vis 

spectrophotometer, the solution is poured into a plastic cuvette using plastic pipettes. This 

apparatus has two slots, one for the baseline solution and one for the actual sample solution. Figure 

37 shows the plastic cuvette used and the slot setup for determining a baseline for the apparatus. 

  
(a)     (b) 

Figure 37. UV-Vis spectroscopy apparatus: (a) empty cuvette, and (b) sample slot. 

Setting Baseline in UV-Vis Spectrophotometer 

 The steps in the process for setting the baseline in the UV-Vis spectrophotometer is 

described below: 

 Fill two cuvettes with solution that is to be set as the baseline. 

 Use UV solution 2.2 and set as the baseline. 

 Leave the cuvette on the rear end in the apparatus, and remove the one in the front. 

 Place the sample solution in the empty slot of the apparatus, and determine the absorption 

spectrum for the solution. 

Preparing Baseline Solution 

 In this investigation, a 1:1 methanol and water solution was used as the baseline solution 

for the TiO2 nanopowder with ITO as the dopant. For the other TiO2 nanopowder samples with 
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SWCNTs and fullerene as the dopant, methanol (CH4O) was used as the baseline solution. The 

steps below describe the procedure to prepare the solution: 

 Pour a desired amount of methanol into a glass beaker. 

 Pour an equal amount of water into the beaker containing methanol. 

 Stir the solution using magnetic stirrers on hot plate at 750 rpm at room temperature for 1 

hour. 

 After the stirring process, store the final solution in a separate beaker for later use. 

Steps to Preparing Sample Solution 

 Since the TiO2 nanoparticles were in powder form, a proper homogenous concentration 

was required for the desired result. Steps in preparing the solution containing the TiO2 used in the 

UV-Vis spectrophotometer as a sample for the investigation of the absorption spectra are as 

follows: 

 Fill the plastic cuvette with the baseline solution of 1:1 methanol and water. 

 Pour a desired number of cuvettes full of the baseline solution into a conical flask. 

 For each cuvette, add 10 mg of TiO2 nanopowder into the solution. 

 Cover the beaker with parafilm. 

 Place the solution in the sonicator. 

 Set the solution for degas for 60 minutes. 

 Stir the solution in the conical flask using magnetic stirrers on a hot plate at 550 rpm. 

 Set the temperature on the hot plate to 80oC for 1 hour. 

 Continue the stirring process for another 24 hours, and set the temperature back to 30oC. 

 Collect the solution after 24 hours of stirring for use in the UV-Vis spectrophotometer.  

The final solution is shown in Figure 38. 
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Figure 38. Solution ready for UV-Vis spectroscopy. 

Steps to Calculating Energy Band Gap 

 The software in the computer runs the light ranging from 1,100 to 200 nm and plots the 

absorption for each of the respective wavelengths of light. The steps below were followed in this 

research to investigate the energy band gap: 

 Collect data from the UV Solutions 2.0 software, and transfer that data to an Excel 

workbook. 

 Mark the wavelength where the peak absorption was observed as λc, for further studies. 

 Use the λc value in equation (1), energy band gap: 

 𝐸 =
ℎ∗𝑐

𝜆𝑐
 (1) 

where E is the energy band gap in Joules (J), h is Planck’s constant = 6.626*10-34 Js, C is the 

velocity of light = 2.997*108 m/s, and λ c is the wavelength where the peak absorption was 

observed. 

 Obtain the energy value in Joules using equation (1). 

 Covert the energy value of Joules into eV using the following conversion: 
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1 J = 6.24 *1018 eV 

The above steps were used in determining the energy band gap for the sample solution. Two-thirds 

of the cuvette was filled with the sample solution, and one-third was filled with the baseline 

solution. The solution in the cuvette was stirred with a plastic pipette. The cuvette was then placed 

in the UV-Vis spectrophotometer to obtain the absorption spectra.  

3.3.5 Annealing in Glass Tube 

 In this procedure, first the sample was inserted into the glass tube of the furnace, as shown 

previously in Figure 28. The nanopowder was poured into a ceramic crucible and placed into the 

furnace. In this study, the nanopowder samples were stabilized at 260oC for 60 minutes. The 

temperature was increased gradually at a constant rate of 2oC/minute. Hence, it took 130 minutes 

for the furnace to reach a temperature of 260oC. 

 After the sample was stabilized at 260oC. The temperature was increased gradually at a 

constant rate of 5oC/min. At 290oC, argon gas was introduced into the furnace. The heat treatment 

was continued in the presence of argon gas at a constant increase of 5oC/min. until the required 

annealing temperature was achieved. This study involved two different annealing temperatures: 

550oC and 650oC. The powder samples were then heated in argon gas for another 60 minutes. Last, 

the furnace was turned off, the argon gas supply was stopped, and the powder samples were 

allowed to cool down to room temperature in the furnace overnight. 

3.3.6 Study in Optical Microscope 

 A study of the nanopowder sample was carried out using the Axio Imager upright 

microscope. Here, the nanopowder was placed on a quartz glass plate, and the glass plate was 

placed on the platform under the lens of the microscope. Each sample was studied under 500X and 

200X magnification, and images of the structure were captured using the Axiocam software. 
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Before capturing the exact clear images of the samples, the interocular distance of the eye pieces 

was adjusted accordingly to obtain and study clear images of the nanopowder material. Figure 39 

shows the optical microscope in use with the glass slide placed under the lens. 

 

Figure 39. Optical microscope with glass slide. 

3.3.7 Scanning Electron Microscopy 

 Four nanocomposite powder samples prepared using the sol-gel technique were studied 

under the scanning electron microscope in order to better view the structure of the particles: pure 

TiO2, TiO2 + 4% C60, TiO2 + 4% SWCNT, and TiO2 + 4% ITO. The powder samples were placed 

gently on the sample base that was then placed in the SEM apparatus. The apparatus was heated 

for about 15 minutes for efficient results. Before capturing the image, the resolution was set as 

desired for a better image quality on the sample piece.  Each nanocomposite powder sample was 

focused under the electron beam of the SEM. The beam used in this study is known as the back 

scatter electron detector. Figure 40 shows a sample being place inside the SEM machine for image 

analysis. 
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Figure 40. SEM analysis of nanopowder. 

 

3.3.8 Introduction of Dopant into TiO2 

 

 As discussed previously in Section 2.5.1, the band gap can be tuned down by introducing 

dopant material in the semiconductor, which increases the wavelength where the peak absorption 

is observed. In this research, tuning of the energy band of TiO2 was carried out by studying the 

variations resulting from the introduction of three different dopants. The first, indium tin oxide, 

was annealed in the bench top muffle furnace, as discussed previously in Section 3.3.3. The other 

two materials used as dopants were SWCNT and fullerene. The following sections discuss the 

procedure for introducing the dopant into the sol-gel of TiO2. 

Introduction of Dopant 

 Dopant can be introduced into the TiO2 sol-gel network by following the same procedure 

as discussed in Section 3.3.1. A slight variation in the process is that before the dropwise addition 

of HCl to the solution for the gelation phenomenon to occur, the weight percentage (wt%) was 

calculated and added to the beaker on the hot plate. After addition of the dopant, the solution was 

stirred for another hour at room temperature using the magnetic stirrer. 



51 

Calculation of Weight Percentage 

 Steps to evaluating the right amount of dopant weight to be introduced into the sol-gel 

structure of TiO2 are as follows: 

 Note the weight of the empty crucible while preparing the pure TiO2 nanopowder. 

Weight of Empty Ceramic Crucible = 40.829 g 

 Weigh the crucible again after drying the sol-gel in the laboratory oven to note the amount 

of pure TiO2 left. 

Weight of ceramic crucible after Drying = 42.118 g 

 Note the amount of pure TiO2 left after drying for 20.75g of solution (TTIP + 2-propanol) 

42.118 g – 40.829 g = 1.289 g 

 Calculate the wt% of the dopant based on the weight of pure TiO2 obtained after drying. 

The calculated weight percentages for this research were as follows: 1 wt% = 0.0132 g, 2 wt% = 

0.0264 g, 4 wt% = 0.0528 g, and 8 wt% = 0.1056 g. It should be noted here that each of the dopants 

was introduced in these four weight percentages for the energy band gap study in this research. 

The dopants used in this study were ITO, fullerene, and SWCNT. All sample powders were 

studied at two different annealing temperatures of 550oC and 650oC. The annealing of ITO as a 

dopant in the TiO2 powder was carried out in a benchtop muffled furnace, whereas the heat 

treatment for the other two dopants, fullerene and SWCNT, was carried out in a glass furnace using 

a different technique. 

 In this study involving three different dopant materials, four different weight percentages, 

and two different annealing temperatures, a total of 24 samples were synthesized using the sol-gel 

technique. This provided a better study of the results, and all the variations were tracked 

successfully.   
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

 

 The UV-Vis spectroscopy data was plotted onto an Excel spreadsheet, and the energy band 

gap was calculated for the respective samples using the procedure described in the Section 3.3.4. 

4.1 UV-Vis Spectroscopy 

 This section shows the pattern of how the absorption peak shifts into the visible region for 

the different dopants used in this study. The absorption spectrum of pure titanium dioxide particles 

at 550oC and 650oC are shown in Figures 41 and 42, respectively. As can be seen in Figure 41, at 

550oC, there is peak absorption at a wavelength of 383 nm; hence, the energy band gap value was 

calculated to be 3.2 eV. As shown in Figure 42, at 650oC, a peak was observed at a wavelength of 

392 nm; hence, the energy band gap was calculated to be 3.16 eV. 

 

Figure 41. Absorption spectra of pure TiO2 @ 550oC. 
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Figure 42. Absorption spectra of pure TiO2 @ 650oC. 

4.1.1 ITO as Dopant 

 The graphs in Figures 43 and 44 show the gradual shift of the wavelength where the peak 

absorption is observed for the nanopowder solutions at 550oC and 650oC, respectively. Pure TiO2 

had a peak absorption at 383 nm, whereas the peak absorption is shifted into the visible region 

with the introduction of the ITO dopant. For annealing at 550oC, the peak for 1 wt% was observed 

at 407 nm, whereas the peak absorption for 2 wt%, 4 wt%, and 8 wt% were observed at 407 nm, 

431 nm, and 480 nm, respectively. In the case of annealing at 650oC, the peak absorption was 

observed at 404 nm for 1 wt%, whereas the peak absorption for 2 wt%, 4 wt%, and 8 wt% were 

observed at 414 nm, 435 nm, and 485 nm, respectively.  
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Figure 43. ITO as dopant @ 550oC. 

 

Figure 44. ITO as dopant @ 650oC. 
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4.1.2 Fullerene as Dopant 

Figures 45 and 46 show the shift of the wavelength where the absorption peak was 

observed. It is clear that in both cases of annealing at 550oC and 650oC, the peak has shifted into 

the visible light region. In Figure 45, at 550oC, the peak absorption is seen shifting from 383 nm 

for pure TiO2 to 415 nm for 1 wt% of C60, 427 nm for 2 wt% of C60, 447 nm for 4 wt% of C60,  and 

497 nm for 8 wt% of C60. Figure 46 displays wavelength shift where the peak absorption is 

observed for samples having different weight percentages of fullerene as the dopant and annealed 

at a temperature of 650oC. The peak absorption for pure TiO2 was observed at 392 nm. After the 

introduction of fullerene as the dopant, the peak absorption was shifted in the visible light region. 

For 1 wt% of fullerene, the peak absorption was at 421 nm, 2 wt% of C60 was at 434 nm, 4 wt% 

of C60 was at 453 nm, and 8 wt% of C60 was at 501 nm.  

 

Figure 45. Fullerene as dopant @ 550oC. 

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

0 200 400 600 800 1000 1200

A
b
so

rp
ti

o
n

Wavelength

Fullerene as Dopant @ 550ºC

Pure Tio2

1% C60

2 % C60

4% C60

8% C60

λ = 415 

λ = 383 

λ = 427 

λ = 447 

λ = 497 



56 

 

Figure 46. Fullerene as dopant @ 650oC. 

4.1.3 SWCNT as Dopant 

 In this section, the pattern of absorption spectrum of titanium dioxide doped with SWCNT 

is studied. Both cases of annealing at 550oC and 650oC are shown in Figures 47 and 48, 

respectively. In Figure 47 the peak absorption has shifted into the visible light region for the peak 

absorption for 1 wt% SWCNT being at 400 nm, and similarly for 2 wt%, 4 wt%, and 8 wt%, the 
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shift of the absorption peak in which the nanopowders were heat treated at 650°C. The absorption 

peak for the pure TiO2 was at 392 nm. This has now shifted into the visible region with the doping 

of SWCNT. For 1 wt%, the peak has shifted to 405 nm, and similarly for 2 wt%, 4 wt%, and 

8 wt%, the peak has shown a further shift into the visible region with absorption peaks at 424 nm, 

482 nm, and 591 nm, respectively. 
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Figure 47. SWCNT as a dopant @ 550oC. 

 

Figure 48. SWCNT as dopant @ 650oC. 
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4.2 Energy Band Gap Calculation 

4.2.1 ITO as Dopant 

 This section presents the energy band gap patterns of different weight percentages of ITO 

doped into TiO2 nanopowder. The calculation for 1 wt% of ITO in TiO2 annealed at 550oC is as 

follows:  

1 wt% of ITO  

The peak was observed at 407 nm; therefore, λ = 407 nm in equation (1) 

E = (h*C)/(λ) 

E =  (6.626*10-34*2.997*108 m/s)/(407*10-9m) 

E =  0.048*10-17 J 

E =  2.99 eV     (1 J =  6.242 *1018 eV) 

The energy band gap values for other wt% of TiO2 nanopowder at 550oC were calculated similarly 

for the 1 wt% of TiO2 shown above.  

Table 1 shows the energy band gap values of TiO2 nanopowders synthesized by the sol-gel 

process and annealed at 550oC. Table 2 is tabulated similarly to display all the energy band gap 

values for TiO2 nanopowder at annealed at 650oC. From Table 1, it is clear that the energy band 

gap of pure TiO2 is tuned down from 3.22 eV for pure TiO2 to 3.04 eV for 1 wt%, 3.03 eV for 2 

wt%, 2.87 eV for 4 wt%, and 2.58 eV for 8 wt% of ITO in TiO2 nanopowder in the case of 

annealing at 550oC. In the case of annealing at 650oC, it can be seen in Table 2 that the energy 

band gap is tuned down from 3.16 eV for pure TiO2 to 3.06 eV for 1 wt%, 2.99 eV for 2 wt%, 2.85 

eV for 4 wt%, and 2.55 eV for 8 wt% of ITO in TiO2 nanopowder.  
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TABLE 1 

ITO AS DOPANT @ 550oC 

Materials 
Wavelength at Peak 

Absorption (nm) 

Energy Band Gap 

(eV) 

Pure TiO2 383 3.22 

1 wt% ITO 407 3.04 

2 wt% ITO 409 3.03 

4 wt% ITO 431 2.87 

8 wt% ITO 480 2.58 

 

TABLE 2 

 

ITO AS DOPANT @ 650oC 

 

Materials 
Wavelength at Peak 

Absorption (nm) 
Energy Band Gap (eV) 

Pure TiO2 392 3.16 

1 wt% ITO 404 3.06 

2 wt% ITO 414 2.99 

4 wt% ITO 435 2.85 

8 wt% ITO 485 2.55 

 

4.2.2 Fullerene as Dopant 

The energy band gap calculation for fullerene as a dopant was done in the same manner as 

shown in Section 4.2.1, and all the values are tabulated in Tables 3 and 4 for temperatures at 550oC 

and 650oC, respectively. From Table 3, it is clear that the energy band gap of pure TiO2 is tuned 

down from 3.2 eV to 2.98 eV for 1 wt%, 2.90 eV for 2 wt%, 2.77 eV for 4 wt%, and 2.49 eV for 
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8 wt% of C60 in TiO2 nanopowder in the case of annealing in a glass furnace at 550oC. Table 4 

shows that the energy band gap of pure TiO2 is tuned down from 3.16 eV to 2.94 eV for 1 wt%, 

2.85 eV for 2 wt%, 2.73 eV for 4 wt%, and 2.47 eV for 8 wt% of C60 in TiO2 nanopowder in the 

case of annealing in a glass furnace at 650oC. 

TABLE 3 

 

FULLERENE AS DOPANT @ 550oC 

 

Materials 
Wavelength at Peak 

Absorption (nm) 
Energy Band Gap (eV) 

Pure TiO2 383 3.22 

1 wt% C60 415 2.98 

2 wt% C60 427 2.90 

4 wt% C60 447 2.77 

8 wt% C60 497 2.49 

 

TABLE 4 

 

FULLERENE AS DOPANT @ 650oC 

 

Materials 
Wavelength at Peak 

Absorption (nm) 
Energy Band Gap (eV) 

Pure TiO2 392 3.16 

1 wt% C60 421 2.94 

2 wt% C60 434 2.85 

4 wt% C60 453 2.73 

8 wt% C60 501 2.47 
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4.2.3 SWCNT as Dopant 

 The energy band gap calculation was done in the same manner as explained in Section 

4.2.1, and all the values are tabulated in Tables 5 and 6 for temperatures at 550oC and 650oC, 

respectively. From Table 5, it is clear that the energy band gap of pure TiO2 is tuned down from 

3.2 eV to 3.09 eV for 1 wt%, 3.00 eV for 2 wt%, 2.67 eV for 4 wt%, and 2.13 eV for 8 wt% of 

SWCNT in TiO2 nanopowder in the case of annealing in a glass furnace at 550oC. From Table 6 it 

can be seen that the energy band gap of pure TiO2 is tuned down from 3.2 eV to 3.09 eV for 1 wt%, 

3.00 eV for 2 wt%, 2.67 eV for 4 wt%, and 2.13 eV for 8 wt% of SWCNT in TiO2 nanopowder in 

the case of annealing in a glass furnace at 650oC. The energy band gap tuning was successful and 

the energy band gap value was brought down from 3.16 eV to 2.09 eV.  

TABLE 5 

 

SWCNT AS DOPANT @ 550oC 

 

Materials 
Wavelength at Peak 

Absorption (nm) 
Energy Band Gap (eV) 

Pure TiO2 383 3.22 

1 wt% SWCNT 400 3.09 

2 wt% SWCNT 412 3.00 

4 wt% SWCNT 464 2.67 

8 wt% SWCNT 580 2.13 
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TABLE 6 

 

SWCNT AS DOPANT @ 650oC 

 

Materials 
Wavelength at Peak 

Absorption (nm) 
Energy Band Gap (eV) 

Pure TiO2 392 3.16 

1 wt% SWCNT 405 3.06 

2 wt% SWCNT 424 2.92 

4 wt% SWCNT 482 2.57 

8 wt% SWCNT 591 2.09 

 

4.3 Optical Microscopic Images 

 Optical microscopic images of the samples were studied under 200X and 500X zoom 

magnification. Different images were captured, and all of them are discussed in this section. The 

following samples were studied: TiO2, TiO2 + 4% ITO, TiO2 + 4% C60, and TiO2 + 4% SWCNT. 

Pure TiO2 nanopowder samples shown at magnifications of 500X and 200X magnification are 

shown in Figures 49 and 50, respectively.  

 

Figure 49. Pure TiO2 nanopowder under 500X. 
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Figure 50. Pure TiO2 nanopowder under 200X. 

Figure 49 shows a higher magnification of TiO2 nanopowder than that shown in Figure 50; 

hence, the fine particle size and uniform composition for pure titanium dioxide can be seen.  Figure 

51 shows the nanopowder sample for TiO2 + 4% ITO under 200X magnification. It is evident that 

the color of the nanopowder under the microscope has changed because of the presence of ITO 

nanoparticles in the TiO2 nanopowder. The color change is due to the reflectance of light at a 

different wavelength. 

 

Figure 51. TiO2 nanoparticles + 4% ITO. 
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Figure 52 and 53 are the magnified optical microscope images of TiO2 + 4% C60 at 500X 

and 200X magnification, respectively. In these images the different colors of red depict the 

fullerene observed because of this different material mixed with the fine nano-sized TiO2 

nanopowder.  

 

Figure 52. 500X TiO2 + 4% C60. 

 

 

Figure 53. 200X TiO2 + 4% C60. 

 

Figures 54 and 55 show images obtained from the optical microscopy of TiO2 + 4% 

SWCNT when magnified at 500X and 200X, respectively. Fine powder particle images were 

obtained with the color of grey boundaries in the structure, which shows SWCNT material present 

in the TiO2 nanopowder. 
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Figure 54. 500X TiO2 + 4% SWCNT. 

 

 

Figure 55. 200X TiO2 + 4% SWCNT. 

 

4.4 SEM Images of Nanomaterials 

 Of all the different nanopowder samples synthesized in this research, four of them were 

selected to analyze their microscopic topology: pure TiO2, 4% ITO + TiO2, 4% C60 + TiO2
, and 4% 

SWCNT + TiO2. All samples were used in the same compositions in order to study the structure. 

The scanning electron microscope was used at different magnifications: the higher the 

magnification, the more detailed the structure.  
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4.4.1 SEM Images of Pure TiO2 Nanoparticles 

  Figure 56 show the images of the microscopic topology of pure TiO2 nanoparticles under 

two magnifications one on the left being a low magnification and the one on the right being the 

high magnification. It can be inferred that the size of the nanoparticles is in nanometer scale. Since 

the size of the particles is very low, homogenous powder is formed by the sol-gel synthesis, which 

may be useful for the future applications in energy and other industries. 

  
 

Figure 56. SEM images showing the low (left) and high magnifications of TiO2 nanoparticles 

produced through sol-gel process. 

 

4.4.2  SEM Images of TiO2 Nanoparticles with 4wt% ITO Nanoparticles 

 Figure 57 shows the SEM images of the low (left) and high magnifications of TiO2 

nanoparticles produced through sol-gel process. It can be seen that the size of the TiO2 

nanoparticles is in nanometer scale. From the SEM images, the ITO nanoparticles cannot be 

identified, so the other characterization techniques will be needed.   
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Figure 57. SEM images showing the low (left) and high magnifications of TiO2 nanoparticles 

incorporated with 4wt% of ITO produced through sol-gel process. 

 

4.4.3 SEM Images of TiO2 Nanoparticles with 4wt% C60 Nanoparticles 

 Figure 58 show the SEM images of the low (left) and high magnifications of TiO2 

nanoparticles incorporated with 4wt% of C60 produced through sol-gel process. These images 

showed that TiO2 nanoparticles are visible, while C60 nanoparticles are not visible. A TEM and 

XRD studies will be needed to identify the nanoparticles.  

  
 

Figure 58. SEM images showing the low (left) and high magnifications of TiO2 nanoparticles 

incorporated with 4wt% of C60 produced through sol-gel process. 

 

. 
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4.4.4 SEM Images of TiO2 Nanoparticles with 4wt% SWCNTs  

 Figure 59 shows the SEM images of the low (left) and high magnifications of TiO2 

nanoparticles incorporated with 4wt.% of SWCNTs produced through the sol-gel process. At 

lower magnification, both TiO2 nanoparticles and SWCNTs are invisible, while at higher 

magnifications, both nanoparticles can be seen (right image).  

  
 

Figure 57. SEM images showing the low (left) and high magnifications of TiO2 nanoparticles 

incorporated with 4wt.% of SWCNTs produced through sol-gel process. 
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CHAPTER 5 

 

CONCLUSIONS 

 

 

 In this study, titanium dioxide nanoparticles were successfully synthesized using the sol-

gel process. The energy band gap of pure TiO2 of 3.2 eV was successfully tuned by using the 

dopants ITO, fullerene, and SWCNT. The energy band gap using ITO as the dopant was tuned 

down from 3.2eV to 2.58eV in the case of annealing the nanopowder at 550oC, whereas in the case 

of annealing at 650oC, the energy band gap was tuned down to 2.55 eV from 3.16 eV. When 

fullerene was used as the dopant and the nanopowder treated at 550°C, the energy band gap was 

tuned down from 3.2 eV to 2.49eV, whereas with the heat treatment at 650°C, and the energy band 

gap was tuned down from 3.16 eV to 2.47 eV. When SWCNT was used as a dopant, the energy 

band gap of the TiO2 nanopowder was brought down successfully to 2.13 eV from 3.2eV with 

annealing at 550°C, whereas the energy band gap was tuned down to 2.09 eV from 3.16 eV when 

the annealing was carried out at 650°C 

 Tuning of the energy band gap using SWCNT as the dopant revealed the highest shift, in 

comparison to the other two dopants. This was because of the relatively very narrow energy band 

gap of SWCNT compared to the two other dopants considered in this study. All three dopants 

considered in this study—ITO, fullerene, and SWCNT—proved to be efficient dopants to tune 

down the energy band gap of a titanium dioxide semiconductor, which in turn increases its 

photoconductivity. 
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CHAPTER 6 

 

FUTURE WORK 

 

 

 In this study, the energy band gap of titanium dioxide was successfully narrowed. Further 

studies could be carried out using TiO2 thin films, as well as using ruthenium(IV) oxide (RuO2) as 

the photocatalyst. As well, graphene and silicon carbide (SiC) could be used as dopants for further 

studies in narrowing the energy band gap of semiconductor materials. 

 In future studies, it is proposed that the sol-gel synthesis be carried out using different 

techniques, and also the nanopowders be heat treated in different ways and at higher temperatures 

of around 950oC, in order for them to be utilized in photoelectrochemical applications. Further 

studies may also include the application of this particularly treated nanopowder in the water-

splitting technique. 
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