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Abstract. A brief overview of the latest advances in the preparation of nanostructured titanium dioxide and its
application in photocatalysis and other fields are given. The data of scanning electron microscopy and X-ray
diffraction analysis on the study of the dispersion, morphology, structure and phase composition of titanium
dioxide nanopowders obtained by the sol-gel method are presented. The application of TiO

2
 nanomaterials for

the photocatalytic decomposition of organic pollutants is discussed. The high photocatalytic activity of the
nanosized TiO

2
 powder for the decomposition of methylene blue is demonstrated and supporting the advantages

of using ultraviolet light for photocatalytic water purification.

1. INTRODUCTION

Titanium dioxide is widely used from the early twentieth
century to our days in paints, sunscreens, toothpaste
etc. [1]. In Ref. [2] Honda and Fujishima described pho-
tocatalytic splitting of water on a TiO

2
 electrode under

ultraviolet (UV) light. Nowadays photocatalysis has
found application in pollutant destruction, organic syn-
thesis and hydrogen production [3]. The basic princi-
ples of this phenomenon are well detailed (e.g. see Ref.
[4]). Semiconductors (TiO

2
, CuO, ZnO, GaP, GdS etc.)

can act as promoter for light-induced redox processes
[5-8].

TiO
2
 is an n-type semiconductor due to a deficiency

of oxygen and has three main different crystal structure
(anatase, rutile and brookite, which have different band
gaps of 3.2, 3.0 and about 3.2 eV, respectively) [3,5].
Unfortunately, due to its wide bandgap, TiO

2
 only works

under UV light, which is less than 5% of sunlight, to fix
these limitations, a lot of research has focused on modi-
fying TiO

2
 to improve charge separation and narrow its

bandgap for efficient absorption of visible light. Bandgap
excitation of TiO

2
 causes charge separation followed by

scavenging of electrons and holes by surface adsorbed

species (Fig. 1), consequently the reaction that occurs
is typically an oxidation reaction that results in the de-
composition of the pollutant, by making use of the dis-
solved oxygen present in water [9,10].

One of the key parameters of TiO
2
 photocatalytic

activity is its phase composition. Refs. [11,12] report
that the highest catalytic activity in such processes has
shown by the anatase or a controlled mixture of crystal-
line TiO

2
 phases. Other parameters: particle size, degree

of crystallinity and developed specific surface area af-
fect the catalytic activity. The ideal size of TiO

2
 particles

for photocatalytic processes in aqueous media is in the
range from 15 to 110 nm [13]. Thus, variation of the
phase composition, particle size, morphology, and el-
emental composition is an important factor for control-
ling the properties of the final photocatalyst material.

Improving the efficiency of using sunlight and in-
creasing the quantum efficiency are important problems
for the wide-spread industrial application of the TiO

2

photocatalyst. The modification of TiO
2
 by changing

the electrical properties and inducing bathochromic shift
of the band gap is actively being carried out in order to
increase the efficiency of using visible light and the
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photocatalytic quantum efficiency of TiO
2
 [14]. Accord-

ing to Ref. [15], modifications of TiO
2
 can be divided

into three classes: doping, surface modification and
sensitization.

Enormous efforts aimed at the study of titanium di-
oxide make it possible to use it not only as a photocata-
lyst for the decomposition of organic pollutants in the
purification of water and air [16,17], but also in other
areas, for example, in the production of lithium batteries
[18,19], solar cells [20], hydrogen storage systems [21],
sensors [22,23], etc.

This paper presents the application of photocataly-
sis with titanium dioxide, obtained by a simple method
(which does not require additional modifications), for
ecology by the example of water purification from the
model pollutant methylene blue.

2. METHODS AND MATERIALS

2.1. Fabrication

To synthesize a nanosized TiO
2
 powder 5.35 ml of tita-

nium isopropoxide were slowly added to 50 ml of iso-
propyl alcohol and 50 ml of distilled water with constant
stirring (all reagents were analytical grade and produced
by Sigma-Aldrich). The resulting mixture was kept un-
der stirring using the PE-6110 magnetic stirrer at a speed
of  500 rpm for 30 minutes. Then the sol was aged, i.e.
exposured at room temperature for about 4 hours. The
sol was separated from the liquid by the Frontier FC5706
centrifuge, and slowly mixed with 20 ml of H

2
O

2
 until

gelation was complete (resulting mixture became trans-
parent and bright orange). Drying of the resulting mass
was carried out at a temperature of 70-85 °C for 12 hours.
The titanium dioxide powder fabricated by this method
was in the amorphous phase. Then, the sample was
mechanically crushed to obtain a homogeneous pow-
der and subjected to annealing in the electric furnace

Fig. 1. Schematic diagram illustrating the principle of TiO
2
 photocatalysis. Reprinted from Ref. [9] under the Creative

Commons Attribution License.

SNOL 8.2/1100 in air at various temperatures (450, 700,
800 °C) for 4 hours to form a crystalline phase.

2.2. Characterization

The chemical composition was studied by energy-dis-
persive X-ray fluorescence spectrometry (Shimadzu
EDX-8000). Structural analysis was performed on the
Shimadzu XRD 7000 X-ray diffractometer. The particle
size distribution and dispersion were determined using
Shimadzu SALD-2300 laser analyzer. The morphology
of nanoparticles was determined by field emission scan-
ning electron microscope TESCAN Mira3.

2.3. Photocatalytic tests

The study of the photocatalytic activity of the synthe-
sized TiO

2
 powder was carried out using the organic

model pollutant methylene blue (MB). Homemade clas-
sic capacitive reactor with UV radiation source (250 W
medium pressure mercury lamp with radiation wave-
length in the range from 200 to 400 nm) was used. Oxy-
gen, which is part of the air mixture supplied by the
bubbler into the reaction area, was used as an oxidizing
agent. The photocatalyst was preliminarily dispersed in
the test solution using an ultrasonic bath for 10 min. To
achieve sorption equilibrium the exposure was carried
out in a dark cabinet for 30 min, and then the radiation
source was switched on to start the photocatalysis proc-
ess. Samples were taken every half an hour. The MB
concentration in the solution was determined by spec-
trophotometry method on Shimadzu UV-2600.

3. RESULTS

We investigated TiO
2
 powders fabricated under vari-

ous conditions of sol-gel synthesis as a photocatalyst
(Table 1). The pH index of the reaction during the hy-
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drolysis stage affects the rate of the reaction and as
result determines the particle size dispersion. In Refs.
[13,24] it was noted that amorphous titanium dioxide
obtained by the sol-gel method passes into the crystal-
line phase of anatase during thermal oxidation above
400 °C. In addition, at such temperatures, decomposi-
tion and removal of organic materials remaining after
synthesis and washing occurs. To obtain the anatase
phase, we chose the annealing temperature of amor-
phous TiO

2
 equal to 450 °C. It should be noted a mixture

of anatase and rutile phases forms at above 500 °C tem-
perature, and pure rutile forms at above 800 °C.

As mentioned above, the most effective
photocatalysts are powders with particle sizes in the
nanometer range. Samples T-1, T-2, T-4, according to
scanning electron microscopy (SEM) data, have parti-
cle sizes in range from 20 to 60 nm, which corresponds
to the synthesis conditions at pH from 4 to 6 and an-
nealing temperature up to 700 °C (morphology of the
samples is shown in Fig. 2). SEM images show agglom-

Samples T-1 T-2 T-3 T-4 T-5

pH index 4 6 8 4 4
Annealing 450 450 450 700 850
temperature, °C

Table 1. Samples of TiO
2
 fabricated under various syn-

thesis conditions.

(a) (b)

(c) (d)

Fig. 2. Scanning electron microscope images of the sol-gel prepared TiO
2
 powders: (a) sample T-1 synthesized at

pH = 4 and annealing temperature (AT) 450 °C, (b) sample T-2 synthesized at pH = 6 and AT 450 °C, (c) sample T-4
synthesized at pH=4 and AT 700 °C, (d) sample T-5 synthesized at pH = 4 and AT 850 °C.

erates of nanoparticles, which are easily broken when
the powder is dispersed in an ultrasonic bath. Sample
T-3 contains particles with fractions within the order of
1 m and 100 nm. The average particle size for sample
T-5 is about 200 nm, that agrees with the data obtained
using the laser diffraction method.

The results of X-ray phase analysis showed that
samples T-1, T-2, T-3 are in the structural modification of
anatase. Sample T-4 contains a mixture of phases anatase
and rutile with weight ratios of 33% and 67%, respec-
tively. Sample T-5 has the rutile structural modification.
Fig. 3 shows the typical diffraction patterns of samples
T-1 and T-4.

The results of the photocatalytic activity of samples
T-1, T-2, T-4, T-5 are shown in Fig. 4a as a dependence of
the MB concentration on the time of photocatalysis.
The most widely used commercial titanium dioxide pow-
der Degussa P25 was chosen as a sample for compari-
son [10]. Degussa P25 consists of 80 % anatase phase
and 20% rutile phase possess a band gap of 3.2 and
3.0 eV for both anatase and rutile phase respectively
and it has an effective surface area of 50 m2/g [24].

Sample T-3 showed very low photocatalytic effi-
ciency; when it was used for 4 hours of photocatalysis
MB concentration decreased by 12%, which is compa-
rable to the results of the blank reaction (without photo-
catalyst). For sample T-5 with an average size of about
200 nm, the photocatalytic activity was 54% of MB de-
composition in 3 hours of photocatalysis.
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According to the results of spectrophotometric
analysis of the best efficiency sample T-1 with an aver-
age particle size of 20 nm in the anatase modification,
the time for complete decomposition of MB was 2 hours.
The time of complete decomposition for samples T-2
and T-4 was 3 hours, which is more time consuming
compared to using sample T-1.

4. DISCUSSION

Let us consider kinetic of photocatalytic MB destruc-
tion. The decrease of MB concentration (C) during the
photocatalysis time (t) is described by the pseudo first-
order kinetics based on equation [26]:

d
,

d

C
kC

t
   (1)

where k is the rate constant of reaction.
To simplify the heterogeneous photocatalytic proc-

ess the initial concentration of MB C
0
 was kept con-

(a) (b)

Fig. 3. X-ray diffraction data obtained for sol-gel prepared TiO
2
 powders: sample T-1 (a) and sample T-4 (b).

Fig. 4. Photocatalytic destruction (a) of methylene blue (initial concentration C
0
 of 10 mg/L) and kinetic (b) of the

process.

stant. The apparent pseudo first-order rate constant
(min–1) k

1
 was obtained by approximating the experi-

mental data using the following equation:

1

0

ln ,
C

k t
C

   (2)

The linear regressions (Fig. 4b) obtained by plotting
ln(C/C

0
)  vs. time were used for the evaluation of k

1
. The

apparent rate constant of the catalyst per mass units
(k

w
) was estimated from Eq. (3) [27]:

1 ,
w

ph

k
k

C V
  (3)

where C
ph

 is the concentration of the photocatalysts
and V – the reactor volume (500 cm3).

Half-life value was calculated by following equation:

1/ 2

1

0.693
.k

k
  (4)



48 N.V. Chirkunova, M.M. Skryabina and M.V. Dorogov

Pseudo first-ordered reaction rate constants (k
1
) per gram

of catalyst (k
w
) of the photocatalytic oxidation of MB

and coefficients of determination (R2) of linear fitting
are presented in Table 2.

The photocatalysis study results revealed T-1 sam-
ple is more effective in photocatalytic destruction of
MB than reference Degussa P25. As well the span be-
tween less effective T-2, T-4 samples and P25 is charac-
terized by a factor of around two.

5. CONCLUSIONS

As a result of the conducted studies of the effect of pH
on the TiO

2
 particle size, it was noted that at pH index of

4 to 8 particles with sizes from 10 to 60 nm were ob-
tained. In hydrolysis process the rate of the process
depends on the pH value and process is quite inten-
sively with the rapid formation of a suspension. At the
stage of gelation, reordering of atoms and adhesion of
intersecting linear chains can occur, which affects the
process of grain growth during heat treatment. As a
result, rather large agglomerates can form. Thus, the
optimal conditions for the synthesis of TiO

2

photocatalysts by the sol-gel method are pH index of
about 4 and an annealing temperature of 450 to 700 °C.

The fabricated TiO
2
 nanomaterials have good pho-

tocatalytic activity in the decomposition of organic pol-
lutants in UV light. Doping TiO

2
 with other elements

makes it possible to shift the photocatalytic activity of
these materials to the visible region of the spectrum.
However, in a number of cases, for example, when puri-
fying water or air, the usage of ultraviolet radiation
allows the destruction of viruses and bacteria in addi-
tion to purification, i.e. in one technological cycle
two operations can be combined: cleaning and disinfec-
tion.
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Samples k
1
,10–2 min–1 R2 k

w
,10–2 min–1g–1 t

1/2
,min

T-1 7.09 n/a 14.18 9.78
T-2 2.98 0.985 5.96 23.26
T-4 2.67 0.988 5.34 25.96
T-5 0.96 0.851 1.92 72.20
P25 5.75 n/a 11.50 12.05

Table 2. Kinetic parameters of photocatalytic methylene blue destruction.
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