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Water and air pollutants pose a significant environmental problem worldwide and photocatalysis is one way to
address this global issue. Photocatalytic degradation of toxic substances under the influence of visible
electromagnetic radiation is widely used for wastewater treatment. The most promising method of pollutant removal
is the use of photocatalysts based on titanium (IV) oxide, which are recognized as one of the most effective due to
chemical resistance, non-toxicity and low cost. However, their practical application is limited by the rapid
recombination of photogenerated charge carriers and selective absorption of light in the UV region due to the large
width of band gap. To solve this scientific and practical problem, it is necessary to modify the TiO, surface, for
example, through metallic or nonmetallic doping, in order to increase its photocatalytic activity due to additional
absorption in the visible range of the spectrum. This review presents an analysis of current research on ways to

increase the efficiency of TiO,-based photocatalysts.

Keywords: titanium dioxide, photocatalysis, degradation, photocatalytic activity, doping.

Received 14 May 2020; Accepted 15 June 2020.

Content
Introduction
I. Basic principles of photocatalysis.
1.1. Photocatalytic activity of TiO,.

1.2. Influence of chemical state of TiO, surface on its photocatalytic activity.
I1. Influence of chemical modification of TiO,on its photocatalytic activity.

2.1. Modification of TiO, by metals.
2.2. Modification of TiO, by nonmetals.
Conclusions

Introduction

Environmental pollution, caused by both natural and
anthropogenic factors, requires the search for new
approaches to the disposal of harmful substances
concentrated in particular in water bodies and in the air.
Photocatalysis is one of the solutions to improve the
environment [1].

There are many typical photocatalytic processes,
such as water splitting, pollutant degradation, selective
organic conversion, and CO, restoration for fuel
production [2]. Considerable attention in the study of
catalytic processes is paid to the use of nanostructured
semiconductors to remove both organic and inorganic
contaminants from aqueous or gas-phase systems [3].
Photocatalytic processes are widely used in industry for
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photocatalytic purification of water and air, conversion
of solar energy to chemical and electrical ones, in the
processes of organic synthesis, etc. Various combinations
of homogeneous and heterogeneous photocatalysis are
effectively used in wastewater and air treatment from
organic pollutants. The processes are based on the
formation of a strong oxidant-hydroxyl radical OH’,
which is able to quickly and non-selectively oxidize a
huge amount of organic matter until their complete
mineralization [4, 5].

Photocatalytic ~ degradation of toxic organic
substances under the influence of visible electromagnetic
radiation has become widely used for wastewater
treatment. Purification systems mainly use heterogeneous
semiconductor photocatalysts based on titanium (IV)
oxide. Since Fujishima and Honda [6] reported the
photocatalytic activity of TiO, under UV light in water
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Fig. 1. Application of photocatalysts based on TiO, [7].

fission reactions in 1972, TiO, has become one of the
most effective and widely used materials in the field of
photocatalysis (Fig. 1 [7]). This is due to its significant
photocatalytic activity, high chemical stability and redox
capacity, low cost and no toxicity [3-5, 8, 9]. However,
photocatalysis using TiO, has many significant
disadvantages. In particular, the band gap of TiO,
(energy range in electronic band structure determining
light absorbtion and photocatalytic properties) is 3.0 - 3.2
eV. The absorption band lies in the ultraviolet range, so
the photocatalytic efficiency under visible light is
rtestricted [3]. UV radiation accounts for only about 4 %
of the total solar spectrum, which significantly limits the
use of TiO, as photocatalyst. Therefore, the aim of
numerous studies on TiO, is to improve absorption of
visible and infrared radiation [8, 10]. Quantum yield of
photo-transformation on TiO, surface is rather low,
which is associated with a high degree of recombination
of charge carriers, low specific surface area and low
adsorption capacity [4, 5, 9].

The very important scientific and practical task is
creation of TiO,-based catalysts with narrower band gap,
which would work in the visible range of radiation. To
solve this task, it is proposed to modify TiO, structure or
create nanocomposites with titania [4]. One of the
methods of increasing the photocatalytic activity of
TiO,-based catalysts is the application of TiO, to a
suitable carrier, which makes it possible to increase the
specific surface area of the catalysts and to facilitate
access of the reactants to the active TiO, centers. Another
method is the doping of TiO, with nonmetal atoms or
nanoparticles of metals. This guarantees additional
absorption in the visible range of the spectrum and at the
same time increases the efficiency of the charge
separation process [5]. Therefore, the purpose of this
review was to study the basic principles of photocatalysis
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and ways to increase the photocatalytic activity of TiO,,
in particular the method of doping the surface of TiO,
with metals and nonmetals.

I. Basic principles of photocatalysis

The shortest definition of the term "photocatalysis" is
the one proposed by IUPAC: photocatalysis is a catalytic
reaction involving the absorption of light by a catalyst or
substrate. Based on this formulation, a more expanded
and concretized interpretation of this concept was
proposed [11]: photocatalysis is the phenomenon of
induction or acceleration of chemical transformations
under the action of light on systems containing chemical
compounds — reaction substrates and substances called
catalysts or photocatalysts that participate in intermediate
transformations, but are not included stoichiometrically
in the total process.

The main features of photocatalytic reactions [11]
are the following:

1) the reactions take place under the action of light
from a longer wavelength part of the spectrum than the
light absorbed by the reactants — the catalyst performs the
function of a sensitizer;

2) the primary process is the phototransfer of an
electron inside the catalyst molecules or its complexes
with the oxidant;

3) primary products of the photocatalytic reaction are
free radicals or ion radicals;

4) the catalyst, undergoing continuous redox
transformation under the action of oxygen and other
substances, is constantly updated.

It follows that the catalyst, which has these features,
can rightly be called a photocatalyst.

When considering photocatalytic systems, three
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features are important: which of the components is
activated by light, the phase composition of the system
and the belonging of the photocatalyst to the class of
semiconductors or the class of transition metal
complexes [11].

The photocatalytic reaction is initiated when the
photocatalyst (PC) absorbs a quantum of light and goes
into an excited state [5]:

PC + hv — PC** 1)

The electronically excited state does not last long
and the photocatalyst quickly goes into the ground state
or in another lower energy state. This process is
accompanied by the release of heat or light energy.
Similar processes in photocatalysis on semiconductors
(SC) correspond to the formation of an electron-hole pair
(¢” and h+), which are quite mobile and extremely
reactive. Some of them recombine during motion in the
semiconductor particle, and the rest come to the surface
and are kept there [5].

The excited photocatalyst has a high redox potential
of approximately —0.1 and +3 V relative to the normal
hydrogen electrode for the electron and hole,

respectively. Therefore, the presence of an electron-hole

O]

pair (¢” and h+) generates such chain reactions [3, 5]:
photoinduction: SC + hv — e + h;

oxygen adsorption: (0O,),gs + € — Oy 3)

ionization of water: H,O — OH™ + H"; 4

protonation: Oy ~+ H" — HOO-. (5)
The mechanism of photocatalytic processes,

including chemical reactions, is shown in Fig. 2 [1].
Photocatalytic processes are quite complex and depend
on many factors, namely the intensity of light, the nature
and concentration of the substrate and photocatalyst, the
pH of the medium and the reaction temperature [5].

1.1. Photocatalytic activity of TiO,

Natural TiO, has three polymorphs: anatase, rutile
and brookite (Fig. 3) [12]. Rutile and anatase are the
modifications mainly used in photocatalysis. Anatase and
rutile have crystalline tetragonal structures consisting of
TiOg octahedra. In anatase, TiOg octahedra have common
edges lying in the plane (001) and (100). Each
octahedron has four common edges with neighbors that
form zigzag chains. In rutile, TiO, octahedra are
connected by ribs in the (001) plane with two adjacent
octahedra and form long ribbons in the crystal lattice
[13, 14]. The difference in the structural lattices of
anatase and rutile determines their different density and
electronic band structure. Therefore, the absorption of
light by anatase and rutile is at a wavelength of 388 and
413 nm, respectively [4, 15].

[ Reduction }
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e+ 0Oy - 05 - HOS Oo + HoOo
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e+0s - 05— 0 - OH + OH’

*05%0'2

ROS
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Fig. 2. The mechanism of photocatalysis [1].

Fig. 3. Polymorphic modifications of TiO,: a) rutile; b) brookite; ¢) anatase [12].

302



Ways to Improve the Efficiency of TiO,-based Photocatalysts (Review)

Rutile has a higher photocatalytic activity than
anatase, which is probably due to its smaller width of the
band gap. The width of the band gap is a very important
parameter for photocatalysis because it controls the rate
of electron transfer and hence the rate of charge
recombination [16].

Formation of the photoactive surface TiO, includes
the appearance of holes in the valence zone (h") and
electrons in the conduction zone (e) due to the
absorption of photon energy. The last must be greater
than or equal to the width of the band gap of TiO, (for
rutile — 3.0 eV, for anatase — 3.2 eV [8]). The holes
contribute to the formation of hydroxyl radicals and
oxidation of organic compounds, and electrons contribute
formation of peroxide radicals and decomposition/
oxidation reactions [4].

Hydroxide and peroxide radicals are formed
according to the following reactions [17]:

TiO, + h — TiO, (" CB + h'VB); (6)

TiO, (VB +&” CB) — TiO, (recombination); @)
TiO, (h"VB) + OH™ — TiO, + OH; 8)
T|02 (67 CB) + 0, — T|02 + Og., (9)

where CB is the conduction band and VB is the valence
band.

The photocatalytic activity of TiO, comprehensively
depends on various parameters, in particular, on the
properties of TiO, (crystallinity, surface area, particle
size, defect position, surface charge), as well as on the
substrate-surface interaction. In particular, for the
effective conduct of the photocatalytic process TiO,
should have a high specific surface area and small
particle sizes. Therefore, the study of photocatalytic
activity requires a comprehensive analysis of many
parameters [16].

1.2. Influence of chemical state of TiO, surface on
its photocatalytic activity

The chemical state of TiO, surface has a significant
effect on photocatalytic activity. The complex of surface
physicochemical properties of TiO, photocatalysts is
shown in Fig. 4 [2]. Surface charge plays an important
role in determining the photocatalytic activity, especially
for the kinetics of photooxidation of organic dyes. The
properties of the surface charge TiO, in water at different
pH values depend on the point of zero charge pHy.
Acid-base equilibrium reactions for titanol groups TiO,
can be written as follows [2, 17]:

> Ti-OH," < > Ti-OH + H" (pKyy); (10)
> Ti-OH < > Ti-O + H" (pKy,). (11)
The average value of pK (pKytpKy)/2)

corresponds to the pH of the zero charge point. The point
of zero charge, pH,., is obtained experimentally by
measuring the electrokinetic potential (zeta potential) of
the suspended particles at different pH values. For
example, the pH,, of titanium dioxide P25 from Degussa
is ~ 6.2 (pKy =4,5 and pKy, = 8) [18]. At pH < 6.2 the
surface of TiO, particles is positively charged, and at
pH > 6.2 it has a negative charge [2, 17]. More efficient
generation of hydroxyl radicals TiO, is achieved by a
weak alkaline medium due to the optimal concentration
of OH’, which contributes to the photocatalytic
degradation of organic compounds in aqueous solution

[2].
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Fig. 4. Chemical state of the surface of modified
photocatalysts based on TiO, [2].

The pH of the solution also changes the energy
levels of TiO, according to Nernst (-59 mV/pH) due to
the pH dependence of the surface charge [17]:

Eca(V vs NHE) = 0.1 0.059pH. (12)

I1. Effect of chemical modification of
TiO, on its photocatalytic activity

Impurity-free (chemically pure) TiO, usually has
unfavorable dynamics of charge transfer and the width of
the band gap. Therefore, it is necessary to change the
chemical state of the TiO, surface to improve
photocatalytic activity. Based on the mechanism of
photocatalysis, the following basic surface modification
strategies can be identified for the development of highly
active photocatalysts based on TiO, [2]:

1) reducing the width of the band gap by doping;

2) layering visible light photosensitizers on TiO, to
increase the available part of the solar spectrum;
creation of surface heterojunctions to improve
the dynamics of the charge carrier;
loading of nanosized cocatalysts to inhibit
surface charge recombination processes;
increasing the available surface areas to improve
photocatalytic activity;
introduction of surface F-effects in TiO, to
increase the concentration of free radicals OHe,
thereby  increasing the  efficiency  of
photodegradation;
irradiation of highly reactive faces to increase
the surface-active areas and redox capacity.

Many studies have been conducted to develop a
TiO,-based photocatalyst that would absorb a photon in
the visible light region and have a low electron-hole
recombination coefficient [10, 19].

2.1. Modification of TiO, by metals

Modification of TiO, with cationic dopants, in
particular precious (Au, Ag, Ru, Rh, Pd, Os, Ir, Pt) [20-
28], transitional (Cu, Co, Ni, Cr, Mn, Mo, Nb, V, W, Zn,
Fe, Sn etc.) [29-43] and rare earth (La, Ce, Pr, Nd, Sm,
Eu, Dy, Gd, Yb, etc.) [44-48] metals is widely studied.
Deposition of metal on semiconductor nanoparticles is an
important factor in achieving maximum efficiency of the
photocatalytic reaction [14]. Dopants change the
chemical nature and electronic structure of the doped

3)
4)
5)

6)

7)
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oxide. TiO, performance is improved by narrowing the
energy band gap, which leads to increased photoactivity
in the visible region of the spectrum [13, 49].

The authors [21] investigate the photocatalytic
reduction of methyl orange (MO) on Au/TiO,
semiconductors. In the presence of gold, there is a shift
of the band gap from 3.2 eV (Degussa P25) to 2.9-2.8 eV
(Au/TiO,). For Au/TiO, semiconductors, high catalytic
activity for MO reduction was obtained, and the
reduction rate constant improved 3.2 times compared to
undoped TiO,. The results of the study indicate the
important role of Au in the photoreduction reactions of
organic compounds. In another study [22], a 9-fold
increase in the photocatalytic decomposition of methyl
orange under visible light was observed by integrating
plasmonic Au nanoparticles with TiO,. Irradiation of Au
nanoparticles at their resonant frequency creates intense
electric fields that can be used to increase the rate of
electron-hole pair generation in semiconductors. In a
study [23], the authors synthesized plasmonic Au/TiO,
nanohybrids by chemical attachment of Au nanoparticles
to TiO, nanostructures. Au/TiO, nanohybrids degraded
methylene blue (MB), methyl orange (MO), mixture of
MB and MO and 4-nitrophenol in water under sunlight.
It was found that the degradation efficiency is 94 % with
MB, 85 % with MO and 87% with MB + MO in just
20 minutes when irradiated with sunlight. The
photocatalytic activity of Au/TiO, was 3.3 times greater
than that of unmodified TiO,.

Spherical nanoparticles noble metal / titanium (IV)
oxide in work [24] were synthesized by laser pyrolysis
(CW CO,, 10.6 um; ethylene as a sensitizer) followed by
impregnation with three aqueous solutions of precursors
of precious metals (AgNO; (Chemical Company, purity
99.5 %), KAuUCI, (Fisher, purity 98 %), H,PtCls-6H,0
(Merk, purity 99.95 %)) and reduction involving NaBH,
(Aldrich, purity 98 %). TiO,-based nanocomposites
loaded with precious metals (0.01 - 0.28%) show a
decrease in the width of the band gap (up to 2.77 eV) due
to two factors: atmospheric pressure in the method of
laser pyrolysis and the addition of metal to the surface of
TiO, nanoparticles through surface plasmon resonance.
Photocatalytic parameters of the nanocomposites in the
visible and UV range indicate that Ag/TiO, is a highly
effective catalyst in the photodegradation of aqueous MO
(the rate constant for the UV range is 28.74x10°min™
and for the visible range is 16.78x10°min™). Therefore,
doping of TiO, with precious metals increases the
efficiency of photodegradation of pollutants and
contributes to the development of environmentally
friendly methods for water purification [24]. In a study
[26], modification of TiO, nanotubes by Ag
nanoparticles increased the efficiency of photoconversion
(11.68 %) and the rate of hydrogen evolution
(10.69 mmol / h) under UV radiation. The modification
reduced electron-hole recombination and improved
photocatalytic activity. The authors [28] synthesized
monometallic Au-TiO, and Pt-TiO, and bimetallic
Pt/Au-TiO, nanocomposites by the sol-gel method.
Photocatalytic activity in visible light (A >420 nm and
A > 455 nm) was evaluated by the degradation of phenol
in aqueous medium. The best photocatalytic activity was
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observed for the and
(0.5Pt/(0.5)Au-TiO,.

The authors [31] synthesized V-containing TiO, and
investigated its photocatalytic activity in the degradation
of water-soluble PCP-Na during solar irradiation. XPS
analysis showed that vanadium exists in the forms V*
and VV** on the surface of TiO,, and V** is the dominant
component, the content of which is 3.5 times higher than
V**. The width of the band gap decreases from 2.91 eV
to 2.71 and 2.57 eV with vanadium doping of 0.5 and 1
atomic %, respectively. Nanoaggregates of V/TiO, with
the addition 0.5 atomic % of V showed optimal
photocatalytic degradation activity.

In study [33], porous TiO, doped with Mo/V/W
transition metals ions was synthesized on commercial
pure titanium (Cp-Ti) by electrolytic plasma oxidation
for photocatalytic applications in wastewater treatment.
The effect of doping of transition metal ions on the phase
composition of TiO, coating, surface morphology,
corrosion, wettability, width of the band gap, charge
separation and electron-hole recombination rate was
investigated (Fig. 5). Doped TiO, samples showed high
surface porosity and active surface area, thereby
enhancing photocatalytic activity. W/TiO, samples
showed good charge separation with 95 % degradation
and 71% mineralization of the methylene blue dye when
irradiated with visible light for 180 min.

The authors [35] investigated the photocatalytic
oxidation of gaseous benzene, toluene and xylene under
UV and visible irradiation over Mn-doped TiO,
nanoparticles. The efficiency of photocatalytic
decomposition and oxidation products were determined.
The main products of the final oxidation by UV
photocatalysis were CO,, CO and H,0. The
decomposition of benzene, toluene and xylene over
Mn-TiO, under UV irradiation and in the presence of
oxygen is quite high, which leads to the release of CO,
and CO with a yield of 92.6 %, 82.9% and 75 %,
respectively. The percentage of conversion of benzene,
toluene and xylene to CO, was 63.6 %, 56.4 %, 51.8 %
and to CO 29 %, 26.5 %, 23.2 %, respectively.

In [37], the authors investigated iron-doped TiO,
nanoparticles. The reflectance spectra showed enhanced
light absorption in the visible region (wavelength greater
than 400 nm) for Fe-doped TiO,. The photocatalytic
activity of the samples was investigated by the method of
degradation of the dye reactive orange 16 under UV
irradiation. The results indicate that the photocatalytic
activity of Fe/TiO, is greater than that of unmodified
TiO,, due to the smaller crystal size, larger surface area,
and greater ability to absorb light. In study [38], the
photocatalytic activity of Fe-doped TiO, powders was
evaluated using methylene blue (MB). Degradation
experiments were performed when irradiated with
simulated sunlight. It is shown that TiO, doped with
0.1 wt.% Fe has the highest activity in the photocatalytic
degradation of MB. In work [39] photocatalysts Fe/TiO,
(0.05-1 mol% Fe) were synthesized to study the
degradation of organic pollutants (MO and 4-CP) during
irradiation with light with a wavelength > 320 nm. The
results showed that TiO, doped with 0.1 mol% Fe
showed the highest photocatalytic activity for
degradation reactions. It is proved that the increased

samples  (0.5)Pt-TiO,
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Fig. 5. Photocatalytic properties of Mo/V/W-doped TiO, samples [33].

surface area, small particle size and enhanced absorption
of visible light are the reasons for improving the
photocatalytic activity of doped materials. The authors of
[40] studied the photocatalytic activity of nanocrystalline
Fe/TiO, films. Analysis of nanofilms shows a decrease in
the size of the crystallites with increasing concentration
of Fe** (14 nm for 1 % Fe and 8 nm for 7 % Fe) and a
high specific surface area. The width of the TiO, band
gap decreases from 3.32 to 2.57 eV. Photocatalytic
activity was determined by the decomposition of
methylene blue when irradiated with visible light. The
results showed that Fe/TiO, nanofilms show a high level
of photocatalytic activity due to iron doping.

In work [42], using sol-gel method, TiO,
nanomaterials doped with Ni, Cu and Fe were
synthesized and their photocatalytic activity during
degradation of 4-chlorophenol (4-CP) and naproxen
(NPX) sodium as water pollutants was evaluated under
the influence of UV radiation. It was found that T-Cu 1.0
was the best material during the degradation of
4-CP, with a degradation efficiency of 90 %
(0.1827 L-g™-min™) after 6 hours of reaction, and T-Fe
1.0 — during the degradation of NPX, with a degradation
efficiency of 97 % (0.1111 L-g™-min™") also after 6 hours
of reaction. The authors [43] synthesized nanopowders of
titanium (IV) oxide doped with Co and Ni. The
photocatalytic activity of the samples was evaluated
using a test for photodegradation of 10 mg / L solution of
methylene blue under UV irradiation. The efficiency of
photocatalysis was increased by the presence of Co and
Ni as dopants in TiO, crystal lattice, compared with
unmodified TiO, (97.7 %, 98.9% and 88.0% for
0.05 mol of Co-doped, Ni-doped and underdosed TiO,,
respectively).

In [45], doped TiO, nanoparticles with lanthanide
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ions La*, Nd*, sm¥, Eu*, Gd* and Yb* were
synthesized by the sol-gel method. Their photocatalytic
activity was evaluated using the dye Direct Blue (DB53).
The results showed that Gd*'/TiO, has the smallest
particle size, as well as the largest surface area and pore
volume. Lanthanides ions can to some extent enhance the
photocatalytic activity of TiO, compared to unmodified
TiO,, and it was found that Gd*"/TiO, is the most
effective photocatalyst. Photocatalytic studies show that
under optimal conditions (lighting time 40 minutes,
pH = 4, photocatalyst loading 0.3 g/L and 100 ppm
DB53) the efficiency of dye removal was 100 %. Rare
earth metals (La, Ce, Pr, Nd, Sm, Eu, Dy, Gd) were also
used for the modification of TiO, [47]. The
photocatalytic activity of the prepared samples was
evaluated by photocatalytic decomposition of Orange 1l
dye in aqueous suspension under irradiation with
wavelengths of 254, 365 and 400 nm. Samples doped
with Nd** ions (k = 0.0272 min™ for UV radiation and
0.0143min® for visible light) have the best
photocatalytic properties in visible light.

2.2. Modification of TiO, by nonmetals

Non-metallic doping of TiO, is more effective than
metal doping due to the reduction of recombination
centers [19]. Various nonmetals (N [50-56], B [57-60], C
[61-65], P [66-69], S [70-72], F [73-78], Br [79, 80]) are
used to improve the photocatalytic activity of TiO, in the
field of visible light [10, 19, 81].

In the study [50] N-doped TiO, was first successfully
synthesized by a new single-stage flame method. This
method of synthesis directs nitrogen atoms mainly to the
internodal positions of the TiO, lattice, which reduces the
width of the band gap (from 3.12 to ~2.51eV) in the
synthesized N/TiO,. The presence of a large amount of
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intermediate N can change the structure and reduce the
recombination efficiency of photogenerated electron-hole
pairs, which will increase the photocatalytic activity of
TiO, in visible or sunlight. To evaluate the photocatalytic
properties, degradation of phenol under visible light was
performed, which proved the high photocatalytic activity
of N-doped TiO,. In work [51], N-doped TiO,
nanoparticles with a high specific surface area and
photocatalytic activity in visible light were obtained
using the sol-gel method with urea. The method of UV-
diffuse reflectance revealed decrease in the width of the
band gap from 3.24 to 2.79 eV due nitrogen doping. The
maximum photocatalytic activity in the degradation of
the methylene blue dye was achieved for N/TiO, powders
with the lowest molar ratio of urea: TiO, (1.5).

In a study [55], a photocatalyst C, N/TiO, of
mesoporous structure was synthesized. The material has
improved photocatalytic activity during degradation of
4-nitrophenol under simulated solar irradiation. The
photocatalytic efficiency of C, N/TiO, was significantly
higher than A-TiO, (anatase). Using zebrafish embryos,
it has been shown that products of photocatalytic
degradation of 4-nitrophenol have higher toxicity than
the parent compound. The results demonstrated the
importance of evaluating the effectiveness of
photocatalytic degradation in combination with the
evaluation of the toxicity of degradation compounds. In
another study [56] using C, N-doped TiO, was
investigated in photocatalytic degradation in visible light
of phenol and 2-chlorophenol, which was 92 % and
90 %, respectively. The photocatalytic reaction rate
constants for phenol and 2-chlorophenol in the porous
spheres of doped TiO, were approximately 4 and 2 times
higher, respectively, than in the P25 photocatalyst from
Degussa. This is due to the fact that C, N-doped porous
TiO, not only prolongs the photo response to the visible
light range (because C, N doping narrows the width of
the band gap to 2.7 eV), but also opens a large number of
surface-active areas that prefer reactions in visible
radiation. In addition, the porous structure of the doped
photocatalyst contributes to the multiple reflection of
photons, while increasing the light absorption.

In [57], mesoporous crystals of B, N-doped TiO,
were obtained by the sol-gel method followed by the
nitrate melt process to change the morphology of the
sample. Boron ions were included in the TiO, lattice
through the O — Ti — N and Ti — B — O bonds, as a result
of which B, N-doped TiO, shifted the maximum of light
absorption to the long-wavelength (red) range. The
photocatalytic activity of various catalysts was evaluated
by the method of degradation of the dye methylene blue
(MB) under irradiation with visible light. B-N-TiO,
showed the best performance with the removal of 97 %
of MS after 150 minutes, B-TiO, - 78 % and only 23 %
of MB was degraded in the presence of pure TiO,. The
rate constant with B-N-TiO, is ~ 4 times higher than that
with B-TiO, and more than 10 times higher than pure
TiO,. This indicates that the synthesis of photocatalysts
by a new method of nitrate melt can be effective for
increasing the photocatalytic activity of TiO, in visible
light. In another study [58], the authors using microarc
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oxidation synthesized a photocatalyst TiO,, doped with N
and B, to increase the photocatalytic activity in the
visible light. During the microarc oxidation process,
which is known as an energy-saving and environmentally
friendly method, B and N ions in the electrolyte were
included in the intermediate positions of TiO, and
partially N was chemically adsorbed on the surface of
TiO,. To evaluate the photocatalytic activity,
decomposition reactions of the aniline blue dye were
performed. The mechanism of photocatalysis for
B, N/TiO; is shown in Fig. 6 [58]. It was found that the
rate constants for dye degradation were as follows:
5.69-10™min™ for pure TiO,; 9.81-10“min™ for B-doped
TiO,; 13.92-10min™ for N-doped TiO,; 16.25-10™*min™
for B,N-doped TiO,. B,N-doped TiO, showed a
significantly higher efficiency of dye degradation and
rate constant compared to other photocatalysts, due to the
existence of the Ti-O-B-N structure, which is formed by
intermediate B, and an increase in chemisorbed NO,
species. The authors [60] synthesized undoped and B-
doped one-dimensional TiO, nanotubes by a two-stage
hydrothermal method. The photocatalytic activity of the
obtained nanotubes was evaluated by the degradation of
methylene blue. Addition of boron (up to 0.5 %) to TiO,
nanotubes increased the efficiency of photocatalytic
destruction of MB. The highest degradation efficiency
was 81 % and it was found that higher (>5 %) boron
doping leads to a decrease in degradation efficiency.

In a study [61], C/TiO, coatings were obtained by
reactive magnetron sputtering of Ti and C in an Ar/O,
atmosphere. After deposition, all coatings were annealed
in air at 873 K for 30 minutes to obtain the desired
crystalline structure, and then analyzed. The content of C
in the coatings varied from about 5 to 9 atomic %, while
the atomic percentage of C atoms incorporated in place
of the Ti atoms varied from about 0.5 to 1.8 atomic %.
Decomposition of methylene blue and stearic acid and
photoinduced hydrophilicity measurement were used to
evaluate the photocatalytic properties of C-doped TiO,
and unmodified TiO, under the action of UV and visible
radiation. The results of all three tests showed that the
photocatalytic activity of C/TiO, significantly exceeds
the undoped TiO,. However, excessive doping of C led
to the blocking of active positions and loss of
photocatalytic properties. In another study by the same
researchers [62], C/TiO, coatings were also obtained by
reactive magnetron sputtering, but using mixtures of CO,
and O, as reactive gas. The content of C in the coatings
was approximately 4 - 6.5 wt.%. The width of the TiO,
band gap narrowed to 2.02 eV as a result of carbon
doping, compared to pure TiO, (3.2 eV). Photocatalytic
properties of thin films were evaluated by irradiation
with UV and visible light using tests for the
decomposition of methylene blue and stearic acid.
Photocatalytic activity under UV irradiation of
unmodified TiO, for both pollutants was higher than C-
doped TiO,. It was found that the photoactivity of C-
doped samples in visible light was better in the case of
degradation of MB, while the results of decomposition of
stearic acid under visible light were low for all studied
films.
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In paper [67], P-doped TiO, with surface oxygen
vacancies were obtained, which showed effective
photocatalytic activity for the degradation of antibacterial
fluoroquinolone (ciprofloxacin) when irradiated with
visible light. The doped sample showed a rate constant of
0.065 min™ for the degradation of ciprofloxacin and was
approximately 16.2 times greater than in undoped TiO,
(0.004 min™). It was found that the synergistic effect
between P-doping and surface oxygen vacancies on TiO,
significantly improved the efficiency of transfer and
separation of photogenerated charges, thereby increasing
the photocatalytic activity of TiO, in visible light. In
work [68] P-doped TiO, was prepared by hydrothermal
method using tetrabutyl titanate as a precursor of
titanium and HsPO, as a source of phosphorus. Titanium
nanotubes (TNT) were used as raw material for
reprocessing of the sample by two methods
hydrothermal and calcinations. In the first method, 0.1 g
of TNT was introduced into a 0.01 mol/L solution of
HNO3, maintained at a constant temperature at 150 °C for
12 hours and cooled to room temperature. Then the solid
was washed with deionized water and dried at 70 “C for 6
hours (this sample was called ETNT). In the second
method, 0.2 g of TNT was kept in a muffle furnace for 4
hours at a temperature of 400 °C (this sample was called
DTNT). P-doped ETNT and DTNT nanotubes had an
anatase structure. DTNT was a multiwall nanotube with
an inner diameter of about 4 nm and an outer diameter of
about 10 nm. UV-vis diffuse reflectance spectroscopy
showed that the width of the band gap of DTNT has the
lowest value (only 2.09 eV). The BET surface area for
DTNT ranged from 335 cm?/g to 134 cm?g after the
second calcinations. Experiments have shown that DTNT
is the best photocatalyst, which can lead to more than
75 % of phenol degradation after lighting for 120
minutes. It is proved that during the photocatalytic
oxidation reaction the rate of formation of the hydroxyl
radical (+OH) is 1.505 min™ [68].
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In a study [70] a new method of flame pyrolysis was
developed for the synthesis of S-doped TiO,
photocatalysts in visible light for water purification. As a
result, the width of the band gap was reduced to 2.78 eV
and visible light absorption was improved. The addition
of S to TiO, contributed to the conversion of anatase to
rutile in the prepared samples. Among all the synthesized
compounds, the catalyst with 2M sulfuric acid as a
precursor demonstrated striking performance for
photocatalysis caused by visible light (S**/S*" =5.61).
The presence of S** plays an important role in increasing
the photocatalytic activity, which was evaluated by the
degradation of acetaldehyde when exposed to visible
light.

The authors [72] using the sol-gel method on
aluminum substrates synthesized thin films of titanium
dioxide, which are doped with C/S/N. Sample C/S/N/
TiO, showed greater photocatalytic activity in the
degradation of benzene in visible light, compared with
undoped TiO, (Fig. 7). According to the results of the
analysis of absorption spectra, doped TiO, showed higher
absorption of visible light compared to unmodified TiO.,.

In paper [73], F-doped nanoparticles of anatase TiO,
were synthesized by the sol-gel method. Photocatalytic
activity was evaluated by decomposition of methylene
blue in atmospheric air in visible light. The
photocatalytic  efficiency was 84% for TiO,
nanoparticles with a content of 5 wt.% F. The authors
[74] obtained two types of TiO, nanoparticles (with
fluorine F-TiO, and without fluorine H-TiO,) by sol-gel
synthesis and conducted a comparative study of their
photocatalytic properties. F-TiO, nanoparticles showed
increased photocatalytic activity compared to H-TiO,,
which is due to the presence of chemisorbed F on the
surface. In the study [75] sol-gel method prepared F-
doped photoelectrodes  TiO, with  honeycomb
morphology and studied the photoelectrocatalysis by
degradation of methylene blue under irradiation with
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visible light. The maximum percentage of discoloration
(97.8 %) was reached at pH 9.94 after 4 hours of
exposure to visible light. The high rates of
photoelectrocatalysis for F-TiO, are explained by the
efficient separation of electron-hole pairs and the
creation of active hydroxyl radicals.

In paper [79], Br-doped TiO, photocatalysts were
prepared by the hydrothermal method. As the Br content
increased, the width of the TiO, band gap decreased from
2.851t0 1.75 eV, and the maximum light absorption in the
long-wavelength (red) region shifted from 395 to
517 nm, which further enhances the photocatalytic
activity of Br/TiO,. Photodegradation of RhB, MO and
MB is more than 98 % (0.5Br-TiO,) with a dye
concentration of 10 mg/L after 40, 30 and 30 min,
respectively.

Conclusions

Modern technologies for cleaning the environment
from chemical organic and inorganic pollutants include
use of photocatalysts that are able to remove pollutants
from water and air due to formation of free hydroxyl
radicals. The functionality of photocatalysts is largely
due to their spectral sensitivity. When creating them,
alloying additives are introduced into the composition,
which ensure the formation of chemical compounds that
shift the spectral sensitivity to the visible region of solar
radiation.

Photocatalysts based on titanium (IV) oxide are
considered to be among the most effective due to their
high chemical resistance, non-toxicity and low cost. The
use of photocatalysts based on TiO, includes three main
stages: light absorption and formation of photogenerated
electron-hole pairs; separation and transfer of
photogenerated electron-hole pairs; redox reactions on
the surface of TiO,. These sequential actions together

308

determine the photocatalytic efficiency of photocatalysts
based on TiO,. The quantum efficiency of the
photocatalytic process is determined by the competition
of two processes involving charge carriers
(photogenerated electrons and holes): redox reactions
and recombination processes. Many studies have focused
on methods to reduce recombination, such as the creation
of "semiconductor-metal” or "semiconductor-nonmetal”
composites. The formation of such heterogeneous
systems leads to a significant change in the
physicochemical properties of the surface and electronic
structure of titanium (IV) oxide.

The analysis of modern scientific research indicates
that the chemical modification of the TiO, surface has a
great influence on its photocatalytic activity during the
degradation of chemical pollutants during irradiation
with visible light. Doping of photocatalysts based on
TiO, with metallic and non-metallic nanoparticles
changes the chemical nature and electronic structure of
the doped compound, thereby increasing the efficiency of
photodegradation of pollutants. TiO, performance is
improved by reducing the width of the energy band gap,
which leads to increased photocatalytic activity when
exposed to visible light. All this contributes to the
creation of promising and environmentally friendly
methods for water purification using photoactive
catalysts based on TiO..
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Cnoco0u mixBuieHHs eexTuBHOCTI poToKaraizaTopiB Ha ocHOBi TiO,
(orJsim)

JBH3 «lIpuxapnamcokuii Hayionanvruil yHisepcumem imeni Bacuns Cmeghanuxay, leano-@Ppanxiscovk, Yxpaina,
soltys86@gmail.com

3a0pyaHIOBaYi BOAM Ta MOBITPSI CTBOPIOIOTH 3HAYHY €KOJIOTIYHY IPO0JieMy HABKOJIMIITHBOTO CEPEeIOBHINA TI0
BCHOMY CBITY 1 ()OTOKATali3 € OJHUM 3 METOIIB BHPIMIEHHS IBOTO TI00aIbHOro muTaHHA. PoTOKaTaNTiTHYHA
Jerpajanisi TOKCHYHHUX PEYOBHH il BIUIMBOM BHIMMOIO EJIEKTPOMArHiTHOIO BHIIPOMIHIOBAHHS LIMPOKO
3aCTOCOBYETBCSl Ul OYHMINEHHS CTIYHMX BOJ. HalnmepcHeKTHBHIIIUM METOAOM BHJAQJICHHsS IOJIOTAHTIB €
BUKOpUCTaHHS (oToKaTaiizaTopiB Ha ocHOBi TuTaH(IV) okcuamy, sKi BH3HAHI OJHUMHU 3 Hale(EeKTHBHIIINX
3aBSKU XIMiYHIH CTIHIKOCTI, HETOKCHYHOCTI Ta HU3BKiH BapToCTi. [IpoTe X mpakTHYHE 3aCTOCYBaHHS OOMEXeHe
[IBHJKOI0 peKOMOiHaIi€l0 (OTOTeHEpOBaHUX HOCIIB 3apsay 1 BHOIPKOBUM IOTJIMHAHHSAM CBiTia B Y @-006macTi
4yepe3 BENUKY IMUpUHY 3a0opoHeHoi 30HW. 11100 BHpIMTH Le HAYKOBO-TPAaKTHYHE 3aBIaHHS MOTPiIOHO
Momudixysatu mosepxHio TiO,, HanpuKiIaz, yepe3 MeTaneBe ab0 HeMeTaneBe JOMYBAaHHS, 3 METOIO ITiABUIIEHHS
oro QoToKaTamiTHYHOI aKTUBHOCTI 32 PaXyHOK JOJAaTKOBOTO TMOTJIMHAHHS y BHAMMOMY Mdiala3oHi CHEKTpY.
Y nmaHoMy OISOl TPHUBEINCHUH aHANi3 CYY4aCHHX HAYKOBHX [OCHIIDKEHb IMIOAO CHOCOOIB ITiABHIIEHHS
eexTrBHOCTI oTOKaTaTi3aTOPiB HAa 0CcHOBI Ti0).

Kiwuosi cioBa: Tutan maiokcun, GoTtokaranis, Aerpanaiis, GOToKaTaTiTUIHA aKTUBHICTh, TOMyBaHHS.
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