
Chapter 4
Synthesis of Titanium Dioxide:
The Influence of Process Parameters
on the Structural, Size and Photocatalytic
Properties

E.M. Bayan, T.G. Lupeiko, L.E. Pustovaya and A.G. Fedorenko

Abstract The influence of various factors on the photocatalytic activity of titanium
dioxide produced from different precursors by a gel and sonochemical methods was
analyzed. Obtained nanosized titanium dioxide demonstrates an increased photo-
catalytic activity, which can be as high as that of the best commercial crystalline
powders and even higher. The material with a high photocatalytic activity was
prepared from the aqueous solution of titanium chloride by sonochemical method
and calcined at 600 °C. The total surface area of the sample is about 50 m2/g, the
phase composition is anatase with a minor proportion of rutile modification.

4.1 Introduction

Due to its low toxicity, chemical stability, low cost, high efficiency in the oxidation
of organic and biological objects, nanosized titanium dioxide is the most promising
material for photocatalysis, water treatment [1–12]. Parameters affecting the
properties of catalysts are porosity, specific surface area, the degree of crystallinity
and the ratio of the TiO2-crystalline modifications (anatase, rutile, brookite).
Among these modifications of titanium dioxide anatase is considered to be the most
effective photocatalytic phase [13, 14]. However, as it is stated in the work of Zŭnic
et al. [15], a small addition of rutile to anatase increases the photocatalytic activity
of the material due to the synergistic effect between rutile and anatase, which
increases the lifetime of the charge carriers. Titanium dioxide in various phase
compositions can be produced by choosing the method of synthesis or through
varying its parameters (precursor concentration, temperature, duration of process,
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etc.) [16, 17]. Practical application of photocatalytic reactions requires the main-
tenance of light intensity in order to achieve sufficient energy rates that exceeds
TiO2 band gap energy (BGE). Anatase and brookite are known to have
BGE = 3.2 eV, BGE (rutile) = 3.02 eV, the absorption thresholds corresponding to
380 and 410 nm, respectively [18]. Various methods to prepare TiO2-based pho-
tocatalysts are available including combustion titanium chloride in oxygen stream,
vapor-phase or hydrothermal hydrolysis and others [19–22]. In recent years, sol-gel
method, which allows one to obtain nanoparticles with desired properties has
attracted close attention [23–28]. Sonochemical method is a relatively new method
to prepare nanocrystalline materials [15, 29]. Compared with conventional synthetic
methods, sonochemical synthesis yields materials with a high specific surface area
and a better thermal stability [15].

The main objective of this study was to prepare nanosized titanium dioxide
characterized by higher photocatalytic properties compared with existing analogues
obtained via gel technology and sonochemistry from different precursors such as
titanium chloride and titanyl nitrate. Different physical properties and photocatalytic
activity of the synthesized materials were compared.

4.2 Experimental Methods

4.2.1 Materials

All reagents used were commercially obtained and used without any further
purification. All solutions were prepared using deionized water.

4.2.2 Photocatalyst Preparation

TiO2 nanocrystallites were synthesized from aqueous solutions of titanium chloride
(pure TiCl4 liquid was carefully diluted with ice water to a transparent colorless
aqueous solution) or titanyl nitrate, TiO(NO3)2 with concentration [Ti4+] = 0.1 M.
Ammonia solution (10 %) was added to these solutions drop wise until white
precipitates (gel) were obtained and the pH = 8. The temperature of aqueous
solutions varied from 0 to 100 °C. Some precipitates were obtained in the
Ultrasonic Cleaning Units (Elma D-78224) under sonication (Ultrasonic power
effective 280 W, frequency 50–60 Hz). The precipitates were washed with deion-
ized water until chlorine or nitrate ions became undetectable. Then the gels were
dried and calcined at the different temperature selected according DTA/TG-analysis
(450, 600, 700 °C) for 30, 60, 120 min. Synthesis parameters are summarized in
Table 4.1. Degussa P25 (P25) was applied as a reference for comparison.
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4.2.3 Materials Characterization

X-ray powder diffraction (XRD) analysis was carried out using an ARL X’TRA
diffractometer equipped with a high-intensity Kα1 irradiation (λ = 1.540562 Å)
operated at 40 kV and 30 mA. Typical scans were performed in a wide range of
Bragg angle (20° ≤ 2θ ≤ 60°). The XRD patterns were analyzed using the standard
JCPDS files. Qualitative analysis of phase state was performed by using data PDF-2
data base and PCPDFWIN software.

The average particle size and total surface area of the samples were determined
by sedimentation analysis in a CPS Disk Centrifuge Model DC24000.

Coherent scattering region was calculated from the X-ray line broadening,
according to the Debye-Scherrer equation:

d ¼ k=ðb coshÞ; ð4:1Þ

where λ = 0.1540562 nm is the X-ray wave length, β is the full width at half
maximum (FWHM) of the diffraction peak (101) for anatase and (110) for rutile, θ
is the diffraction angle.

Thermogravimetry (TGA) and Differential Thermal Analysis (DTA) of the
samples were carried out using a thermal analyzer (STA 449°S/4 G Jupiter Jupted)
at a heating rate of 10 °C/min from 283 to 1000 K.

The morphological characteristics were analyzed with transmission electron
microscopy utilizing a TEM Tecnai G2 Spirit Bio TWIN operating at 120 kV.

Table 4.1 Conditions for the synthesis; characteristics of synthesized samples

Series
of
samples

Precursor Synthesis
temperature
(°C)

Sonication Calcined
temperature
(°C)

Sample
after
calcination

Crystallite
size (nm)

Structurea

1 TiCl4 ≤5 − 700 1.1 18 A

600 1.2 13 A

450 1.3 9 A

2 TiCl4 80 + 700 2.1 22 A + R

600 2.2 18 A + R

450 2.3 9 A + R

3 TiCl4 ≤20 + 700 3.1 20 A

600 3.2 14 A

450 3.3 9 A

4 TiO
(NO3)2

≤5 − 700 4.1 23 A

600 4.2 12 A

450 4.3 8 A

5 TiO
(NO3)2

80 + 700 5.1 11 A

600 5.2 9 A

450 5.3 6 A
a A anatase, R rutile
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4.2.4 Photocatalytic Activity Measurements

The photocatalytic activity of the prepared samples in the aqueous media was
evaluated through monitoring of the discoloration of organic azo dye methylene
blue (MB, C16H18N3SCl) or methyl orange (MO, C14H14N3O3SNa). In a typical
measurement, TiO2 power (1 g/l) was suspended in MB (or MO) aqueous solution
(20 mg/l) by stirring. Experiments were carried out at room temperature in quartz
glass beakers. 125 W medium pressure mercury lamp was used as the UV light
source. Residual concentration of the MB solutions was analyzed by mass spec-
trometry (Spectrophotometer UNICO 1201). Recycling test was subsequently
performed three times.

4.3 Results and Discussion

4.3.1 DTA/TGA Measurements

Figure 4.1 demonstrates the removal of a large part of sample mass at temperatures
up to 180 °C due to the release of water. The exothermic peak in the DTA pattern at
437 °C corresponds to degradation of titanium hydroxide along with formation of
anatase crystalline phase. The exothermic peak at 500–700 °C at a constant mass of
the sample is apparently associated with a new phase transition (presumably ana-
tase-rutile). As a result, calcination temperatures of the samples were selected: 450,
600 and 700 °C.

Fig. 4.1 DTA/TGA patterns of the sample prepared
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4.3.2 Structural and Size Characterizations

According to XRD, the samples were found to preserve their amorphous structure
after calcination for 30 min, after 60 min calcination the mixture of amorphous and
crystallized phase was detected, after 120 min calcination the anatase phase was
stated to be prevailing. Based on these data, the calcination was carried out for
120 min in further experiments. Longer calcination of the samples resulted in the
formation of rutile phase and the increase of crystallite size.

XRD patterns demonstrated that all samples of 1, 3–5 series (Table 4.1) had
anatase modification; the degree of their crystallinity grew with increasing tem-
perature. Samples of series 2 (Fig. 4.2) had a mixture of anatase and rutile, the
proportion of rutile in the mixture increased with increasing temperature. XRD data
(Fig. 4.3) for samples synthesized from titanyl nitrate suggest stabilization of
anatase modification under above-mentioned conditions of synthesis.

In assessing the coherent scattering regions by Scherrer method, it was found
that the average crystallites size increases with grooving calcination temperature
and equals 6–9 nm (450 °C), *15 nm (600 °C), *20 nm (700 °C). It could be
explained by the processes of titanium dioxide crystallization.

TiO2 synthesized via the gel-precipitation from titanium chloride consisted of
particles with anatase sizes of 9–18 nm depending on the calcination temperature.
The size of detected particles for the gel-precipitation samples obtained from titanyl
nitrate solutions equals 8–23 nm. The smallest TiO2 particles of 6–11 nm were
prepared by sonochemical method from titanyl nitrate solutions.

Fig. 4.2 XRD patterns of the samples prepared from titanium chloride and calcined at different
temperatures
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Figure 4.4 presents the TEM microphotographs of TiO2 powders. The
microphotographs emphasize that sizes of titanium dioxide grains increase with the
sonochemical treatment.

Sedimentation analysis revealed that the total surface area of prepared samples
was about 50 m2/g.

Fig. 4.3 XRD patterns of the samples prepared from titanyl nitrate and calcined at different
temperatures

Fig. 4.4 TEM microphotographs of TiO2 powders: the sample 1.1 (a), the sample 2.2 (b)
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4.3.3 Photocatalytic Performance

Photocatalytic activities of TiO2 were evaluated by the degradation of MB and MO.
Figures 4.5 and 4.6 demonstrate that the samples prepared by sonochemical

method are characterized by far better photocatalytic activities. However, the effect
of calcination temperature is different for different sample series. The highest
photocatalytic activity by MB from the 1 and 3 series is shown by samples 1.1 and
3.1, respectively, calcined at 700 °C. However, the highest photocatalytic activity
from the 2-nd series is demonstrated by sample 2.2, which was calcined at 600 °C.
It could be explained by the fact that sample 2.1, which was calcined at 700 °C
contains considerable amount of rutile, which did not have photocatalytic activity.

Figure 4.7 demonstrates low photocatalytic activities for 1 and 2 series samples
with respect to methyl orange which was the same or lower than that of Degussa P25.
It should be noted that observed photocatalytic activity is lower with respect to the
MO than that with respect to the MB for all series of samples (Figs. 4.5, 4.6 and 4.7).

Fig. 4.5 Degradation profiles for TiO2 samples of the 1 series (a) and the 2 series (b) with respect
to methylene blue

Fig. 4.6 Degradation profiles for TiO2 samples of 3 series with respect to methylene blue (a) and
methyl orange (b)
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Photocatalytic activities for 4 and 5 series samples obtained from titanyl nitrate
are lower than that for 1, 2 and 3 series samples which were synthesized from
titanium chloride (Fig. 4.8).

4.4 Conclusions

We have found that the precursors (aqueous solutions of titanium chloride and
titanyl nitrate) do not demonstrate essential influence on the final value of photo-
catalytic activity but determine significantly the time of photodegradation process.

Thus, the samples synthesized from aqueous solution of titanium tetrachloride
demonstrate higher rate of photodegradation process than the ones synthesized from
nitrate solutions. It has been established that sonochemical method enables us to
obtain samples with the best photocatalytic properties (the best sample is 2.2). High
photocatalytic activity of the sample 2.2 can be explained by its structure (Fig. 4.2).
When comparing XRD patterns for 2nd series samples, it was determined that these

Fig. 4.7 Degradation profiles for TiO2 samples of the 1 series (a) and the 2 series (b) with respect
to methyl orange

Fig. 4.8 Degradation profiles for TiO2 samples of the 5 series (a) and the 4 series (b) with respect
to methylene blue
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samples had small proportion of rutile modification and significant amounts of
anatase. This is probably due to the use of TiCl4 as a precursor in combination of
high temperature (80 °C) at the synthesis stage and ultrasonic treatment, which
leaded to the formation of nanocrystalline anatase phase domains with inclusions of
rutile phases and heterophase particles formation. The optimal values of quantum
yield are known to be obtained on heterophase particles, because photogenerated
charge of heterophase are particles spatially separated, recombination is also hin-
dered [15]. So, photocatalytic activity of nanosized titanium dioxide obtained this
way is higher than that of Degussa P25. The synthesis of produced titanium dioxide
was performed from the aqueous solutions of titanium chloride at 80 °C by
sonochemical method with calcination at 600 °C. The best sample was obtained
with a total surface area of about 50 m2/g, the size was estimated to be 20 nm, its
phase composition being anatase with a minor proportion of rutile. It is determined
that the methods which enable us to obtain a biphasic system (anatase and rutile) are
promising for further synthesis of materials with high photocatalytic activity.
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