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TiOz-based nanomaterials are attracting much attention in many areas, such as photocatalysis,
photoelectricity, probing, electrochromism, photochromism, etc. They are widely used in paints, polymers,
sunscreens, and toothpaste. There are various ways of synthesis that affect the size, shape, and crystallinity of
TiO2 nanoparticles. The main methods of obtaining titanium dioxide (with the structure of anatase, rutile or
brookite) in the form of spheres, rods, fibers, and tubes include: sol-gel technology, hydrothermal and
solvothermal methods, microwave method involving high-frequency electromagnetic waves, template method,
electrodeposition, a sonochemical method using ultrasound, chemical and physical vapor deposition, "green"”
methods, etc. This literature review presents modern scientific results on the production of TiO2 nanoparticles by

various methods.
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Introduction

Since Fujishima and Honda [1] in 1972 reported the
photocatalytic activity of titanium dioxide (TiO2) under
the influence of UV light in water splitting reactions,
TiO2 has become one of the most effective and widely
used materials in the photocatalysis [2, 3]. This discovery
gave impetus to an in-depth study of the physicochemical
properties of titanium dioxide, the development of
methods for production of powder materials with
nanosized particles, and to the search of new areas of its
use [4]. TiO, -based nanomaterials have been widely
studied in recent decades. They are widely used as
pigments in paints and polymers, dental toothpaste,
protection from ultraviolet radiation (sunscreen
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well the photocatalysis,

electrochromism,

cosmetics), as as in
photoelectricity, probing,
photochromism, etc. [5-7].

TiO; is a very important nanomaterial that attracts a
lot of attention due to its unique properties. It has huge
advantages in the transmission of solar energy, the
production of hydrogen from water via photochemical
reactions, and as photocatalyst for toxic compounds
degradation. The strong oxidizing ability of
photogenerated holes, chemical inertness, and non-
toxicity of TiO, made it an excellent photocatalyst [5].
Titanium dioxide exists in three main polymorphic
modifications: anatase, rutile, and brookite (Fig. 1 [8]).
The phase stability under different conditions
(temperature, pressure, and medium) is a key to the use
of titanium dioxide-based materials [8]. The physical and


mailto:soltys86@gmail.com

Methods of Titanium Dioxide Synthesis (Review)

chemical properties of the material may be completely
different for different crystalline forms of TiO2 The
phase of brookite is practically not favorable for various
applications. It is unstable at room temperature, but it can
exist at low temperatures. The rutile is the most stable
phase of titanium dioxide and the most commonly used
form, in particular as a white pigment in paint. TiO,,
which is used as a photocatalyst, mainly has a crystalline
structure of the anatase type (the band gap is 3.2 eV) [5,
8, 9].

Brookite
Fig. 1. Structural modifications of TiO; [8].

There are a large number of synthesis methods of
nanostructured titanium dioxide: sol-gel, hydrothermal,
solvothermal, liquid-phase low-temperature, microwave,
template, chemical vapor deposition, sonochemical,
electrodeposition, etc. Therefore, the aim of this article
was to study and summarize the modern scientific results
in the field of titanium dioxide by various methods.

I. Sol-gel method

The sol-gel method is a universal process used in the
production of various ceramic materials. In a typical sol-
gel process, a colloidal suspension or sol is formed by
hydrolysis of precursors and their polymerization. The
precursors usually are salts of inorganic metals or
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metallic organic compounds, such as metal alkoxides.
Complete polymerization and loss of solvent lead to the
transition of the liquid sol into the solid gel. Thin films
can be made on a piece of the substrate by squeezing or
dipping. The wet gel is formed when the sol is cast into a
mold, then it turns into a dense ceramic with subsequent
drying and heat treatment. A material with high porosity
and extremely low density is called an aerogel. It can be
obtained if the solvent in the wet gel is removed below
the supercritical state. Ultrathin and homogeneous
ceramic powders are formed by precipitation, spray
pyrolysis, or emulsion method [9].

The sol-gel method of titanium dioxide obtaining
combines the processes of chemical conversion of
titanium salts or organotitanium substances solutions into
monomeric titanium hydroxide Ti(OH)s and its
subsequent polycondensation with the formation of
colloidal particles [10-17]. In comparison with other
methods, sol-gel technologies make it possible to
influence the structure and morphology of TiO; particles,
optimize energy costs, as well as use simple and
affordable technological equipment [4].

At the stage of structural ordering and primary
particles growing, the coagulation processes take place.
They leads to the agglomeration and aggregation of
primary particles. The speed of these processes affects
the dispersion of particles, their morphology, and the
texture of the whole material. The rate of nucleation and
formation of nucleuses exceeds the rate of particles
growth if there is a supersaturation of the reaction
medium. Under such conditions, a metastable,
insufficiently structured material with a large number of
small particles is formed. When the gel is dried by
evaporation, its volume decreases by an amount
corresponding to the volume of removed water. The
compression of the gel is accompanied by its
restructuring mainly due to the reduction of the large
pores volume. This causes significant stresses in the gel
volume and its cracking. To prevent cracking the
extraction of water from the gel volume is carried out, for
example, by freezing (sublimation) or in supercritical
conditions, because under such conditions the surface
tension of water disappears [4].

In [11], the optical properties and structural
characteristics of the synthesized TiO, nanocomposite,
decorated with multiwall carbon nanotubes, are studied.
The anatase TiO, nanoparticles were synthesized by the
sol-gel method. First, 20 ml of titanium isopropoxide was
added to 40 ml of acetic acid and stirred on a magnetic
stirrer for 15 minutes to obtain a homogeneous solution.
Then 120 ml of deionized water was added to the
solution dropwise and stirred for 2 hours. The gel was
formed when the solution was placed in an oven at 90 °C
for 12 hours. The yellow powder was obtained by drying
the gel at a temperature of 200 °C for 2 hours. Then the
powder was ground in a porcelain mortar and calcined at
400°C for 4 hours. For the synthesis of TiO:
nanocomposite decorated with carbon nanotubes, 20 ml
of deionized water was added to 0.01 g of multiwall
carbon nanotubes and placed under ultrasonic waves for
30 minutes. Separately, 0.04 g of TiO, nanoparticles
were added to 20 ml of deionized water and stirred with a
magnetic stirrer for 15 minutes, and then added to the
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Fig. 2. FESEM-image of TiO2 nanoparticles (a), pure carbon nanotubes (b) and TiO, nanocomposite decorated
with carbon nanotubes (c) [11].

solution of carbon nanotubes under ultrasound for 15
minutes. Finally, the mixture was stirred with a magnetic
stirrer for 18 hours, then centrifuged and the precipitate
was dried in an oven at 50 °C for 2 hours. Fig. 2 shows
the FESEM-images of the synthesized samples.

The authors of work [12] used a sol-gel method in
order to synthesize samples of nanosized titanium
dioxide at different pH (pH = 3; 7; 8; 9 and 10). Titanium
tetrabutoxide Ti(C4H9O)s, ethanol (95%), and distilled
water in a volume ratio of 1:1:4 were used as precursors.
The pH is controlled by HCI and NH4OH addition. The
TiO, synthesis was carried out according to the following
scheme: Ti(C4HqO)s was mixed with ethanol to a
homogeneous state in a mixing device for 10 minutes,
then distilled water was added and stirred again for 10
minutes. Then NH4OH was added in the amount required
to achieve the desired pH, followed by stirring for 60
minutes. The parameters of PE-6300 M at all stages were
the same: substrate temperature 60 °C, power 80 W,
rotation speed 26 rpm. The resulting gel was dried in a
SNOL oven for 60 minutes for temperatures of 8 °C. The
synthesized TiO, powders were annealed in a SNOL
muffle furnace for 4 hours for temperatures of 350 °C. X-
ray diffraction patterns showed the crystal structure of
anatase in an acidic medium even without annealing and
an amorphous structure in neutral and alkaline media.
The particle size was in the range from 7 to 49 nm.

In work [13], the effect of annealing temperature on
the structural and electronic properties of TiOj-based
films was investigated. Pure anatase TiO, was obtained
by sol-gel method with the addition of Pluronic F127 at
pH 3. The follow precursors have been used for the
synthesis: TiCls, Pluronic F127 - (PEO) 100 (PPO) 65
(PEO) 100, and ethanol. 6 g of Pluronic F127 was
dissolved in 76 ml of ethanol, then 3.5 ml of TiCls was
added to obtain a molar ratio of Pluronic
F127:ethanol:TiCls = 1.0:0.41:21.7 to obtain a pH = 3.
The solution was heated at 40 °C for 7 days for the aging
process to obtain a gel. The reaction was carried out at
room temperature with stirring. The large amount of Cl;
and HCI gases are formed during the reaction. The gel
was then calcined at 500 °C, 550 °C, and 600 °C for 4
hours at a heating rate of 5 °C/min. It was found that the
higher the calcination temperature, the larger the size of
anatase crystallites is formed (up to 15 nm).
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In a study [15], anatase TiO, nanopowder was
synthesized by a simple sol-gel method. Titanium
tetraisopropoxide — Ti(C3H70)4 was used as a precursor.
An acidic aqueous ethanol solution (pH~1.6) of titanium
tetraisopropoxide was prepared by adjusting the pH with
HCI. 5 ml of the titanium precursor was added dropwise
to 30 ml of ethanol over 15 minutes with stirring. The
resulting solution was stirred for 2 hours at room
temperature. Next, the temperature was raised to 125 °C
and kept at 125 °C for one hour. The prepared sol-gel
was heated at 300 °C for 2 hours in the air. After
annealing, white TiO2 nanocrystals were obtained. The
average size of the crystallites was 7.5 nm. SEM images
(Fig. 3) showed a particle size of 35 - 40 nm.

Fig. 3. SEM images of TiO; nanoparticles [15].

The authors of work [16] synthesized titanium
dioxide thin films by the sol-gel method. Titanium
tetraisopropoxide Ti(OCH(CHs)2)s, ethanol and nitric
acid were used as precursors. 10 ml of a titanium
precursor was added to 40 ml of ethanol and stirred
constantly under heating. In another beaker, 10 ml of
HNO; solution and 40 ml of double-distilled water were
prepared and stored with constant stirring at 80 °C. After
1 hour, the diluted HNOj3 solution was added dropwise to
the precursor solution (1 drop for 3 s) and kept under
constant stirring at 60 °C for 6 hours. A very viscous gel
was obtained, which was washed with ethanol up to 3 - 4
times. The obtained product was kept at a temperature of
150 °C for 24 hours in an oven, which led to the
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Fig. 4. Schematic diagram of the synthesis of carbonate TiO, with mesoporous structure [20].

formation of solid white agglomerations. They were
further ground in order to obtain a fine powder. The
powder was then calcined at 450°C for 2 hours to form a
nanocrystalline TiO, powder. The average crystallite size
is 10.56 nm.

The authors in [18-20] obtained anatase TiO, NPs
with a mesoporous structure, modified by arsenate [18],
phosphate [19] and carbonate [20] groups. The liquid-
phase low-temperature method (modified sol-gel
method) was wused for the synthesis. Titanium
aquacomplex precursor [Ti(OH2)e]®*-3C1- was obtained
from titanium tetrachloride TiCl, and concentrated
hydrochloric acid. The cooled to a 0+-5°C
hydrochloric acid was poured in small portions into TiCly
under continuous stirring. The mass ratio between TiCl,4
and acid was 1.4:1.0. The formation of titanium
aquacomplex precursor occurs by the reaction: TiCls +
6H,0 = [Ti(OH2)s]**-3CI" + % Cl,. The originality of this
study lies in the use of the aquacomplex of titanium
[Ti(H20)6]%*-3Cl" as a precursor, which allows to obtain
TiO2 nanoparticles by liquid phase with unique
physicochemical properties. The introduction of the
modifier NasPO4 [19], Na2COs [20], or NazAsO4 [18] in
the aquacomplex precursor changes the reaction
equilibrium and causes the oxidation of Ti%* cations. The
amount of modifying component (NasAsOa4, NasPOa, or
Na,COgz) was 2, 4, and 8 % (wt.). Its peculiarity of the
process of TiO, particles growth is that the chemisorbed
groups are oriented on the primary particles surface. Due
to that, the pores are formed between the particles and
the surface area and pore volume in TiO2 adsorbents
increase. It was found that the introduction of 4 % (wt.)
of PO,*, CO3%, AsO4* anions in TiO; led to an increase
in the mesopores number in the titanium oxide adsorbent.
This increases the binding efficiency of heavy metal ions,
in particular strontium ions, and increase the adsorption
potential of the surface-active centers. The schematic
diagram of the synthesis of TiO, with chemisorbed
carbonate groups is shown in Fig. 4.
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The synthesized phosphated TiO- adsorbents showed
Sger = 396 —410 m?-g™' and the volume of mesopores
were 0.262-0.275 cm®-g'. Arsenated TiO, samples
have a large specific surface area up to 405 m?/g and a
pore volume of up to 0.26 cm®g with the main
contribution of mesopores. The adsorption of Sr(Il) on
the modified samples 2P-TiO;, 4P-TiO,, and 8P-TiO,
was found to be 94.1, 172.5, 128.9 mg/g, respectively.
The adsorption capacity of the modified samples 2C-
TiOz, 4C-TiO, and 8C-TiO, was 170.4, 204.4,
190.8 mg/g, respectively, while for unmodified TiO; it
was 70.9 mg/g. The maximum adsorption capacity of
modified TiO, with arsenate groups of 4% (wt.) is equal
262.9 mg of Sr(Il) ions per 1 g of the adsorbent. It has
been experimentally proven that mesoporous materials
based on modified titanium dioxide have a significant
adsorption activity due to the high content of Bronsted
surface acid centers. It has been shown that phosphate
groups =Ti(O.POOH) and =TiOH®" groups are active
centers in Sr(ll) binding. They transformed into
negatively charged centers =Ti(O.POO") and =TiO in
the medium with pH>pHpzc. The results confirmed that
an increase in the number of chemisorbed groups leads to
an increase in the TiO2 activity towads to strontium
adsorption. Synthesized TiO; adsorbents can be used in
sorption technologies for radioactive waste concentrating
at nuclear power plants, for purification of artesian water
from strontium ions, uranium, and transuranic elements.

Il. Hydrothermal method

Hydrothermal synthesis is usually carried out in
aqueous solutions at controlled temperature and/or
pressure in steel wvessels, called autoclaves. The
temperature can be raised above the boiling point of
water, reaching the vapor saturation pressure. The
temperature and amount of solution added to the
autoclave largely determine the internal pressure. This
method is widely used for the production of fine particles
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in the ceramic industry [5]. Many researchers use the
hydrothermal method to produce TiO2 nanoparticles [21-
27].

In work [21], titanium dioxide was synthesized by
hydrothermal treatment of the glycolate-oxo-peroxo-
titanium (IV) complex. 20 mmol of titanium metal
powder was dissolved in a mixture of 40 ml of hydrogen
peroxide solution and 10 ml of ammonia solution in an
ice bath under ambient conditions. The titanium powder
was completely dissolved after 2 hours and a yellow
solution of the peroxo-titanium complex was formed.
Then immediately added 30 mmol of glycolic acid and
the solution was heated at 353 K to enhance
complexation and remove excess of hydrogen peroxide
and ammonia until the solution turned into an orange gel-
like substance. It was dissolved in distilled water in order
to obtain an aqueous solution of ammonium salt of
glycolate-oxo-peroxo-titanium (1) complex. In the next
step, 40 cm? of titanium solutions with a concentration of
Ti = 12.5, 25.0, 50.0, 75.0, and 100 mM were prepared
using 2, 4, 8, 12, and 16 cm?® of stock solution and the
appropriate amount of distilled water. The solution was
transferred into a vessel (50 cm?®), which was closed in a
stainless steel casing and heated in an oven at a
temperature of 473 K for 1 - 168 hours The autoclaves
were then cooled to room temperature. The resulting
precipitate was separated by centrifugation and washed
three times with distilled water. The sample was obtained
after drying overnight in an oven at 353 K. Table 1
shows the particle sizes of TiO, polymorphs in the
samples, obtained from a Ti complex solution with a
concentration of 50.0 mM depending on process
duration.

Table 1
Particle sizes of TiO, polymorphs [21]
Processing Crystal size, nm
time, hours anatase brookite rutile
2 4.9 7.7 29.1
3 5.7 9.7 34.8
12 8.6 14.0 51.7
24 10.0 15.6 57.4
72 12.9 19.8 63.7
168 16.6 23.5 67.2

In a study [23], the authors successfully grew
nanocrystalline TiO, nanorods using a hydrothermal
process. The tetrabutyl orthotitanate was mixed with the
same amount of acetylacetone to slow hydrolysis and
condensation. After that, 40 ml of water was slowly
added to the solution and stirred for 5 minutes at room

temperature. After constant stirring, 30 ml of aqueous
ammonia solution (28 -30%) was slowly added
dropwise to the solution. The solution was then
transferred to a 250 ml stainless steel autoclave and
placed in a silicone oil bath. Next, the precursor solution
was heated to a temperature of 170 °C and kept for
24 hours with stirring at the same temperature. The
autoclave was then cooled naturally to room temperature.
The resulting product was washed thoroughly with
aqueous HCI, 2-propanol, and water for several times,
followed by drying at 120 °C for 12 hours. Finally, the
obtained samples were calcined at 450 °C for 1 hour in a
high-temperature furnace. X-ray analysis of the samples
confirmed a larger proportion of the anatase nanorods
with a specific surface area of approximately 34.82 m?/g
and an average pore width of 3.1 nm.

Using the same technology in another study [24], the
authors synthesized TiO2 nanorods/nanoparticles by the
hydrothermal method in order to improve the charge
transport properties. The specific surface area of the
synthesized nanoparticles was 84.83 m?/g and the pore
width was 5.7 nm.

I11.Solvothermal method

The solvothermal method is a hydrothermal process
in the presence of a non-aqueous solvent. Therefore, in
the solvothermal process, organic solvents that have high
boiling points can be selected. In such processes, the
temperature can be raised much higher than in
hydrothermal methods [5]. The solvothermal method can
be used to control the size, shape, and crystallinity of
TiO2 nanoparticles [28-32].

In work [28], the titanium dioxide nanoparticles with
different morphology were obtained by the solvothermal
method at 180 °C. Acetic acid and oleylamine were used
as surfactants. Titanium isopropoxide was added to a
mixture of acetic acid and absolute ethanol and stirred for
1 hour at room temperature. The suspension was
converted (transmuted) in a stainless steel autoclave. The
reaction was carried out at a temperature of 180 °C for 24
hours to obtain a monodisperse titanium dioxide powder,
which was cooled under ambient conditions. The
solution was then centrifuged at 12,000 rpm/min and
washed three times with ethanol. The resulting
precipitate was dried under ambient conditions and very
finely ground. Finally, the dried TiO, powder was
calcined at 550 and 950 °C for 18 and 24 hours,
respectively. The physical and structural properties of the
synthesized mesoporous TiO nanoparticles are shown in
Table 2.

Table 2

Physical and structural properties of TiO, nanoparticles synthesized using acetic acid and oleylamine
as surfactants [28]

The average size Surface area Pore volume Pore diameter
Temperature (°C) Phase of the crystallite 2 3
() (m?lg) (cm?/g) (nm)
unannealed anatase 15 192.08 0.43 4.46
550 anatase 25 103.63 0.33 6.30
950 rutile 35 35.37 0.18 10.02
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Diameter (nm)

Fig. 5. TEM image (a, b), particle size distribution (c) and SAED (d) of TiO2 NPs [31].

The authors [29] obtained TiO, powders by the
solvothermal method. Samples were prepared using
titanium(IV) n-butoxide and ethyl acetoacetate. The
isopropyl alcohol was used as a solvent. Two samples
were prepared, with and without ethyl acetoacetate,
denoting THC and THN, respectively. First, an amount
of 0.1 mol (13.1 g) ethyl acetoacetate (THC sample only)
was added to 0.5 mol (30.4 g) of solvent. Then 0.1 mol
(35.1 g) of titanium (IV) n-butoxide was dissolved in a
solution of solvent/ ethyl acetoacetate. Titanium (IV)
n-butoxide was added to the solution using a syringe to
minimize the effects of humidity. The mixture was
stirred in a closed reactor at room temperature. After 1
hour, a solution consisting of 0.2 mol (12.1 g) of
isopropanol and 0.5 mol (9.0 g) of water was added
dropwise to the mixture and further stirred for 1 hour in a
closed reactor at room temperature. The mixture was
then transferred to a stainless steel autoclave and sealed
when the reaction proceeded at a temperature of 150 °C.
After 24 hours, the autoclave was cooled to room
temperature and the synthesized powders were separated
by decantation and dried at room temperature. The
anatase crystallites’ size was less than 10 nm.

In another study [31], the solvothermal synthesis of a
thermoresistance photocatalyst TiO, was performed
using titanium(1V) butoxide as a precursor and dimethyl
sulfoxide (DMSO) as a solvent. For the synthesis of TiO2
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NPs, the 5 ml of titanium (IV) butoxide was dissolved in
50 ml of dimethyl sulfoxide, heated to 190 °C and kept at
this temperature for 2 hours with mechanical stirring.
After completion of the reaction, the precipitate was
centrifuged, washed several times with ethanol/acetone
(2:1) solution, and then dried in vacuum at 50 °C for 12
hours. The resulting white dry TiO, powder was calcined
at 400 °C. Subsequent annealing of TiO, NPs after
solvothermal treatment induces crystallinity and
completely removes solvent molecules that are trapped
inside the particles. The results showed that
monodisperse quasi-spherical TiO, NPs (average size 11
nm) (Fig. 5) consisted of a pure anatase phase.

IVV. Microwave method

The dielectric material can be processed by the high-
frequency electromagnetic energy. The frequencies of
microwave heating are between 900 and 2450 MHz. At
lower microwave frequencies, the current, flowing inside
the material due to the movement of ionic components,
can transmit energy from the microwave field to the
material. At higher microwave frequencies, the energy
absorption occurs primarily due to dipole molecules,
which are reoriented under the influence of a microwave
electric field [5]. The microwave synthesis method is
used to obtain various TiO2 NPs [33, 34].
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In [34], the rutile TiO, powder was prepared from
titanium slags by microwave activation (Fig. 6), and the
effect of Na,COsz; additive on crystallinity, phase
transformation, surface functional groups and surface
microstructure of the calcined product was studied. The
composition of titanium slag is the follow: 75.34 % TiO,
9.72 % Fe, 5.87 % Al03, 5.23% SiO,, 1.23 % MgO,
1.81 % CaO and other minor elements, such as S and P.
In order to increase the specific surface area of the slag,
the sample was first ground into powder by a planetary
ball mill (model: QM-3sp4) for 180 minutes Then, 100 g
of the prepared titanium slag sample was equally
separated into five parts, which were separately mixed
with Na;COs in an agate mortar for 10 minutes. The
mass ratio of Na,COs to titanium slag for mixtures was
0.2, 0.3, 0.4, 0.5, and 0.6, respectively. The mixture was
then placed in a corundum crucible for high temperature
roasting in a microwave box reactor at 850 °C for 30
minutes with a microwave heating power of 1 kW. 10 g
of calcined slag was leached at a temperature of 92 -
95°C for 4 hours using 20% HCI (mass ratio of
liquid/solid — 4:1) using a magnetic stirrer. The residue
after leaching was collected after washing three times
with water and placed in a corundum crucible for high-
temperature annealing in a microwave box reactor at
900 °C for 60 minutes with a microwave heating power
of 1 KW. After that, the calcined product was cooled and
used for analysis. The results showed that the optimal
mass ratio of Na;CO3 was 0.4, at which the crystallinity
of rutile TiO, reached highest value (99.21 %), and the
average crystallites size was 43.5 nm.

V. Template method

The template method applies for the production of
titanium dioxide in the form of nanorods, nanotubes, or
porous materials with one-dimensional pores, oriented in
one direction. The synthesis of such materials is carried
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out in the pore volume of template, which has a porous
structure, using liquid-phase sol-gel technology for the
TiO; deposition [4, 35-40].

In the work [36], the mesoporous TiO2 nanoparticles
were synthesized using a soft template method from
titanium isopropoxide. Various molecules of cationic
surfactants, such as CTAB (cetyl trimethylammonium
bromide), SDS (sodium dodecyl sulfate), and DTAB
(dodecyl trimethylammonium bromide), were used as
templates. P25, a commercial TiO, powder with a
crystallite size of 21 nm, was used as reference. The
determined mass of CTAB (3.64 g) was dissolved in
deionized water/ethanol mixture in a volume ratio of 4:1.
The 14.31 ml of titanium isopropoxide was continuously
added dropwise to this solution and stirred vigorously.
Then the resulting gel was stirred continuously for
several hours. The precipitate was separated by
centrifugation. The resulting powder was calcined for 2
hours at 450 °C to remove the soft template and to
increase the crosslinking of the inorganic base. The same
procedure was followed for the mesoporous TiO;
synthesis with SDS and DTAB as templates. The size of
the synthesized nanoparticles of TiO, was 10 - 14 nm
(Fig. 7).

The hollow fibers of titanium dioxide were
synthesized by the template method using natural kapok
fibers as a template in [37]. Titanium (IV) butoxide
(3 ml) was slowly added to 150 ml of ethanol with
vigorous stirring. The mixture was stirred for 1 hour at
room temperature. The dried kapok fibers (1 g) were
immersed in the mixture for 3 hours and then dried at
room temperature for 24 hours. It was then calcined to
remove the template and convert the titanium precursor,
adsorbed on the hood surface, into TiO. The calcination
temperature was 450 °C, 550 °C, 650 °C and 750 °C for
2 hours and then the samples were naturally cooled to
room temperature. SEM images of the synthesized
hollow fibers are shown in Fig. 8.
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Fig. 7. FESEM-image of mesoporous TiO nanoparticles: a) P25; b) P25+CTAB; c¢) P25+SDS;
d) P25+DTAB [36].

Fig. 8. SEM image of hollow TiO fibers calcined at 450 °C [37].

In work [40], the monodisperse-porous magnetic
microspheres of titanium dioxide (Fig. 9) with a size of
5.5 um were obtained by the sol-gel template method
using poly(HPMA-CI-co-EDMA) magnetic microspheres
as a template. In the first stage, the TiO2nH,O
nanoparticles were obtained by hydrolysis of the TiCls
precursor in an aqueous medium (60 ml, 0.1 M). Then
the magnetic microspheres of polymethacrylate (0.4 g)
were dispersed in the precursor solution and
mechanically stirred at 250 rpm/min at room temperature
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for 24 hours. The magnetic microspheres of
polymethacrylate, in which TiO»nH,O nanoparticles
were adsorbed, were washed with distilled deionized
water. In the second stage, the magnetic microspheres
were treated with a ammonia solution (60 ml, 1 M)
containing  hexadecyltrimethylammonium  bromide
(0.3 g), by mechanical stirring at 250 rpm/min at room
temperature for 6 hours. TiO2,nH2O nanoparticles were
deposited in the pores of the polymethacrylate magnetic
microspheres, forming magnetic titanium-polymer
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Fig. 9. SEM-image of TiO, magnetic microspheres with magnetization of 16.3 emu/g (a) and 5.3 emu/g (b) [40].

composite microspheres. The composite microspheres
were washed with distilled deionized water in order to
remove the excess of chloride ions. Then samples were
dried at a temperature of 70 °C in vacuum for 12 hours
and then the polymer template was removed by
calcination at 450 °C.

V1. Chemical vapor deposition method

The vapor deposition method refers to any process in
which materials in the vapor state is condensed to form a
solid material. These processes are usually used to form
coatings in order to change the mechanical, electrical,
thermal, and optical properties, corrosion resistance, and
wear resistance of various substrates [5]. Recently, these
methods are widely studied for the production of various
TiO,-based nanomaterials. The vapor deposition
processes usually take place inside the vacuum chamber.
If there is no chemical reaction, this process is called
physical vapor deposition (PVD). Otherwise, it is called
chemical vapor deposition (CVD) [41-45].

In work [41], the CVD-method was used to
synthesize the pure anatase on glass substrates. A
precursor solution (150 ml) was prepared by dissolving
of acetylacetone (0.9 ml) and titanium tetraisopropoxide
(0.9 ml) in water and methanol. In order to study the
effect of water to methanol ratio on the structural, optical
and photocatalytic properties of TiO films, the volume
ratio of water to methanol was set as 0%, 1 %, 5%,
10 % and 20 % for comparison. During the process of
chemical vapor deposition from the precursor solution,
mist droplets are formed by ultrasonic atomization at
2.4 MHz and transferred to the reaction chamber using
N2 gas as carrier. Thick TiO; films (300 nm) were
deposited on glass substrates, which were placed in a
reaction chamber and heated to a temperature of 400 °C
during the deposition process.
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In a similar study [42], thin films of TiO, (anatase
phase) with a thickness of 300 nm were deposited on a
quartz glass substrate by CVD-method. The precursor
solution was prepared by dissolving titanium
tetraisopropoxide in ethanol. The concentration of
titanium tetraisopropoxide was 0.10 mol/L. The solution
was atomized by ultrasound using ultrasonic transducers
(2.4 MHz) and the precursor droplets were transferred to
the reaction chamber using compressed air as a carrier
and dilute gas. The substrate was placed in a reaction
chamber, which was heated and kept at a temperature of
400 °C. To study the thermal stability, the precipitated
TiO, films were calcined in the temperature range of
600 - 1100 °C in pure oxygen medium (1 bar) for 1 hour
in an oven for rapid thermal annealing. The leaf-like
grains were observed in the obtained TiO2 thin film. The
transformation of anatase to rutile took place at an
annealing temperature of 1100 °C. It was found that the
leaf-like grains, the small size of the crystallites and the
absence of faces (112) contribute to the high-temperature
stability of TiO- films.

In a study [43], carbon-based TiOx-DLC coatings
were prepared on silicon substrates using a capacitively
coupled radiofrequency (RF, 13.56 MHz) of plasma
discharge in a vacuum system. The substrates were
sonicated in an acetone bath and placed on a water-
cooled radiofrequency electrode. The vacuum chamber
was pumped to a base pressure of 2 Pa. Before the
deposition process, samples purified and activated by Ar-
ion sputtering in a high-frequency plasma discharge for
10 minutes with a negative self-deflection of 1100 V and
a residual pressure of 4 Pa. The deposition was
performed at a negative self-deflection of 400V, a
pressure of 20 Pa, and three combinations of CH4 and
Ti[OCH(CHs)2]4 atmospheres. The bubble with liquid
titanium precursor was heated to a temperature of 80 °C.
Titanium(1V) isopropoxide vapors were transferred to the



Methods of Titanium Dioxide Synthesis (Review)

deposition chamber using a shower (copper tube with a
diameter of 6 mm), bent in a circle with a diameter of
100 mm, and placed at a height of 50 mm above the top
of the electrode. The flow of methane was controlled by
a mass flow meter, while the flow of titanium(IV)
isopropoxide was controlled by a needle valve. All
processes were performed at once for 2 minutes. The
proposed technology allows us to obtain a coating of
TiO-DLC with a concentration of Ti up to 10 at %.

In work [45], a study of the electrophoretic transfer
of TiO2 nanoparticles (which are internally charged
through thermal emission) under uniform electric fields
is presented. The nanoparticles are released by means of
support supported by flame burners of pre-mixed low
pressure at the geometric point of stagnation from the
corresponding organometallic vapor of the precursor
(Fig. 10).

The precursor of titanium tetraisopropoxide
evaporates and enters the carrier gas through a heated
and temperature-controlled bubble device, then combines
with flammable premixed gases (e.g. hydrogen/oxygen)
and is delivered to the burner. The mass flow regulators
determine the flow measurement system, the flow lines
are heated and the temperature is controlled to prevent
condensation of the precursor (Fig. 10). A bipolar high
voltage source (0+10KkV, 3-10mA) establishes a
uniform electric field. Chemical precursors are pyrolyzed
and oxidized in the flame and condensed into
nanoparticles as cooled gases, when they reached and
deposited onto substrate. Material processing is
investigated in-situ using laser-induced fluorescence to
determine the OH radicals concentration and the gas
temperature. Experimental results of particle growth at
different applied electric fields are compared with
calculations using monodisperse and sectional models.
The results show that the application of such an electric

field can reduce the total particle size (e.g., from 40 to
18 nm), maintain metastable phases and particle
crystallinity, and unmonotonically affect the initial
particle size (e.g., from 6 to 5 nm) and powder surface
area. The specific surface area for anatase nanopowder is
310 m#/g in the synthesis under an applied electric field
of 125 V/cm.

In work [46], the flame aerosol synthesis was used to
obtain a TiO, photocatalyst by oxidation of titanium
tetrachloride (TiCls) (Fig. 11). Fuel gas (methane) and
oxidant (oxygen) were mixed with nitrogen until the
flame rose above the burner. Titanium tetrachloride
vapors are formed by passing dry argon gas (pre-mixed
with other gas components at room temperature) through
a bubble containing a liquid precursor. Each gas mixture
was then introduced into the burner. The flame
temperature during the synthesis was about 900 °C. The
formed particles were collected on a fiberglass filter
placed in a stainless steel holder, which was connected to
a vacuum pump and fixed approximately 50 cm above
the flame. The exhaust stream from the particulate
collection unit was then passed through a flask
containing 0.1 M of sodium hydroxide solution. The
overall synthesis reaction was as follows:

TiCls (g) + 402 (g) + 2CH4 (g) —
— TiO, (s) + 4HCI (g) + 2CO; (g) + 2H.0 (g)

The effect of precursor loading on particle growth
and rutile phase formation was studied using a laminar
premixed flame with the (Ar + TiCls)/CH4/O2/N;
configuration. Increasing the flow rate of the precursor
from 2.5 to 29.5 mmol/h, as the main parameter of the
synthesis, led to an increase in the average particle
diameter from 11 to 22 nm and a decrease in the specific
surface area from 145 to 71 m?/g, respectively.

Premixed H, + O,

Precursor vapor + Carrier gas

Cooling Water — ]

}

?

DC High Voltage

Flat Flame Burner

Substrate

]
]

(0 to +/- 1kV)

Temperature

Plate Electrode

Fig. 10. Installation for electric flame amplification [45].
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Fig. 11. The scheme of the experimental setup for flame aerosol synthesis of TiO; [46].

The precursor of titanium tetraisopropoxide
evaporates and enters the carrier gas through a heated
and temperature-controlled bubble device, then combines
with flammable premixed gases (e.g. hydrogen/oxygen)
and is delivered to the burner. The mass flow regulators
determine the flow measurement system, the flow lines
are heated and the temperature is controlled to prevent
condensation of the precursor (Fig. 10). A bipolar high
voltage source (0+10kV, 3-10mA) establishes a
uniform electric field. Chemical precursors are pyrolyzed
and oxidized in the flame and condensed into
nanoparticles as cooled gases, when they reached and
deposited onto substrate. Material processing is
investigated in-situ using laser-induced fluorescence to
determine the OH radicals concentration and the gas
temperature. Experimental results of particle growth at
different applied electric fields are compared with
calculations using monodisperse and sectional models.
The results show that the application of such an electric
field can reduce the total particle size (e.g., from 40 to
18 nm), maintain metastable phases and particle
crystallinity, and unmonotonically affect the initial
particle size (e.g., from 6 to 5 nm) and powder surface
area. The specific surface area for anatase nanopowder is
310 m?/g in the synthesis under an applied electric field
of 125 V/cm.

In work [46], the flame aerosol synthesis was used to
obtain a TiO, photocatalyst by oxidation of titanium
tetrachloride (TiCls) (Fig. 11). Fuel gas (methane) and
oxidant (oxygen) were mixed with nitrogen until the
flame rose above the burner. Titanium tetrachloride
vapors are formed by passing dry argon gas (pre-mixed
with other gas components at room temperature) through
a bubble containing a liquid precursor. Each gas mixture
was then introduced into the burner. The flame
temperature during the synthesis was about 900 °C. The
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formed particles were collected on a fiberglass filter
placed in a stainless steel holder, which was connected to
a vacuum pump and fixed approximately 50 cm above
the flame. The exhaust stream from the particulate
collection unit was then passed through a flask
containing 0.1 M of sodium hydroxide solution. The
overall synthesis reaction was as follows:

TiCls (9) + 402 (g) + 2CH4 (9) —
— Ti0, (s) + 4HCI (g) + 2CO; (g) + 2H:0 (g)

The effect of precursor loading on particle growth
and rutile phase formation was studied using a laminar
premixed flame with the (Ar + TiCls)/CH4/O2/N2
configuration. Increasing the flow rate of the precursor
from 2.5 to 29.5 mmol/h, as the main parameter of the
synthesis, led to an increase in the average particle
diameter from 11 to 22 nm and a decrease in the specific
surface area from 145 to 71 m?/g, respectively.

A series of TiO2 nanopowders were synthesized by a
similar technology in work [47] using a flame aerosol
method. The particles with an average particle size of
from 7.1 to 21 nm with a high rutile content were
obtained. It was found that the particle growth regime
promotes the formation of defect-rich anatase
nanoparticles, which determine the total number of
reactive polydisperse nanostructured powders. In the
study [48], TiO, nanopowder, synthesized by this
method, had an average particle size of 13 nm, anatase
content of 97% (wt.), and a specific surface area of 102
m./g.

VIIl. «Green» method

"Green" synthesis of TiO, nanoparticles is an
environmentally friendly alternative to the chemical



Methods of Titanium Dioxide Synthesis (Review)

approach for the nanomaterials synthesis. The biological
method provides a wide range of resources for the
synthesis of nanoparticles using biological agents such as
bacteria, fungi, actinomycetes, yeast, and plants [49-52].
The rate of reduction of metal ions with the help of
biological agents is much faster, as well as due to
ambient temperature and pressure. The obtaining of TiO»
nanoparticles using plant extracts has led to significant
progress in “green" synthesis methods for the synthesis
of many nanoparticles [53].

In work [54], the authors have synthesized
mesoporous TiO nanoparticles by the sol-gel method
using green tea extract. A mixture of 9 ml of titanium
isopropoxide and 60 ml of isopropanol was stirred
continuously with a magnetic stirrer at room temperature
for 1 hour. Then green tea extract was added in various
ratios (0.5, 1, and 1.5 g in 30 ml of distilled water) and
stirred slowly for 3 hours in order to obtain a colloidal
solution. It was found that the pH of the solution was 6.0
during the TiO, nanoparticles synthesis. The resulting sol
was kept at rest for 10 hours to obtain a gel. Then the gel
was filtered, dried at 110°C for 3 hours and calcined at
500°C for 10 hours. The -calcined samples were
designated as NTGO0.5, NTG1, and NTGL.5, which
corresponded to mass ratios in samples 1:0.06, 1:0.12,
and 1:0.18 TiO.:GTE (extract), respectively. TiO-
nanoparticles prepared without extract were monitored
and were designated as NT. The mild, non-toxic, and
inexpensive green tea extract, which hass active organic
components, limited agglomeration, and promoted the
growth of TiO nanoparticles.

In work [55], the authors have synthesized titanium
dioxide nanoparticles by an improved hydrothermal
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method using Morinda citrifolia leaf extract. 50 ml of M.
citrifolia leaf extract was added to 0.1 M TiCl, solution.
The solution was transferred to a 100 ml stainless steel
autoclave at 120 °C for 8 hours and then cooled to room
temperature. A white suspension was obtained, which
was centrifuged at 5,000 rpm/min for 10 minutes to
remove unreacted chemicals. The resulting suspension
was filtered and washed several times with deionized
water and ethanol. The filtered suspension was dried in
an oven at 100°C for 5 hours. Titanium hydroxide was
calcined at 400°C for 4 hours in a muffle furnace,
resulting in quasi-microspheres of TiO, nanoparticles.
The SEM images of TiO2 NPs are shown in Fig. 12. X-
ray diffraction patterns showed the presence of rutile
phase TiO2 and confirmed an average crystallites size of
10 nm.

The authors [56] synthesized TiO2 nanoparticles by
the hydrothermal method using Aloe Vera gel for use as a
photocatalyst in the degradation of picric acid. Aloe Vera
was peeled and the gel was washed seven times under
running water. 10 ml of the gel was added to 100 ml of
deionized water and stirred for 1 hour. To this aqueous
solution was added dropwise 0.1 M titanium(IV)
isopropoxide. The reaction mixture was stirred
continuously for one hour at 20 °C. The solution was
kept in an autoclave at a temperature of 180 °C for 4
hours. Then the solution was heated on a hot plate at a
temperature of 80 °C. The resulting product was ground
and calcined in a muffle furnace at a temperature of
500 °C for 5 hours. The size of the synthesized TiO»
nanoparticles ranged from 6 to 13 nm.

In a study [57], titanium dioxide nanoparticles were
efficiently synthesized using aqueous extracts of
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Fig. 12. SEM image of TiO2 nanoparticles synthesized using Morinda citrifolia leaf extract [51].
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Fig. 13. Scheme of sonochemical synthesis of TiO- electrocatalyst based on graphene oxide composite [60].

Parthenium hysterophorus leaves by microwave
irradiation. The collected leaves were washed with
distilled water to remove dust particles and contaminants.
About 20 g of leaves were weighed and crushed into
small pieces with a mortar and pestle. The samples were
added to 100 ml of distilled water and boiled for 10
minutes at 60 °C in a microwave oven. After boiling, the
extract left to cool at room temperature. It was then
filtered with Whatman Nel filter paper. About 100 ml of
boiled aqueous extract of P. hysterophorus leaves were
mixed with 900 ml of an aqueous solution of TiO4
(5 mm) in an Erlenmeyer flask. This reaction solution
was stirred by hand and incubated under light for 48
hours. TiO, nanoparticles were spherical in shape with an
average size of 20 - 50 nm.

In work [58] the "green" synthesis of TiO;
nanoparticles using an aqueous extract of Eucalyptus
globulus leaves is presented. Titanium tetraisopropoxide
(3 ml) was dissolved in ethanol (50 ml). The 50 ml of a
Eucalyptus globulus extract solution (ratio of 1:1 (v/v))
was added dropwise to the precursor solution using a
peristaltic pump and kept with vigorous stirring for 2 - 3
hours until a brown-yellow precipitate is formed.
Subsequently, the solution was centrifuged at 10,000
rpm/min for 15 minutes and washed with ethanol to
remove any other impurities. The brownish-yellow
precipitate was dried at 80 °C for 2 hours in a hot air
oven, finely ground using an agate mortar with a pestle,
and annealed at 500 °C for 3 hours.

VIIl. Other methods

TiO2 nanomaterials can be obtained by direct
oxidation of titanium metal using oxidants or by
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anodization. Crystalline TiO, nanotubes are obtained by
direct anodic oxidation of a titanium metal plate with
hydrogen peroxide. Titanium dioxide nanotubes are
oriented perpendicular to the metal substrate surface.
Their diameter varies within several tens of nanometers.
The crystalline phase of nanotubes can be controlled by
adding inorganic salts of NaF, NaCl, and Na;SO.. The
addition of F~ and SO~ promotes the formation of pure
anatase, while the addition of CI- promotes the formation
of rutile [5].

In the synthesis of nanostructured titanium oxide
materials, the sonochemical method [59-61] has been
used, which is associated with the acoustic cavitation of
air bubbles and their explosive collapse in a liquid
medium. Cavitation collapse of bubbles leads to a local
increase in temperature (~5000K) and pressure
(~ 1000 atm). The rate of local heating and cooling of the
medium can be > 10° K-s™! [4, 5]. In [60], rutile TiO,
microspheres decorated with graphene oxide composite
were synthesized by the sonochemical method (Fig. 13).

The method of electrodeposition is usually used to
obtain a metal coating on the surface during a reduction
at the cathode. The substrate, which should be coated,
used as a cathode and immersed in a solution, containing
a precipitated metal salt. The metal ions, which are
presented in the solution, are attracted to the cathode and
reduced to the metal form [5, 62-65].

Conclusions

TiO2 nanoparticles can be synthesized using a
variety of methods, which include: sol-gel technology,
hydrothermal and solvothermal methods, the use of high-
frequency electromagnetic waves (microwave method),
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template method, anodic oxidation, electrodeposition
sonochemical method, chemical and physical vapor
deposition, etc. These methods allow to obtain titanium
dioxide in the form of spheres, rods, fibers, tubes with
the anatase, rutile, or brookite structure. The sol-gel
method makes it possible to influence the structure and
morphology of TiO, nanoparticles, optimize energy
costs, as well as use of simple and affordable
technological equipment, but it is a long process. The use
of hydrothermal and solvothermal methods is
complicated by the need to use autoclaves at high
pressures. The originality of the liquid-phase low-
temperature method lies in the use of the aqua complex
precursor [Ti(H20)6]**-3CI-, which allows the obtaining
of TiO; nanoparticles with unique physicochemical
properties. The sonochemical method, electrodeposition
method, and microwave method generally do not give
samples with nanometer-sized particles. Depending on
the oxidation parameters, the anodic oxidation method
allows to obtain titanium dioxide nanotubes with a
diameter within several tens of nanometers. The
advantages of this method are its simplicity, lower
energy costs, minimal impact on the environment, and
the ability to adjust the dispersion of the obtained TiO-

nanotubes depending on the anodization time and
annealing temperature. Methods of chemical and
physical vapor deposition are carried out at high
pressures and temperatures in vacuum chambers.

Acknowledgements

The authors thank the Ministry of Education and
Science of Ukraine for financial support in the
framework of project 0120U102035. TT thank the
Ministry of Education and Science of Ukraine for
financial support in the framework of Ukrainian-Polish
bilateral project “Photocatalytic hybrid systems for
water purification”.

Mironyuk I.F. — Doctor of Chemical
Professor, Head of the Chemistry Department;
Soltys L.M. — PhD in Chemistry, Head of the educational
laboratory of the Chemistry Department;

Tatarchuk T.R. — PhD in Chemistry, Associate Professor
of the Chemistry Department;

Savka Kh.O. — PhD student of the
Department.

Sciences,

Chemistry

[1] A. Fujishima, K. Honda, Nature 238, 37 (1972) (doi: 10.1038/238037a0).
[2] K. Nakata, A. Fujishima, J. Photochem. Photobiol. C Photochem. Rev. 13(3), 169 (2012) (doi:

10.1016/j.jphotochemrev.2012.06.001).

[3] LF. Mironyuk, L.M. Soltys, T.R. Tatarchuk, V.I. Tsinurchyn, Phys. Chem. Solid State 21(2), 300 (2020) (doi:

10.15330/pcss.21.2.300-311).

[4] LF. Mironyuk, V.L. Cheliadyn, Phys. Chem. Solid State 11(4), 815 (2010).

[5] A. Kumar, Am. J. Nano Res. Appl. 6(1), 1 (2018) (doi: 10.11648/j.nan0.20180601.11).

[6] B. Niu, X. Wang, K. Wu, X. He, R. Zhang, Materials (Basel) 11(10), 1 (2018) (doi: 10.3390/ma11101910).

[71 N.P. Shetti, S.D. Bukkitgar, K.R. Reddy, C.V. Reddy, T.M. Aminabhavi, Colloids Surfaces B Biointerfaces

178, 385 (2019) (doi: 10.1016/j.colsurfb.2019.03.013).

[8] H.Zhang, J.F. Banfield, Chem. Rev. 114(19), 9613 (2014) (doi: 10.1021/cr500072j).
[91 M.T. Noman, M.A. Ashraf, A. Ali, Environ. Sci. Pollut. Res. 26(4), 3262 (2019) (doi: 10.1007/s11356-018-

3884-2).

[10] O. Kaygili, N. Bulut, C. Tatar, T. Ates, T. ince, Int. J. Innov. Eng. Appl. 1(2), 38 (2017).
[11] M.B. Askari, Z. Tavakoli Banizi, M. Seifi, S. Bagheri Dehaghi, P. Veisi, Optik (Stuttg) 149, 447 (2017) (doi:

10.1016/j.ij1€0.2017.09.078).

[12] 1.B. Dorosheva, A.A. Valeeva, A.A. Rempel, AIP Conf. Proc. 1886, 020006 (2017) (doi: 10.1063/1.5002903).

[13] A.H. Ramelan, S. Wahyuningsih, S. Saputro, E. Supriyanto, Q.A. Hanif, IOP Conf. Ser. Mater. Sci. Eng.
176(1), 012013 (2017) (doi: 10.1088/1757-899X/176/1/012013).

[14] R.S. Dubey, Mater. Lett. 215, 312 (2018) (doi: 10.1016/j.matlet.2017.12.120).

[15] R. Sharma, A. Sarkar, R. Jha, A. Kumar Sharma, D. Sharma, Int. J. Appl. Ceram. Technol. 17(3), 1400 (2020)

(doi: 10.1111/ijac.13439).

[16] T. Farooq, K. Surana, S. Mukherjee, Mater. Today Proc. 2 (2020) (doi: 10.1016/j.matpr.2020.02.044).
[17] R. Balasubramanian, M. Fathima Rigana, S. Balaji, A. Selvamani, M. Sarojadevi, New J. Chem. 41(7), 2815

(2017) (doi: 10.1039/c6nj03164a).

[18] I. Mironyuk, T. Tatarchuk, H. Vasylyeva, V.M. Gun’ko, 1. Mykytyn, J. Mol. Lig. 282, 587 (2019) (doi:

10.1016/J.MOLLIQ.2019.03.026).

[19] I. Mironyuk, T. Tatarchuk, H. Vasylyeva, M. Naushad, I. Mykytyn, J. Environ. Chem. Eng. 7(6), 103430

(2019) (doi: 10.1016/j.jece.2019.103430).

[20] I. Mironyuk, T. Tatarchuk, M. Naushad, H. Vasylyeva, I. Mykytyn, J. Mol. Lig. 285, 742 (2019) (doi:

10.1016/j.mollig.2019.04.111).

[21] M. Kobayashi, H. Kato, T. Miyazaki, M. Kakihana, Ceramics 2(1), 56 (2019) (doi: 10.3390/ceramics2010005).
[22] S. Kundu, V. Polshettiwar, ChemPhotoChem. 2(9), 796 (2018) (doi: 10.1002/cptc.201800101).
[23] R. Govindaraj, N. Santhosh, M. Senthil Pandian, P. Ramasamy, J. Cryst. Growth, 468, 125 (2017) (doi:

10.1016/j.jcrysgro.2016.11.004).

[24] G. Rajamanickam, S. Narendhiran, S.P. Muthu, S. Mukhopadhyay, R. Perumalsamy, Chem. Phys. Lett. 689,



I.F. Mironyuk, L.M. Soltys, T.R. Tatarchuk, Kh.O. Savka

19(2017) (doi: 10.1016/j.cplett.2017.09.044).

[25] B. Zeng, W. Zeng, J. Mater. Sci. Mater. Electron. 28(18), 13821 (2017) (doi: 10.1007/s10854-017-7228-4).

[26] Z. Zhu, S.J. Lin, CH. Wu, RJ. Wu, Sensors Actuators, A Phys. 272(2), 288 (2018) (doi:
10.1016/j.sna.2018.02.006).

[27] W. Qi, J. Du, Y. Peng, W. Wu, Z. Zhang, X. Li, K. Li, K. Zhang, C. Gong, M. Luo, H.L. Peng, Mater. Chem.
Phys. 207, 435 (2018) (doi: 10.1016/j.matchemphys.2017.12.083).

[28] D. Dastan, N. Chaure, M. Kartha, J. Mater. Sci. Mater. Electron. 28(11), 7784 (2017) (doi: 10.1007/s10854-
017-6474-9).

[29] S. Kurajica, I. Minga, 1. Gréi¢, V. Mandi¢, M. Plodinec, Mater. Chem. Phys. 196, 194 (2017) (doi:
10.1016/j.matchemphys.2017.04.064).

[30] W. Liu, Y. Xu, W. Zhou, X. Zhang, X. Cheng, H. Zhao, S. Gao, L. Huo, J. Mater. Sci. Technol. 33(1), 39
(2017) (doi: 10.1016/j.jmst.2016.04.007).

[31] A. Mezni, N. Ben Saber, M.M. lbrahim, M. El-Kemary, A. Aldalbahi, P. Feng, L. Samia Smiri, T. Altalhi,
New J. Chem. 41(12), 5021 (2017) (doi: 10.1039/c7nj00747g).

[32] F.K.M. Alosfur, A.A. Ouda, N.J. Ridha, S.H. Abud, Mater. Res. Express 6(6), 065028 (2019) (doi:
10.1088/2053-1591/ab0cca).

[33] G. Cabello, R.A. Davoglio, E.C. Pereira, J. Electroanal. Chem. 794, 36 (2017) (doi:
10.1016/j.jelechem.2017.04.004).

[34] J. Kang, L. Gao, M. Zhang, J. Pu, L. He, R. Ruan, M. Omran, J. Peng, G. Chen, Adv. Powder Technol. 31(3),
1140 (2020) (doi: 10.1016/j.apt.2019.12.042).

[35] M.A. Abdolahi Sadatlu, N. Mozaffari, Sol. Energy 133, 24 (2016) (doi: 10.1016/j.solener.2016.03.056).

[36] P. Selvaraj, A. Roy, H. Ullah, P. Sujatha Devi, A.A. Tahir, T.K. Mallick, S. Sundaram, Int. J. Energy Res.
43(1), 523 (2019) (doi: 10.1002/er.4288).

[37] S. Wongchareon, G. Panomsuwan, Mater. Lett. 228, 482 (2018) (doi: 10.1016/j.matlet.2018.06.089).

[38] B. Liu, Z. Luo, A. Federico, W. Song, S.L. Suib, J. He, Chem. Mater. 27(18), 6173 (2015) (doi:
10.1021/acs.chemmater.5b02248).

[39] G. He, J. Zhang, Y. Hu, Z. Bai, C. Wei, Appl. Catal. B Environ. 250, 301 (2019) (doi:
10.1016/j.apcath.2019.03.027).

[40] K.O. Hamaloglu, E. Sag, A. Tuncel, J. Porous Mater. 26(2), 419 (2019) (doi: 10.1007/s10934-018-0619-y).

[41] Q. Zhang, C. Li, Catal. Today (2019) (doi: 10.1016/j.cattod.2019.11.019).

[42] Q. Zhang, C. Li, Nanomaterials 10(5), (2020) (doi: 10.3390/nan010050911).

[43] A. Jedrzejczak, D. Batory, M. Prowizor, M. Dominik, M. Smietana, M. Cichomski, A. Kisielewska,
W. Szymanski, W. Kozlowski, M. Dudek, Thin Solid Films 693, 137697 (2020) (doi:
10.1016/j.tsf.2019.137697).

[44] M.N. Subramaniam, P.S. Goh, W.J. Lau, A.F. Ismail, M. Giirsoy, M. Karaman, Appl. Surf. Sci. 484, 740
(2019) (doi: 10.1016/j.apsusc.2019.04.118).

[45] H. Zhao, X. Liu, S.D. Tse, J. Nanoparticle Res. 10(6), 907 (2008) (doi: 10.1007/s11051-007-9330-7).

[46] A. Moiseev, F. Qi, J. Deubener, A. Weber, Chem. Eng. J. 170(1), 308 (2011) (doi: 10.1016/j.cej.2011.03.057).

[47] A. Moiseev, M. Krichevskaya, F. Qi, A.P. Weber, J. Deubener, Chem. Eng. J. 228, 614 (2013) (doi:
10.1016/j.cej.2013.05.038).

[48] S. Joks, D. Klauson, M. Krichevskaya, S. Preis, F. Qi, A. Weber, A. Moiseev, J. Deubener, Appl. Catal. B
Environ. 111-112, 1 (2012) (doi: 10.1016/j.apcatb.2011.09.007).

[49] K. Karthik, S. Vijayalakshmi, A. Phuruangrat, V. Revathi, U. Verma, Journal of Cluster Science 30, 965
(2019) (doi: 10.1007/s10876-019-01556-1).

[50] N.V. Danyliuk, T.R. Tatarchuk, A.V. Shyichuk, Physics and Chemistry of Solid State, 21(2), 338 (2020) (doi:
10.15330/pcss.21.2.338-346).

[51] R. Aswini, S. Murugesan, Karthik Kannan, International Journal of Environmental Analytical Chemistry,
(2020) (doi: 10.1080/03067319.2020.1718668).

[52] Nachimuthu Suganthi, S. Thangavel, Karthik Kannan, FlatChem, 100197 (2020) (doi:
10.1016/j.flatc.2020.100197).

[53] A. Mbonyiryivuze, S. Zongo, A. Diallo, S. Bertrand, E. Minani, L.L. Yadav, B. Mwakikunga, S.M. Dhlamini,
M. Maaza, Phys. Mater. Chem. 3(1), 12 (2015) (doi: 10.12691/pmc-3-1-3).

[54] N. Saikumari, T. Preethi, B. Abarna, G.R. Rajarajeswari, J. Mater. Sci. Mater. Electron. (2019) (doi:
10.1007/s10854-019-00994-X).

[55] M. Sundrarajan, K. Bama, M. Bhavani, S. Jegatheeswaran, S. Ambika, A. Sangili, P. Nithya, R. Sumathi, J.
Photochem. Photobiol. B Biol. 171, 117 (2017) (doi: 10.1016/j.jphotobiol.2017.05.003).

[56] D. Hariharan, A. Jegatha Christy, J. Mayandi, L.C. Nehru, Mater. Lett., 222, 45 (2018) (doi:
10.1016/j.matlet.2018.03.109).

[57] K. Thandapani, M. Kathiravan, E. Namasivayam, |.A. Padiksan, G. Natesan, M. Tiwari, B. Giovanni,
V. Perumal, Environ. Sci. Pollut. Res. 25(11), 10328 (2018) (doi: 10.1007/s11356-017-9177-0).

[58] S. Balaji, R. Guda, B.K. Mandal, M. Kasula, E. Ubba, F.R.N. Khan, Res. Chem. Intermed. (2019) (doi:
10.1007/s11164-018-03720-0).

[59] M.N. Morshed, X. Shen, H. Deb, S. Al Azad, X. Zhang, R. Li, J. Nat. Fibers 17(1), 41 (2020) (doi:

476



Methods of Titanium Dioxide Synthesis (Review)

10.1080/15440478.2018.1465506).

[60] T.W. Chen, S. Chinnapaiyan, S.M. Chen, A. Hossam Mahmoud, M.S. Elshikh, H. Ebaid, M. Taha Yassin,
Ultrason. Sonochem. 62, 104872 (2020) (doi: 10.1016/j.ultsonch.2019.104872).

[61] A. Muhulet, C. Tuncel, F. Miculescu, A.M. Pandele, C. Bobirica, C. Orbeci, L. Bobirica, A. Palla-Papavlu,
S.1. Voicu, Appl. Phys. A Mater. Sci. Process. 126(3), 1 (2020) (doi: 10.1007/s00339-020-3408-9).

[62] V.S. Protsenko, A.A. Kityk, E.A. Vasil’eva, A.V. Tsurkan, F.l. Danilov, Electrodeposition of Composite
Coatings as a Method for Immobilizing TiO, Photocatalyst (In book: American Jewish Year Book, 2019) (doi:
10.1007/978-3-030-10609-6_10).

[63] Y. Ghayeb, M.M. Momeni, E. Ghonjalipoor, Appl. Phys. A Mater. Sci. Process. 125(5), (2019)
(d0i:10.1007/s00339-019-2521-0).

[64] A.S. Martins, P.J.M. Cordeiro-Junior, G.G. Bessegato, J.F. Carneiro, M.V.B. Zanoni, M.R. de V. Lanza, Appl.
Surf. Sci., 464, 664 (2019) (doi: 10.1016/j.apsusc.2018.09.054).

[65] A.K. Ayal, Z. Zainal, H.N. Lim, Z.A. Talib, Y.C. Lim, S.K. Chang, A.M. Holi, Mater. Res. Bull. 106, 257
(2018) (doi: 10.1016/j.materresbull.2018.05.040).

[.®. Mupontok, JI.M. Contuc, T.P. Tatapuyk, X.O. CaBka
Metoau cunte3y TutaH (1V) oxcuay (orJsi)

JIBH3 «IIpuxapnamcvkuil HayionanvHull yHieepcumem imeni Bacuns Cmeganuxay, lsano-®Dpankiscok, Yrpaiua,
soltys86@gmail.com

Hanomarepiamu Ha ocHoBi TiO2 mpHBepTalOTh BENUKY yBary B 0aratbox cdepax 3acTOCYBaHHS, TaKHX SK
¢dorokarani3, (OTOENEKTPUKA, 30HAYBAHHS, EIEKTPOXPOMHICTh, (OTOXPOMHICTH Toml0. BoHH mHIHPOKO
BHUKOPHUCTOBYIOTBCA Y Jako(apOOBHX Ta MOJIMEPHUX MaTepiaaX, COHILE3aXHCHI KOCMETHIII Ta 3yOHHX MacTax.
IcHYrOTH pi3HOMaHITHI IUIIXH CHHTE3Y, IO BIUIMBAIOTH HAa PO3Mip, POpMy Ta KPHCTATIUHICTh HAHOYACTHHOK
TiO2. o OCHOBHHX METOAIB OTPUMAaHHSA JIOKCHAY THUTaHYy y BHITAAL cdep, TOJNOK, BOJIOKOH Ta TPyOOk (3i
CTPYKTYpOIO aHaTazy, pyTwiy abo OpyKiTy) MOXHa BiJHECTH 30Jb-Tellb TEXHOJIOTII, TiApOTEpMallbHI Ta
COJIbBOTEPMAIbHI CHOCOOM, MIKPOXBHJIBOBHH METOJ 33 y4acTIO BHCOKOYACTOTHHX €JIEKTPOMAarHiTHUX XBHJIb,
TEMIUIATHUH METOJl, CIOCOOM MPSIMOTO OKHCHEHHS, eJIEKTPOOCAPKEHHsI, COHOXIMIYHHI METO/ 3 BUKOPUCTaHHIM
nii yapTpasByKy, XiMmiuHe Ta (i3WdHe Oca/uKeHHs 3 mapoBoi (as3W, «3eleHi» MeToau Tomo. Y JaHoMy
JTepaTypHOMY OISl TPHUBEICHI CydacHI HAYKOBI pPE3yNbTaTH 3 MUTaHb OTPUMaHHSA HaHOYAaCTHHOK TiO2
PI3HOMaHITHUMH METOJaMHU.

KiawuoBi ciaoBa: turau(lV) oxcupa, 30ib-Tellb METON, TiAPOTEpMalbHUN METOJ, aKBaKOMIUIEKCHHM
MPEKYPCOp, «3ENCHUI CHHTE3, aHaTa3, pyTHII, OPYKIT, TeMIUIaT.
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