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The CuxOy-TiO2 nanocomposite was synthesized by a pulsed plasma-chemical method. Pulsed plasma-chemical synthesis was performed
using a laboratory bench, which included a TEA-500 pulsed electron accelerator and a reaction chamber. The structure of the composite was
studied by X-ray phase analysis and transmission electron microscopy. The dependence of the geometric mean size, morphology, and phase
composition of the composite on the molar ratio of reagents in the initial mixture, such as a reaction chamber, was confirmed. The morphology
of the particles of the CuxOy-TiO2 nanocomposite with the core/shell structure changed into spherical particles with a uniform porous

structure. The phase composition with a predominant rutile phase transformed to a mixture of several crystalline phases (anatase, rutile,

copper chloride).
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INTRODUCTION

A large number of studies have focused on the
(Ti0,)
nanopowders, as evidenced by more than 80 papers published

photocatalytic activity of titanium dioxide
from January to April 2021 in Scopus [1-4]. This is due to the
potential use of titanium dioxide-based photocatalysts in
wastewater and air purification, self-cleaning glasses to be
used in buildings and automotive equipment, and the
treatment of the surface of walls in hospitals and public
buildings to reduce the level of bacterial contamination [5-
14]. However, due to the peculiarities of the band structure
of TiO,, this material exhibits its photocatalytic properties
only when exposed to electromagnetic radiation in the UV
range, which means that it can use only about 4% of the
intensity of sunlight radiation [5-7]. For this reason, the
development of materials based on titanium dioxide with
more efficient use of the visible range of electromagnetic
radiation is of great importance. There are several ways
to increase the photocatalytic activity of titanium dioxide,
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including the following: 1) the of TiO;

nanostructures of a given phase composition and morphology

synthesis

and 2) the production of composite materials with metal and
semiconductor  nanoparticles. The preparation of
nanocomposites based on titanium dioxide and copper(Il)
oxide (CuO) is done based on the fact that CuO, as a dopant,
affects the phase composition of TiO,. It has been shown that
in CuO-TiO; systems, the change in the anatase/rutile phase
ratio is dependent on the CuO concentration [10-13], which,
in turn, changes the photocatalytic properties of the prepared
nanocomposites.

The influence of the CuO content (0-15 wt.%) in the
CuO-TiOcomposite on its photocatalytic properties was
studied [10]. It was found that 1.25 wt.% of the CuO content
in the composite was the optimal content for the production
of H, from a mixture of ethanol and water under UV
exposure. In another study [11], CuOy-TiO; nanocomposite
was prepared by the impregnation method. This study
demonstrated how the copper content (0.1 to 2 wt.%) and
calcination temperature (200, 300, 400, and 500 °C) affected
the photocatalytic activity of the CuOx-TiO, nanocomposite.

The optimum copper content and calcination temperature
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were 2 wt.% and 300 °C, respectively.

CuO-TiO, composites in the form of nanorods with a
core-shell structure were synthesized by the sol-gel method
[11]. The synthesized CuO-TiO, composites of nanorods
with a core-shell structure had a high specific capacity
(400 mAhg! at 0.1 C rate) and cycle stability (94% after 100
cycles). A CuO-TiO, composite was prepared by the
hydrothermal method [13]. In the CuO-TiO; nanocomposite,
the production of H, was 15 times higher than that of TiO;
and 16 times higher than that of pure CuO.

A CuO-TiO,
electrochemical oxidation [15]. The composite was tested as

nanocomposite was prepared by
a catalyst in the electrocatalytic reduction of NHs. In another
study, a CuO-TiO; composite with a core-shell structure was
synthesized from  Cu(NOs3),:3H,O and tetrabutyl
orthotitanate (TBOT) by a chemical method [16]. Based on
the results, it was offered that the CuO-TiO, composite could
be used in the manufacture of high-performance dielectrics
in electrical appliances. The use of a CuO-TiO, composite as
a sensor was investigated in [17]. The optical, chemical, and
electrical properties of the CuO-TiO, composite were studied
in [18]. Due to the narrow band gap of CuO nanoclusters
(about 1.7 eV), the composite showed high photocatalytic
light. In CuO-TiO,
nanocomposites have been used as a catalyst, a gas sensor, a

activity in  visible addition,
glucose level sensor, and an element in lithium-ion batteries
[19-26].

In the present work, electrospark and pulsed plasma-
chemical methods were used to synthesize CuyxOy-TiO;
nanocomposites. The aim of this work was to study the phase
and chemical composition and morphology of the CuyOy-
TiO; nanocomposites based on the concentration of the initial
reagents and the design of the reaction chamber.

EXPERIMENTAL

Materials

To prepare CuxOy samples, a copper plate (98.6%) was
used. TiO, was synthesized using titanium tetrachloride
(TiCly, 99.9%), oxygen (02, 99.9%), and hydrogen (Ho,
99.9%). The initial reagents were purchased from Sigma-
Aldrich and used without any further purification.
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Synthesis of Cu.O, Nanoparticles

The Cu,Oy particles were synthesized by the electrospark
method [27-28]. A laboratory stand was used, which included
an electrode system, a movement system, a system for
measuring processing parameters (an oscilloscope and a
current sensor, a high voltage divider, and a pressure gauge),
a source of current pulses, and a vacuum system (a vacuum
pump, gas cylinders with a working gas, gas routes, and gas
taps). More specifically, the laboratory stand used a power
supply circuit consisting of two generators operating at one
interelectrode gap. The generator consisted of three main
units as follows: a low-voltage part, a high-voltage part, and
a control system. The high-voltage part of the generator is
designed to form the initial spark channel. The low-voltage
part of the generator is used to transfer the energy of the
capacitor to the spark channel. The main parameters of the
generator were as follows: a) a high-voltage part: pulse
duration was 1 ps, pulse amplitude was 18 kV, and pulse
energy was 0.01 J; b) a low-voltage part: pulse duration was
5-100 ps, the stored energy was 0.1-0.6 J, and the pulse
repetition rate was 0.1-5 kHz. The electrode system was
located inside a vacuum cell and consisted of two electrodes,
of which one was stationary and made in the form of a
pointed rod (tip) and the other one was a metal table of the
movement system (plane). Both electrodes were isolated
from the other parts of the setup, which allowed the polarity
of the electrodes to be changed. A coordinate table with two
degrees of freedom and an insulated table was used as a
sample movement system. The coordinate table was moved
by two stepper motors, providing a positioning accuracy of
2.5 microns. The size of the processing area was 150 mm x
250 mm. The stepper motors were controlled by the plant
control system. To ensure the pumping of air to a pressure of
1072 Torr, an NVR-5D rotary vane pump was used. Figure 1
shows a schematic diagram of the experiment on the
synthesis of nanosized CuyO,.

The electrospark method for producing nanoparticles can
be described as follows: a copper plate is located in the
After
evacuation, the gas cell is filled with gas (argon). At the end

chamber, which is an electrode. preliminary

of this stage, the pulse generator starts up. At the same time,
the system for moving the copper plate is automatically
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Fig. 1. The experimental scheme of the synthesis of
1- HV divider,
4- manovacuum meter, 5-

nanosized CuxOy: 2- cuvette,
3-HV electrode,
vacuum pump, 6- gas vessel, 7- mobility system,
10- pulse

8- copper plate, 9- current sensor,

generator, 11- oscillograph.

turned on and the process of producing nanoparticles begins.
Upon completion of this process, the generator turns off
automatically and the travel system returns to the starting
point. The method for producing nanoparticles is based on
the use of the energy of an electric spark discharge formed
between the electrode and the target. When a voltage pulse is
applied between the electrode and the target surface, a spark
breakdown plasma channel with an initial diameter of
~ 0.1 mm is formed. The current passing through the channel
heats it up, the pressure in the channel rises, and the channel
expands. The plasma temperature reaches values of 3.8 x
10* K while the energy flux density is 10%-10° J m™2. As a
result of the action of a concentrated energy flux on the target,
a rapid local overheating of the surface is formed, leading to
the sublimation of the material. Under the influence of gas-
dynamic forces, the target material is removed from the
discharge area, where it is condensed and a nanopowder is
formed, and due to the special design of the electrode system,
the as-prepared nanoparticles settle in a special trap.

Synthesis of Cu,O,-TiOQ, Nanocomposites

The CuO,-TiO2 nanocomposites were synthesized using
an experimental stand, which included a TEA-500 pulsed
electron accelerator (Tomsk, Russia) and a reaction chamber
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[30]. The TEA-500 pulsed electron accelerator consisted of
the following main units: a gas-filled pulse voltage generator
(assembled according to the Arkady-Marx scheme), a double
forming line, an autotransformer, and a diode unit. The
presence of an autotransformer in the accelerator was its
special feature. An autotransformer was used to match a low-
resistance double-forming water line with a high-resistance
impedance of an explosive-emission planar diode during the
formation of a working pulse. The electron beam in the TEA-
500 accelerator was formed due to the field emission from
the surface of a graphite cathode with a diameter of 45 mm.
The electron beam was extracted through an anode window,
which was a supporting grid (with an optical transparency of
95%) and an aluminum foil of 140 pm thick. The anode-
cathode gap for all experiments was 13 mm. The accelerator
was equipped with the necessary diagnostic tools for beam
parameters, including particle energy, current and current
density, and total energy transferred by the beam. The
stability of the accelerator was constantly monitored. The
main parameters of the accelerator were as follows: 420 keV
electron energy, up to 7 kA current supplied to the diode unit,
60 ns half-amplitude pulse duration, 1-5 pps repetition rate,
and up to 200 J pulse energy.

In this research, two types of reaction chambers
(diameter: 15.1 cm, length: 32 cm) were: quartz and copper.
The reaction chambers were equipped with pressure sensors
and shut-off and control valves for the inlet of the initial
reagent mixture and gas pumping. Before admitting the gas
mixture, the reaction chamber was evacuated to a pressure of
~ 3-5 Torr, and an electron beam was injected from the end
of the reaction chamber. Figure 2 shows a diagram of the
experimental setup.

The CuxOy-TiO, nanocomposite was synthesized in the
reaction chamber using a nanosecond electron beam to
generate a low-temperature plasma from a gas-phase mixture
(i.e., TiCls, O, and H,). The volumetric excitation of the
reaction gas by a pulsed electron beam occurred, and the
reactions proceeded in the entire volume of the reaction
chamber. A pulsed electron beam initiated a complex of
chemical reactions, including chain reactions (i.e., the
oxidation of hydrogen and the combination of chlorine with
hydrogen). The energy consumption of the beam was
significantly lower than the energy of chemical endothermic
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Fig. 2. The experimental stand: 1- TEA-500 diode chamber,
2- cathode holder, 3- cathode (graphite, diameter =
45 mm), 4- anode grid (3 mm thick) and aluminum
foil (140 pm thick), 5- reaction chamber, 6- product
collection system, 7- vacuum pump, 8- H,cylinder,
9- O, cylinder, and 10- TiCly dispenser.

fusion reactions. The energy balance of the process was
ensured by the exothermic reactions of oxidation and
chlorination of hydrogen. The synthesis of the CuxOy-TiO,
nanocomposite occurred in one pulse of an electron beam.
After the injection of an electron beam into the mixture, the
nanopowder was formed in the reaction chamber.
Nanocomposites with high chemical purity were prepared by
the pulsed plasma-chemical method due to the absence of
the possibility of technological contaminants at high
temperatures. In a series of experiments within the
framework of this study, the reaction chamber was heated to
a temperature of 70 °C for the transition of liquid TiCly to the
gaseous state. The concentrations of the initial reagents are
presented in Table 1.

Characterization of Cu,0O,-TiO; Nanoparticles
To determine the morphology of CuxO,-TiO;

Table 1. The Concentration of Initial Reagents

nanocomposites, a JEOL-II-100 transmission electron
microscope with an accelerating voltage of 200 kV (JEOL,
Japan) was used.

To determine the crystal structure of the nanocomposite
system, a standard X-ray phase analysis technique was used.
The reaction products were analyzed using a Shimadzu
XRD-6000/7000 diffractometer (Shimadzu, Japan).

The sizes of coherent scattering regions (CSR) of
crystalline CuyO,-TiO, nanocomposites were calculated
using the Scherrer equation [31-32]: d = KA/BcosH, where K
is a constant, whose value varies from 0.62 to 2.08 and
characterizes the shape and distribution by the size of
crystallites (in this study, K = 0.9 was used in the
approximation of the spherical shape of crystallites), A is the
radiation wavelength of CuKa (0.1542 nm), B is the peak
width at half maximum (rad), and 0 is its position.

RESULTS AND DISCUSSION

Figures 3-6 present the typical TEM images of Cu,O,-
TiO; nanocomposites. Figure 3 shows that the CuxOy-TiO,
nanocomposite had a core/shell structure. The nuclei had a
shape close to spherical; however, the nuclei of an oval shape
can also be distinguished. The average geometric size of the
CuxO,-TiO, nanocomposite did not exceed 250 nm. All
particles were covered with a shell, the thickness of which
did not exceed 40 nm. Moreover, some of the particles were
covered with a dense adjoining shell (Fig. 3a), and for some
of the particles, a distance was observed between the core and
the shell (Fig. 3b). Sample 1 of the CusO,-TiO»
nanocomposite was characterized by weak particle
agglomeration.

The morphology of particles of sample 2 of the
synthesized CuxOy-TiO, nanocomposite was represented by

S. No. Type of reaction chamber Ticl H ©: Cu:0y
(mmol) (mmol) (mmol) (g)

1 Quartz 32 26 80 0.4

2 Quartz 36 26 100 0.4

3 Quartz 50 26 130 0.4

4 Copper 36 26 100 0.4
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b)

200 nm

Fig. 3. The TEM images of CuxO,-TiO; (sample 1).

e" i 50 nm
Fig. 4. The TEM images of CusO,-TiO; (sample 2).

Po)

Fig. 5. The TEM images of CuxO,-TiO; (sample 3).
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b)

Fig. 6. The TEM images of CuxOy-TiO; (sample 4).

particles of irregular shape with smoothed edges and oval
shape (Fig. 4). The average geometric particle size was 50-
70 nm, and the particles were highly agglomerated. Some
smaller particles were found on the surface of some of the
synthesized particles. The size of these smaller particles did
not exceed 5-7 nm.

With an increase in the concentration of TiCls and O; in
the initial mixture of reagents, the morphology of the
synthesized CuyOy,-TiO> nanocomposite changed. There
were large spherical particles with a uniform porous structure
(Fig. 5a). The average geometric particle size was 150-
200 nm, and the pore size did not exceed 30 nm. The sample
contained a fine fraction of oval-shaped particles, and the
average particle size of the fine fraction was 40-80 nm. The
particles of the synthesized CuyO,-TiO> nanocomposite
combined with each other to form agglomerates (Fig. 5b).

The morphology of sample 4 of the CuxOy-TiO;
nanocomposite synthesized in a copper reaction chamber was
represented by three different types of particle. The first type
of particle was spherical, with a uniform porous structure
(with an average geometric size of 80-120 nm). The second
type of particle had a core/shell structure. Here, the size of
the cores did not exceed 40-60 nm, the shell thickness was
10-15 nm, and the distance from the shell to the core reached
90 nm. The third type of particle had the shape of polygons
or a shape close to spherical (with an average geometric
particle size of 50 nm). Sample 4 was characterized by
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particle agglomeration.

The mechanism of the formation of the porous structure
of the CuxOy-TiO, nanocomposite, as illustrated in Figs. 5-6,
can be explained by the formation of titanium dichloride
oxide during the pulsed plasma-chemical synthesis. Titanium
dichloroxide was formed by the action of chlorine on
titanium oxide.

TiO + Cl, — TiOClL, (1)
In addition, the action of oxygen on titanium tetrachloride
due to the plasma in the reaction chamber led to the formation
of titanium dichloride oxide. Moreover, titanium dichloride
oxide was also formed by the action of chlorine oxide on
titanium tetrachloride:

TiCls + CI,O — TiOCl; + 2Cl, 2)
When the vapors of titanium tetrachloride over titanium
dioxide passed a certain amount, the following compound
was formed:

TiCls + TiO2 — TiOCl, 3)
Due to these reactions, titanium dichloride was always
present in a certain amount in the products of hydrolysis of

titanium tetrachloride with water vapor and in the products of
oxidation of titanium tri- and dichloride with oxygen.
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Thus, a film consisting not only of titanium oxide but also
of titanium oxychloride grew on the surface of Cu,Oy
particles. In this case, gas evolution in the reactions of TiO;
synthesis occurred both from the surface of the film to the
outside and to the inside of the shell, which, in turn, resulted
in the “inflation” of the shell.

Under the action of an electron beam on titanium
tetrachloride, the Ti-Cl covalent bond broke and atomic
chlorine was formed, which, in turn, reacted with the metallic
part of copper in CuxOy nanoparticles, leading to the
formation of CuCl; and the release of a significant amount of
heat by the reaction:

Cu+Cl, —» CuCL+Q 4

LR (002)
JR211)

+R(110) -

QA (101)

.R(111)

Titanium oxychloride in the shell decomposed when heated
according to the following reaction:

TiOCl; (T) — TiO; + TiCls (5)
It can be assumed that the shell layer of the CusO,-TiO»
nanocomposite was opened and pores were formed on its
surface. Figure 7 shows the microdiffraction patterns of
samples 1 and 4 of the Cu,O,-TiO, nanocomposite. The
microdiffraction patterns contained bright, well-defined
structural reflections, which indicated the presence of
crystalline phases of anatase and rutile, which was confirmed
by XRD analysis (Fig. 8).

_R(002)
A (105)

L A(103) .R(301)

(101) -
. _R(111)

R (110)

Fig. 7. Microdiffraction patterns of samples 1 (a) and 4 (b) of the CuxO,-TiO, nanocomposite.
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Fig. 8. The XRD pattern of the CuxO,-TiO, nanocomposite (A- anatase and R- rutile).
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It can be seen from the analysis of the obtained XRD data
that the crystal lattices of anatase and rutile were stably
formed in all samples (JCPDS Card no. 00-021-1272, JCPDS
Card no. 00-021-1276). For samples 1-3, a low-intensity peak
was recorded, which, according to JCPDS Card no. 33-0451,
can be attributed to CuCl,-2H,O (221). For samples 1 and 4,
a small peak (20 = 28.56°) corresponded to the crystalline
phase CuCl (111) (JCPDS Card no. 00-006-0344). The X-ray
diffraction pattern of sample 4 showed low-intensity peaks
(20 = 15.36° and 30.64°), which are characteristic of the
crystalline phase of CuCl, (JCPDS Card no. 35-0690).
Moreover, the content of crystalline phases in CuxOy-TiO»
nanoparticles was calculated (Table 2). The diffraction of
synthesized CuxOy-TiO, composites enabled us to determine
the CSR using the Debye-Scherrer equation (Table 3).

Changes in the concentration of the initial reagents and
the type of the reaction chamber did not affect the CSR size
of the synthesized CuxO,-TiO, nanocomposites. However,
some changes were observed in the content of anatase and
rutile in the synthesized samples. With an increase in the

oxygen concentration in the mixture of initial reagents, the
anatase content in the synthesized nanocomposites increased.
Furthermore, the nanocomposite synthesized in a copper
reaction chamber contained more anatase than the sample
produced in a quartz reaction chamber. As is known, the
process temperature affects the formation of crystalline
phases. Pulsed plasma-chemical synthesis proceeds with
different energy release rates depending on the type of the
reaction chamber and the oxygen concentration in the initial
mixture of reagents, which together influence the type of the
formed crystal lattice in the final synthesis product.

The synthesized CuxO,-TiO> nanocomposites were
studied using energy-dispersive X-ray spectroscopy (EDX
method), in which the synthesized samples were deposited on
a carbon replica located on a copper lattice. Color windows
displaying sample elements are shown in Fig. 9. Based on the
comparison of the elements Cu, Ti, and O shown in Fig. 10,
it can be assumed that the chemical elements Cu, Ti, and O
were uniformly distributed in the synthesized CuxOy-TiO,
nanocomposites.

Table 2. The Content of Crystalline Phases in Cu,Oy-TiO, Nanoparticles

S. No. A R CuCl CuCl,
(7o) (7o) (%) (%)
1 15.9 80 4.1 -
2 13.9 86.1 - -
3 48.1 51.9 - -
4 72.5 13.9 7.1 6.5
Table 3. The CSR of Cu,O,-TiO, Nanoparticles
S. No. Diffraction angle Atomic planes Crystalline phase CSR
(20) (hk1) (nm)
1 25.281 (101) A 33
27.446 110 R 41
2 - - - -
27.446 (110) R 44
3 25.281 aon A 32
27.446 (110) R 41
4 25.281 aon A 29
27.446 110 R 37
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Fig. 9. The color windows reflect the elements of samples 1 (a), 2 (b), 3 (¢), and 4 (d) of CuxO,-TiO> nanocomposite.

CONCLUSIONS

In this work, CuxOy-TiO, nanocomposites were prepared
using a pulsed plasma-chemical method. Studies of the main
physicochemical properties (i.e., morphology and phase

composition) of CuxOy-TiO, nanocomposites showed that the
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pulsed plasma-chemical method can be used to synthesize
Cuy0y-TiO, nanocomposites with predetermined properties
by changing the concentration of initial reagents or the type
of a reaction chamber. When the content of oxygen and
titanium tetrachloride was increased in the initial mixture,
some particles with complex morphology were formed and
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the geometric size of the synthesized particles decreased.
Some changes were also observed in the phase composition.
Using a copper reaction chamber, a nanocomposite with
complex particle morphology and several crystalline phases
was prepared. Thus, it can be stated that the concentration of
the initial reagents determined the amount of energy during
the oxidation and chlorination of hydrogen. As a result, there
was a change in the local temperature of the process, which
played a decisive role in the formation of the composite. In
addition, during the implementation of the pulsed plasma-
chemical synthesis, the material on the walls of the reaction
chamber entered into chemical interaction with the vapor of
wet hydrogen chloride to form CuCls. Finally, the efficiency
of the process initiation was determined by the process of
dissipation of the energy of a pulsed electron beam, which
depends on the conductivity of the chamber walls [33].
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