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CHAPTER I 

 

INTRODUCTION 

 

Titanium dioxide (TiO2) or titania, is widely used in many applications such as 

photcatalysis, self-cleaning surface, UV absorption, pigment, gas sensor or coating. 

The TiO2 coating exhibits hydrophilic property when it is irradiated with UV light. 

This property is called “photo-induced hydrophilicity”. This effect was discovered 

accidentally in work by TOTO Inc. in 1995. Since then, many researchers (Wang et 

al.,1997; Fujishima et al.,2001; Yu et al.,2001) tried to explain its mechanism. This 

process is similar to a photocatalytic process that holes and electrons can be separated 

when it is excited by energy of UV light and migrate to the titanium dioxide surface. 

However, this process is different in the role of hole that causes oxygen vacancy and 

hydrophilic surface. 

 

The synthesis of nanosized titania includes a number of techniques such as 

precipitation, chemical vapor deposition, solvothermal method, and glycothermal 

method.  One of the techniques used for synthesis of titania is a sol-gel method. This 

method can produce nanosized titania at room temperature without consuming a great 

deal of energy. Furthermore, titania sol can be coated on a substrate directly by wet 

process such as dip coating, spin coating or spray coating. These coating techniques 

use simple principle so they are widely utilized for film experiment.  

 

There are many factors that affect to photo-induced hydrophilicity of titanium 

dioxide, including phase structure, Ti3+ and OH group. It is well known that the 

different phase structure gives rise to the different properties of titanium dioxide such 

as photocatalytic activity. However, there are no evidences to prove that this factor 

affects photo-induced hydrophilicity directly. While in the cases of Ti3+ and OH 

group, that the more the amount of Ti3+ and OH group, the more the photo-induced 

hydrophilic property. Therefore, it may be the other factors such as crystalline site of 

TiO2, specific surface area or morphology. 
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In this research we focus on the study of effects of calcination conditions on 

properties and photo-induced hydrophilicity of titanium dioxide film which is 

prepared by using a sol-gel method. 

 

 

The objectives of this research are as follows: 

 

1. To study the effects of calcination conditions on photo-induced 

hydrophilicity of TiO2, which is prepared via a sol-gel method.  

 

2. To study the effect of surface modification by treating with various gases 

during heat treatment on photo-induced hydrophilicity of TiO2. 

 

This thesis is arranged as follows: 

 

Chapter II presents literature reviews of previous works related to this   

  research.  

 

            Chapter III explains basic information about titania and also discusses 

principles of photo-induced hydrophilicity. 

 

 Chapter IV describes synthesis of titania and preparation of titania thin film 

employed in this research and experimental apparatus and setting. 

 

 Chapter V presents experimental results and discussion. 

 

 Chapter VI presents overall conclusions of this research and recommendations 

 for future research. 
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CHATPTER II 

 

LITERATURE REVIEWS 

 
2.1 Titanium dioxide for use as hydrophilic material 

 

 2.1.1 Effect of titanium dioxide phase structure 

  

  G. Yanfeng and coworkers (2004) studied photo-induced 

superhydrophilicity of amorphous titanium dioxide prepared by the peroxotitanate-

complex deposition (PCD) and liquid-phase deposition (LPD) methods at room 

temperature. The contact angles of PCD and LPD thin films before UV irradiated 

were 66o and 34o respectively. After five-minute irradiation, both films showed 

superhydrophilicity, where the contact angle become zero. This result could explain 

that concentration of broken bonds and other defects related to Ti3+ were larger than 

crystalline form. 

   

  T. Watanabe and coworkers (1999) studied the different plane of rutile 

single crystal and polycrystalline anatase titanium dioxide. Anatase polycrystalline 

was prepared by sol-gel method on soda lime glass that was coated with a silicon 

dioxide layer and was fired in air at 500 oC for 20 minutes. The (110) surface of rutile 

single crystal had bridging site oxygens, which was more reactive, but not on the 

(001) surface so the rate of decreasing contact angle, saturated contact angle and 

conversion rate of hydrophilicity to hydrophobicity of (110) were better.  

 

  J.M. Yu and coworkers (2002) studied two different structures of 

titanium dioxide. They used reverse micellar and sol-gel methods to synthesize 

mesoporous TiO2 (MTiO2) and TiO2 thin films respectively. TiO2 thin films were 

calcined at 500 and 900 oC to obtain two different phase structures, anatase and rutile 

respectively. The result for both MTiO2 and TiO2 indicated that anatase phase was 

more hydrophilic than rutile phase.  
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 2.2.2 Effect of Ti3+  

 

  Lee and coworkers (2003) investigated effect of doping of aluminium 

(Al), tungsten (W) and both aluminium and tungsten (Al+W). TiO2 thin film was 

coated on soda lime glass and quartz substrates using a dip technique. Then the films 

were baked at 150 oC and annealed at 500 oC. Doping of either Al or W brought about 

a slight decrease in contact angle (40o and 25o) after being irradiated for long time, 

while doping two metal gave rise to the lowest contact angle (5o). The some trend was 

observed for both types of substrate. XPS ananlysis revealed that concentration of 

Ti3+ on TiO2 surface was a major factor influencing hydrophilicity. The 

concentrations of Ti3+ in undoped, Al-doped, W-doped and Al+W-doped were 

58.63%, 46.45%, 57.91 % and 63.81% (Ti3+/Ti4+), respectively. Furthermore, 

hydrophilicity of titanium dioxide depended on traps for electrons or holes and 

surface acidity. 

  

 2.2.3 Effect of OH group 

 

  Y. Jiaguo and Z. Xiujian (2001) studied the effect of surface 

microstructure on superhydrophilic property of TiO2 thin film prepared by a sol-gel 

method. Polyethylene glycol (PEG) was added to improve properties of film. When 

amount of PEG increased, pore sizes of the film became larger. The addition of PEG 

increased surface hydroxyl groups, which resulted in greater hydrophilicity. However, 

when amount of PEG reached 0.5 g, the contact angle of titania thin film remain 

unchanged. 

 

  Y. Jiaguo and Z. Xiujian (2002) studied the difference between TiO2 

thin films before and after treatment with hydrochloric acid (HCl).  Titanium dioxide 

was coated on glass substrate and was heated at 500 oC for one hour. Then the sample 

was soaked in 0.2 M HCl for four days. This result showed that thickness of TiO2 film 

did not affect superhydrophilicity. Moreover, XPS analysis indicated that hydroxyl 

group of treated TiO2 film increased and led to a decrease in contact angle.  
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2.2 Effect of surface modification to TiO2 structure.   

 

 H. Liu and coworkers (2002) investigated structure of titanium dioxide 

powder calcined under hydrogen atmosphere at a high temperature as a pretreatment. 

The in situ electron paramagnetic resonance (EPR) signals revealed the increased 

intensity of Ti3+ peak at ca. 600 oC. Meanwhile, intensity of oxygen vacancy (OV) 

increased in the range of 450 – 520 oC too. However, only the effect of increased Ti3+ 

on was reported, not the photo-induced hydrophilicity of TiO2 film. 

 

 K. Suriye and coworkers (2005) studied the effect of calcinations 

atmosphere for TiO2. Titania was prepared by a sol-gel method was then calcined 

under nitrogen and oxygen atmosphere at various compostion to alter the surface 

defect (Ti3+) concentration. Both the CO2-temperature programmed desoprtion and 

electron spin resonance indicated that the amount of surface defects increased with the 

increasing amount of oxygen in the calcination atmosphere. Calcination under pure 

hydrogen atmosphere brought about the highest amount of defects. 

 

 F. Guillemot and coworkers (2002) studied the effect of temperature 

on defect surface defects. Titania samples were purchased from a commercial source. 

Titanium dioxide sample was analyzed by X-ray photoelectron spectroscopy after in 

situ heating in the range of 323 – 573 K for eight hours. The surface defect density 

(Ti3+/Ti4+) of a sample was less than 3% at 323 K and increased to 21% at 573 K. 

Furthermore, annealing at a temperature above 600 K still fewer surface defects 

caused Ti3+ damaged to the structure. 

 

 J.E. Rekoske and M.A. Barteau (1997) investigated the effect of 

calcination under hydrogen atmosphere on the mass change upon reduction rate of 

titania. Titania samples were obtained from commercial sources in the experiment. 

The mass loss corresponded to oxygen loss from titania structure or oxygen 

vacancies. Calcination temperature was varied in the range of 573 to 773 K. At 573 K 

oxygen loss rate decreased slightly while at higher calcination temperature, these rates 

droped dramatically during 30 minutes then decreased gradually. The oxygen 

vacancies or Ti3+ defects for both anatase and rutile were proportional to the 

calcination temperature. 
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  G. Lu and coworkers (1994) studied the creation of surface oxygen 

vacancies (defects) on TiO2 (110) surface by thermal annealing at high temperature 

(500 to 900 K). Titania sample was obtained from commercial source. Ti3+ defect 

sites were detected by temperature programmed desorption using CO2. The higher 

annealing temperature, the more Ti3+ defect sites. Furthermore, these Ti3+ sites was a 

result of the loss of bridging oxygen atom on the TiO2 (110) surface. 
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CHAPTER III 
 
 

THEORY 
 

 
This chapter consists of three main sections. Section 3.1 discusses properties 

and applications of materials used in the research. Synthesis of such materials by sol-

gel method is described in Section 3.2. Details on photo-induced hydrophilicity 

processes are discussed in Section 3.3. Definition of contact angle and classification 

of hydrophilic and hydrophobic described in Section 3.4.  

 

3.1 Titanium dioxide 

 

 This section discusses properties and applications of titanium dioxide. This 

material was employed to coat glass substrates to be tested for photo-induced 

hydrophilicity.  

 

 

  3.1.1 Physical and Chemical Properties (Othmer, 1991; Fujishima et 

al., 1999) 

 

Titanium dioxide may take on any of the following three crystal 

structures:  anatase, which tends to be more stable at low temperature; brookite, which 

is usually found only in minerals; and rutile, which tends to be more stable at higher 

temperatures and thus is sometimes found in igneous rock.  

 

  Anatase generally shows a higher photocatalytic activity than the other 

types of titanium dioxide. Comparison of same physical properties of rutile and 

anatase is shown in Table 3.1. 
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Table 3.1 Comparison of rutile, brookite and anatase. (Othmer, 1991 and Fujishima et 

al., 1999 ). 

 

Properties  Anatase  Brookite  Rutile 

 

Crystal structure 

Optical 

 

Density, g/cm3 

Harness, Mohs scale 

Unit cell 

Dimension, nm 

a 

b 

c 

Refractive index 

Permittivity 

Melting point 

  

Tetragonal 

Uniaxial, 

negative 

3.9 

51/2 – 6 

D4a19.4TiO2 

 

0.3758 

- 

0.9514 

2.52 

31 

changes to rutile 

at high 

temperature 

  

Orthorhombic 

Biaxial, positive 

 

4.0 

51/2 – 6 

D2h15.8TiO2
 

 

0.9166 

0.5436 

0.5135 

- 

- 

- 

 

  

Tetragonal 

Uniaxial, 

negative 

4.23 

7 – 71/2 

D4h12.3TiO2 

 

0.4584 

- 

2.953 

2.52 

114 

1858˚C 

 

 

 

 

  The reason that anatase is more photoactive than rutile may lie in the 

differences in their so-called energy band structures. The band gap energy of a 

semiconductor is the minimum energy of light required to make the material 

electrically conductive or, in other words, to get the electrons excited enough to get 

moving. The band gap energy of anatase is 3.2 eV, which corresponds to UV light 

with wavelength of 388 nanometers, while the band gap energy for the rutile type is 

3.0 eV, corresponding to violet light that has a wavelength of 413 nanometers. The 

level of the conduction band for anatase is 0.2 eV higher than that for rutile. In more 

technical terminology, the band gap energy for a semiconductor indicates the  
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minimum energy of light necessary to produce electrons in the conduction band (CB) 

and give rise to electrical conductivity (photoconductivity) and “holes,” which are 

actually the absence of electrons, in the valence band (VB). These holes can react 

with water to produce the highly reactive hydroxyl radical (•OH). Both holes and 

hydroxyl radicals can oxidize most organic materials.  

  

  The VB energies for both anatase and rutile are very low in the energy. 

Consequently, the VB holes (and the hydroxyl radicals) have great oxidizing power. 

The CB energy for rutile is close to the potential required to electrolytically reduce 

water to hydrogen gas, but that for anatase is higher in the energy, meaning that it has 

higher reducing power. Therefore, anatase can drive the very important reaction 

involving the electrolytic reduction of molecular oxygen (O2) to superoxide (O2•-).  

 

 Although anatase and rutile are both tetragonal, they don’t have the 

same crystal structures. Anatase exists in near-regular octahedral and rutile forms 

slender prismatic crystal. Rutile is the thermally stable form and is one of the two 

most important ores of titanium. 

 

  The three forms of titanium (IV) oxide have been prepared in 

laboratories but only rutile, the thermally stable form, has been obtained in the form 

of transparent large single crystal. The transformation from anatase to rutile is 

accompanied by the evolution of ca. 12.6 kJ/mol (3.01 kcal/mol), but the rate of 

transformation is greatly affected by temperature and by the presence of other 

substance which may either catalyze or inhibit the reaction. The lowest temperature at 

which conversion of anatase to rutile takes place at a measurable rate is around 700˚C, 

but this is not a transition temperature. The change is not reversible since ΔG for the 

change from anatase to rutile is always negative. 

 

 Brookite has been produced by heating amorphous titanium (IV) oxide, 

which is prepared from an alkyl titanate or sodium titanate, with sodium or potassium 

hydroxide in an autoclave at 200 to 600°C for several days. The important 

commercial forms of titanium (IV) oxide are anatase and rutile, and they can readily 

be distinguished by X-ray diffraction spectrometry. 
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 Since both anatase and rutile are tetragonal, they are both anisotropic, 

and their physical properties, e.g. refractive index, vary according to the direction 

relative to the crystal axes. In most applications of these substances, the distinction 

between crystallographic direction is lost because of the random orientation of large 

numbers of small particles, and only average values of the properties are significant. 

 

 

                  
            (a)        (b) 

 

Fig 3.1 Structure of TiO2 anatase (a) and rutile (b) phase 

 

 

 Measurement of physical properties, in which the crystallographic 

directions are taken into account, may be made for both natural and synthetic rutile, 

natural anatase crystals, and natural brookite crystals. Measurements of the refractive 

index of titanium (IV) oxide must be made by using a crystal that is suitably 

orientated with respect to the crystallographic axis as a prism in a spectrometer. 

Crystals of suitable size of all three modifications occur naturally and have been 

studied. However, rutile is the only form that can be obtained in large artificial 

crystals from melts. The refractive index of rutile is 2.75. The dielectric constant of 

rutile varies with direction in the crystal and with any variation from the 

stoichiometric formula, TiO2; an average value for rutile in powder from is 114. The 

dielectric constant of anatase powder is 48. 
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 Titanium (IV) oxide is thermally stable (mp 1855 °C) and very 

resistant to chemical attack. When it is heated strongly under vacuum, there is a slight 

loss of oxygen corresponding to a change in composition to TiO1.97. The product is 

dark blue but reverts to the original white color when it is heated in air. 

 

 Hydrogen and carbon monoxide reduce it only partially at high 

temperatures, yielding lower oxides or mixtures of carbide and lower oxides. At ca. 

2000 ˚C and under vacuum, carbon reduces it to titanium carbide. Reduction by metal, 

e.g., Na, K, Ca, and Mg, is not complete. Chlorination is only possible if a reducing 

agent is present; the position of equilibrium in the system is  

 

  TiO2 +   2Cl2 → TiCl4 +   O2    

 

  3.1.2 Applications of titanium dioxide 

    

  Titanium dioxide is one of the most basic materials in our daily life. 

Titanium dioxide has been widely used in a variety of paints, plastics, paper, inks, 

fibers, cosmetics, sunscreens and foodstuffs. 

 

  Naturally, the type of titanium dioxide that is used as a pigment is 

different from that used as a photocatalyst. The photocatalytic technology is becoming 

more and more attractive to industries today because environmental pollution has 

been recognized as a serious problem that needs to be addressed immediately. Various 

applications in which research and development activities involving titanium dioxide 

have been investigated, such as fog-proof, anti-bacterial, anti-viral, fungicidal, anti-

soiling, self-cleaning, deodorizing, air purification, anti-cancer, water treatment and 

water purification.    
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3.2 Sol-gel method (Fu et al., 1996; Su et al., 2004) 

 

  This process occurs in liquid solution of organometallic precursors 

such as tetraethyl orthosilicate, zirconium propoxide and titanium isopropoxide, 

which, by means of hydrolysis and condensation reaction, lead to the formation of sol.  

M-O-R  +  H2O         ⇒      M-OH     +   R-OH  (hydrolysis)               (3.1) 

M-O-H  +  HO-M   ⇒  M-O-M   +   H2O  (water condensation) (3.2) 

M-O-R  +  HO-M      ⇒  M-O-M   +   R-OH          (alcohol condensation) (3.3)    

  A typical example of a sol-gel method is the addition of metal 

alkoxides to water. The alkoxides are hydrolyzed giving the oxide as a colloidal 

product. 

  The sol is made of solid particles of a diameter of few hundred 

nanometers suspending in a liquid phase. After that, the particles condense into gel, in 

which solid macromolecules are immersed in a liquid phase. Drying the gel at low 

temperature (25-100˚C) produces porous solid matrices or xerogels. To obtain a final 

product, the gel is heated. This heat treatment serves several purposes, i.e., to remove 

solvent, to decompose anions such as alkoxides or carbonates to give oxides, to 

rearrange of the structure of the solid, and to allow crystallization to occur. 

  Using the sol-gel method, one can easily control a stoichiometry of 

solid solution and a homogeneous distribution of nanoparticles and metal oxides. In 

addition, the advantages are that the metal oxides are prepared easily at room 

temperature and high purity can be obtained. 

3.3 Theory of photo-induced hydrophilicity (Fujishima et at., 2000)  

 

 The primary process involving photo-induced hydrophilicity occurs 

upon irradiation of a semiconductor. A semiconductor is characterized by an 

electronic band structure, in which the highest occupied energy band, or valence band, 

and the lower empty band, conduction band, are separated by a band gap. The 

magnitude of the energy of band gap between the electronically populated valence 



 13

band and the largely vacant conduction band governs the extent of thermal population 

of the conduction band in its intrinsic state. The band gap defines the wavelength 

sensitivity of the semiconductor to irradiation (Fox and Dulay, 1993). A photon of 

energy higher than or equal to the band gap energy is absorbed by a semiconductor 

particle. Then an electron from the valence band is promoted to the conduction band 

with simultaneous generation of an electronic vacancy or "hole" (h+) in the valence 

band. This process is photoexcitation of electrons. Figure 3.2 shows the photocatalytic 

process occurring on an irradiated semiconductor particle. 

 

 In most materials that are electrically conductive, i.e., metals, two 

types of charge carriers, electrons (e-) and holes (h+), immediately recombine on the 

surface or the bulk of particle in a few nanoseconds and the accompanying energy is 

dissipated as heat (see Equation 3.4). On semiconductor such as titanium dioxide, 

however, the change carriers survive for longer periods of time to allow themselves 

to be trapped in surface states where they can react with donor (D) or acceptor (A) 

species adsorbed or close to the surface of the particle (Equations 3.5, 3.6, and 3.7) 

(Litter, 1999). Subsequently, oxidation and reduction can be initiated. 

 

 Recombination  heateh →+ −+                       (3.4) 

 Photoexcitation        +− +→+ hehtorSemiconduc ν           (3.5) 

     2
2
24 OOh →+ −+            (3.6) 

         ++− →+ 34 TiTie            (3.7) 

 

Electron-hole recombination processes may be suppressed by bulk and surface 

traps. In Figure 3.3, the energy levels of the bulk and surface traps fall within the 

band gap. The surface and bulk traps are localized, and the electrons trapped in such 

states are thus associated with a particular site on the surface or in the bulk of the 

solid. The population of bulk and surface traps depend on two factors, namely, the 

decrease in entropy that occurs  
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Figure 3.2 Photocatalytic process occurring on an illuminated semiconductor particle 

           (Litter, 1999). 

 

when electrons are trapped, and the difference in relative energy between the traps 

and the bottom of the conduction band. 

             
 

Figure 3.3 Surface and bulk electron trapping (Linsebigler et al., 1995). 

The photogenerated electrons reduce Ti (IV) cations  to Ti (III) state, and the 

holes oxidize the O2
2- anions. Then, oxygen atoms are ejected, creating oxygen 

vacancies (Fig. 3.4). Water molecules can then replace these oxygen vacancies 

producing chemisorbed hydroxyl groups (Fig.3.5a) these hydroxyl groups can 
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adsorb and spread water to create superhydrophilicity.(Fig 3.5b) The longer the 

surface is illuminated with UV light, the smaller the contact angle for water 

becomes; after about 30 min or so under a moderate intersity UV light source, the 

contact angle approaches zero, meaning that water has a tendency to spread perfectly 

across the surface. 

 

 

Figure 3.4 Mechanism of photo-induced hydrophilicity (Fujishima et al., 2000) 
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Figure 3.5 Mechanism of hydrophilic TiO2 thin film. TiO2 film illuminated by 

UV light provides surface hydrophilic (a). Then, water can spread over 

a film thoroughly (b). 

3.4 Wettability and contact angle (De Gennes, 1985; Drew and Myers) 

  The contact angle is the angle at which a liquid/vapor interface meets 

the solid surface. The contact angle is specific for any given system and is determined 

by the interactions across the three interfaces. Most often the concept is illustrated 

with a small liquid droplet resting on a flat horizontal solid surface (see Figure 3.6). 

Ideally, the droplet should be as small as possible because the force of gravity, for 

example, can actually change the above-mentioned angle. The shape of the droplet is 

determined by Young equation in Equation (3.8).   

OH OH OH OH OH OH OH OH OH Chemisorbed OH 
TiO2 thin film 

Substrate (glass) 

a

OH OH OH OH OH OH OH OH OH Chemisorbed OH 
TiO2 thin film 

Substrate (glass) 

OH OH OH OH OH OH OH OH OH Physisorbed OH 

b 
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la

slsa
σ

σσ
θ

−
=cos  

 Where    θ = contact angle 

  σsa = surface tension between solid and ambient atmosphere 

  σsl = surface tension between solid and liquid 

  σla = surface tension between liquid and ambient atmosphere 

  The theoretical description of contact angle arises from the 

consideration of a thermodynamic equilibrium between the three phases: the liquid 

phase of the droplet (l), the solid phase of the substrate (s) and the gas/vapor phase of 

the ambient (a) (see Figure 3.6). At equilibrium, the chemical potential in the three 

phases should be equal. It is convenient to frame the discussion in terms of the 

interfacial energies or surface tension. 

 

 

Figure 3.6  The force balance among the three surface tensions for determining the 

contact angle. 

 

 

 
  θ 

σsl σsa

σla

Solid

Liquid

Ambient atmosphere 

3.8 
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 The wettability of substrate can be classified by the contact angle in 4 regions. 

1. θ < 5o Water can spread completely over the substrate surface. This state is 

called “superhydrophilic”. 

2. 5o < θ < 90o The surface chemistry allows these materials to be wetted 

forming a water film or coating on their surface. This state is called 

“hydrophilic”. 

3. 90o < θ < 150o Materials have little or no tendency to adsorb water and 

water tends to bead on their surfaces. This state is called “hydrophobic”.  

4. θ > 150o Water droplets simply rest on the surface, without actually 

wetting to any significant extent. This state is called “superhydrophobic”. 

3.5 Film formation on substrate 

  Clear solution and film formation of titania depend on titanium 

concentration and pH of sol as show in phase diagram (See Figure 3.7). Each 

titania form has its boundary and regime in this diagram. Titania clear sol 

transform to film by rising concentration during coating process, water will 

evaporate to atmosphere. pH in the range of 2-4 makes positive charge titania 

surface and it bonds to surface substrate with electronic bonding. Furthermore, 

titania bond is tighten by sintering of titania during calcination process.  
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Figure 3.7 Total titanium concentration versus pH phase diagram drawn according to 

thermodynamics data. (Lencka et at.,1993) 
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CHAPTER IV 

 

MATERIALS AND METHODS 
 

 

4.1 Preparation of titanium dioxide thin films 

 

 This section describes methods for preparation of titanium dioxide thin film 

using sol-gel processes.  

 

 4.1.1 Preparation of titanium dioxide  

 

  Titanium dioxide was prepared using a sol-gel method, and titanium 

isopropoxide (Aldrich Chemical, Milwaukee, WI) was employed as a precursor. First, 

7.33 ml of 70% nitric acid (Asia Pacific Specialty Chemicals Limited) was added to 

1000 ml of distilled water. While the acidic solution was stirred, 83.5 ml of titanium 

isopropoxide was added slowly. The suspensions were stirred continuously at room 

temperature for about 3 days until clear sol was obtained. After that, the sol was 

dialyzed in a cellulose membrane with a molecular weight cutoff of 3500 (Spectrum 

Companies, Gardena, CA). Prior to use, the dialysis tubing was washed in an aqueous 

solution of 0.001M EDTA and 2% sodium hydrogen carbonate. The wash solution 

was prepared by dissolving 0.372 grams of EDTA (Asia Pacific Specialty Chemicals 

Limited) and 43 grams of sodium hydrogen carbonate powder, 99.93% (Fisher 

Scientific Chemical) in one liter of distilled water. Dialysis tubing was cut into 

sections of 32 cm in length and was submerged in the wash solution. Then the 

membrane was heated to 80 °C and held there for 30 minutes while simultaneously 

being stirred. After the solution was cooled to room temperature, the tubing was again 

washed with distilled water. The tubing was again immersed in one liter of fresh 

distilled water while being stirred continuously, and was heated to 80°C. The tubing 

was rinsed one more time and was stored in distilled water at 4°C until needed. The 

clear sol was placed in dialysis tubing. Then the tubing containing the sol was 

submerged in distilled water using a ratio of 100 ml of sol per 700 ml of distilled 
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water. The water was changed daily for 3-4 days until the pH of the water reached 3.5 

to remove solvents. The resulting product is dialyzed sol. 

  

 

4.1.2 Preparation of titanium dioxide thin films 

 

  Thin film of titanium dioxide was prepared by a dip coating technique 

using in dialyzed titania sol. The substrate was clean glass slide (Menzel-Glaser). 

After coating, the sample was calcined under hydrogen, air and stack atmosphere at 

350, 450, and 550 oC. Flow rates of air and hydrogen used for calcination were 5 l/h.  

The heating rate was 10 oC/min and holding time in the furnace was two hours. 

 

4.2 Characterization of titanium dioxide thin film 

 

In order to determine physical and chemical properties of thin films, various 

characterization techniques were employed. Such techniques are discussed in this 

section. 

 

4.2.1 X-ray diffractomety (XRD) 

 

  XRD was employed to identify crystal phase and crystallinity of thin 

film. The equipment used was a SIEMENS D 5000 X-ray diffractometer with CuKα 

radiation with Ni filter in the 2θ range of 20-60° with a resolution of 0.02o. The 

sample, TiO2 film on glass, was put in the XRD holder and run in the same manner as 

the other powder sample. 

 

4.2.2 X-ray photoelectron spectroscopy (XPS) 

 

  XPS was determined quantity of Ti oxidation state and functional 

group, OH. The equipment was AMICUS XPS model with analyzer that operated at 

20 mA and 12 kV. Mg anode used as X-ray photoelectron source. Etching mode was 

operated at 50 mA and 5 kV during Ar ion bombardment and analyzed with the same 
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condition above. The X-ray photoelectron spectra were referenced to the C 1s peak 

(285.00 eV). 

 

 4.3 Measurement of photo-induced hydrophilictiy of TiO2  

 

 Photo-induced hydrophilicity of TiO2 was determined in the term of 

contact angle measurement. Each TiO2-coated glass was measured for initial contact 

angle value before irradiation with 15 W black light blue fluorescent bulbs. A water 

droplet was dropped from the syringe designed for controlling droplet volume. The 

volume of a water droplet was approximately 2.5 ml. A sample was placed on the 

base and raised to meet the syringe. When water was in contact with a sample, the 

camera captured the projection picture. A water contact angle was then calculated 

using trigonometry formula. All equipment and computer program was TANTEC. 

After that, the samples were exposed to UV light for various time; 10, 20, 30, 60, 120 

and 180 minutes in the black box. After that each sample was drawn to measure a 

contact angle with a same method above. 

    



 23

CHAPTER V 

 

RESULT AND DISCUSSION 
 

 5.1 Phase structures 

 

  The bulk crystalline phases of samples were determined using X-ray 

diffractometry (XRD). XRD patterns of TiO2 samples calcined at 350°C, 450°C ,and 

550°C for two hours under various calcination atmospheres were displayed in Figures 

5.1, 5.2, and 5.3, respectively.  

 

  From the XRD patterns of titania calcined at 350°C (Figure 5.1), the 

dominant peak of anatase were observed at θ2 of about 25.2°, which corresponded to 

the index of (101) plane. The peaks corresponding to other planes of anatase phase 

could not be clearly identified because of the interference from signals from glass 

support. XRD peaks that belong to rutile phase were not detected at this temperature. 

Moreover, inspection of intensities of anatase peaks in the sample, which correlated 

with crystallinity of the sample, revealed that the sample calcined under hydrogen 

atmosphere possessed the lowest crystallinity when compared to the samples calcined 

under other conditions. 
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Figure 5.1 XRD patterns of TiO2 film calcined at 350 oC under different atmospheres: 

air flow (b), hydrogen flow (c), and stagnant air (d). Cover glass was used 

as a blank (a). 

 

  When the films were calcined at 450 oC (see Figure 5.2), a peak 

corresponded to (110) plane of rutile phase appeared at θ2 of about 27.4°. All 

samples were the combination of anatase and rutile phases. Rutile content in the films 

grew larger when as calcination temperature was increased as the peak corresponded 

to rutile phase became more pronounced for the samples calcined at 550 oC (see 

Figure 5.3). At this temperature, the sample calcined under hydrogen atmosphere was 

reduced so XRD pattern displayed the low peak intensity as a result of low 

crystallinity or high bulk defects for the film (Rekoske et al., 1996). Moreover, titania 

crystallite size grew larger as calcinations temperature was increased. However, under 

hydrogen calcinations, crystallite size did not change clearly (see Table 5.1).  
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Table 5.1 Summary of crystallite size of TiO2 under various calcination conditions 

obtained by XRD analysis. 

 

Atmosphere Calcination temperature Crystallite size (nm) 
  (oC) Anatase Rutile 
  350 7.3 n/a 

Air 450 8.1 12.8 
  550 10.6 18.9 
  350 7.6 n/a 

Stagnant air 450 8.7 27 
  550 12.5 21.1 
  350 7.5 n/a 

Hydrogen 450 8 24.9 
  550 8 13 
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Figure 5.2 XRD patterns of TiO2 film calcined at 450 oC under different atmospheres: 

air flow (b), hydrogen flow (c), and stagnant air (d). Cover glass was used 

as a blank (a). 
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Figure 5.3 XRD patterns of TiO2 film calcined at 550 oC under different atmospheres: 

air flow (b), hydrogen flow (c), and stagnant air (d). Cover glass was used 

as a blank (a). 

 

  For the two-step calcinations process, TiO2 film was first calcined 

under air flow at 450 oC and was then calcined under stagnant air at 350oC (condition 

1), under hydrogen flow at 350 oC (condition 2) and calcined under air and hydrogen 

flow at 350 oC and 450 oC respectively (condition 3). The holding time for all 

conditions was 2 hr. For the first two conditions, the calcination temperature in the 

second step was lower than the first step so XRD patterns remained unchanged (see 

Figure 5.4). However, for condition 3, the higher calcination temperature in the 

second step brought about the formation of more rutile phase. 
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Figure 5.4 XRD patterns of TiO2 films calcined in condition 1 (b), condition 2 (c), 

and, under air flow at 450 oC (d). Cover glass was used as a blank (a). 
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Figure 5.5 XRD patterns of TiO2 films calcined in condition 3 (b) and under air flow 

at 350 oC(c). Cover glass was used as a blank (a). 

 

   

 5.2 Oxidation state of titanium dioxide 

 

  Elemental components present in TiO2 thin films could be determining 

using X-ray photoelectron spectroscopy (XPS). Figure 5.6 displays a survey graph of 

TiO2 surface obtained from XPS. The major components were titanium and oxygen. 

However, other element such as silicon was also detected. The signal of silicon was 

attributed to glass substrate used as a support for the film.  
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Figure 5.6 Survey graph of components on TiO2 surface. 

 

  O 1s peak was observed at a binding energy of ca. 531 eV, which 

corresponded to the main peak for oxygen in TiO2. The other peaks for oxygen were 

oxygen from surface hydroxyl group and from water. 

 

  Ti 2p had two main peaks from Ti 2p3/2 and 2p1/2 orbital at binding 

energy of ca. 460 and 465.7 eV respectively. These two peaks corresponded to Ti4+. 

Other oxidation state of titanium was not detected because Ti3+ sites on the surface 

were adsorbed by hydroxyl group from the atmosphere. Etching mode was employed 

to remove hydroxyl group from TiO2 surface. Argon ion bombarded the surface to 

peel off the outer most layer and reveal Ti3+ in TiO2 sample. Normally, the higher the 

oxidation state of an element, the higher the binding energy. The position of binding 

energy of each oxidation state of titanium and reference were listed in Table A.1 
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Table 5.1 Summary of Ti3+/Ti4+ ratio from XPS measurements for titania films at 

various calcination conditions. 

 

Calcination Condition 
Ti3+/Ti4+ 

ratio 
Atmosphere Temperature (oC)  

 350 0.789 
Air 450 0.899 

 550 0.915 
 350 0.918 

Hydrogen 450 0.932 
 550 1.091 
 350 0.922 

Stagnant air 450 1.009 
 550 0.955 

Air/Stagnant air* 450/350 1.104 
Air/Hydrogen* 450/350 1.160 
Air/Hydrogen* 350/450 1.220 

 

* : The condition involved calcination in two steps.  

 

  Table 5.1 summarizes ratios of Ti3+ content to Ti4+ content for various 

titania film.From the table, Ti3+ content compared to Ti4+ increased when calcination 

temperature was increased. Titania films that were calcined under air flow had the 

lowest Ti3+ contents while calcination under stagnant air brought about the highest 

values of Ti3+ content for titania films. However, at the temperature above 500 oC 

calcination under hydrogen atmosphere produced more Ti3+ than calcination under 

stagnant air as a result of reduction by hydrogen. Inspection of Table 5.1 revealedthat 

calcination atmosphere had greater effect on Ti3+ content that calcination temperature. 

Furthermore, the two-step calcinations process gave rise to similar Ti3+ content for all 

three conditions. Comparing to the one-step calcination process, the two-step process 

produced higher Ti3+ content for titania films. 
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5. 3 Photo-induced hydrophilicity 

 

  Under UV irradiation, the contact angle of TiO2 thin film gradually 

decreased until the angle reached a steady value, call “saturated contact angle”. So 

irradiation with UV light improved hydrophilic property of TiO2 film. 

 

  The results from contact angle measurements for various TiO2 films 

that were calcined under stagnant air, hydrogen flow, and air flow are presented in 

Figures 5.7, 5.8, and 5.9, respectively. The contact angles of TiO2 calcined under 

stagnant air and hydrogen flow reached saturated values after 30 minutes of UV 

irradiation (see Figures 5.7 and 5.8). As the calcination temperature was increased, the 

saturated contact angel of titania film was smaller, that is, the film became more 

hydrophilic. This trend was also observed for titania films that were calcined under air 

flow. The decrease in saturated contact angle, or increase in hydrophilicity, of the 

samples was attributed to higher Ti3+ content and the presence of rutile phase.  
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Figure 5.7 Contact angle of TiO2 thin film calcined under stagnant air at 350 oC (a), 

450 oC (b) and 550 oC (c).  
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Figure 5.8 Contact angle of TiO2 thin film calcined under hydrogen at 350 oC (a),  

450 oC (b) and 550 oC (c).  
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Figure 5.9 Contact angle of TiO2 thin films calcined under air flow at 350 oC (a), 450 
oC (b) and 550 oC (c).  

 

 Figure 5.10, 5.11, and 5.12 display contact angle of TiO2 thin films 

that were calcined under various atmosphere at 350 oC, 450 oC, and 550 oC, 

respectively.The saturated contact angle of TiO2 films calcined under air flow was the 

highest while  this value was the lowest for the films calcined under stagnant air. The 

difference in saturated contact angles was attributed to amount of Ti3+ defects. This 

parameter was influenced by calcination atmosphere. Under sufficient air flow rate 

the combustion of residual organic introduced by molecular precursors was complete 

under sufficient air flow rate. However, if available oxygen during calcination 

calcining was insufficient, oxygen molecule from titania structure was consumed to 

burn this residual organic instead (Yu et al., 2000). This process led to titanium in 

TiO2 being reduced from Ti4+ to Ti3+ 
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Figure 5.10 Contact angle of TiO2 thin films calcined at 350 oC under stagnant air (a), 

hydrogen flow (b) and air flow (c).  
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Figure 5.11 Contact angle of TiO2 thin films calcined at 450 oC under stagnant air (a), 

hydrogen flow (b) and air flow (c).  
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Figure 5.12 Contact angle of TiO2 thin films calcined at 550 oC under stagnant air (a), 

hydrogen flow (b) and air flow (c).  

 

  Calcination under hydrogen flow produced more Ti3+surface defects 

for TiO2 (Sekiya et al., 2001; Liu et al., 2002). However, this calcination process 

failed to produce TiO2 films with the lowest saturated contact angle. Therefore, Ti3+ 

srufece defect was only one of the factors that had and effect on saturated contact 

angle of the samples. Other factors included crystallinity of TiO2 and bulk defects in 

the film. 

   

  The results of contact angle measurements for TiO2 films that 

underwent the two-step calcination processes are displayed in Figure 5.13. By fixing 

the condition in the first calcination step (450 oC under air flow), the bulk defects, 

content in the films was controlled to be similar. The second calcination step would 
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produce different amount of Ti3+ surface defects because of different calcination 

atmosphere employed. 

 

  The saturated contact angles of TiO2 films that underwent the two-step 

calcination process were lower that that of TiO2 films that underwent the one-step 

calcination. This finding was attributed to formation of more Ti3+ surface defects 

during the second calcination step (Lu et al., 1994; Rekoske et al., 1997; Guillemot et 

al., 2002) , there by lowering the saturated contact angle of the samples. The saturated 

contact angle of TiO2 film that was calcined under hydrogen films in the second 

calcination step was smaller than that of the film that was calcined under stagnant air 

in the second step because more Ti3+ defects were produced when the film was 

calcined under hydrogen flow. 
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Figure 5.13 Contact angle of TiO2 thin films calcined at 450 o C under air flow and 

350 o C under hydrogen flow (a), at 450 o C under air flow and 350 o C 

under stagnant air (b), and at 450 o C under air flow (c). 
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Figure 5.14 Contact angle of TiO2 thin films calcined at 350 o C under air flow and 

450 o C under hydrogen flow (a) and at 350 o C under air flow (b). 
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Figure 5.15 Comparison the saturated contact angle calcined in various conditions. 

Two-step calcination process made the film had lower contact angle. 

 

  The limitation of calcination was thermal stability of glass substrate 

which was damaged at temperature above 600 oC so using two-step calcination 

process could improve hydrophilicity. Figure 5.15 displays the saturated contact angle 

of titania films that could be lowered by two-step calcination process. Moreover, 

calcination temperature of two-step calcination process (350 oC and 450 oC) was 

lower but provided the higher hydrophilic than one-step calcination process (550 oC). 
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CHAPTER VI 

 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

RESEARCH 
 

 This chapter summarizes experimental results involving characterization of 

titania thin films for studies of the photo-induced hydrophilicity. Recommendations 

for future research are also presented. 

 

6.1 Conclusions 

 

 1. The hydrophilic property of TiO2 thin films was controlled by Ti3+ surface 

defect. The defect content increased with the increasing of calcination temperature 

and calcination atmosphere as well as rutile content. 

 

 2. Regarding calcination atmosphere, the smallest saturated contact angle was 

observed in the sample that was calcined under stagnant air probably due to the 

highest Ti3+ surface defect. 

 

 3. The two-step calcination process provided smaller saturated contact angle 

than the one-step calcination process even at a lower calcination temperature. The 

first step transformed titania structure from amorphous to crystals while the second 

step created more Ti3+ surface defect. 

 

6.2 Recommendations for future research 

 

1. The slide glass melts at temperature above 600 oC so it is limit for the 

experiment. The substrate should be change to the thermalstability 

material such quartz or metal to study effect of temperature to the other 

properties. 

 

2. The other parameter that may control hydrophilic property of titania thin 

films, namely, morphology or specific area should be study too. 
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3. The interesting variables that influence to the parameter, namely, heating 

rate of calcination , doped metal or holding should be varied.  
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APPENDIX A 

 

CALCULATION OF THE CRYSTALLITE SIZE 
 

Calculation of the crystallite size by Debye-Scherrer equation 

 

 The crystallite size was calculated from the width at half-height of the 

diffraction peak of XRD pattern using the Debye-Scherrer equation.  

 

 From Scherrer equation: 

D = 
θβ

λ
cos
K                                          (A.1) 

            where     D   =   Crystallite size, Å 

                           K   =   Crystallite-shape factor = 0.9 

                           λ    =   X-ray wavelength, 1.5418 Å for CuKα 

     θ    =    Observed peak angle, degree 

     β    =    X-ray diffraction broadening, radian 

   

 The X-ray diffraction broadening (β) is the pure width of a powder diffraction, 

free of all broadening due to the experimental equipment. Standard α-alumina is used 

to observe the instrumental broadening since its crystallite size is larger than 2000 Å. 

The X-ray diffraction broadening (β) can be obtained by using Warren’s formula. 

 

From Warren’s formula: 

 

β 2  =   22
SM BB −                                (A.2)                              

β     =   22
SM BB −    

 

 Where     BM   =    The measured peak width in radians at half peak height. 

                            BS    =    The corresponding width of a standard material. 
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Example: Calculation of the crystallite size of titania 

 

 The half-height width of 101 diffraction peak     =   0.93125o 

                                                                               =   0.01625 radian 

 The corresponding half-height width of peak of α-alumina   =   0.004 radian 

 The pure width        =     22
SM BB −     

        =     22 004.001625.0 −  

        =      0.01577 radian 

 β       =       0.01577radian 

    2θ      =      25.56 o 

 θ        =      12.78o 

 λ        =      1.5418 Å 

 The crystallite size     =         
78.12cos01577.0

5418.19.0 x       =           90.15Å        

                                               =           9 nm  

  
 

Figure A.1 The 101 diffraction peak of titania for calculation of the crystallite size 

 

B  =  0.93125° 
     =  0.01625 radius 

2θ  =  25.56° 
  θ  =  12.78° 
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Figure A.2 The plot indicating the value of line broadening due to the equipment. The 

        data were obtained by using α-alumina as standard. 
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APPENDIX B 

 

CALCULATION OF THE CONTACT ANGLE 

 
 The contact angle of sample was calculated from height and radius of water 

droplet using trigonometry formula. 

 

 

 
 

Figure B.1 The shape and dimension of water droplet on the substrate. 

 

      (B.1) 

 

 Where  h  =  water droplet height 

   r  =  water droplet radius 

            2θ  =  Contact angle 
 

 

 

 

 

 

 

 

 

 
θ 2

r 

h

r
hangleContact arctan2=

θ 
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APPENDIX C 

 

POSITION OF TITANIUM OXIDATION STATE 
 

 The content of each Ti oxidation state can determine from the component area 

(see Figure C.1) and each binding energy position is list in Table C.1  

 

 

 
 

Figure C.1 The binding energy and area of each Ti oxidation state. 

 

 

 

 

 

 

Ti3+2p3/2 Ti2+2p3/2 

Ti4+2p3/2 

Ti3+2p1/2 

Ti4+2p1/2 

Ti2+2p1/2 
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Table C.1 The list of binding energy position and reference of each element. 

 

Element 
Binding 
energy Component References. 

O 1s 528.300 TiO P.Madhu Kumar, Thin Films,2000 
O 1s 531.100 Ti2O3 P.Madhu Kumar, Thin Films,2000 
O 1s 530.100 TiO2 P.Madhu Kumar, Thin Films,2000 
O 1s 532.300 (OH)- P.Madhu Kumar, Thin Films,2000 
O 1s 529.400 (OH)- Henrik Jensen, Applied Surface, 2005 
Ti 2p 455.900 TiO P.Madhu Kumar, Thin Films,2000 
Ti 2p 456.700 Ti2O3 P.Madhu Kumar, Thin Films,2000 
Ti 2p 485.500 TiO2 P.Madhu Kumar, Thin Films,2000 
Ti 2p 464.200 TiO2 Nicola J.Price, 1999 
Ti 2p 458.500 TiO2 Nicola J.Price, 1999 
Ti 2p 461.700 Ti2O3 Nicola J.Price, 1999 
Ti 2p 456.100 Ti2O3 Nicola J.Price, 1999 
Ti 2p 464.280 TiO2 Henrik Jensen, Applied Surface, 2005 
Ti 2p 458.500 TiO2 Henrik Jensen, Applied Surface, 2005 
C 1s 288.400 C=C Henrik Jensen, Applied Surface, 2005 
C 1s 285.000 C-O (ref.) Henrik Jensen, Applied Surface, 2005 
C 1s 284.300 C-C Henrik Jensen, Applied Surface, 2005 
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