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Abstract—Much attention is paid to studies of the processes occurring in heterogeneous catalysis with the use
of nanomaterials, in particular, photocatalysis. Titanium dioxide and zinc oxide are among the most wide-
spread photocatalysts due to their high chemical stability, suitable band gap, and rather high lifetime of non-
equilibrium electron—hole pairs. In order to increase the photocatalytic activity (PCA) of these materials,
including the case of a visible light action, various approaches are applied, in particular, the development of
a composition material with a metal—semiconductor or semiconductor—semiconductor contact. We have
chosen semiconductors of n-type (WO3) and p-type (CuO) as components of such composites because of
their potential positive influence on the PCA of titanium dioxide at the expense of spatial separation of non-
equilibrium charge carriers and, respectively, increase in their lifetime. In order for the obtained composites
to be commercially valuable, we have chosen a method of synthesis by modifying the ready TiO, preparations,
including those that are commercially available (Degussa P25). It has been shown that the modification with
CuO lowers PCA of titanium dioxide, while the modification with WO; enhances it by 25%. It has been

demonstrated that WO;/TiO, composite manifests PCA under visible light illumination.

DOI: 10.1134/51995078016010092

INTRODUCTION

Titanium dioxide (titania) in a nanocrystalline
state is one of the most perfectly studied materials
used for photocatalysis [1, 2]. The chemical stability of
nanoparticles of this material makes it a highly attrac-
tive object for application under very different condi-
tions of chemical processes. The synthesis of such
materials, which manifest photocatalytic properties
under a visible light illumination, makes it even more
useful. For this purpose, it is necessary to develop
composites of TiO, with semiconductors, which
absorb the light in a visible spectral region and whose
band structure in the contact region would promote
the generation of nonequilibrium charge carriers
under visible light illumination and increase the life-
time of these carriers. Theoretically, such a mutual
interaction could be expected for a number of
TiO,/semiconductor composition materials; however,
the possibility of the practical implementation of such
processes in the contact region between TiO, and
semiconductor has not been proven certainly as yet.
Indirect proof for the presence of such an interaction
may be the registration of changes in the material
functional properties, e.g., changes in the photocata-
lytic properties by keeping other equal conditions by
measuring the photocatalytic activity of various
samples.
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Taking into account the necessity of comparing the
properties of the composition material with unmodi-
fied titania and the fact that the used method of syn-
thesis should allow us to obtain a nanocomposite with
a good contact between crystalline nanoparticles of its
components, we have chosen the method of impreg-
nation from a whole variety of nanocomposite synthe-
sis methods.

For modifying titania we have chosen copper oxide
and tungsten oxide as the semiconductor materials
absorbing the light both in UV and visual spectrum
regions. The choice was also determined by the suit-
able band gap structure of these substances and the
possibility of practically comparing the dependence of
the modified titania functional properties on the semi-
conductor type. Due to the fact that the conduction
band of tungsten oxide is lower than the corresponding
band of TiO, [3] (Fig. 1), a transfer of the electrons
from a titania particle onto WO; particle becomes pos-
sible. Such a process results in an effective separation
of nonequilibrium charge carriers and an increase in
their lifetime. On the other hand, due to the lower
position of the WO, valence band relative to that of
TiO,, a transfer of the holes generated at WO; [4, 5]
becomes possible. These charge carriers will be key
participants of the process of photocatalysis under a
visible light illumination. The possibility of such trans-
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Fig. 1. Scheme of the band structure of CuO/TiO, and WO3/TiO, contacts according to the data of [3].

fers implies the high photocatalytic activity both in UV
and visual regions. In the case of CuO, the transport of
nonequilibrium charge carriers through CuO/TiO,
contact will proceed in the opposite direction: the
photogenerated holes from TiO, should be trans-
ported onto CuO [6], while nonequilibrium electrons
should be transported from CuO onto TiO, (Fig. 1).
Thus, oxidative processes will proceed predomi-
nantly at copper oxide surface.

It is also necessary to pay attention to a correct
comparison of the material functional properties. It is
possible by account for a number of factors affecting
the rate of photocatalytic reactions, such as the
amount of the catalyst, the dye concentration, impuri-
ties, intensity of irradiation, oxygen concentration,
temperature, rate of stirring, and pH of aqueous solu-
tions.

An account for these factors by the determination
of the rate of photocatalytic decomposition of methyl
orange in an aqueous solution and studying the
obtained samples by transmission and scanning elec-
tron microscopy, X-ray phase analysis, and spectros-
copy of diffuse reflectance allow us to characterize in
detail TiO,/semiconductor composition material.

EXPERIMENTAL

A mesoporous titania was synthesized by the tem-
plate method: a hydrolysis of titanium butylate
Ti(O"Bu), was carried out in an aqueous solution in
the presence of a nonionic surface active substance
(SAS) Pluronic P123, representing a triblock copoly-
mer of polyethylene—polypropylene. A batch of tri-
block copolymer was dissolved in distilled water, HCI
was added to achieve pH 2, and 1% mol NH,F was
added to increase the efficiency of polycondensation
[7]. Then the solution was cooled to 0°C and
Ti(O"Bu), (Aldrich, 97%) was added under stirring,
which led to the formation of a white suspension.
Upon the beginning of hydrolysis, the suspension was
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treated in an ultrasonic bath and then stirred at room
temperature for 72 h, centrifugated, rinsed with dis-
tilled water to a neutral pH, and air-dried. In order to
remove the template residuals, the sample was
annealed in an oxygen flux for 3 h at a temperature of
350°C.

In order to obtain titania samples coated with cop-
per(IT) oxide nanoparticles, we used the method of
impregnation of both a commercially available prepa-
ration of TiO, (P25 Degussa) and preliminarily syn-
thesized mesoporous titania with salts of Cu?* and the
subsequent thermal decomposition of the latters. For
an impregnating solution, we have chosen Cu(NO;),
and copper formate. The deposition was carried out in
the following way: a powder of titanium dioxide in a
ratio 1 g on 2 ml was added to solutions of copper
nitrate and formate. The obtained suspension was
intensively stirred for 20 min; then it was centrifu-
gated, the solution was decanted, and the obtained
sediment was rinsed with water and repeatedly centrif-
ugated under the same conditions. After this, titanium
dioxide was again transferred into a suspension and
frozen in liquid nitrogen to carry out a freeze-drying.
The dried samples were annealed in a muffle furnace
for 2 h at a temperature of 550°C in air to the forma-
tion of copper(Il) oxide.

In order to obtain TiO, nanoparticles modified by
the deposition of WO;, we used the method of tung-
sten oxide deposition onto the surface of TiO, particles
from the solution. The batches of sodium tungstate
with a mass estimated for the preparation of the sam-
ples contained 1, 5, 10, and 15 mol% of WO, respec-
tively, were taken. After this, a fresh sediment of tung-
stic acid WO, - xH,O was obtained from each batch by
the hydrolysis of sodium tungstate in muriatic acid,
which then was centrifugated and rinsed several times.
The sediments of tungstic acid were dissolved in con-
centrated ammonia. One gram of titanium dioxide
powder was added to the ammonia solution and the
suspension was intensively stirred for 20 min. Then the
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suspension was brought to pH 2 by adding muriatic
acid, in order to deposit tungstic acid onto the tita-
nium dioxide surface.

WO3 : tzo + 2NH3 : H20 —> (NH4)2WO4
+ (x+ DH,0,

(NH,),WO, + HCl - NH,CI + WO, - H,0.

The suspension was centrifugated, rinsed, frozen in
a liquid nitrogen, and subjected to sublimational
drying.

In order to study the intrinsic photocatalytic activ-
ity of a nanocrystalline tungsten oxide, which is
obtained by a modification of TiO,, a reference sample
was synthesized by depositing WO; onto a neutral
mesoporous matrix (SiO,) according to the method
described above by designing WO, content of 5 mol%.
A mesoporous SiO, was synthesized for this purpose
according to the method mentioned in [7].

METHODS OF STUDIES

The absorption spectra were registered on a
Lambda 950 spectrophotometer (PerkinElmer, United
States) in a wavelength range from 250 to 1000 nmin a
diffuse reflectance mode. The measured spectra were
recalculated according to the Kubelka—Munk for-
mula:

2
KR - reo,

S 2R,
where K and S are the coefficients corresponding to
the absorption and reflection from the sample and R is
the reflected signal intensity; it is important to note

that F(R.) ~ o, which makes it possible to determine
the band gap by rearranging the spectra in the Tauc

plot [8] with the use of (F(R..)Av)"? instead of (athv)!/2
[9]. The 1/2 degree is used in the case of semiconduc-
tors with an indirect allowed transfer, to which tita-
nium dioxide belongs.

The X-ray diffraction experiments were carried out
on a Rigaku D/MAX 2500 powder diffractometer with
a rotating anode in a reflectance mode (the Bragg—
Brentano geometry) with the use of Cu Ka,, , radiation
and a graphite monochromator. The X-ray generator
had the following parameters: the accelerating voltage
was 45 kV and the power of the X-ray tube was
11.25 kW. Acquiring of diffraction patterns for the
phase analysis was performed in quartz and oriented
silicon cuvettes using a standard holder designed for
six samples. A collection of X-ray diffraction patterns
for the phase analysis was carried out in a mode of a
continuous 6-26 scanning at a rate of detector move-
ment of 3°/min and an averaging parameter of 0.02°
on a 20 scale. The identification of the diffraction
maxima was carried out using JCPDS database.

Analyses by scanning electron microscopy (SEM)
and X-ray spectral microanalysis (EDX) were carried
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out on a LEO SUPRA 50VP device (Germany) with
the use of an X-MAX 80 energy dispersive analyzer
(Oxford Inst.) at an accelerating voltage of 20 kV and
an aperture of 60 um. An acquisition of the character-
istic X-ray radiation spectra was carried out with a
spectrometer resolution of 10 eV per a channel and a
rate of counts from 2000 to 20000 cps. The analysis
was carried out using a total X-ray radiation from the
whole chosen area. The calculation of the elemental
composition was carried out with the use of the Oxford
INCA software package.

An analysis by transmission electron microscopy
(TEM) was carried out using a Zeiss Libra 200 micro-
scope with a field emission cathode at an accelerating
voltage of 200 kV.

In order to measure the photocatalytic activity of
the samples, we used an original measuring setup
based on a commercially available quartz reactor of
the firm AceGlass Inc. The scheme of the setup is
shown in Fig. 2. This setup is composed of a quartz
reactor in whose working zone (1) a sample suspen-
sion and a dye are placed. During the experiment, it is
possible to pass gas through a membrane (2) through a
reaction mixture. The reactor working zone is illumi-
nated by a cylindrical high-pressure mercury bulb (3);
its power is 5.5 W. The lamp is cooled and, simultane-
ously, the suspension is thermostatically controlled by
a flux of cooling liquid (water or a liquid color filter)
through a cooling system (4). In order to study the
photocatalytic activity in a visible region, a standard
liquid color filter with a transmission band from 500 to
600 nm was used. The aqueous solution of CuCl,
(10wt %), NaNO; (15 wt %), CaCl, (13.4 wt %) was
used as liquid color filter [10].

The use of methyl orange as one of the most wide-
spread diazo dyes as a photodecomposing agent, is, in
our opinion, the most reasonable, because in this case
the first stage of degradation takes place with a
destruction of a diazo group being a coloration center
[11]. The measurements were carried out in a medium
of a phosphate buffer solution (pH 6.9), which
excludes possible changes in the position of the dye
absorption peak and this peak intensity. In order to
take into account possible temperature dependences
of the photocatalytic oxidation rate and the rates of the
adsorption/desorption processes, all the measurements
of PCA of oxidation were carried out in a thermostati-
cally controlled mode at a temperature of 40°C.

During an experiment, a continuous sampling is
carried out from the reactor using a peristaltic
pump (5). A flow of the reaction mixture passes
through a U-shaped cell (6), where its absorption
spectrum is measured. In order to measure the absorp-
tion spectra of suspensions, we used an HRX-2000
xenon lamp, an OceanOptics QE65000 spectropho-
tometer, an OceanOptics system of light guiding
fibers, and an original cuvette section which allows
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Fig. 2. Scheme of the setup for measuring the photocatalytic activity; the designations are given in the text.

one to work with absorption values from 0.1 to 3. The
absorption spectra were collected digitally in an auto-
matic mode with an interval of 5 s. Each spectrum was
obtained as a result of averaging of at least ten single
measurements.

The measurements of PCA were carried out by the
implementation of the following operations: a sample
batch of 2.5—3.5 mg was placed into 8 mL of a phos-
phate buffer solution (pH 6.9), treated in an ultrasonic
bath for 5 min to remove coarse aggregates, and then
placed into the working zone of the quartz reactor.
The suspension stabilized and its absorption spectrum
stopped noticeably changing in 15—20 min, after that
7 mL of a methyl orange solution was added (with a
concentration of 100 mg/L). Then, also in 15—20 min,
after the dye absorption process was completed, a UV
lamp was switched on and the measurement of PCA
was carried out for 5—6 h. The processing of obtained
spectra was carried out in an automatic mode using a
program written in the Python 2.7 programming lan-
guage. The program works according to the following
algorithm: first, in each obtained spectrum the inten-
sity of an absorption maximum is calculated; then, a
dependence of the intensity maximum on time is plot.
A spectrum corresponding to the stabilized TiO, sus-
pension is manually indicated on this dependence,
after that the program in an automatic mode subtracts
the absorption spectrum of the stabilized suspension
from all the subsequent spectra. In the obtained set of
optical absorption spectra of methyl orange, a search
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for maxima is carried out and the dependence of the
absorption intensity maximum for methyl orange on
time is plot.

DISCUSSION OF RESULTS

An X-ray analysis of the obtained preparation of
mesoporous titania, hereafter called mTiO,, has
shown that it consists of anatase with a small amount
of brookite (Fig. 3a). The powders of the composites
obtained by impregnation with a solution of copper
nitrate possessed a yellow-green color and the color-
ation intensity increased with the impregnating solu-
tion concentration. The preparations obtained using
copper formate did not differ from those obtained
using copper nitrate. Similar data were obtained using
electron microscopy, X-ray spectral microanalysis,
X-ray phase analysis, and optical spectroscopy. A
deposition of tungsten oxide brought to the samples a
pale yellow coloration whose intensity increased with
the content of the modifying oxide (WO,).

The spectra of diffuse reflectance from the
CuO/TiO, samples obtained by impregnating with
copper nitrate and WO;/TiO, are presented in Figs. 4a
and 4b. By recalculation of these spectra in the Tauc
plot, we have determined that the absorption edge for
the initial titanium oxide corresponds to the band gap
of 3.0—3.1 eV. A shift in the absorption edge of TiO, is
observed in the absorption spectra for the composites
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Fig. 3. (a) Diffractogram of mesoporous titanium dioxide and Degussa P25 preparation, (b) diffractograms of the samples
CuO/TiO, obtained using copper nitrate, (c) diffractograms of the WO3/TiO, samples, (d) difference diffractogram of the
CuO/TiO, sample and the initial titanium dioxide (the diffraction maxima of the CuO phase (tenorite, [48-1548]) are marked),
(e) difference diffractogram of the WO3/TiO, sample and the initial titanium dioxide (the diffraction maxima of the phase

WOj; - H,O [43-679] are marked).

with copper oxide, which is most probably associated
with the formation of defect levels in an energy range
of 2.2—2.7 eV in TiO, as a result of annealing. An
absorption band is observed in these composites with
an edge at ~1 eV, which corresponds to copper(Il)
oxide. An absorption edge in an energy range of 2.4—
2.5 eV is observed in the absorption spectra for the
composites with WO;, and corresponds to tung-
sten(VI) oxide. Additional peaks, except for a small
shift in the absorption edge of TiO,, are not observed
in the spectra of these composites; this is expected for
the case of the applied synthesis of WO;/TiO, com-
posites without a high-temperature annealing.

The diffractograms obtained for the CuO/TiO, and
WO,/TiO, samples are presented in Figs. 3b and 3c,
respectively. In order to separate the peaks corre-
sponding to CuO phase, we have built a difference dif-
fractogram for a composite with a maximum esti-
mated mass content of CuO and the initial sample of
titanium dioxide P25, which is presented in Fig. 3d. In
order to separate the peaks corresponding to WO;, we
have also built a difference diffractogram. The result is
presented in Fig. 3e. The position of the diffraction
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maxima corresponds to the basic phases of the com-
position of CuO (tenorite, /48-1548]) and WO; - H,O
(hydrated tungsten oxide [43-679]).

In order to obtain information about the micro-
structure of nanoparticles of modifying oxides located
on the TiO, surface, we have carried out an analysis
using transmission electron microscopy. The micro-
photographs of the obtained nanocomposites are pre-
sented in Fig. 5. As follows from this data, samples do
not contain coarse inclusions of modifying semicon-
ductors, and titanium dioxide is not changed in the
process of modification with semiconductors.

The microphotographs of a CuO/TiO, sample
reveal the formation of nanoparticles with a size of 5—
7 nm on TiO, surface. These particles are composed of
copper oxide, which is proven by the electron diffrac-
tion data. The particles can be seen in the images
obtained from WO,;/TiO, samples (Fig. 5c), which
possess a long shape that is not typical for titania. In
the electron diffraction patterns the intensity maxima
are registered, which do not correspond to any of tita-
nia modifications, but are close to the maxima for
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Fig. 4. (a, b) Spectra of diffuse reflectance of CuO/TiO, and WO3/TiO, composites; (c, d) the same spectra in the Tauc plot.

WO; - H,0. The ability of tungsten oxide to form rod-
shaped structures is proven by the literature data [12].
In order to study the morphology of tungsten oxide
structures, which are present in a sample, we have
obtained SEM images, including those in backscat-
tered electrons (a chemical contrast mode) (Fig. 5f).
Bright rod-shaped particles are seen in the image; they
are composed of heavier atoms than surroundings,
which can be a proof of the presence of tungsten in
them. The content of copper and tungsten oxides in
the composites was determined using EDX method;
homogeneity of CuO and WO; distribution over the
samples was checked by EDX mapping.

After an analysis of the chemical composition and
microstructure, we measured the photocatalytic activ-
ity for each of the samples. The kinetic curves for all
the samples were plotted in the semilogarithmic scale
and fitted by a linear law, where the slope coefficient
corresponded to the reaction rate constant. In order to
compare PCAs for various samples, their rate con-
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stants of were normalized to the sample weight and, as
a result, the constants measured in 1/(s g) units were
obtained. To avoid the influence of possible inessen-
tial changes in the parameters of PCA measurements
on the measured value of the reaction rate constant,
the PCA of the initial titanium dioxide P25 was mea-
sured for every series of the samples. The data of the
photocatalytic activity of the samples under the UV
light illumination are presented in Fig. 6, where PCA
of the composites are normalized to PCA of the ini-
tial TiO, preparations. An error of measurements
amounted to no more than 20%, which was verified by
repeated experiments.

PCA of the mesoporous titania is about 30—40% of
the measured photocatalytic activity of P25 Degussa.
It may be caused by a high weight amount of X-ray
amorphous phases in the resulting preparation.

It has been shown that WO;/TiO, composites
manifest higher PCA in a UV range in comparison
with the initial titania preparations, as expected for a
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Fig. 5. (a) TEM microphotograph of the initial commercial P25 Degussa TiO, preparation, (b) TEM microphotograph of the
initial mesoporous TiO,, (c) TEM microphotograph of WO3/TiO, nanocomposite, (d) TEM microphotograph of CuO/TiO,
nanocomposite, (¢) SEM microphotograph of WO5/TiO, nanocomposite, (f) SEM microphotograph of WO5/TiO, nanocom-

posite obtained in backscattered electrons (chemical contrast).

NANOTECHNOLOGIES IN RUSSIA  Vol. 11 Nos. 1-2 2016



PHOTOCATALYTIC PROPERTIES

14+ @) 125} (b)
1.2+
2 2 1.00f ¢ - ----"-"-"-"=-"-"-""-"-"=-"-"="-"-——~
S 10f@ = £
3 03 B 075
S o6l S o0l
& g 0.
0.4F I I I
0.25F
0.2} | l
0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
0 0.5 1.0 1.5 2.0 0 02 04 06 08 1.0 1.2
Mass fraction of CuO, % Mass fraction of CuO, %
1.50 -
(©) (d)
1.50 F 1.4 -
£125) } } g2y
5 5 10+ e . e --
T:):‘l'oo RO E).\ 0.8 [
<0.75+ <
O 06 F
0.50 04k
0.25rF 0.2 +
0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
0 2 4 6 8§ 10 12 14 16 0 05 1.0 1.5 2.0 25 3.0 3.5
Mass fraction of WO;, % Mass fraction of WO;, %

Fig. 6. Photocatalytic activity of the composites normalized to PCA of the initial TiO,: (a) CuO on the Degussa P25 preparation
(the samples obtained using copper formate are marked in light), (b) CuO on mesoporous TiO,, (c¢) WO3 on the Degussa P25

preparation, and (d) WO3 on mesoporous TiO,.

C/Cy, %

100

98

96 I WO;/TiO;
| S— WO3/5102
- CuO/TiO,

0 1 2 3 4
Time, h

Fig. 7. Kinetic curves of photodecomposition under a visible light illumination in the presence of various photocatalysts.
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composite promoting an increase in the lifetime of
photogenerated holes in titania nanoparticles. A mod-
ification of TiO, with copper oxide leads to lowering in
PCA both in the case of a commercial TiO, and in the
case of mesoporous titania, which can be explained
either by the low efficiency of separation of nonequi-
librium charge carriers in a system, where a transfer of
holes onto a modifier particle is required, or by a lower
rate of decomposition of organic substances on CuO
surface.

An experiment where WO; was deposited onto a
carrier of mesoporous silicon dioxide has shown that
such a catalyst manifests photocatalytic activity about
30% of Degussa P25; in this case, mesoporous silicon
dioxide does not possess photocatalytic activity, which
was proven by the corresponding measurements of
PCA.

The photocatalytic activity in a visible spectral
region was measured for CuO/TiO,, WO,/TiO,, and
WO,/Si0, preparations. The kinetic curves obtained
in the course of the experiment are presented in Fig. 7.
As follows from this data, WO,/TiO, nanocomposite
manifests an observable PCA under the visible light
illumination, while CuO/TiO, and even WO;/TiO;
does not change the dye concentration during the
experiment. It should be noted that neither P25
Degussa preparation nor mesoporous SiO, possess
photocatalytic activity by measuring under these con-
ditions.

It was shown, that the modification of TiO, with
tungsten oxide allows not only to increase the photo-
catalytic activity in UV region, but also to obtain a
composite WO,/TiO, material with an observable
PCA under the illumination of a visible light in a range
from 500 to 600 nm.

CONCLUSIONS

The modification of TiO, with copper oxide leads
to a deterioration of the photocatalytic properties in a
UV range compared with a nonmodified material.
A noticeable PCA in a visible region is not observed
for these materials. This can be accounted for by both
a hampered separation of charge carriers at CuO/TiO,
interface and a relatively inefficient oxidation of
organic substances by photogenerated holes on CuO
surface.

The modification of TiO, with tungsten oxide leads
to an increase in PCA in UV region of the spectrum by
more than 25% when compared to the initial TiO,; in
this case, the modified materials manifest PCA in a
visible region, which is probably a consequence of an
efficient separation of charge carriers at WO;/TiO,
interface both in the case of generation of nonequilib-
rium charge carriers in TiO, bulk and in WOj;.
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