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Abstract
Titanium dioxide (TiO2) semiconductor nanoparticles are one kind of important and
promising photocatalysts in photocatalysis because of their unique optical and electronic
properties. Their properties, which are determined by the preparation method, are very
crucial in photocatalysis. In this chapter, an overview was carried out on the different
methods that are used or have been used to prepare titanium dioxide nanoparticles.
There are various methods that can be used to synthesize TiO2 and the most commonly
used methods include sol-gel process, chemical vapor deposition (CVD) and hydrothermal method among others. This review will focus on selected preparation methods of
titanium dioxide photocatalyst.
Keywords: titanium dioxide, synthetic methods, photocatalyst, semiconductor

1. Introduction
Titanium dioxide photocatalyst is a well-known and well researched photocatalyst due to its
interesting properties which include stability, non-toxicity, biocompatibility, optical and electrical properties. It exists mainly in three different forms namely anatase, rutile and brookite
and their structures are shown in Figure 1 [1]. Upon heating, both anatase and brookite convert to rutile which is more stable at all temperatures and pressures below 60 kbar, according
to thermodynamic calculations [2]. Table 1 shows some of the structural and physical properties of the anatase and rutile phase of titanium dioxide [3].
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Figure 1. Different forms titanium dioxide [1].

The recent development of nanotechnology has proved that nanomaterials such as nano-sized
titanium dioxide photocatalysts can have high activity in the photodegradation of a wide
range of organic and inorganic contaminants in water. It is believed that photocatalysis will
soon be recognized as one of the most effective means of dealing with various kinds of wastewater since organic pollutants can be completely degraded to harmless matter under normal
conditions of temperature and pressure.
It is capable of degrading pollutants such as herbicides, carboxylic acids and alcohols completely to carbon dioxide, water and simple minerals [4]. For it to be very effective, it should
have certain properties such as suitable particle size, shape, crystallinity and a good ratio of
anatase to rutile. This is the reason why most researchers have been trying to use different
methods to get particles with suitable characteristics for environmental remediation or for
other applications of interest. Several studies have proved that TiO2 nanostructures, in particular, titanium dioxide nanotubes (TNTs) have their performance improved in photovoltaics [5]
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Property

Anatase

Rutile

Molecular weight (g/mol)

79.88

79.88

Melting point (°C)

1825

1825

Boiling point (°C)

2500–3000

2500–3000

Specific gravity

3.9

4.0

Light absorption (nm)

λ ≤ 385 nm

λ ≤ 415 nm

Mohr’s hardness

5.5

6.5 to 7

Refractive index

2.55

2.75

Dielectric constant

31

114

Crystal structure

Tetragonal

Tetragonal

Lattice constants (Å)

a = 3.784

a = 4.5936

c = 9.515

c = 2.9587

Density (g/cm3)

3.79

4.13

Ti─O bond length (Å)

1.937 (4)

1.949 (4)

1.965 (2)

1.980 (2)

Table 1. Properties of the anatase and rutile phase of titanium dioxide [3].

and photocatalysis [6] compared to nanoparticulate forms of titanium oxide. Recently, bundles
and arrays of TNTs with different qualities have been synthesized by a variety of different techniques such as template-assisted, sol-gel, hydrothermal, electro-anodization, chemical vapor
deposition and physical vapor deposition [7].
There are other various techniques for preparing titanium dioxide (TiO2) nanoparticles and
these include reverse micelles, the sol-gel process, the metal organic chemical vapor deposition (MOCVD) [8], gas phase (aerosol) synthesis [9], wet-chemical synthesis by precipitation
of hydroxides from salts, microemulsion-mediated methods [10] and electrochemical synthesis. These methods can be divided into five general groups namely sol-gel, deposition
methods, sonochemical and microwave-assisted methods, hydro/solvothermal methods and
oxidation methods.

2. Synthetic methods
2.1. Deposition methods
In these methods, materials in the vapor state are condensed to form a solid phase material.
The process is normally carried out in a vacuum chamber and if a chemical reaction takes
place, it is called chemical vapor deposition (CVD) and physical vapor deposition (PVD) if
no reaction occurs. Examples of CVD include electrostatic spray hydrolysis, diffusion flame
pyrolysis, thermal plasma pyrolysis, ultrasonic spray pyrolysis, laser-induced pyrolysis and
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ultrasonic-assisted hydrolysis. TiO2 films with grain size less than 30 nm and TiO2 nanoparticles with sizes less than 10 nm were synthesized by pyrolysis of titanium tetraisopropoxide
(TTIP) in a helium/oxygen atmosphere [11]. Thermal plasma synthesis [12] and spray pyrolysis [13] have been used in some studies but they are complex, capital and energy-intensive
and the properties of the powder are not easy to control.
2.1.1. Electrophoretic deposition
This is the most favored method due to several reasons, which include effectiveness in the
fabrication of coatings and films from suspensions [14], a short period of time is required
for deposition, the ability to deposit a film on a non-uniform surface, it is cost effective, it is
easy to control the thickness of the films, ability to utilize suspensions of low solids loadings,
homogeneity of resultant coatings, simple apparatus requirements, binder-free process and it
is possible to prepare homogeneous coated layers or deposited films [15, 16].
The process involves the movement of charged particles in a suspension medium followed by
deposition on a substrate under an applied DC voltage [17, 18] as shown in Figure 2. When
the voltage is applied to the electrodes, an electric field is created that interacts with the surface charge of the nanoparticles, producing a force that makes the particle move toward the
electrode of the opposite charge and their accumulation on this electrode leads to the formation of a homogeneous layer.
Different thickness of the films can be achieved by changing the deposition parameters such
as voltage, deposition time, solvent type, zeta potential particle and loading in the suspension [17]. Some researchers have used different combinations in titanium dioxide thin film

Figure 2. Schematic setup of the electrophoretic deposition cell [16].
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deposition for different applications such as biomedical applications [19], ceramic coatings [20]
and dye-sensitized solar cells [21–23]. Nyongesa and Aduda used electrophoretic deposition
technique to deposit titanium dioxide thin films on conducting glass substrates for application
in water purification [16]. In the study, they found out that ethanol was a better solvent to use
compared to toluene, propanol or water, which they believed was due to its high dielectric
constant (ε) of 24.3. Water is not a suitable suspension medium due to water electrolysis which
takes place during the deposition and this can cause gas bubbles to accumulate at the electrode
surfaces, which is detrimental to the electrophoretically deposited coating. The best parameters
for good adherence of the nanoparticles were: pH value of 3, solid loading of 4.0 wt% and a
voltage of 20 V [16]. In a similar study by Nguu et al. [24], to achieve a uniform film of 5 μm,
the best voltage and time were 35 V and 90 s, respectively, and they discovered that extended
deposition times (>90.0 s) resulted in formation of agglomeration [24]. In another study by
Dhiflaoui et al., it was found that the coatings deposited at 20 V for 4 min were the most homogeneous [25]. They also discovered that transformation of anatase to rutile depends on the electric current in the electrochemical cell. When the voltage is increased, the modulus of elasticity
and hardness of the films also increase.
2.1.2. Spray pyrolysis
This is a deposition technique that enabled production of a variety of products in the form of
fine dispersive porous or dense powders or films. The first reactors for nanoparticles by flame
synthesis (FS) started in the 1940s, to produce fumed silica. In 1971, G.D. Ulrich reported the
first principles of the FS method. Silica and titanium dioxide were the first materials to be
produced by flame synthesis and patented [26] but with time TiO2 became the largest material
produced by flame aerosol reactors [9]. The number of researchers using FS has increased in
the last years.
Generally, this method can be divided into two groups that are spray pyrolysis synthesis
(SPS), which results in powders and spray pyrolysis deposition (SPD), which results in thin
films. The method involves the passing of precursor’s flux across a direct flame. It can proceed either by supplemental burners that are mounted near the spray nozzle, or by additional
feeding of the nozzle by oxidant that could be air or pure oxygen and the combustibles. If
an organic solvent is used, it can serve as a flame fuel as well. A nozzle or a nebulizer can be
used but the use of a nozzle implies that the diameter of the spray droplets depends on the
diameter of the nozzle outlet tip, the surface tension of the respective precursor solution, its
viscosity and the pressure difference before and after the spraying [27]. Kozhukharov and
Tchaoushev [28] recommended the production of ultrafine dispersive powders by swift rise
of the temperature inside the chamber. In this process, the already formed solid particles
undergo further splitting, due to mechanical tensions and or phase transitions occurring [28].
Adhesion to the substrate is important for the quality of the deposited film which means
SPD could be performed either directly by hot spray, or by cold spray on preliminary heated
substrate. Several parameters of the pyrolysis process, such as the size of the spray droplets, chemical composition of the obtained products, their crystal phases and density can be
controlled. Selection and precursor preparation is a challenging task when multi-component
materials are to be produced. The precursor should be fed into the reactor at low pulsation
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rates as sprays are sensitive to oscillations in the liquid fuel supply which can affect nanoparticle growth conditions. When the flow rate of the precursor is increased, the particle diameter
also increases but decreases when the dispersion gas flow rate is increased as a result of rapid
mixing reactants and oxidizers [29].
Some important advantages of this technique include the possibility to produce uniform
and dense films which have desirable crystallinity by multiple repetitions of spraying and
or annealing cycles and the ability to fabricate entire multilayer devices by subsequent deposition of different functional layers, in the same chamber [27]. In spray pyrolysis methods,
nanoparticles and thin films are produced in a one-step process and there is no need for further purification or excessive drying procedures, which could have a negative impact on the
total thermal budget and cost of production of titanium dioxide nanoparticles [30]. Besides
the above mentioned advantages, there are some limitations of this method and these include
the need to control temperature and the difficulty in obtaining low temperature allotropic
forms of the respective products hence in a large scale production, there is a need for cooling
systems, and precise temperature control.
With a lot effort being put in trying to develop the technique, a new spray pyrolysis setup
has been designed to overcome limitations of previous systems such as reproducibility, temperature control, gas flow rate and solution rate accuracy. The new system is almost fully
computerized. A schematic representation of the spray pyrolysis system is shown in Figure 3.
2.2. Oxidation methods
These methods involve the oxidation of titanium metal using oxidants or anodization. Anodization of titanium sheet under a voltage between 10 and 20 V in 0.5% hydrogen fluoride

Figure 3. Schematic representation of spray pyrolysis system: (a) vertical chambers; (b) horizontal chambers and (c)
chambers for film deposition [27].
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leads to the formation of aligned TiO2 nanotubes whose diameter is controlled by varying the
applied voltage [31]. In another study, crystallized TiO2 nanotubes were obtained when anodized titanium plate was heat treated at 500°C for 6 h in an oxygen environment [32]. Direct
oxidation of the titanium metal with hydrogen peroxide has also been found to lead to the
formation of TiO2 nanorods. The TiO2 can be obtained by placing a cleaned Ti metal plate in
a 50 mL solution of 30 wt% H2O2 at 353 K for 72 h [33]. Formation of crystalline TiO2 occurs
via mechanism of dissolution precipitation and this phase can be controlled by addition of
NaX (X = F−, Cl−, SO42−) inorganic salts. Addition of Na2SO4 and NaF results in the formation
of anatase phase and when rutile phase is needed, NaCl can be added during dissolution
precipitation [34].
Acetone, pure oxygen and a mixture of oxygen and argon can be used as sources of oxygen
for oxidation of titanium metal. Acetone is a good source of oxygen and when used at high
temperatures, it results in nanorods which are well aligned and highly dense. Use of pure
oxygen or a mixture of oxygen and argon results in crystal grain films and morphology of
the nanoparticles can be controlled by the diffusion competition of oxygen and titanium [8].
2.3. Sonochemical and microwave-assisted methods
The sonochemical method has been applied to produce highly photoactive TiO2 nanoparticles
by the hydrolysis of titanium tetraisopropoxide (TTIP) in pure water or in an ethanol/water
mixture under ultrasonic radiation [35]. Sonochemistry arises from acoustic cavitation which
is the formation, growth and collapse of bubbles within a liquid medium. Heat (~5000 K) and
high pressures (~1000 atm) are produced by cavitational collapse [31].
In microwave-assisted methods, there is a use of microwaves which are electromagnetic waves
with frequencies which range from 0.3 to 300 GHz and with wavelengths between 1 mm and
1 m. According to Zhu and Chen [36], microwave heating involves two main mechanisms
namely dipolar polarization and ionic conduction. Any materials that contain mobile electric
charges such as polar molecules or conducting ions are generally heat by microwaves. In the
microwave, heat is generated by rotation, friction and collision of molecules as polar molecules
try to orientate with the rapidly changing alternating electric field. If ions are present in solution,
they will move through the solution and constantly changing directions based on the orientation
of the electric field resulting in local temperature rise due to friction and collision [37].
Microwave heating is as an alternative heat source for rapid heating with shorter reaction time
and higher reaction rate, selectivity and yield as compared to the conventional heating methods [36]. There are two types of microwave heating: pulsed microwave heating and continuous
microwave heating. Jacob et al. in 1995 proposed two models of the mechanism for microwaveinduced reaction rate enhancements. The first mechanism assumes that, although the reaction
time is heavily shortened for a microwave-induced reaction, the kinetics or mechanism of the
chemical reaction is not altered implying that the enhancement of the reaction rate is due to
the thermal heating effect [38]. The second proposed mechanism makes an assumption that
there are “nonthermal microwave effects” in addition to the thermal effects hence the effects
of microwave irradiation in chemical reactions are due to both thermal effects and nonthermal
effects [39]. The nonthermal effects are due to direct interaction of microwaves with certain
molecules in the reaction medium.
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Microwave radiations can also be applied to produce various TiO2 nanomaterials [40]. In
industrial processing, this method has an advantage of rapid heat transfer and selective heating. This technique provides uniform distribution of energy within the sample, better reproducibility and excellent control of experimental parameters. The colloidal TiO2 nanoparticles
can be prepared in a short period of time (within 5–60 min) compared to several hours needed
for the conventional methods of forced hydrolysis at high temperatures (~195°C) [41]. TiO2
nanotubes which are open-ended and multi-walled with diameters of 8–12 nm and lengths
between 200 and 1000 nm were also prepared using this method [33]. TiO2 nanoparticles in
the anatase phase were prepared by Baldassari et al. [42] using microwave-assisted hydrolysis
of titanium tetrachloride (TiCl4) in a dilute acidic aqueous medium. They found out that the
product almost completely crystallized in a short reaction time of 30 min under microwavehydrothermal conditions. The acid that they used was to obtain a pure anatase phase was
H2SO4 since the sulfate prevented the crystallization of brookite. In another study, they also
prepared TiO2 nanoparticles in the rutile phase from TiCl4 by a microwave-hydrothermal process at different temperatures between 100 and 160°C for 5–120 min [42]. The morphology and
size of the resulting nanoparticles can be varied by changing the time of reaction, microwave
power and reactant concentration.
2.4. Hydro/solvothermal methods
These are two processes, solvothermal and hydrothermal which are almost similar. The
hydrothermal method is a process of crystallizing a substance at a high temperature and high
vapor pressure using an aqueous solution of the material [43]. It is commonly depicted as
crystal synthesis or crystal growth from substances which are insoluble in customary temperature (100°C) and pressure (<1 atm). The process is carried out in autoclaves under controlled
temperature and pressure. It allows the use of temperatures above the boiling point of water/
organic solution. Hydrothermal synthesis is characterized as a concoction response occurring in a dissolvable at temperatures over the dissolvable breaking point and at pressures
above bar. Compared to hydrothermal method, the solvothermal method uses a non-aqueous
solvent, has better control of the properties of TiO2 and the temperature can be increased
much higher meaning high boiling point solvents can be used. The hydrothermal strategy
exploits that by expanding temperature and pressure the essential properties of water and
consequently its capacities as a solvent changes. Important characteristics such as the ionic
product density, thermal conductivity, viscosity, heat capacity and the dielectric constant are
all highly pressure and temperature dependent and by tuning the synthesis parameters, specific solvent properties can be obtained. Feng et al. [44] produced TiO2 nanorods by treating
titanium tetrachloride solution saturated with sodium chloride at 160°C for 2 h. Kim et al. [45]
used the solvothermal method to prepare TiO2 of good quality without the use of surfactants.
The first report of the hydrothermal growth of crystals was by a German geologist Karl Emil
in 1845 [46]. The hydrothermal method can be used to synthesize a single crystal of the material depending on the solubility of the material in the solvent. Single crystal growth is done
in a high pressure vessel called an autoclave. These are hermitically sealed steel vessels that
can withstand high temperatures and pressure for long durations. Also, the vessel must be
chemically inert and must not take part in the hydrothermal process. A number of substances
such as oxides [47], tungstate [48], molybdates [49], carbonates [50] and silicates [51] can be
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synthesized. The different approaches in the hydrothermal technique can be broadly classified as temperature-difference technique, temperature-reduction technique and metastablephase technique [52]. Temperature-difference technique is a method in which the autoclave
is heated to two temperature zones. The solute dissolves in the hotter zone (lower part) and
the saturated solution moves from the lower part to the upper part (at a relatively lower
temperature) due to the difference in temperature. The cooler solution in the upper portion
descends to the lower part resulting in a counter flow. Eventually, the solution in the upper
part becomes supersaturated due to the reduction in temperature and the material starts to
crystallize. Temperature-reduction technique is a method in which instead of having the two
temperature zones, the autoclave is slowly cooled down with the saturated solution inside it.
However, this technique has the disadvantage of difficulty in controlling the growth process.
Metastable-phase technique is a method based on the difference in solubility between the
crystal growth phase and that serving as the starting material. The solution consists of compounds that are thermodynamically unstable under the growth conditions. The solubility
of the compounds that are in the metastable phase is more than that of its stable phase. The
compounds crystallize due to the decomposition of the metastable phase.
The advantages of the hydrothermal method are that it is an easy method to obtain nanotube
morphology, variation in the synthesis method can be implemented to enhance the properties of TiO2 nanotubes, and it is a feasible method for different applications. However, the
disadvantages include long synthesis duration, the need for a highly concentrated NaOH
solution (contaminating the TiO2 nanotubes with NaOH) and precisely controlling the diameter of the nanotubes [53]. Furthermore, hydrothermal methods are disadvantaged by the
high cost of equipment and the inability to monitor crystals in the process of their growth.
Hydrothermal synthesis cannot be affected at both temperatures and pressures below the
critical point for a specific solvent above which differences between liquid and vapor disappear, and can only take place under supercritical conditions. The hydrothermal method is
affected by alkaline concentration, temperature and reaction time. Temperature is important
for promoting growth of crystals and nucleation of nanoparticles. Generally, as temperature
increases, the yield, length and degree of crystallinity of nanotubes also increase and with
the optimal temperature between 100 and 200°C. As hydrothermal time increases, yield also
increases, but prolonged hydrothermal time results in morphological changes of nanoparticles, for example, nanotubes to nanofibers [54].
Solvothermal method allows shape, control of size, distribution and crystallinity of TiO2
nanoparticles better than the hydrothermal method. These can be achieved by controlling the
following parameters; solvent, addition of surfactants, titanium precursors, reaction temperature and reaction time [55]. Use of organic solvents in the solvothermal method results in a
product that is free from foreign anions since organic solvents exhibit low relative permittivity as well as being free from ionic species.
2.5. Sol-gel methods
Sol-gel process is a wet-chemical technique that is mostly used in the field of materials science
and ceramic engineering. It can be defined as the conversion of a precursor solution to an inorganic solid through polymerization reactions induced by water. Hydrolysis forms a sol which
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is basically a dispersion of colloidal particles in a liquid, and condensation leads in the formation of a gel. Compared to the methods discussed above, the sol-gel process is very promising
for synthesis and preparation of inorganic and organic-inorganic hybrid nanomaterials because
it allows the use of low processing temperatures (<100°C) and molecular level composition
homogeneity [56]. Particle size and shape and are easy to control using the sol-gel method.
The sol-gel process produces fine, spherical powders of uniform size and has been widely
used to synthesize TiO2 materials and normally proceeds via an acid-catalyzed step of titanium (IV) alkoxides [57]. One of the most attractive features of the sol-gel process is the possibility to shape the resulting material into desired forms such as fiber, film and monodispersed
powder. Several steps and conditions are applied in a sol-gel process to control the final morphology as suggested by Mehrotra and Singh [58] in Figure 4.
Typical precursors are metal oxides and metal chlorides. A metal alkoxide consists of an
M─O─R linkage where M is the metal, O is oxygen and R is an alkyl group. The polarization
that takes place in the M─O bond makes it susceptible to nucleophilic attack. In the presence
of water, the alkoxide undergoes a nucleophilic substitution reaction in which the alkoxy
groups (OR) are replaced by the hydroxyl groups from water and this process is called hydrolysis. The metal hydroxide groups will link and generate a hydrated metal-oxide network
which eventually forms small nuclei and this process is called condensation.
The chemistry, hydrolysis and poly condensation reactions are very convenient to obtain both
polymeric and particulate titanium sols:
TiOR + mH 2 O → Ti (OR) 4−n (OH) n + nROH

(1)

Ti─OH + OR─Ti → Ti─O─Ti + ROH

(2)

Ti─OH + OH─Ti → Ti─O─Ti + H 2 O

(3)

Polycondensation turns monomers into oligomers and, lastly, polymers. As long as the number of alkoxide groups, is greater than 2, complex random branching may occur finally leading to fractal structures.
Metal alkoxides used for the sol-gel process are generally very reactive and thus there is
need for controlling the reactivity in order to obtain sols and gels with desirable properties
by using modifiers or addition of chelating ligands such as β-diketones, carboxylic acids or
other complex ligands [56]. These modifiers react with alkoxides giving rise to new molecular
precursors that can be used in sol-gel processing to provide better control of the hydrolysiscondensation process. These new precursors reduce reactivity and functionality, prevent condensation and lead to formation of species that are smaller. Livage et al. in 1988 investigated
the use of acetylacetone to improve the sol-gel processing of metal alkoxides [59].
Modification by modifiers reduces the number of M─OR bonds available for hydrolysis and
thus hydrolytic susceptibility. If β-diketones are used, they decrease the nuclearity resulting
in small particles since these ligands are surface capping reagents and polymerization lockers.
Carboxylate ligands such as acetic acid mostly act as bridging chelating ligands.
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Figure 4. Different sol-gel process steps to control the final morphology of the product [58].

There are several advantages of the sol-gel process and these include [60]: (i) use of low temperatures during preparation, (ii) easy and effective control of particle size, shape and properties, (iii)
better homogeneity from raw materials, (iv) better purity from the starting materials and it is possible to design the material structure and property through the proper selection of the precursor.
2.5.1. Sol-gel process parameters affecting properties of TiO2
There are various parameters that influence the size and properties of the TiO2 particles produced via the sol-gel process. To get TiO2 particles with desirable properties, the parameters
that influence hydrolysis and condensation reactions of the sol-gel process should be controlled. It has been established that some parameters are more important than others. The
parameters include pH, nature and concentration of the catalyst, water/precursor molar ratio,
reaction temperature, precursor concentration, type of solvent and type of precursor [61, 62].
2.5.1.1. Precursor concentration
Particle size increases with increasing precursor concentration due to enhanced coagulation
and sintering resulting from the large concentration of TiO2 nuclei generated at high TTIP
precursor concentrations [63]. Increase in precursor concentration increases the crystallinity
of the anatase, and enhances transformation from anatase to rutile [64].
2.5.1.2. Water content
The amount of water is a crucial parameter in controlling the hydrolysis reaction. Xiaobo
[31] reported that the development of Ti─O─Ti chains through alkoxylation is favored when
the content of water is low, with low hydrolysis rates and excess titanium alkoxide in the
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reaction mixture. The amount of water should not be too low otherwise the hydrolysis of
the alkoxides with water will be incomplete and condensation occurs between the monomers of (OH)xTi(OR)4−x [65]. Other researchers reported that the ratio of water to the alkoxide required for particle formation should be greater than 2.5 as deduced from the equation
R= [H2O]/[TEOT] > 2.5 [66]. The largest R value reported was 7 which gave particles with
average size of 300 nm. If the amount of water is increased, a stronger nucleophilic reaction
between water and alkoxide molecules occurs resulting in more alkoxyl groups being substituted by OH groups of water. The monomers obtained then interact with each other to form
a three-dimensional network structure. When R is over a critical value, the hydrolysis is more
complete and more alkoxides convert to the corresponding metal hydrates, M(OH)z which
then react with each other to form particle-like polymers [65]. The formation of Ti(OH)4 is
favored by high hydrolysis rates caused by large amounts of water.
According to a study by Yu and Wang [65], the molar ratio of H2O/alkoxides (Rw) used
in the sol-gel process strongly affect the characteristics of the resultant oxides as shown in
Figure 5(a). They suggested that the reaction mechanisms for sol-gel conversion depend
on Rw used and they came up with three different mechanisms as shown in Figure 5(b).
All mechanisms could occur at the same time but there would be a dominant one [65].
Case I: When Rw is less than four (Rw < 4), the hydrolysis between alkoxides and water is
incomplete hence condensation reaction occurs between the monomers. Case II: When Rw
is increased to between two and four (2 < Rw ≤ 4), stronger nucleophilic reaction between
water and alkoxide molecules monomers occurs and a three-dimensional network is
formed. Case III: When Rw used is over the critical value the hydrolysis will be complete.
The alkoxides will convert to the corresponding metal hydrates. The monomers will react
with each other to form particle-like polymers.
2.5.1.3. pH
The pH of the sol-gel system for the preparation of uniform nanoparticles of anatase titania
from condensed TiO2 gel is a key factor for controlling the final particle size and shape of the
product [67]. The grain size of the TiO2 particles generally increases with increase in pH of the
sol [68]. When the hydrogen ion concentration is high, the particles grow rapidly to form large
grains because the hydrogen ions interfere in the reaction and decrease the nucleation rate. The
new nucleus has enough time to grow and aggregate into large TiO2 particles [69]. Matijevic
et al. [70] reported the synthesis of TiO2 spherical particles of a narrow size by aging a highly
acidic solution of titanium tetrachloride at elevated temperatures for 6–47 h. The amount of
acid (pH) determines not only the size of the nanoparticles but also the stability of the sol [71].
2.5.1.4. Temperature
The sol-gel temperature is a critical parameter in controlling the properties of the resulting
TiO2 nanoparticles. Vorkapic and Matsoukas [71] studied the effect of the hydrolysis temperature on particle size where they varied the temperature between 0 and 50°C and they found
out that low hydrolysis temperatures favored formation of larger particles. When the temperature was increased, the size decreased and reached a minimum in the range 25–50°C. High
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Figure 5. Sol-gel processes with different water contents [65].

temperatures increase the thermal energy of the colloid, decreases viscosity and the dielectric
constant of the solvent, thus lowering the electrostatic barrier against aggregation resulting
in larger particles [72].
2.5.1.5. Precursor type
Vorkapic and Matsoukas investigated the effect of different alkoxides on the size of the TiO2
nanoparticles and they found out that at 25°C, the final size decreases with increase in the
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length of the alkoxy group [71]. Their results showed that particle size decreased in the order
ethoxide > propoxide ≥ isopropoxide > butoxide, corresponding to the order of decreasing
reactivity of the alkoxide hence the lower hydrolysis rate.
2.5.1.6. Solvent type and concentration
In general, after nucleation, the particles grow by molecular addition or aggregation and this
particle growth is affected by the kinds of solvents used because particle interaction potential is
different in each solvent. The increase in the amount and molecular weight of the alcohol was
found to increase the size of the particles and the smallest size was obtained when no alcohol
was used [71]. This is due to the fact that an increase in both concentration and molecular weight
leads to a decrease in the dielectric constant of the solvent resulting in decreased stability and
enhanced rate of re-aggregation and larger particle size. The formation of TiO2 from thermal
hydrolysis of titanium tetrachloride in water/n-propanol mixtures was investigated by Park
et al. [73]. The study showed that when powders were redispersed in various solvents the degree
of aggregation increased in the order: methanol > ethanol > propanol suggesting that colloidal
destabilization was the primary mechanism by which these alcohols influenced particle size.
In another study by Xu et al. [74], the photocatalytic activity of unsupported TiO2 gradually
increased with increase in the chain of the solvent used in preparation due to the increase in
the content of anatase and a decrease in particle size. They found out that when the solvent
was changed from methanol to 2-pentanol, the content of anatase increased from 68 to 91%
with a decrease in particle size from 11.6 to 10.5 nm. The increase in alcohol concentration in
the sol-gel reaction mixture can slow down the hydrolysis rate and the resulting sol would
possess a high content of amorphous TiO2.
2.6. Template-based methods
Template-assisted synthesis is an easy, cost effective and highly versatile approach to fabricate
nanostructures. Whenever microporous or nanoporous materials are utilized as templates,
one-dimensional (1D) nanostructures can be integrated by saving a material of decision inside
the format’s nano-channels. Template-based synthesis is a method in which a nanoporous
material is used as the mold and the desired nanotube material is coated on the walls of the
mold. There are two approaches for template-based synthesis which are the negative and
positive template. The template is then dissolved to get the nanotubes or nanorods. If the
material of interest is coated on the inner walls, then it is a negative template-based synthesis.
If the material is coated on the outer walls of the template then is a positive template-based
synthesis. In the negative template synthesis, if the pores of the mold are entirely filled, then
nanorods can be synthesized. The most commonly used template for negative template synthesis is anodic aluminum oxide. Yuan et al. showed the synthesis of TiO2 nanotubes and
nanorods using anodic aluminum oxide as a template [75]. The walls of the template were
coated using the hydrolysis method. The anodic aluminum oxide was used as the membrane
between deionized water and the Ti(OC4H9)4 solution in C4H9OH during hydrolysis. The
thickness of the nanotubes walls were controlled by varying the concentration of Ti(OC4H9)4.
Jiang et al. reported the synthesis of TiO2 nanotubes by immersing anodic aluminum oxide
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in an aqueous ammonium hexafluorotitanate solution [76]. Michailowski et al. showed the
synthesis of TiO2 nanotubes via a thermal decomposition process of Ti(Oi─Pr)4 using anodic
aluminum oxide as a template [77]. Correspondingly, Liang et al. revealed the synthesis of
TiO2 nanotubes through atomic layer deposition [78]. Anodic aluminum oxide was utilized
as the template, and TiCl4 was used as the precursor for the atomic layer deposition of TiO2.
The atomic layer deposition approach is a highly conformal coating process, and the thickness
can be controlled very precisely. Therefore, in this method, the thickness of the walls of the nanotube can be controlled very precisely. The entire undesired TiO2 deposited layer on the top surface of the template is eliminated by mechanical polishing. Hoyer showed the synthesis of TiO2
nanotubes using positive template [77]. In this approach, TiO2 was deposited on poly(methyl
methacrylate) nanorods arrays by the electrochemical deposition procedure. The nanorods were
selectively etched to form TiO2 nanotubes. The nanorods were, however, fabricated using an
anodic aluminum oxide template. Likewise, TiO2 nanotubes were synthesized using electrospun poly(l-lactide) fibers as a positive template [79]. Jung et al. confirmed the synthesis of
double wall TiO2 nanotubes which were fabricated by condensing Ti(Oi─Pr)4 precursors onto
both surfaces of the self-assembled organogel tubes [80]. In comparison to negative templatebased synthesis, the positive-based template has a better control on the smoothness of the inner
and outer wall. The advantage of this template-based synthesis is that the dimensions of the
nanotubes can be controlled by controlling the pore dimensions of the template. The disadvantages of this technique are that the fabrication process is relatively more complicated, and the
nanotube morphology can be destroyed during fabrication steps such as mechanical polishing.
Nanoporous media typically used as templates for 1D nanostructure fabrication include
track-etch membranes, which are commonly made from polymers including poly(carbonate),
poly(ethylene terephthalate) or poly(imide) [81, 82] and anodized aluminum oxide (AAO),
which can be purchased commercially or fabricated using a well-known anodization process
[81–84]. In addition to nanoporous materials, templates can also be fabricated using lithographic techniques. The use of AAO templates is especially attractive because of its simple,
low cost and highly controllable fabrication method. Vertically orientated CrO2 nanorods
arrays were obtained through atmospheric-pressure CVD assisted by AAO templates and
were etched to form nanotubes. Such ordered nanorods within an AAO template may be significantly applied in ultrahigh-density perpendicular magnetic recording devices.
2.7. Electrochemical anodization
Electro-anodization is an electrolytic process used to grow the oxide layer on the surface of
the metal. When anodizing, the metal to be treated forms an anode electrode of an electric
circuit. Anodization alters the microscopic texture of the surface and the crystal structure of
the metal close to the surface.
Metal anodization has been greatly used in industry as a surface treatment technique to render
materials with resistance against uncontrolled oxidation, abrasion and corrosion. Anodizing
increases corrosion resistance of oxide film over a metallic surface and wears resistance, and
also improves adhesion for paint primers and glues than bare metal [85]. Although this technique has been developed for a long time, it was until 1990s that researchers discovered that
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highly ordered nanoporous structures can be achieved by varying anodization conditions
including electrolyte composition and concentration, temperature, as well as anodization
voltage [86]. The dense and uniform layer of anodized oxide inhibits ionic conductivity, thus
they can be regarded as barrier oxides to effectively protect the metal from further corrosion.
On top of that, the anodized oxide film can improve the surface properties of metal, such as
wearing, galling and dielectric layer.
Among all metals that can be anodized, aluminum and titanium can be anodized into nanoporous structures with well controlled depth, diameter and pitch. The working metal is set as
anode to oxidize during the electrochemical process and cathode can be any electronic conductor mainly platinum, which would not react in the anodizing bath. The electrolyte is chosen according to its higher growing rate of the oxide compared to its dissolution rate or by the
insolubility with the anodized metal. As the reaction progresses the metal at positive terminal
withdraws electrons, by so doing allowing the ions on the metal surface to react with water
in the electrolyte to form a dense oxide layer. Later the electrons return back to the electrolyte
where they react with hydrogen ions to form hydrogen gas. When metals are exposed to sufficient anodic voltage supply in an electrochemical configuration, an oxidation reaction takes
place (M → Mn+ + ne−). Depending mainly on the electrolyte and the anodization parameters,
there are essentially three possibilities for reactions to occur:
1. The Mn+ ions are solvatized in the electrolyte, that is, the metal is continuously dissolved
and corrosion, or electropolishing of the metal is observed.
2. The Mn+ ions form react with O2− provided by H2O in the electrolyte and form a compact
oxide layer (MO), if MO is not stable in the electrolyte.
3. After some time during anodization process, completion between solvatization and oxide
formation is established, which results to porous oxide layer.
Many properties of these transition metal anodic oxides become more and more important
when the possibilities on a micro or nano scale are explored. Anodic oxide films, with the
inherent nanoporous structure, exhibit high surface area, and short solid-state diffusion
path for catalysis, electrochemical devices and energy applications. The other advantage of
the anodic oxide micro/nano structures is that, the fabrications are achieved by chemical or
electrochemical processes that are relatively simple and cost effective. The morphologies of
anodic oxides include powders, rods, wires and tubes. Materials ranging from Al, Ti, Zr, W
to Ta have all been investigated to form self-assembly nanotubes structures [87]. Among these
transition metals oxide nanotubes, anodic titanium oxide (ATO) and anodic aluminum oxide
(AAO) are among the most widely studied for their functional properties.
2.7.1. Mechanism of growth of the TiO2 nanotubes
This section reviews the growth mechanism of titanium dioxide nanotubes (TNTs) by electrochemical anodization technique in fluoride-containing electrolyte solution. The formation
of TNTs in acidic electrolyte conditions containing fluoride ions are generally agreed to form
in the field assisted oxidation and dissolution of formed titanium oxide surface. This process
involves two vital steps that occur simultaneously, the formation of titanium oxide and dissolution of the oxide. The process can be explained by the following reactions:
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Ti + 2H 2 O → TiO 2 + 4e − + 4H + Oxidation

(4)

TiO 2 + 6F − + 6H + → [TiF 6] 2− + 2H 2 O Dissolution

(5)

This process usually takes place in a two electrode setup, where titanium film serves as anode
and platinum as cathode. The anode Ti is immersed into electrolyte solution, ionic species such
as OH− and F− are adsorbed on the surface. The growth of anodic oxide layer depends on the
field-aided transport of mobile ions through the oxide. Depending on the speed of the ionic
species (Ti4+ and O2−), the growth of the new oxide proceeds at the interface between the metal
and oxide or at the interface between oxide and electrolyte (compact anodic oxide layers may
grow at either interfaces, but under most conditions oxide grows at the metal-oxide interface).
The growth of an anodic oxide layer is determined by the field-aided transport of mobile ions
through the oxide.
The presence of fluorides in the electrolyte strongly affects the anodization process, as fluorides form water soluble [TiF6]2− species. On one hand, complexation occurs with Ti4+ ions that
are ejected at the oxide-electrolyte interface [after migration through the oxide film; Eq. (6)]:
Ti 4+ + 6F − → [TiF 6] 2−

(6)

And on the other hand by chemical attack of the formed TiO2 Eq. (5).
Depending on the fluoride concentration, three very different electrochemical characteristics
can be obtained [87]. If the fluoride content is very low (≤0.05 wt%), a characteristic as in the
fluoride ion-free case is observed; that is, after anodizing the material to a voltage above up, a
stable compact oxide layer is formed. If the fluoride concentration is high (~1 wt%), no oxide
formation can be observed, as all the Ti4+ formed immediately reacts with the abundant fluoride to form soluble [TiF6]2− (the reaction may then be controlled by diffusion of [TiF6]2− from
the surface, and electro polishing of the sample occurs).
For intermediate fluoride concentrations, a competition between oxide formation and Ti4+ solvatization takes place and porous oxide or nanotube formation can be observed. A typical I–t
curve for conditions that leads to nanotubes formation. The curve shows three stages: in the
initial stage of anodization, the curve essentially follows the fluoride-free case and if samples
are removed from the electrolyte, a compact oxide layer is present. In stage II, a current increase
occurs, and irregular nanoscale pores are initially formed that penetrate the initial compact
oxide (the current increases as the reactive area increases). In stage III, the current drops again
as a regular nanoporous structure or nanotube layer forms. The penetrated compact oxide
(random pore layer and initiation layer) often remains as remnants that are frequently found
after anodization on the tube tops [87, 88]. Various efforts have been directed toward removing
these layers [89, 90], as they interfere with any transport process into the tubes or hamper the
exploitation of tube size effects [91, 92]. After self-organization occurred, the tube growth continues at steady current densities. For extended anodization, the growth may be determined
by diffusional effects [93] and thus agitation (and gravity effects) and viscosity may become
important. The length of the TNTs is determined by the dynamic equilibrium between the
oxide formation and chemical dissolution of the oxide. Water oxidation at the anode results
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in the formation of oxygen and the hydrogen formation at the cathode as shown in Eq. (7).
Meanwhile, a small amount of hydrogen ions from the electrolyte is reduced to form hydrogen
bubbles at the cathode shown in Eq. (8). These bubbles can be clearly observed at the cathode
during the experiments, while there is no apparent observations of oxygen bubbles flowing
up toward the electrolyte surface at the anode electrode. It is possible that there might be only
about 2% amount of water volume resulting to no obvious phenomenon.
H 2 O → O 2 + 4H + + 4e −

(7)

2H + + 2e − → H 2

(8)

3. Conclusion
In this review, we summarized some of the progress in the synthesis of titanium dioxide
nanoparticles. A lot of effort has been put recently in the synthesis of nanostructured TiO2 with
different properties and applications. The modifications of the nanoparticles brought some
new properties resulting in new applications. From the synthetic methods that have been
reviewed, it is clear that there is still a potential to come up with nanostructured TiO2 particles
with different properties through the modifications of the existing methods. Although the
nanoparticles with new properties might be more efficient, their toxicity should be assessed.
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