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PHOTOCATALYSIS, SOLAR ENERGY, METAL OXIDES, HETEROSTRUCTURE, NANOMATERIALS
The object of the research is photocatalysts and photoelectrodes based on heterogeneous metal oxide nanostructures.
The aim of the project is to develop synthesis methods and architecture of heterogeneous semiconductor nanostructures suitable for the photocatalytic decomposition of organic compounds, and the creation of photoelectrodes with high photoelectrochemical characteristics.
The following scientific results were achieved in this project: 
1) Thin film tungsten oxide photoanodes were obtained experimentally by electrochemical deposition and optimized in terms of their properties. The parameters of deposition of nanosized cobalt oxide particles with high surface energy on the tungsten oxide surface were optimized by sol-gel method. A heterostructure consisting of WO3 thin films with Co3O4 nanoparticles on the surface was obtained.
2) A significant change in photoelectrochemical properties of the WO3@Co3O4 system comparing to the bare WO3 films was found. The photocurrent value for the obtained WO3@Co3O4 nanostructures 20 times higher than that of pristine WO3. This is achieved due to the separation of photogenerated charge carriers and the formation of a heterostructured photocatalyst.
3) High-performance WO3 nanopowders were obtained at relatively low temperatures ~90 0C by chemical bath deposition and the traditional hydrothermal method at 180 0C. It was found that WO3 nanoplates synthesized by a cheaper method have a high decomposition rate (0.03 min-1) of Rhodamine B dye compared to WO3 nanoplates (0.005 min-1) synthesized in an autoclave. Photocatalytic activity and solar sensitivity were optimized by changing the synthesis parameters such as temperature and pressure, which strongly influenced the size and morphology of the final products. 
Applications are photoelectrodes for photoelectrochemical oxidation of water and purification of water from organic dyes. 
Main research methods: electron microscopy, optical spectroscopy, Raman scattering, X-ray diffraction, electrochemical measurements.
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ФОТОКАТАЛИЗ, СОЛНЕЧНАЯ ЭНЕРГЕТИКА, ОКСИДЫ МЕТАЛЛОВ, ГЕТЕРОСТРУКТУРА, НАНОМАТЕРИАЛЫ
Объект исследования – фотокатализаторы и фотоэлектроды на основе гетерогенных наноструктур оксидов металлов.
Целью проекта является развитие методов синтеза и архитектуры различных гетерогенных наноструктур, пригодных для фотокаталитического разложения органических соединений, и создания фотоэлектродов с высокими фотоэлектрохимическими характеристиками.
В ходе выполнения НИР получены следующие научные результаты:
1) Экспериментальным путем получены электрохимическим осаждением и оптимизированы по свойствам фотоаноды из тонких пленок оксида вольфрама. Оптимизированы параметры нанесения наноразмерных частиц оксида кобальта с высокой поверхностной энергией на поверхность тонких пленок оксида вольфрама золь-гель методом. Получена гетероструктура, состоящая из тонких пленок WO3 с наночастицами Co3O4 на поверхности.
2) Обнаружено значительное изменение фотоэлектрохимических свойств в системе WO3@Co3O4 по сравнению с пленками WO3. Значение фототока для полученных наноструктур WO3@Co3O4 превышает в 20 раз фототок чистого WO3. Это достигается за счет разделения фотогенерированных носителей заряда и образования гетероструктурированного фотокатализатора.
3) Получены высокоэффективные нанопорошки WO3 при относительно низких температурах  90 0С химическим осаждением в ванне и традиционным гидротермальным методом при 180 0С. Обнаружено, что WO3 нанопластины, синтезированные более дешевым способом, имеют высокую скорость разложения (0,03 мин-1) красителя Родамин Б по сравнению с WO3 нанопластинами (0,005 мин-1), синтезированными в автоклаве. Оптимизированы фотокаталитическая активность и чувствительность к солнечному излучению путем изменения параметров синтеза, такие как температура и давление, что сильно повлияло на размеры и морфологию конечных продуктов. 
Область применения – фотоэлектроды для фотоэлектрохимического окисления воды и очистка воды от органических красителей. 
Основные методы исследований: электронная микроскопия, оптическая спектроскопия, рамановское рассеяние, рентгеновская дифракция, электрохимические измерения.
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LIST OF ABBREVIATIONS AND DESIGNATIONS

	Co3O4
	–
	Cobalt oxide

	WO3 
	–
	Tungsten oxide

	TiO2
	–
	Titanium dioxide

	Fe2O3
	–
	Iron oxide

	SEM
	–
	Scanning Electron Microscopy

	TEM
	–
	Transmission electron microscopy

	FTO 
	–
	Fluorine doped tin oxide substrates

	RHE
	–
	Reversible hydrogen electrode

	SHE
	–
	Standard hydrogen electrode 





INTRODUCTION
Solar energy is by far the most common renewable energy source. The total solar energy absorbed by the Earth is 3.85 1024 J/year, which is ~ 104 times more than the world energy consumption [1]. Reduction of natural energy resources and their pollution, annual growth of electricity and fuel consumption forces researchers to look for other energy sources. To compensate the increased demand for energy, solar energy conversion must be at least partially realized. Converting solar energy into chemical energy, which can be stored as hydrogen fuel, is a pressing challenge for researchers around the world. The photoelectrochemical decomposition of water into hydrogen and oxygen is a technology for producing clean energy. However, the reaction of oxygen extraction is a complex process because it requires the participation of four electrons [2]. Thus, a large number of works are devoted to the development of photoanode materials for water oxidation, such as TiO2, ZnO, WO3 and Fe2O3 [3-5]. Among them, the n-type semiconductor WO3 shows relatively high performance due to its intense absorption in the visible region (Eg = 2.5-2.8 eV), suitable valence band edge, high electron mobility (~12 cm2 V-1 s-1), hole free path length (~150 nm) and high photostability [6-7].  Although WO3 shows the ability to release oxygen in photoelectrochemical devices, further improvement in its efficiency is limited by the high recombination rate of photogenerated charge carriers and the slow charge transfer at the electrolyte-solid interface. To further improve the efficiency of WO3 photocatalysts, nanocomposites based on WO3 with a deposition of another catalyst on its surface are being developed, which could be an excellent solution to the above mentioned problems by shifting the water oxidation potential.
Also, the use of solar radiation and photocatalysts to solve environmental problems such as water pollution by organic waste is of increased interest. Large amounts of dyes used in the paper, textile and pharmaceutical industries are discharged into wastewater each year, causing irreversible damage to the environment. Therefore, the creation of efficient photocatalysts to convert solar energy into the necessary chemical reaction can not only provide an ecologically clean source of energy, but also solve various kinds of environmental problems.
An interim report was submitted earlier on the project by number 0120РК00603.


THE MAIN PART OF THE REPORT ON RESEARCH WORK
1 Tungsten oxide for photoelectrochemical water splitting
Due to its high crystallinity, large specific surface area, suitable band gap, good stability and low cost, some n-type semiconductor materials such as TiO2, α-Fe2O3 and WO3 have shown good photocatalytic characteristics in photoelectrochemical devices. WO3 is a promising potential candidate for use as a photoanode in photoelectrolysis of water due to its suitable band gap (2.6 eV), good chemical stability in aqueous electrolytes and high photocorrosion resistivity (150 nm). WO3 has a low photogeneration efficiency because it has a high recombination rate of nonequilibrium charge carriers, and the energy position of the conduction band is not optimal for hydrogen generation. WO3 is considered as a good photocatalyst for oxygen release. The formation of heterojunctions with WO3 makes it possible to spatially separate charge carriers and expand the light absorption spectrum, thereby improving its photocatalytic characteristics.
Several WO3-based heterojunction systems including WO3-BiVO4 [8-9], WO3-TiO2[10-11], WO3-Fe2O3 [12], WO3-CoOx [13] and WO3-FeOOH have been studied to solve the charge separation problem faced by WO3 photocatalysts. However, some results based on WO3 electrodes showed poor oxidation kinetic reactions and low photoactivity due to the formation of various peroxide compounds during illumination. WO3-CoOx heterojunctions showed the highest photocurrent enhancement, which was 0.65 mA/cm2 at the water oxidation potential. Another photocatalyst based on the TiO2-TaON-CoOx system is the leader in photocurrent enhancement with a value of 0.87 mA/cm2.
The aim of this study is to develop a heterostructured photocatalytic system WO3@Co3O4 with p-n junctions, since Co3O4 and WO3 are p-type and n-type semiconductors, respectively. The surface catalytic activity and effects of Co3O4 as a co-catalyst are well known. The formation of nanostructures with p-WO3 –  n-Co3O4 heterojunctions not only promotes charge separation, but also broadens the absorption spectrum of sunlight. Therefore, we for the first time synthesized photoanodes having the morphology of nanolayers of polycrystalline tungsten oxide WO3 with n-type conductivity coated by Co3O4 nanoparticles with p -type conductivity. In such a structure, the separation of photogenerated charges was significantly improved, which ensured a high photocurrent enhancement at the water oxidation potential. 
1.1 Electrochemical deposition of WO3 tungsten oxide films and modification of its surface by deposition of cobalt oxide nanoparticles
In this work, photoanodes in the form of tungsten oxide thin films on conductive substrates were fabricated by electrochemical deposition. Optimal modes of growth of WO3 films as well as the deposition of cobalt oxide nanoparticles on the surface of WO3 films to obtain a heterostructured photocatalyst WO3@Co3O4 to enhance the electrochemical characteristics and expand the light absorption spectrum of WO3 were worked out. Co3O4 nanoparticles were deposited on top of WO3 films using the spin coating method followed by heat treatment in air at 400 °C.
The following initial reagents were used: cobalt (II) nitrate hexahydrate (ACS reagent, Sigma-Aldrich), sodium tungstate Na2WO4 dihydrate (ACS reagent, Sigma-Aldrich), hydrogen peroxide (37%), and anhydrous ethanol (200 proof, Pharmco Aaper). Purified water with a resistivity of 18 MΩ·cm from the ELGA Purelab system was used in all experiments. 
The electrolyte solution for the WO3 film deposition reaction was made by dissolving sodium tungstate dehydrate (Na2WO4 (70 mM)) in water. Hydrogen peroxide (37%) was added to obtain a stable and transparent solution (3 ml). The pH of the solution was adjusted to 1.2 using 0.5 m H2SO4. The cathodic electrodeposition of WO3 films was performed using a three-electrode system with a Pt counter electrode and an Ag/AgCl reference electrode. The FTO substrates (resistivity 10Ω/cm2) used for this experiment were cleaned with acetone and ethanol.
The films were deposited at -0.5V bias voltage at room temperature. The deposition times were 200 s, 400 s, and 600 s. The obtained films were dried at 90 0С and then annealed at 400 0С in air for 1 hour. 
The sol-gel method was applied to obtain a cobalt oxide layer on the surface of polycrystalline tungsten oxide. First, FTO glass with WO3 films was fixed on a rotating disk. Then, an aqueous solution of cobalt nitrate (5 mM) and 10 ml of ethanol was dripped onto the surface of the WO3 films and then the rotation at a speed of 1000 revolutions per minute (rpm) was set up so that the solution completely covered the surface. The procedure was repeated three times, after which the films were dried and annealed at 400 °C for 1 hour in air. The rate of heat treatment was 5 °С per minute. The appearance of the obtained films as-deposited and after heat treatment is shown in Figure 1.  
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 Figure 1 - Appearance of the tungsten oxide film after deposition (a) and after heat treatment at 400 ° C in air (b) 
1.2 Main characteristics of the obtained WO3@Co3O4 photoanodes and the influence of cobalt oxide nanoparticles on the photoelectrochemical characteristics
In this work, the main characteristics of WO3@Co3O4 photoanodes such as morphology, structure, diffuse reflectance spectra and photoelectrochemical characteristics were investigated.
1.2.1 Surface morphology of WO3 and WO3@Co3O4 photoanodes
The surface morphology was studied using a field emission scanning electron microscope (Hitachi S-4300 E/N FE-SEM). Before the study, the photoelectrodes were adhered to a conductive adhesive tape, and potential contaminants were removed from the surface using compressed air. If necessary, the sample was coated with a thin conductive layer of metal (e.g., iridium) by thermal spraying or using a magnetron sputtering unit.
Figure 2 shows SEM images of WO3 films deposited by electrochemical method for 200, 400 and 600 s. From Figure 2a one can see the surface of the films deposited during the first 200 s. During cathodic deposition, ions are transported towards the conductive substrate, thereby forming nanoscale nuclei. The individual nuclei then enlarge and gradually cover the entire substrate, as can be seen in Figure 2b. Figure 2c shows the surface of the formed tungsten hydroxide layer after 600s of deposition. Thus, the formation of WO3 films by electrochemical deposition can be divided into the following steps: (1) formation of individual isolated nuclei, (2) growth to larger particles, (3) merging of larger particles, and (4) layer formation.
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Figure 2 - SEM image of tungsten oxide films surface deposited at 200 sec (a), 400 sec (b) and 600 sec (c)

In order to determine the thickness of the films, cross-sectional images were obtained. Figure 3 shows that the thickness of tungsten oxide films increases as a function of deposition time and can reach up to 300 nm.
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Figure 3 - Cross-section of the obtained tungsten oxide films at 
400 sec (a) and 600 sec (b) 

As noted above, the surface of WO3 films were modified by depositing Co3O4 nanoparticles to create a heterostructure of two different semiconductors. The catalytic activity of such heterostructures is expected to improve, since Co3O4 cobalt oxide can exhibit cocatalytic properties, and the specific area of electrode will also increase due to the formation of nanoparticles on the surface.
In the experiments on the synthesis of Co3O4 nanoparticles, the concentration of cobalt oxide solution was adjusted, resulting in the selection of optimal modes of deposition of Co3O4 nanoparticles on the surface of WO3 films. As expected, the smaller Co3O4 particles with higher surface energy are evenly distributed on the WO3 surface forming nanoclusters as shown in Fig. 4. Energy-dispersive X-ray spectroscopy analysis confirmed the presence of cobalt (Fig. 5).
[image: N1-11 (1)]
Figure 4 - Image of the WO3@Co3O4 photoanode surface
[image: Map sum Spectrum]
Figure 5 - Energy dispersive analysis of the WO3@Co3O4 photoanode

1.2.2 Structure of the obtained WO3 and WO3@CO3O4 photoanodes
The crystal structure was determined by X-ray diffractometer (MiniFlex Rigaku) with CuKα radiation (40 kV, 44 mA) using Jade V9.1 software. The XRD data are shown in Figure 6a. It is seen that the films synthesized by electrodeposition method consist of monoclinic   tungsten oxide phase, and the characteristic FTO-glass peaks marked with an asterisk (*) which correspond to tetragonal tin oxide are visible. The XRD peaks of the films deposited for 600 seconds are in good agreement with standard XRD of monoclinic crystal structure of tungsten oxide. After the deposition of cobalt oxide nanoparticles, no significant changes were found in the XRD data. This is explained by the low concentration of cobalt oxide nanoparticles on the surface of tungsten oxide.
The structure of the obtained WO3@CO3O4 was also determined by Raman spectroscopy. Raman spectra were obtained using the Ntegra Spectra (NT-MDT) spectrometer at 473 nm excitation. The main vibrational modes for WO3 are due to the valence vibrations with changes in bond lengths (ν) and strain vibrations with changes in the angles between bonds - planar (δ) and out-of-plane (γ). It is known that the above modes of tungsten oxide correspond to the frequencies 807, 716 и 271 сm-1. They correspond to stretching of O-W-O, W-O bonds and bending of O-W-O [14]. Fig. 6b shows the Raman spectra of WO3 and WO3@CO3O4 layers. Besides the three main peaks that correspond to tungsten oxide WO3, additional peaks at 680, 608, 515, 475, and 188 cm-1 (*) are detected for WO3@CO3O4, which correspond well to theoretical lattice modes of Co3O4 [15]. Thus, the Raman spectra, along with the XRD spectra, confirm the formation of the WO3@CO3O4 heterostructure.
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Figure 6 - XRD data (a) and Raman spectra of WO3@Co3O4 films (b)

1.2.3 Optical properties of the obtained WO3 and WO3@Co3O4 photoanodes
The light absorption capacity and optical band gap width of photocatalysts are the important parameters. The optical properties of the samples were studied by measuring the UV-VIS Diffuse reflectance spectra. Figure 7 shows the absorption spectra calculated by the built-in processing program of the Cary 5000 spectrometer from the reflection spectra. It can be seen from the WO3 spectra that there is a sharp increase in absorption in the region of 450 nm, which corresponds to the band gap width of tungsten oxide according to literature data. The deposition of cobalt oxide nanoparticles leads to an increase in the absorption band throughout the visible region of light.
[image: ]
Figure 7 - Absorption spectra of WO3 and WO3@Co3O4 (calculated from diffuse reflectance spectra)
1.2.4 Photoelectrochemical characteristics of WO3 and WO3@CO3O4 photoanodes
Photocurrent measurements were performed using a xenon solar simulator (PLS-SXE300) and a potentiostat (Corrtest CS310). All photoelectrochemical and deposition experiments were performed at room temperature using a standard three-electrode system with a Pt counterelectrode and an Ag/AgCl reference electrode. The area of the working electrode was 1 cm2. A voltage of 0.7 V was applied for all photocurrent measurements. Before measurements, an aqueous solution of H2SO4 electrolyte (0.5 M) was purged with argon gas to remove dissolved oxygen. The illumination was performed from the back side of the working electrode. 
First, the thickness of the WO3 electrodes was optimized in terms of photocurrent. The WO3 thickness was varied depending on the electrochemical deposition time. Figure 8a shows chronoamperometry of WO3 electrodes with different deposition times at 0.7 V under illumination equivalent to solar spectrum AM1.5.  When the light is turned off, the photocurrent is almost zero; when the solar irradiation is turned on, a significant photocurrent is generated. The highest photocurrent density was found for the WO3 electrode obtained at a deposition time of 600 seconds. However, further increase in deposition time does not lead to increase in photocurrent. Therefore, films grown with a deposition time of 600 sec were used to obtain the heterostructure. Figure 8b shows that the photocurrent for the WO3@Co3O4 heterostructure was four times higher than that of pure WO3.
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Figure 8 - Chronoamperometry of WO3 photoanodes deposited for 200, 400 and 600 seconds when the light is turned on and off (a) and chronoamperometry for WO3@Co3O4 photoanodes compared to WO3 (measurements were carried out in 0.5 M H2SO4 electrolyte and at 0.7 V relative to Ag/AgCl) (b)

Chronoamperometry curves for WO3 and WO3@Co3O4 electrodes obtained during 2000 seconds of illumination are shown in Figure 9a. The current density first decreases to ~20% and remains stable. However, the WO3@Co3O4 electrode shows a tendency for the current density to increase compared to the initial value, which means that new charge carriers are generated and Co3O4 improves the stability of the WO3 electrode. 
To study the ability of photoelectrochemical water oxidation, potential and current dependences were obtained to compare two different electrodes - WO3 and WO3@Co3O4. The WO3@Co3O4 photoanodes showed a significant improvement in photoresponse, the values of photocurrent were ~20 times higher than those of WO3 as seen from Fig. 9b. The presence of Co3O4 nanoparticles on the WO3 layer forming p-n-junctions considerably enhanced the photocurrent of tungsten oxide over the entire potential range. At the water oxidation potential, or 1.23 V relative to RHE (reversible hydrogen electron), the photocurrent enhancement reaches 1.2 mA/cm2, which is twice as high as the literature values (0.65 mA/cm2) for WO3/CoOx heterostructures [13]. 
Thus, the WO3@Co3O4 photocatalyst obtained in this work provides a high increase in photocurrent comparing to other WO3-based heterostructured photocatalysts, as shown in Table 1.  
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Figure 9 - Chronoamperometry of WO3@Co3O4 in comparison with the initial WO3 at 0.7 V in 0.5 M H2SO4 electrolyte for 2000 s under illumination (100 mW/cm2) (a) and CV curves for comparing WO3 and WO3@Co3O4 photoanodes with and without illumination (scan rate 10 mV/s) (b)


Table 1 - The values of the photocurrent for heterostructures based on tungsten oxide
	Heterostructure photoelectrodes
	WO3/CoOx
[13]

	BiVO4/CoOx [16]
	WO3/C3N4, CoOx [17]
	WO3/IrO2 [18]
	WO3/
FeOOH [19]
	WO3/Au [20]
	TiO2-TaON/
CoOx [21]
	WO3@Co3O4
(this work) [22]

	Photocurrent at 1.23 V vs RHE (mA / cm2)
	0.65
	0.5
	0.4
	0.5
	0.7
	0.7
	0.87
	1.2 






2 Application of tungsten oxide for water purification from organic dyes 
This project is also devoted to the experimental synthesis and study of highly effective tungsten oxide nanopowders as a photocatalyst for solving problems of water purification from organic compounds. There are various photocatalysts that accelerate the oxidation reactions of organic substances under the influence of sunlight, among them tungsten oxide is one of the promising materials because it has such properties as a suitable band gap (~2.5 eV), good stability in aqueous medium and solar radiation, relatively high absorption coefficient of visible light and low cost. However, pure WO3 has lower efficiency of light energy conversion comparing to the other widely used photocatalysts such as zinc oxide (ZnO) and titanium oxide (TiO2). This is because the electrode-recovery potential for WO3 is low due to the low level of conduction band (+0.4 V relative to normal hydrogen electron NHE). At the same time the top of the valence band is +3.1V relative NHE potential which is energetically preferable for water oxidation. 
In this work, in order to increase the photocatalytic activity of tungsten oxide, work was carried out to optimize the properties of synthesized WO3 powders, such as particles size and their morphology, as well as changing of the energy zone by modifying the WO3 surface.
Various synthesis methods have been developed to produce different tungsten oxide nanostructures such as nanosheets [23-24], nanoplates [6-25], nanorods [26] and other morphologies [27-28]. Among them two dimensional (2D) nanostructures have highly accessible active sides [29] which might be obtained using chemical precursors [30, 31]. Ma et al. [30] have synthesized tungsten oxide nanoplates by the topochemical method using Na2WO4 and tetrafluoroboric acid HBF4. They concluded that crystal lattice of tungstic acid H2WO4 forming as a result of chemical reaction is an important factor for the further growth of crystals. The crystal structure of H2WO4 consists of octahedra that are surrounded by four oxygen atoms, and each layer of octahedra is connected by hydrogen bonds to each other. A tendency to the formation of lamellar nanocrystals of tungsten oxides is explained by the formation of this kind of layered structure in crystal planes of H2WO4 separated by water molecules along the [001] direction. Meng et al. [31] synthesized a hierarchical structure of a flower using citric acid C6H8O7 and found that (-COOH) functional groups are responsible for the growth of nanoplates. 
Here, we developed chemical bath deposition method at a relatively low temperature 90 °C at normal atmosphere pressure for the synthesis of WO3 nanoplates and simultaneously repeated most common hydrothermal synthesis to compare these two methods. In spite of the fact that in both cases the same solution was used, it was found that the temperature of synthesis strongly influence to the growth of crystals and the final morphology of samples. It was revealed that synthesis at normal atmospheric pressure and at a temperature of ~ 90 ° C with the shortest synthesis time about 1 hour allows to grow thinner nanoplates, while synthesis in an autoclave at the pressure above atmospheric at 180 °C for 4 hours leads to the growth of thicker nanoplates. It is known, that enlarged surface area associated with low thickness is benefit for light scattering and charge transportation. Therefore, the dependence of light absorption and the photocatalytic activity on morphology of the samples has been investigated. As a result, WO3 nanoplates synthesized at 90 °C have shown a higher photocatalytic activity comparing with WO3 nanoplates synthesized at 180 °C, which was demonstrated by the degradation of Rhodamine B under light irradiation. 
2.1 Synthesis and properties of WO3 nanopowders 
2.1.1 Synthesis of WO3 nanopowders
An aqueous solution of 0.08 M sodium tungstate Na2WO4 * 2H2O and citric acid (0.1 M) was used to synthesize tungsten oxide nanopowders by chemical bath deposition. The solution was stirred at room temperature for one hour. Then hydrochloric acid HCl (5 M) was added dropwise to achieve pH=1.5. The synthesis was carried out in a beaker placed on a magnetic stirrer with heating at ~90 °C. The synthesis time was about 1 hour. The resulting sol was washed with distilled water several times and separated by centrifugation. Then the samples were dried in the desiccator at the temperature of  90 °C, followed by additional annealing in a muffle furnace at 400-500 °C to obtain the polycrystalline phase. After drying, the samples had a lime-yellow color, and after heat treatment the color changed to lettuce-green. The obtained samples were marked as WO90.
For the hydrothermal synthesis, the working solution was transferred to an autoclave at a higher temperature of 180 °C. The growth solution in a volume of ~ 50 ml was transferred into a 50 ml teflon beaker, the beaker was placed in a steel autoclave and sealed. Then the autoclave was placed in a muffle furnace preheated to synthesis temperature, where hydrothermal synthesis was performed at 180 °C, synthesis time was 4 hours. The resulting solution was cooled to room temperature, then washed several times with distilled water. The samples were dried at 90 °C in air for about 12 hours. Synthesis at 180°C required no additional thermal annealing; according to X-ray analysis, a polycrystalline tungsten oxide phase was obtained immediately after synthesis. The obtained powders had a bright green color. The obtained samples were designated as WO1800.
2.1.2 Properties and main characteristics of the obtained WO3 nanopowders 
The morphology of the obtained nanopowders was studied by SEM. As can be seen from the figure, the obtained samples WO180 (Fig. 10) and WO90 (Fig. 11) are powders consisting of particles in the form of plates of square or rectangular shape.
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Figure 10 - SEM image of WO180 nanopowders obtained at 180 °C by the hydrothermal method
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Figure 11 - SEM image of WO90 nanopowders synthesized by chemical bath deposition at ~ 90 °C followed by thermal annealing at 500°C in air

From the TEM images (Fig. 12a) one can see that the WO90 nanoplates have sizes in two dimentions between 50-150 nm, and their thickness is > 20 nm, while the WO180 nanoplates have sizes between 50-250 nm, with a thickness of ~50 nm (Fig. 12b). Although it is impossible to accurately determine the thickness of the obtained samples from the images, but it can be concluded from the contrast of TEM images that the obtained WO90 nanoplates have a smaller thickness compared to WO180 nanoplates. From this it can be concluded that the method of synthesis and synthesis parameters affect the morphology and size of the final products.
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Figure 12 - TEM image of nanoplates WO90 (a) and WO180 (b)

Figure 13 shows the X-ray patterns of the obtained samples, it can be seen that the nanopowders synthesized by two methods do not differ in structure and their XRD data coincide with the JCPDS reference No-01-083-0950 for the monoclinic modification of tungsten oxide. There is some difference in the half-width of the peaks when comparing the XRD of these samples, this is due to the different sizes of crystallites.

[image: ]
Figure 13 - X-ray diffraction patterns (XRD) of the WO90 (a) and WO180 (b) nanoplates

Raman spectroscopy. To study the structural properties of the obtained WO3 samples, Raman spectra were measured. The spectra were recorded using a blue laser as a light source. Measurements were performed at room temperature. The time of irradiation of the samples with laser radiation was 30 s and the spot diameter (from the laser) on the sample was ~2 μm. At 100% intensity, the laser power was ~35 mW.
The main vibrational modes for the WO3 lattice are valence vibrations with changes in bond lengths (ν), strain vibrations with changes in the angles between bonds - planar (δ) and out-of-plane (γ). These modes of tungsten oxide are known to be in the frequency region of ~807, ~716, ~271 cm-1, which correspond to O-W-O, W-O bond stretching and O-W-O bending [32]. There is also a group of weak peaks below 200 cm-1, they refer to lattice vibrations, whereas the sharp peaks around 270 and 330 cm-1 refer to the bending strain δ (O-W-O) [33]. There is a slight shift to the red region in the spectra; this may be due to the small size of the nanocrystallites (Fig. 14). Raman spectra also confirm the identical structures of the obtained WO90 and WO180 nanoplates.

[image: ]
Figure 14 - Raman spectra of nanoplates WO90 (a) and WO180 (b)

Figure 15 shows the optical absorption spectra calculated from the diffuse reflectance spectra for WO3 nanoplates synthesized at ~ 90 °C and 180 °C. The figure shows that tungsten oxide has absorption at wavelengths above 500 nm, indicating that the material is sensitive to visible light. The band gap width was estimated using the equation: 
                                                                    (1)
where α is the absorption coefficient, Eg is the semiconductor's optical band gap width. A is a constant, n equals 2 for an allowed indirect transition or ½ for a direct transition. The transition is indirect for WO3, so  is plotted as a function of photon energy. The band gap widths are estimated as 2.6 and 2.8 for WO90 and WO180 nanoplates, respectively.

[image: ]
Figure 15 - Absorption spectra of (a) WO90 and (b) WO180 nanoplates (calculated from diffuse reflectance spectra)

Photocatalytic activity of WO3 nanopowders. The photocatalytic (PC) activity of the obtained nanopowders was evaluated in the oxidation reaction of the organic dye Rodamine B. A mercury lamp was used as a light source. Figure 16a shows a comparison of the photocatalytic oxidation kinetic curves of aqueous RhB solution containing WO90 and WO180 nanoplates. As can be seen from Figure 16a, WO90 nanoplates have relatively high photocatalytic activity. Plots of the dependence of Ln (C/C0) on irradiation time are shown in Figure 16b. The rate constant k of RhB decomposition was calculated using Langmuir-Hinshelwood kinetics, and it is 0.03 and 0.005 min-1 for WO90 and WO180 nanoplates, respectively. WO90 showed higher adsorption and photocatalytic activity [34].
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Figure 16 - Kinetic curves of photocatalytic oxidation of an aqueous solution of Rhodamine B containing nanoplates WO90 and WO180 (a) and the dependence of ln (C/C0) on the irradiation time (b)

The stability of photocatalysts is an important factor in the purification of water from dyes. Many semiconductors undergo photocorrosion under the influence of light, are unstable in aqueous media and lose their photocatalytic activity with time. Therefore, we investigated the stability of the WO90 photocatalyst nanoplatelets. A certain amount of photocatalysts was filtered after each cycle, and a fresh rhodamine B solution was used to check the stability. Figure 17 shows that the obtained WO90 nanoplates have good stability. The actual photo of the color degradation of rhodamine B solution also confirms the high photocatalytic activity of the samples (Figure 17).

[image: D:\ДИССЕРТАЦИЯ\figures\ZnWO4_stability.jpg]
Figure 17 - Photocatalytic oxidation of an aqueous solution of Rhodamine B containing WO90 nanopowders when repeating four cycles 
[image: RhB]
Figure 18 - Color of dye Rhodamine B containing WO90 nanopowders, initial and after UV irradiation up to 120 minutes


CONCLUSION
Thus, we have successfully synthesized WO3@Co3O4 photocatalyst and studied its photocatalytic activity compared with pristine WO3. The results demonstrate that the synthesized WO3@Co3O4 nanostructures allow to achieve a photocurrent 20 times higher than in case of bare WO3. The increase in photocurrent is achieved due to the effective separation of photogenerated charge carriers in the p-n junctions formed when the heterostructured WO3@Co3O4 photocatalyst is created. The results demonstrate that the synthesis of an effective heterostructured photocatalyst WO3@Co3O4 has been performed, the developed method of synthesis is a promising technology for the development of new effective photocatalysts, and sets a new direction for solving the critical problem of photogenerated charge carrier separation in catalyst nanoparticles for water splitting.
Also, the results presented in this work extend the understanding of photocatalytic processes using tungsten oxide nanomaterials. It was shown that the main parameters - morphology and thickness of WO3 nanoplates, can be controlled by the synthesis parameters such as temperature and pressure. The low-temperature chemical deposition method not only allows the growth of thinner square WO3 nanoplates compared to conventional hydrothermal synthesis at temperatures above 180 °C in an autoclave, but is also relatively cheap from an economic point of view. The high photocatalytic activity of the obtained WO3 nanoplates with respect to the decomposition of the organic dye RhB makes them a good candidate for applications in water treatment of industrial wastes such as various organic compounds, in particular dyes, which presence in waters is a significant environmental problem. 
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2. Characteristics of scientific and technical products by qualification characteristics and economic indicators
2.1 Direction of project: Fundamental
2.2 Application area: Photocatalysis. Alternative energy. Solar energy
2.3 Final results:
2020 - thin films of tungsten oxide modified with nanoparticles of cobalt oxide will be obtained.
2021 - According to the results of the project, at least 1 (one) article or review will be published, published in a peer-reviewed scientific publication on the scientific direction of the project, included in 1 (first), 2 (second) or 3 (third) quartiles in the Web of Science database and (or) having a CiteScore percentile in the Scopus database of at least 50 (fifty), or being in print in these publications.
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2.7 Type of use of the result of scientific and (or) scientific and technical activities: publications.
3. Name of work, terms of their implementation and results
	№ 
	The tasks and activities for the implementation of the Project
	Beginning of work* (dd/mm/yy)
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	Years of project implementation, expected results of project implementation
(In terms of tasks and activities)
 

	
	2020 year

	1

	Development of methods for the synthesis of nanomaterials of metal and metal oxides of various morphology (nanorods, nanoplates, nanoparticles, etc.)

	October
2020

	December
2020
	Experimental methods for the synthesis of nanomaterials of metal and metal oxides of various morphologies will be developed.




	
	2021 year

	2
	Modify the surface of the resulting nanostructures
	January
2021

	January
2021

	Methods for modifying the surface of nanomaterials will be developed.

	3
	Study of the properties (structure, composition, electrical, etc.) of the obtained nanomaterials

	January
2021

	January
2021

	Properties will be presented.

	4

	Definition and optimization work of photocatalytic activity of the obtained materials
	January
2021

	April
2021

	Results will be obtained on the photocatalytic activity of nanomaterials and optimization to improve photoactivity 

	5

	Carrying out work on the growth of nanostructures on conductive substrates and the manufacture of photoelectrodes
	April
2021

	June
2021

	Methods for producing nanostructures on substrates and methods for manufacturing photoelectrodes will be developed


	6
	Development of methods for producing heterogeneous nanostructures
	June
2021

	July
2021

	Methods for producing heterogeneous nanostructures will be developed

	7
	Study of the photoelectrochemical properties of the resulting heterogeneous nanostructures
	July
2021

	August
2021

	The results of the study of photoelectrochemical properties will be presented

	8
	Checking the stability of photocatalysts and photoelectrodes
	August
2021

	September
2021

	Photostability of photocatalysts will be tested. According to the results of the project, at least 1 (one) article or review will be published, published in a peer-reviewed scientific publication on the scientific direction of the project, included in 1 (first), 2 (second) or 3 (third) quartiles in the Web of Science database and (or) having a CiteScore percentile in the Scopus database of at least 50 (fifty), or being in print in these publications.
· as well as at least 1 (one) article in a peer-reviewed foreign and (or) domestic publication with a non-zero impact factor (recommended by ESMC).



[image: ]



[image: ]

[image: ]
21

image3.jpeg




image4.jpeg
O _4les, 6008,

il ens topey
<ony i

bers_guasy VPR [0 g,
b gpoe Sous o

200





image5.jpeg




image6.jpeg




image7.jpeg




image8.png
sample” 100 nm




image9.jpeg




image10.jpeg




image11.png
1,,=600 sec
Wo,@c0,0,

Intensity, (arb.un.)
Intensity (arb.un.)

1,7200 sec

wo,

20 30

50 60 0 100 200 300 400 500 600 700 800 900 1000

o
20 (degrees) Raman shift, 1/cm




image12.png
Absorbance (a.u)

-
[$)]
1

1,0
WO,@Co,0,
0,54
wo,
0.0 L T T T T T T
400 500 600 700

Wavelenght, nm




image13.png
0,030

1-t dep=6003
0,025 - light off 2- tdep=4oos
3-t,_=200s
o~ ep
5
= 0,020 4
< \ \
£ hiEk ™
o
‘w 0,015 4
c
(]
= al
© 00104 [73]
S
O
0,005 g
O'OOO I T T T T
0 20 40 60 80 100

Time, sec




image14.png
=

—

~—

60

=

40

—

3 L
P
(@]
® g4
o ™M
OO0
z =
] <
\
\
\
w -
= e
=)
\
\
T 17T 1T 717 7717 71T 71
© e ¥ & 2 8 8 3
o O o o o o o o

wo/yw ‘Aysusp juaung

L

~—

=

—

=

~—

80

0,02
0,00

100

20

Time, sec




image15.jpeg
0,16

0,14 4

0,12—\

Current density, mA/cm”

e
E
N

0,08

WO,@Co,0,

WO

T T T T
1000 2000 3000 4000
Time, sec

T
5000

6000




image16.png
Current, mA/cm’

1,4

i WO3@C0304
1,2 5
1,0 5
0,8
0,6
04 Wo3
0,2
L Dark
0,0
T T T T T T T T T T T T T
04 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0

Applied voltage vs Ag/AgCl




image17.jpeg




image18.jpeg




image19.jpeg




image20.jpeg




image21.jpeg
100 nm




image22.jpeg




image23.jpeg
Intensity (arb.un.)

PDF#01-083-0950

‘Wo3 menoclinic

Il
0

26 degree

T
50





image24.jpeg
1000

900

300 400 500 600 700
Raman shifts, 1/cm

200

100

(‘un-gJe)Aususiu|




image25.jpeg
35 40 45

25 30
hv

20

5

(=] [=] =] (=]
@ « -

(9%) @oueouOsSqy

1

©
]

~ 2. S ] © ~
- - - o o o

0.2

(‘n"e) aoueqlosay

200

500 600 700 800

400

300

Wavelength, nm




image26.jpeg
CiC,

11

1.0

0.9

0.8

07

0.6

0.5

04

0.3

0.2

0.1

—a— W0180
——WO90

20

40 60 80
irradiation time, min

100 120





image27.jpeg
-In(C/iC)

20 = WO180
® WOg90
15
1.0
0.5
0.0

0 20 40 60 80 100
irradiation time, min

120





image28.jpeg
C/C,

1,2

1,0

0,8

0,6

0,4

0,2

0,0

1 umkn

2 LUK

N\

E\E\E

3 umKn B

N

=
\i\i_

4 uuKkn

1200

—
40 80

1200

40

80 1200

Bpemsi oOny4yeHusi, MUH

40 80




image29.jpeg




image30.jpeg
20

IMpunoxenne 1.5

K HACTOSIIEMY JI0rOBOPY
Nof#or «i » m;@; J 2020 roxa

KAJIEHJIAPHBIN TUIAH

1. HEKOMMEPYECKOE AKIIHOHEPHOE OBLIECTBO «KA3AXCKHI
HALMOHAJIbHBII1 YHUBEPCUTET UM. AJIb-®APABH»

1.1 Ilo nproputeTy: DHepreTrKa i MAIIMHOCTPOCHHE

1.2 Ilo moanmpuopurery: ANbTepPHATHBHAS SHEPreTHKA M TEXHONOLHH: BO30OHOBIAEMBIC
MCTOYHHMKH SHEPIUH, siIePHAs U BOAOPO/HAs YHEPreTHKA, APYTHEe HCTOYHUKH SHEPrHH.

1.3 Tlo Teme npoexra: MPH AP08956791 «Cuutes u mnpuMeneHue reTepOreHHBIX
HaHOCTPYKTYpP» /

1.4 O6mas cymma npoekra 5 000 000 (msith Munnnox—xos)\'fenre, B TOM 4HCJle C pa3OUBKOI
T10 TOZIaM, JUIsl BBINIOJIHEHHS! pabOT COTIACHO MYHKTY 3: Y,

- Ha 2020 rox - B cymme 3 000 000 (Tpu MHIIHOHA) TEHTE;

- Ha 2021 rox - B cymme 2 000 000 (1Ba MuILTHOHA) TeHTe. |

2. XapaKTepHCTHKA HAYMHO-TeXHHYECKOil NPOYKIMH 110 KBATHPHKALHOHHBIM
NPH3HAKAM H JKOHOMHYECKHE 0KA3ATe/H
2.1 Hanpagnenue paGoTsl: GyHIaMeHTaTbHOE.
2.2 Ob6nacte npumenenus: DoToxaranus, AnbrepHatuBHas dHepretuka. ConHeuHas
SHEPreTHKa.
2.3 KoHeuHblii pe3ysibTar:
- 3a 2020 rom: GymyT moxydeHs! oGpasibl B BHIE TOHKHX IIEHOK OKCHIA BoJIb(pama,
MOIM(UIMPOBAHHbIC HAHOYACTHIIAMH OKCHAA KOGAIbTA.
- 3a 2021 rox: Io pesynbraram npoekra 6ymyT omyGIHKOBaHBL He Menee | (oxHOI) cTaThH
um 0030pa, OnyONMKOBAHHOM B pPELEH3UPYEMOM HAYYHOM W3JAHHH IO Hay4HOMY
HaMpaB/eHHUIO MPOEKTa, BXOAAIEM B 1 (Tepsbiit), 2 (BTopoit) mGo 3 (TpeTuit) KBapTHIH B
Gase Web of Science u (1mm) umeromenm nponentiis o CiteScore B Gase Scopus He MeHee
50 (nsTunecsTu), GO HAXOASIIEHCS B [IEUATH B YKA3AHHBIX M31AHUSAX.
- a Take He MeHee 1 (0zHOM) craThM B peleH3MpyeMoM 3apyGekHOM H (W)
OTEUCCTBEHHOM M3JIAHMH C HEHYJICBBIM UMIIAKT-(GakTopoM (pekomernoBanHoM KOKCOH).
2.4 I1aTenTOCTIOCOGHOCTD: HE MIAHHPYETCs
2.5 Hayuno-texnmueckuii ypoennb (HoBu3Ha): Bbicokuii
2.6 Mcnionb3oBanue HayyHO-TEXHHYECKOH NPOKIMH OCYIIeCTBseTes: McnonunTenem
2.7 Buji MC110/1b30BaHuMs pesyJibTaTa HayuHOH M (MJIH) HayYHO-TEXHHYECKOH JesTeTbHOCTH:
TexHonorus noyuen s HAHOCTPYKTYPUPOBAHHBIX MOMTYTIPOOTHUKOB.

3. HanmenoBanue paGor, CPOKH HX PeATH3AUHA H PE3YIbTATHI

MIndp HanmenoBaune pabor no Cpoxk BbIMoIHEH S * OsxulaeMslii pesynsrar™
) [ HBIC OTallbl
3azanu | J[oroBopy U OCHOB e*sr T e
A, oTana €ro BBITIOJTHEHHS
YyaHue

2020 rox





image31.jpeg
21

OrpaboTka MeTONOB CHHTe3a| OKTAOpb | Jekabpp | Bymyt 0oTpaboTaHbl
HaHOMaTepHaJIoB okcuoB | 2020r. 2020r. | 3KCnepUMEHTAIbHBIE
METALIOB M METAUTHYECKHX METO/IMKH CHHTE3a
pasIu4HON Mopdosorueit HaHOMATepHaIOB OKCHJIOB
(HaHOCTEP)KHH, HAHOIIACTHHBI, METAUIOB M METAUTHYECKHX
HAHOYACTHUIbI U T.J1.) pasnuanoit Mopdosorueit
2021 rox
MouduupoBaTsh SIHBaph sHBapb | Byayr orpaGoTaHBl MeTO/bI
[I0BEPXHOCTh nosnydeHHsix | 2021r. 2021r. |MoAM(DHKALKH [OBEPXHOCTH
HaHOCTPYKTYp HaHOMaTEepHAIOB
HUccnenosanue CBOWMCTB| sHBaph aupapb | byayTt npejcraBnensr paGoThl
(cTpykTypa, cocras, | 2021r. 2021r. | mo HCCNeAOBAHUIO CBOMCTB
JNIEKTPHYECKHE " ap.)
TOJIyYEHHBIX HAHOMATEPHAJIOB
Ipoenenne pabor 1o | sHBaphb anpens | BynyT nomyuensr pesyabrars
onpeaeneHuo M ontummsaumu | 2021r. 2021r.  |no (oTOKaTANHTHIECKON
(borokaranuTHIecKoi AKTHBHOCTH HAaHOMAaTEpPHAJIOB
aKTHBHOCTH TOJTyYEHHBIX " ONTHMH3AIHH o
MaTepuanoB YIyYIIEHHIO (OTOAKTHBHOCTH
I[Ipoenenne pabor mo pocry| anpeis uionb | Bynyr orpabGoransl  MeTobI
HaHOCTPYKTYp Ha mpoBomsiux | 2021r. 2021r. | moiyueHHs] HAHOCTPYKTYp Ha
TO/UIOJKKAX M H3TOTOBJIEHHE TO/UTOKKAX " METO/IbI
boTosaeKTPOI0B H3TOTOBJICHHS
¢borosekTpo 0B
OtpaboTKa METO/OB IOJIyY€EHHs |  HIOHD uionb | Bynyt otpaGotansl MeTobi
TeTEPOreHHBIX HAHOCTPYKTYP 2021r. 2021r. | nomyuenus TETEPOreHHBIX
HAHOCTPYKTYP
Hccenenoanne HIOJb asryct | Byayt MIPEJICTABICHEI
(DOTOITEKTPOXHMHUECKHX 2021r. 2021r. | pesynbrarel o
CBOWCTB IOJTy YEHHBIX HCCIIEI0BAHUIO

reTePOreHHBIX HAHOCTPYKTYP

(hOTOIIEKTPOXUMHIYECKAX
CBOMCTB
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8 IIposepka CTaOMJIBHOCTH | aBryCT
(boTokaTan3aTopoB ul 2021r.
(boTos1eKTPOI0B

CEHTSIOPb
2021r.

BynyT momydeHs! pesyibrarhi
o (oTocTabunbHOCTH
MoJy4eHHBIX o0pasnos. [lo
pe3ynbTatam IpoekTa OyayT
onyOinKoBaHbl He MeHee |
(oaHolt) craThu WM 0030pa,

omyOIHKOBaHHO B
PELEeH3HpyeMOM HayuyHOM
M3JIaHHH [0 HAyYHOMY
HallPaBJIeHUIO NpOeKTa,

BxojsmeM B 1 (mepBsrit), 2
(Bropoii) mmbo 3 (Tperwmii)
kBaptuid B Oaze Web of
Science u (WiaH) HMeOLIEM
npouentuab 1o CiteScore B
G6aze Scopus He Menee 50

(nsaTHAECATH), 6o
HaxoJslleics B Ie4yatd B
YKa3aHHBIX ~ H3JaHHsX, a

TaKke He MeHee | (oxHOI)
CTaThbH B PELEH3HPYEMOM

3apy0exKHOM H (nm)
OTEYECTBEHHOM ~ H3JIAaHHH C
HEHYJIEBbIM HMIIaKT-

(hakTopoM (PEeKOMEHIOBAHHOM
KOKCOH).

Ot 3akaszuuka:

[pencenarens I'Y «Komurer Hayku
Munucrepersa ofpazosanus u Hayku PK»

Kypmanraiunesa XK. /1.

Ot Ucnonuurens:

H.o0. npopekTopa 1o HayYHO-HHHOBALMOHHC
nesrenbHoct HAO "Kazaxckuii
HALMOHAJIbHBIH YHUBEPCUTET HMEHH aJlb-
dapabu"

Pamaszanos T.C.

[CJIb TIPOCKTA

MapxaGaesa A.A.
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