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Abstract—X-ray diffraction, optical spectroscopy, and electron paramagnetic resonance (EPR) have been
used to study microspheres and nanoheterostructures based on titanium dioxide synthesized by aerosol pyrolysis
and sol—gel methods. All test samples are characterized by a large specific surface area (about 100 m?/g of
substance). It was established that the main type of radicals in the resulting structures are N*, NO°®, as well as
Ti3*, Mo>*, V** and W>* centers. Microspheres and nanoheterostructures consisting of several metal oxides
have high photocatalytic activity in the visible spectrum and the ability to accumulate photogenerated charge
carriers. As a result, catalytic reactions in the samples continue even after illumination is turned off.
A correlation was found between the rate of photocatalysis and the radical concentration in the studied struc-
tures. The results can be used to develop new-generation energy-efficient catalytic devices based on nano-
crystalline titanium oxide, which operate in the visible range and do not require continuous illumination.

DOI: 10.1134/51995078019030078

INTRODUCTION

For many years, titanium dioxide (TiO,) has been
the focus of researchers [1—5]. In the 2Ist century,
nanocrystalline TiO, obtained by various synthesis
methods [2—6] is being actively studied. In the last
decade, combined structures containing TiO, have
generated the most interest among them, it is import-
ant to note such systems as the core/shell [3, 7]; nano-
heterostructures consisting of two or three metal
nanooxides (differing in chemical composition) and
representing a set of discrete oxide/oxide nanohetero-
junctions, one of which is nanocrystalline titanium
dioxide, which has the highest photoactivity among all
known metal oxides [§8, 9]; and microspheres and
ordered ensembles of nanocrystals of various metal
oxides (from one to four) [10]. As the latter, molybde-
num (MoQ;), vanadium (V,0s), and tungsten (WO;)
oxides are used. The constantly growing interest in
TiO,, as well as systems based on it, is primarily due to
this material’s unusual properties, among which one
to be noted is the very developed surface with an area
that varies, depending on the synthesis method, from
tens to hundreds of square meters per gram of sub-
stance, and is open to ambient molecules, as well as
photocatalysis ability [5, 11—14]. The latter results

from the fact that illumination generates TiO, under
the influence of illumination of radicals in TiO, (when
adsorbed water and oxygen molecules interact with
photoexcited electrons and holes), which participate
in redox reactions, as a result of which organic sub-
stances (including toxic ones) in contact with the TiO,
surface break down into simple constituents—carbon
dioxide and water [11—14]. In addition, when these
reactions occur, viruses and bacteria are destroyed
[3, 8]. This property of TiO, is used to create photo-
catalytic filters for air purification from undesirable
impurities [5]. However, these devices have a number
of significant disadvantages, among which is the need
for a UV lamp as a light source, since TiO, is a wide-
gap semiconductor (the band gap varies from 3.1 to
3.5 ¢eV), the need for continuous illumination during
operation of the photocatalyst, and, ultimately, the
high cost of the filter.

Currently, the scientific community is actively
working to overcome these shortcomings: TiO, doped
with atoms of various metals and nonmetals to
increase absorption in the visible spectral range
[5, 15—19] or TiO, combined with other metal oxides
[3, 8, 9]. The latter can significantly increase the life-
time of photoexcited charge carriers as a result of their
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spatial separation, which prevents recombination.
This is achieved as follows. From the most photosen-
sitive TiO, (as a part of nanoheterojunctions), photo-
excited electrons are injected into another metal
oxide; as a result, electron—hole recombination is sup-
pressed. However, there is still no comprehensive
approach to synthesizing TiO,-based nanomaterials
that simultaneously combines doping of TiO, and
combination with various metal oxides also having
photocatalytic properties. This study is dedicated to
solving this problem. By varying the synthesis param-
eters, we were able to obtain structures with a high
concentration of radicals that effectively absorb in the
visible spectrum and are characterized by high photo-
catalytic reaction rates.

EXPERIMENTAL

The studied samples were formed by two different
methods: aerosol pyrolysis and sol—gel.

For the preparation of microspheres consisting of
TiO,, MoO;, WO;, V,0,, TiO,/Mo00O;, TiO,/WOs;,
TiO,/V,0s, and TiO,/Mo00;/V,0s, the relatively new
method of aerosol pyrolysis was used, described in
detail in [7, 10]. The installation consisted of a gas
flow regulator (RRG-10, Eltochpribor, Russia) with a
dust filter and a control unit; an ultrasonic atomizer
(IN-8, Albedo, Russia) to generate aqueous aerosols
of the reaction mixtures; a tube laboratory furnace
(SUOL-0.4.4/12-M2-U4.2) with a quartz reactor and
a Schott filter with a pore size of 1—10 um for trapping
the pyrolysis products. The operating frequency of the
piezoelectric emitter was 2.64 MHz, the aerosol pro-
ductivity was from 0 to 6 mL/min, and the average
value of the mass-median aerodynamic particle diam-
eter (MMAD) of the aerosol was 3.94 um. The tem-
perature in the furnace was controlled by a built-in
thermocouple. The length of the working part of the
reactor is 700 mm, the length of the isothermal region
is 500 mm, and the inner diameter is 45 mm. As metal
precursors, titanyl nitrate, ammonium paratungstate,
ammonium paramolybdate, and ammonium metava-
nadate were used; urea was used as a dopant.

Nitrogen-doped nanocrystalline TiO, in the form
of an aqueous sol was prepared by controlled hydroly-
sis by dropwise addition of 12.5% NH,OH to 2.5 M of
an aqueous solution of TiCl, + 0.65 M HCI cooled to
0°C with vigorous stirring until pH 5. The resulting
precipitate was washed with distilled water and dis-
persed by ultrasonic treatment. The gel precipitate was
placed in an oven in a cup, then annealed in an oven at
450°C and triturated. To obtain nanoheterostructures of
TiO,/Mo0O;, TiO,/Mo00;/WO;, and TiO,/M00O;/V,0s,
we dissolved (NH,)sMo0,0,4, (NH,);(W,0y - 4.5H,0,
and NH,VO; in a mixture of hydrochloric acid and
hydrogen peroxide; these solutions were mixed with
precipitated TiO,, then dried and annealed at 450°C.
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The specific surface area of the samples was mea-
sured by nitrogen adsorption: the Brunauer—
Emmett—Teller (BET) method using a Chemisorb
2750 instrument (Micromeritics). The diffuse light
scattering spectra from the obtained samples were
recorded with an LS-55 PerkinElmer spectrograph
operating in the spectral range of 200—900 nm with a
spectral slit width from 2.5 to 20 nm. X-ray diffraction
(XRD) was measured with a DRON-4 diffractometer
(CuK,-radiation). When calculating the CSR using
the Scherrer formula, the full width at half maximum
was used, and the instrumental spreading was 0.09°.

The EPR spectra were recorded on a Bruker
ELEXSYS 500 EPR spectrometer (Germany) (oper-
ating frequency 9.5 GHz, X-band, sensitivity 5 X
10 spin/G). Samples were placed in quartz ampoules
with a diameter of 4 mm. To conduct EPR experi-
ments in dark—illumination—dark cycles, an optical
resonator was used. Samples were illuminated directly
in the spectrometer cavity with a Bruker ELEXSYS
ER 202 UV high-pressure mercury lamp (power
50 W). To isolate the visible region, cutoff filters were
used. An MDR-3 monochromator was used to irradi-
ate samples with light quanta at a given wavelength.
The photoexcitation intensity of the samples was
approximately 15 mW/cm?. The measurements were
carried out at a temperature of 77 K. To preliminarily
assess the g factors, we used reference MgO containing
Mn** ions. To determine the number of spin centers,
the EPR signals from the test sample were compared
with the spectra of the standard CuCl, - 2H,0. Theo-
retical processing of the EPR spectra was carried out
in MatLab with the EasySpin plugin [20].

To determine the photocatalytic activity (oxidizing
ability) of the samples, the photodegradation reaction
of Rhodamine 6G dye was used. For this, the dye was
applied to the surface of the titanium dioxide from an
aqueous solution. The change in surface concentra-
tion of the dye was monitored by diffuse reflection R at
a wavelength of 530 nm (corresponding to maximum
absorption of the adsorbed dye). Diffuse reflection
was converted to a value proportional to the surface
concentration (~(1 — R)?/2R), according to the
Kubelka—Munk formula [21].

RESULTS AND DISCUSSION

Microspheres of TiO,, MoQO;, WO;, and V,0;
based on the data obtained using BET had a specific
surface area of 55+ 6,82+ 8,70+ 7, and 65 + 7 m?/g,
respectively. Compound microspheres of TiO,/MoO;,
TiO,/WO;,, TiO,/V,0s, TiO,/Mo00,/V,05 were char-
acterized by specific surface areas of 75 £ 8, 62 £ 6,
65 £ 7,and 60 £ 6 m?/g, respectively. For nanohet-
erostructures, the following specific surface areas
were obtained: 110 £ 10 (TiO,/Mo0O5), 100 = 10
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(TiO,/M00;/WO;), and 95 *
V,05) m*/g.

According the XRD data, in the microspheres, tita-
nium dioxide has two phases: anatase and rutile; in
nanoheterostructures, only anatase modification is
present. The sizes of nanoparticles calculated from
line broadening in diffractograms using the Scherrer
formula are presented below. For microspheres: 20 +
2 nm (TiO,), 15 £ 2 nm (M00O5), 12 £ 1 nm (WO,),
13+ 1 nm (V,05), 12 £ 2/10 = 2 nm (TiO,/Mo0O;),
10.5+1/5.5 £ 1 nm (TiO,/WO,), 11.5 £ 1/7.5 £ 2 nm
(TiO,/V,05), 10 = 1/7 £ 1/6 £ 1 nm (TiO,/MoO;/
V,0;5); for nanoheterostructures: 4 + 0.5 nm
(Ti0,/Mo00s;), 3.7 £ 0.5 nm (TiO,/Mo00O;/WO5,), 9 +
1 nm (TiO,/Mo00;/V,0s). Note that the presence of
molybdenum, tungsten, and vanadium oxide phases in
nanoheterostructures has not been unambiguously
determined by XRD analysis, probably due to the too
low intensity of the corresponding peaks.

Let us discuss the experimental results obtained by
EPR spectroscopy. Figure 1a shows the EPR spectra
of microspheres consisting of the same type of metal
oxides: TiO,, WO;, MoO;.

As canbe seen from Fig. 1a, the EPR signal of TiO,
samples (spectrum /) has a complex shape. Therefore,
to determine the nature of the detected radicals, com-
puter simulation was performed. The following
parameters of the EPR lines are given: g-tensor, g, =
2.0082, g, = 2.0039, g; = 2.0036; the EPR linewidth is
AH,=133G,AH,=0.35G, AH; =2.1 G; and hyper-
fine coupling constants (HCC) 4, = 1.6 G, 4, = 1.1 G,
A;= 22.5 G. EPR signals with such parameters in
accordance with the data of [22—24] can be attributed
to nitrogen atoms N* (nuclear spin / = 1) with uncom-
pensated electron spin, which were introduced into
TiO, during synthesis. WO, samples are characterized
by an EPR signal with a low intensity and complex
shape. As a result of computer simulation, we obtained
the following parameters of the EPR spectrum: g, =
2.0039, g, = 1999, g; = 1.928, AH,= 18.5 G, AH, =
93G,AH;=22.7G,4,=05G,4,=21G A3 6G.
According to [22—24], it can be concluded that in WO,
microspheres the nitrogen monoxide (NO®) radical is
detected, which is formed from introduction of nitro-
gen atoms into the tungsten oxide structure during
synthesis. Lastly, the EPR spectrum of the MoO;
samples is the superposition of several overlapping
EPR signals from different radicals. Therefore, we
again resorted to a theoretical analysis of this experi-
mental spectrum and obtained the following parame-
ters of the EPR signals (identification of the EPR lines
shown in Fig. la, the spectrum 3, shown from left to

right, the lines partially overlap): O, radicals g, =
2.025, g, =12.010, g, =2.003, AH, =24 G,AH,=21G

[22, 25]; N° radicals; NO® radicals; Ti’**/oxygen
vacancy centers g, = 1.9935, H, = 85 G, g, = 1.9328,

10 (TiO,/MoO,/

NANOTECHNOLOGIES IN RUSSIA  Vol. 14

(a)
£
= L
E
&
NG

3200 3400 3600
=1
=
Bl
&
ar

3200 3600 4000 4400 4800

£
=
B L
&
o

1200 2400 4800 6000 7200

H,G

Fig. 1. (Color online) EPR spectra of microspheres:
(a) TiO, (1), WO3 (2), MoOj3 (3); (b) TiO,/WO5 (1),
TlOz/MOO:; (2), (C) TIOQ/VQOS (I), TIOZ/MOO_‘;/VzOS (2)
Recording temperature 77 K.

H, =112 G [22]; Mo>" radicals g, = 1.943, g, = 1.863,

AH,=39G,AH,=43G,A4,=45G, A,= 15 G [22].

The concentration of radicals calculated in this study
(N,) had the following values: 5 x 10 g~! (TiO,), 1.3 x
105 g~ (WO;), 1.5 x 107 g=! (M0Os).
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Fig. 2. EPR spectra of TiO,/MoOj (1), TiO,/M005/V,05
(2), TiO5/M003/WO3 (3) nanoheterostructures. Recording

temperature 77 K.

The EPR spectra of TiO,/WO; and TiO,/MoO;
microspheres are shown in Fig. 1b.

We first discuss the EPR spectrum of the
TiO,/WO; samples, which is a superposition of several
overlapping EPR signals with various parameters
(interpretation from left to right in Fig. 1b): N* radi-
cals; NO* radicals; W>* radicals g, = 1.88, g, = 1.83,
g;= 18, AH, =64 G, AH,= 38 G, AH;= 88 G [26].
In TiO,/MoO; microspheres, superposition of the
EPR spectrum of significantly higher intensity is also
observed in comparison with TiO,/WO; structures.
According to the computer simulation data, it is char-
acterized by the following parameters: N° radicals;
NO-* radicals; Ti**/oxygen vacancy centers; Mo>* rad-
icals; surface Mo’* radicals g, = 1.921, g,= 1.784,
AH, =48 G, AH,=57 G, A, =48 G, A, =27 G [26].
For the samples shown in Fig. 1b, the N, values were
also calculated: 9 x 10'® g=! (TiO,/WOs;), 8 X 107 g~!
(TiO,/Mo00;).

The EPR spectra of TiO,/V,0s; and
TiO,/Mo00;/V,05 microspheres are shown in Fig. 1c
and also have a complex structure. A theoretical anal-
ysis of these data showed that the EPR spectrum of the
TiO,/V,05 sample result from the superposition of
contributions from N°* and V*" radicals (g, =1.993,
g = 1949, AH, = 275 G, AH,= 18 G, 4, = 53 G,
A, = 150 G) [27, 28]. The EPR spectrum of the
TiO,/Mo00,/V,0s sample was strongly broadened,
probably due to spin-exchange interaction, which usu-
ally takes place in systems with a high local concentra-
tion of radicals (spin centers) [29]. As a result of com-
puter simulation, the following EPR spectrum param-
eters were recovered: N° radicals; Mo°" radicals;
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V#* radicals. The samples shown in Fig. 1c are charac-
terized by the following concentrations N,: 7 x 1017 g~!
(Ti0,/V,05), 3.8 x 10" g~ (Ti0,/M00,/V,05).

The EPR spectra of TiO,/Mo0O;, TiO,/Mo00O;/V,0s,
Ti0,/Mo00O;/WO; nanoheterostructures are shown in
Fig. 2 and are the superposition of EPR signals from
different radicals.

In the TiO,/MoO; samples, the following radicals

were found: N°; Ti’*"/oxygen vacancy; Mo°.
TiO,/Mo00;/V,05 heterostructures are characterized

by superposed spin centers, such as N*; Ti*"/oxygen
vacancy; Mo>"; V**. The calculated N, concentrations
had the following values: 2 x 10'® g=! (TiO,/Mo00O5),
1.5 x 10 g! (TiO,/M00,/V,05), 1.3 x 107 g!
(TiO,/Mo00O5/WO5).

Since the topic of this work is the development and
study of energy-efficient nanomaterials based on tita-
nium dioxide with a high degree of photocatalytic
activity in the visible region, the photocatalysis kinet-
ics were measured using the studied structures when
they were irradiated with light in the wavelength range
AL = 400—750 nm. The photodegradation reaction
of Rhodamine 6G dye was used as the test reaction.
The results are shown in Fig. 3. As follows from
Fig. 3a, the highest photocatalytic activity among
WO;/Mo0,;/TiO, microspheres were the TiO, sam-
ples. This may be due to both the high concentration
of radicals participating in redox reactions on the sur-
face of the photocatalyst and the lower recombination
rate of photoexcited electrons and holes in TiO, in
comparison with other studied metal oxides [12]. After
illumination was turned off ( = 20 min), dye degrada-
tion ceased.

Analysis of Fig. 3b shows that in the series of
TiO,/WO;, TiO,/V,0s, TiO,/M00O;, TiO,/M00;/V,04
microspheres, the first three samples are characterized
by approximately the same photocatalysis rates, while
triple microspheres have the highest photoactivity in
the visible range.

Comparative analysis of the N, values of this series of
samples showed that the TiO,/Mo0O;/V,0s structures
have the largest N, values. The revealed tendency of cor-
relation between the photocatalysis rate and the concen-
tration of radicals in the samples also occurs in the series
of TiO,/MoO;, TiO,/Mo00,;/V,0s, TiO,/M00O;/WO,
(Fig. 3¢).

Indeed, the TiO,/Mo00O;/V,05 samples have the
maximum N, value in this series. After illumination is
turned off (r = 20 min), the dye degradation process
continued in the microspheres consisting of several
metal oxides and nanoheterostructures (Figs. 3b
and 3c). This indicates that the recombination of pho-
toexcited electrons and holes was suppressed. It can be
assumed that electrons from TiO, are injected into
WO;, M0O;, V,0,. As aresult, electrons and holes will
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be spatially separated, which dramatically reduces the
recombination rate. Thus, the obtained samples
exhibit catalytic activity even after illumination is
turned off, which indicates their energy efficiency.

Note that large concentrations of radicals not only
affect the rate of photocatalytic reactions, but can also
be responsible for increasing the absorption coeffi-
cient of samples in the visible range. The latter, in
turn, also leads to an increase in the photocatalysis
rate. Therefore, in this work, we studied the coeffi-
cient of light absorption by samples of microspheres
and nanoheterostructures. We investigated the spectra
of diffuse light scattering from all samples in the range
from 250 to 700 nm. From these data, using the spec-
trum of a reference white sample, light absorption
spectra were obtained for the studied nanostructures.
The band gap values E, of these structures were deter-
mined using Kubelka and Munk’s two-component
theory [21] (under the assumption that the irradiating
light is monochromatic and the diffusely reflected
radiation is isotropic). According to this theory, dif-
fuse reflection R of the sample depends only on the
ratio of the absorption coefficient o0 and the scattering
coefficient S, and not separately from the scattering
coefficient or absorption coefficient:

2
@R - ),
S 2R

where F(R) is the Kubelka—Munk function.

To determine the band gap, the experimental data
were represented as the dependence

(ahv): = AX(hv),

where A is a constant, /4 is the Planck constant, and v is
the radiation frequency. Band gap E, was determined
from the intersection point of the linear extrapolation
of this dependence with the abscissa axis. As an exam-
ple, Fig. 4 shows the construction of the function
(othv)? depending on the energy of quanta Av and the
band gap for microspheres TiO, obtained by aerosol
pyrolysis.

According to the calculations, the band gap for the
indicated TiO, microspheres is 3.08 £ 0.03 eV. The
band gap determined by a similar method for TiO,
microspheres doped with nitrogen did not differ
much: 3.22 = 0.03 eV.

The band gap of molybdenum(VI) nanooxide is
much wider than that of titanium oxide; its width is
about 3.86 eV [30, 31]. However, determining the opti-
cal band gap of MoO; is complicated by the presence
of an additional absorption band in the range A = 330—
400 nm with a maximum at A = 350 nm.

For nanopowder with TiO,/V,0; heterojunctions,
optical absorption, judging from the measurement
results, is determined by the band gap of vanadium
oxide. After constructing the Kubelka—Munch func-
tion for TiO,/V,05 nanoheterostructures, it is possible
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Fig. 3. Kinetics of photocatalysis for samples: (a) WO5 (1),
MoOj3 (2), TiO, (3) microspheres; (b) TiO,/WO3 (1),
TiO,/V,05 (2), TiOy/Mo0Oj3 (3), TiO,/M005/V,05 (4)
microspheres; (c) TiO,/WO3 (1), TiO,/MoO; (2),
TiO,/Mo003/V,05 (3) nanoheterostructures for photoex-
citation in the visible range. Arrows show times of switch-
ing illumination on (¢ = 0) and off ( = 20 min). C;, dye
concentration at time = 0; C, dye concentration at time 7.

to calculate that the edge of the optical absorption
band is determined by a value of E, = 2.5 £ 0.2 eV,

which is typical of vanadium oxide.

As noted above, the creation of multicomponent
nanoheterostructures can not only affect the band
gap, but also create additional radiation absorption
centers and change the absorption spectra of the sam-
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Fig. 4. (Color online) Dependence of function (ochv)2 on
energy of quanta /v and extrapolation of this dependence
to determine optical band gap E, for TiO, microspheres.
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Fig. 5. (Color online) Additional absorption spectrum of
TiO, microspheres doped with nitrogen compared with

titanium dioxide not containing impurities.

ples. The difference absorption spectra of the created
doped microspheres and nanoheterostructures have
been studied in comparison to undoped TiO,.

Doping of nanostructured microspheres with
nitrogen atoms leads to an additional absorption line
in the visible region. The corresponding difference
absorption spectrum is shown in Fig. 5.

The resulting excess light absorption by
TiO,/Mo0O; nanoheterostructures in the visible region
compared with pure TiO, nanopowder is shown in
Fig. 6a; for TiO,/V,05 nanoheterostructures, in
Fig. 6b. Light absorption by ternary TiO,/Mo00O;/V,05
nanoheterostructures in the visible region is much
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Fig. 6. Additional absorption spectrum of TiO,/MoOj (a),
TiO,/V,05 (b), and TiO,/M00O3/V,05 (c) nanohetero-
structures compared to impurity-free titanium dioxide.

higher than that of pure TiO,. The excess light absorp-
tion by TiO,/Mo00;/V,05 nanopowder in the visible
range compared to pure TiO, is shown in Fig. 6c¢.

Note that the concentration of radicals and the
photocatalysis rate did not change during storage of all
the studied samples from the time of preparation
(9 months).
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CONCLUSIONS

The structural, electronic, and optical properties of
a series of samples of microspheres and nanohetero-
structures consisting of nitrogen-doped nanocrystal-
line metal oxides, one of which is titanium dioxide,
were obtained and investigated. It was found that all
samples are characterized by a large specific surface
area (about 100 m?/g of substance) and, as a result, a
high concentration of radicals, which varies over a
wide range (from 10 to 10" g~!) depending on the
type of sample. It was found that the main type of rad-
icals in the studied structures are N°*, NO°®, and metal
ions (Ti**, Mo’*, V4 W>"). These defects create
energy levels in the band gap of metal oxides, thereby
providing an effective channel for light absorption in
the visible region.

The relationship between the photocatalysis rate
and concentration of radicals in a series of samples of
nanostructured doped metal oxides with different
morphology and chemical composition was studied
for the first time. A correlation between the indicated
values was revealed. The microspheres and nanohet-
erostructures obtained in the study, consisting of sev-
eral metal oxides (one of which is titanium dioxide),
have the function of accumulating photogenerated
charge carriers, which is expressed in prolonged catalysis;
i.e., the latter continues after illumination is
turned off.

The results of this study are an important contribu-
tion to the development of new-generation energy-
efficient photocatalytic devices based on nanocrystal-
line titanium dioxide, which operate in the visible
range and do not require continuous illumination.
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