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Abstract

:

Anodic titania nanotubes (TiO2-NT) are very promising for use in photocatalysis and photovoltaics due to their developed surface, symmetrical structure and conductive properties, which, moreover, makes them a convenient matrix for creating various nanocomposites. Herein we propose a new facile way of synthesizing symmetrical TiO2-NT followed by a modification with barium titanate (BaTiO3) nanoparticles, combining the advantages of electrochemical oxidation and hydrothermal synthesis. The electrophysical and optoelectronic properties of the formed nanocomposites have been studied. An asymmetry of the current–voltage characteristics was revealed. It is shown that during the barium titanate deposition, a symmetry-breaking nanoheterojunction TiO2/BaTiO3 is formed. Using EPR spectroscopy, paramagnetic defects (titanium, barium and oxygen vacancies) in the samples were determined. It was observed for the first time that upon illumination of titania nanotubes modified with BaTiO3, the asymmetrical separation of photoexcited charge carriers (electrons and holes) between TiO2-NT and BaTiO3 occurs, followed by the capture of electrons and holes by defects. As a result, the photoinduced charge accumulates on the defects.
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1. Introduction


Currently, one of the most important tasks of humanity is to develop rational methods for using underutilized energy sources [1]. The implementation of flexible piezoelectric generators makes it possible to create wearable electronics, including medical devices that do not require frequent recharging [2,3,4,5,6,7]. The usage of solar energy can reduce the consumption of fossil hydrocarbons by generating electricity, obtaining hydrogen from water and converting atmospheric carbon dioxide into light hydrocarbons. Additionally, using sunlight to purify water can increase the quantity and purity of drinking water around the world.



For a long time, titania (TiO2) has remained the object of intensive scientific research devoted to the development of new methods for the synthesis of the material in various structural forms, including monophasic structures and nanostructures, as well as nanocomposites [8,9,10,11,12]. The attractiveness of nanostructured TiO2 for researchers in recent decades is due to its significant specific surface area [8,9,10,11,12]. The wide and varied range of applications of nanocrystalline TiO2 includes use in solar cells, in gas sensors, as a photoanode for photoinduced water decomposition, in the food and pharmaceutical industries, in optoelectronics and memristors due to its chemical resistance, suitable band edge potentials and propensity to form oxygen vacancies in its structure [8,9,10,11,12]. It is used for the photocatalytic purification of air and water, as well as for the photocatalytic conversion of carbon dioxide into more complex carbon compounds and other energy-intensive processes [9,12,13,14]. Researchers were able to compensate for the major drawback of TiO2’s wide bandgap and ultraviolet light requirement by introducing impurities and/or defects into its structure [12,13,14,15,16,17]. Impurity centers successfully “reduce” the band gap of TiO2 by locating energy levels inside it and providing photon absorption using these energy levels [12,14,15,16,17,18].



Symmetrical titania nanotube arrays (TiO2-NT) are a promising nanomaterial with potential applications in photocatalysis and photovoltaics [8,12,13]. TiO2-NT arrays are used in solar cells and wastewater treatment due to their huge specific surface area and conductive properties, which also make them a convenient matrix for creating various nanostructures [8,12]. In [14,15,16,17], the authors investigate ways to control the concentration and type of paramagnetic centers in titanium oxide nanostructures in order to control their photocatalytic and optic properties. Modification of the surface and composition of TiO2 nanostructures of various morphologies (nanotubes, nanoparticles, nanorods) in order to control its optical and electronic properties remains a relevant topic [18,19,20,21,22]. For example, BaTiO3 nanoparticles, which have beneficial properties, can be one of the promising modifiers. BaTiO3 nanoparticles have the potential for numerous applications in various fields such as electronics, catalysis, biomedicine, electromechanical generators and optics [2,3,4,5,6]. In biomedicine, BaTiO3 nanoparticles have the potential for targeted drug delivery and cancer treatment [4]. They can also generate electricity from mechanical vibrations and movements and are used in optics for optical switching [6]. Nanostructured barium titanate has a high dielectric constant and piezoelectric and ferroelectric properties, making it useful for capacitors, sensors and energy storage devices in electronics [2,3,4,5,6]. In addition, BaTiO3 nanoparticles are used in catalysis for reactions such as photocatalytic degradation of organic pollutants and hydrogenation.



Combining symmetrical titania nanotubes with BaTiO3 nanoparticles will make it possible to obtain a material with new unique properties for use in various fields of science and technology. The formed heterojunction should contribute to the spatial separation of charge carriers, potentially expanding the possibilities of application of devices based on such composites in photovoltaics [3], photocatalysis [2,21,22,23] and piezoelectric current sources [5]. At the same time, only a few works have aimed at investigating the nature of paramagnetic centers (defects) in such structures and their relation to the electronic properties of heterostructures. BaTiO3-TiO2 heterostructures can be synthesized using symmetrical arrays as a matrix, through a simple hydrothermal process with barium hydroxide. This approach will allow the formation of porous heterostructure immobilized on a conducting substrate, which is required for most applications, but the synthesis parameters need to be discovered. It should be noted that before the deposition of barium titanate, the pores in titanium dioxide are located strictly vertically and parallel to each other, forming a symmetrical system of pores. Decoration with BaTiO3 nanoparticles breaks this symmetry, which leads to pore asymmetry; since BaTiO3 nanoparticles fill the vertical pores of titania, the pores between the BaTiO3 nanoparticles are arranged randomly. The preparation and comparative analysis of the structure, composition, electrical properties, type and properties of defects of the original samples (TiO2-NT) and samples with BaTiO3 nanoparticles deposited on the surface of titania is a new original study that reveals the influence of the asymmetry of the structural properties of TiO2-NT/BaTiO3 nanocomposites on their electrical properties and defect characteristics.




2. Materials and Methods


2.1. Nanotube Arrays


Samples of anodic titanium oxide nanotube arrays were obtained by electrochemical oxidation of titanium foil in potentiostatic mode (60 V) in two stages. The first stage of anodic oxidation was carried out to form a sacrificial layer of the TiO2-NT array for 30 min. The sacrificial layer was removed by cathodic polarization in a sulfuric acid solution. This step is necessary to increase the uniformity of the future array obtained in the second stage. The second stage lasted 60 min. After formation, the samples were washed in ethanol. The composition of the electrolyte used per 100 mL was 0.3 g NH4F, ethylene glycol, and 2 mL of deionized water (18.2 MOhm·cm). The cathode was a 2 × 2 cm platinum grid. The current source was AKIP-1125 (Prist, Moscow, Russia).



After formation, the TiO2-NT arrays were subjected to heat treatment in an Averon EMP 11.1 muffle furnace (Averon, Yekaterinburg, Russia) in air at 450 °C for 1 h for crystallization.




2.2. Surface Modification


The modification of the obtained samples of TiO2-NT arrays was carried out by hydrothermal treatment in a 0.1 M aqueous solution of Ba(OH)2. For this purpose, a steel autoclave with a fluoroplastic liner was used. The treatment was carried out in a muffle furnace at a temperature of 210 °C for various times (3, 6 and 9 h). After the autoclave cooled, the samples were removed and washed in deionized water.



The main stages of the sample synthesis process are shown in the in the following diagram (Figure 1):




2.3. SEM, EDX, XRD


The morphology of the surface of the samples was studied using a Helios G4C X dual-beam scanning electron microscope. Recording mode: accelerating voltage, 5 kV; current, 21 pA; shooting was carried out at angles of 0 and 52 degrees in the TLD (Through the Lens Detector) secondary electron mode. The X-ray diffractometer Rigaku MiniFlex XRD was used to analyze the obtained samples. CuKα radiation 1.54 Å.




2.4. Optics


Raman spectra were recorded using a SOL Instruments Confotec NR500 spectrophotometer (Minsk, Belarus), equipped with a Peltier element for cooling and a diode laser with a wavelength of 532 nm. Diffuse light-scattering spectra from the obtained samples were recorded using an LS-55 Perkin Elmer spectrometer operating in the spectral range of 200–800 nm with a spectral slit width from 2.5 to 20 nm. The design features of the spectrometer and control software make it possible to record spectra of diffuse reflection of light at different angles of incidence of the probing beam on the surface.




2.5. Electrophysics


To study the electrical properties of the samples, capacitor-type structures were used, in which a layer of TiO2 nanotubes modified with barium titanate was located between two metal electrodes. The bottom electrode was a titanium substrate on which symmetrical nanotube samples were directly formed. The upper electrode with a size of 3 × 4 mm2 was also made of the substrate material and was tightly pressed from above to a layer of nanotubes coated with barium titanate. Current–voltage characteristics of the samples were obtained using a Keithley 6487 picoammeter. Voltage was applied to the sample from a source built into the picoammeter. In all measurements, the upper electrode was connected to the positive side of the current source. The measurements were carried out at room temperature and pressure p = 10 mbar. Before measurements, the samples were annealed at a temperature of T = 400 K in a vacuum for 1.5 h to stabilize their electrical properties.




2.6. EPR


Electron paramagnetic resonance (EPR) spectra were recorded with an ELEXSYS-E500 (Bruker, Germany) spectrometer (X-band, sensitivity up to 1010 spin/G). The samples were illuminated directly in the spectrometer cavity in the range of 350–900 nm. A mercury lamp was used as the light source. The illumination intensity was of ca. 40 mW·cm−2.





3. Results


The morphology of the obtained samples was studied by scanning microscopy. Figure 2 shows SEM images of the resulting nanostructures. The initial TiO2-NT arrays have a developed surface with a large number of highly ordered symmetrical pores (Figure 2a,b). The pore diameter distribution is normal. The average pore diameter in the area of 2.6 × 1.7 μm is about 63 nm. The distance between the pores is about 37 nm. Pores occupy 25% of the surface area of the sample. The height of the nanotube array without hydrothermal treatment is about 6.3 μm. After three hours of hydrothermal treatment or surface modification, a large number of crystals of various shapes and sizes formed on the surface of the TiO2-NT. Crystals do not have a specific shape or cut of the crystal lattice. This may be due to the lack of anisotropic growth due to the low alkali concentration in the solution. The pores on the surface are almost completely closed by densely located crystals. The crystal size has an average value of about 217 nm. A cross-section of the sample shows that the crystals are located inside the symmetrical pore channels, which indicates that the reaction is occurring not only on the surface of the sample but also in the volume of the pores. The height of the nanostructured layer after 3 h of treatment is about 6.2 μm. Subsequently, with increasing synthesis time, an increase in the size of the crystals to 230 and 320 nm on the surface of the sample is observed for the samples undergoing synthesis for 6 and 9 h, respectively. This can be explained by the “merging” of individual crystals together during a hydrothermal reaction. The height of the nanostructure decreases with increasing synthesis time. After 6 and 9 h of synthesis, the height was about 5.8 and 5.6 μm. The decrease in height may be associated with the gradual dissolution of the titania and its transition into BaTiO3 crystals. The sections of the samples show that, with increasing synthesis time, overgrowth of the pore channels is observed. Thus, the symmetry of pores in the samples is broken, and the pores between the BaTiO3 nanoparticles are arranged randomly.



The chemical composition of the obtained samples was studied by energy-dispersive X-ray spectroscopy; the results are presented in Table 1.



The chemical analysis results indicate that the hydrothermal treatment of the symmetrical TiO2 nanotube arrays leads to the incorporation of Ba into the material composition. Additionally, the carbon content in the material increases significantly, from 6.3 at.% to approximately 15.0 at.%. Notably, the amount of Ba in the material is consistently maintained at a level close to 20.0 at.%, regardless of the duration of the hydrothermal treatment. These findings suggest that the hydrothermal treatment has a significant impact on the material composition, particularly in terms of the incorporation of Ba and the increase in carbon content.



Figure 3 shows the obtained diffraction patterns from the treated samples and the untreated TiO2-NT sample.



It can be seen from Figure 3 that the diffraction peaks corresponding to TiO2 (anatase) and titanium substrate (JCPDS-ICDD: 21-1272 and JCPDS-ICDD: 44-1294, respectively) are weakened in the treated samples [12]. In this case, after processing, diffraction peaks appear corresponding to the cubic phase of BaTiO3 (JCP2.2CAa:31-0174) [24]. The peak corresponding to BaCO3 (JCPDS No.71–2394) [25], which is a by-product of the hydrothermal reaction, was detected [26]. The source of carbon for the reaction is the inner wall of the nanotube containing carbon dangling bonds [27]. Table 2 presents the viewing angles of the diffraction maxima, their corresponding phase and the orientation of the diffracting planes. No dependence of the intensity, width and shift of the peaks on the treatment time was identified.



Raman spectra of titania nanotube samples modified with barium are presented in Figure 4. Let us discuss these results.



According to the reported data [28,29,30], the TiO2 anatase phase predominantly exhibits a characteristic line of six main modes, which include A1g (519 cm−1), B1g (399 cm−1 and 519 cm−1) and Eg (144 cm−1, 197 cm−1 and 639 cm−1). At the same time, the spectra of an unmodified sample of TiO2-NT arrays showed the presence of peaks of active modes at 144 cm−1, 195 cm−1, 394 cm−1, 515 cm−1 and 635 cm−1, which directly confirms the presence of a pure anatase phase and the absence of other phase peaks rutile (Figure 4). In this study, the assignment of the vibrational bands described below to specific vibrational modes of barium titanate was made based on previous Raman studies of single crystals [31,32,33], bulk [34,35], thin film [36] and nanocrystalline BaTiO3 [37,38].



Barium titanate is characterized by three E(TO) modes with frequencies around 186, 280 and 516 cm−1. The 186 cm−1 and 516 cm−1 modes come from the F1u cubic phase modes, and the 303 cm−1 mode comes from the splitting of the F2u cubic mode. The 140, 303, 640 cm−1 and wider 720 cm−1 modes constitute the E(LO) modes. The mode at 280 cm−1 belongs to A1(TO) [39]. Meanwhile, according to the work of Boulos and his colleagues [40], the bands located at 272 and 183 cm−1 are the strongest evidence of the presence of cubic BaTiO3. Xiao and co-workers noted [41] that the peak located at 306 cm−1 is the characteristic peak of the tetragonal form of BaTiO3 [42,43]. At the same time, according to [44,45,46], the peaks at 281 cm−1, 305 cm−1, 514 cm−1 and 720 cm−1 indicate the crystalline cubic phase. The broad peak located near 800 cm−1 in the Raman spectrum is further evidence of the existence of cubic BaTiO3 [40,43]. According to the literature, cubic BaTiO3 exhibits two large bands located at 707 cm−1 and 523 cm−1 with significant intensity [35]. Note that, in article [47], the authors note that the decrease and disappearance of the sharp mode at 308 cm−1 and the damped soft mode at 717 cm−1 indicate a cubic phase; we can conclude that these modes belong to the tetragonal system. It is also emphasized in [42] that a decrease in the intensity of the peak at 303 cm−1 may indicate a change in the structure of BaTiO3 from an asymmetric ferroelectric tetragonal to a more symmetrical (non-ferroelectric) cubic.



In the spectra of samples of TiO2-NT arrays modified with Ba, one can see pronounced peaks at 303 cm−1 and 720 cm−1 (Figure 4). The peak corresponding to 303 cm−1 may be due to vibrations in the TiO6 group or vibrations arising from the displacement of the oxygen atom [44]. In the Raman spectrum of the samples after modification, the described peaks have greater intensity. This may be due to several reasons: the effect of grain size [48,49], blue shift (blue shift means that the frequency or wave number of phonons interacting with the incident photon has increased, and red shift means that it has decreased); softening: (heating, stretching, impurities) red shift; quenching: (cooling, pressure, crystallization) blue shift; oxygen stoichiometry [50,51]; barium substitution in the TiO2 lattice [52], as well as the phase transition from the cubic phase to the tetragonal phase, depending on the increase in modification time.



It can be concluded that the obtained samples contain both cubic and tetragonal modifications. Due to the fact that the intensity and severity of the peaks increase with the time of hydrothermal treatment, it can be assumed that with the time of the treatment, the proportion of the asymmetric ferroelectric tetragonal phase becomes larger.



The optical properties were studied using the diffuse reflection method. An example of diffuse reflectance spectra in the UV region can be seen in Figure 5.



These optical data allow the calculation of absorption and hence the optical band gap for the material. Note that the optical band gap value can be lowered when the defect concentration in the material grows [53]. Using the Kubelka–Munk theory, the values of the optical band gap (Eg) were obtained from the diffuse reflectance spectra. To determine the band gap in the case of direct interband transitions, experimental data are presented in the form of the dependence: (αhν)2 = A2(hν − Eg). Due to the size effect, the structure of the crystal lattice of nanosized semiconductors changes somewhat, which can lead to an increase in the probability of direct interband transitions [54]. Figure 6 shows a graphical method for obtaining bandgap values using the Kubelka–Munk method. The accuracy of Eg determination was ±0.02 eV. Table 3 presents the values of the obtained parameters.



From the data obtained, we can conclude that the decoration of nanotubes leads to an increase in the optical band gap. Most likely, the increase in Eg for our samples after hydrothermal treatment indicates the incorporation of barium into the titania lattice. For comparison, we present the literature data for pure barium titanate. For example, the band gap for particles of 6.7 nm in size was measured to be 3.47 eV, which was approximately 0.25 eV larger than that of the BaTiO3 bulk [55]. The authors of [56] have found Eg = 3.6 eV for the Langmuir ferroelectric films of BaTiO3 with ∼20 nm grain size. The optical band gap value may be slightly decreased after 9 h of treatment due to the growth of concentration of defects, which creates states near the bottom of the conduction band.



Diffuse reflectance spectra make it possible to determine the difference in the absorption capacity of the samples being studied. Figure 7 shows the spectra of the difference in absorption coefficients of the treated samples relative to the initial.



It can be seen from Figure 7 that the absorption coefficient of the visible light for all the processed samples is higher than for the initial samples. It can also be noted that the sample treated for 6 h showed a greater absorption value in the long-wavelength region of the spectrum than other samples.



Let us move on to a discussion of the electrical properties of the samples. Figure 8 shows the current–voltage characteristics of all samples. It can be noted that the current–voltage characteristic of the initial sample (Figure 8a) is nonlinear and symmetrical. This sample is a Ti/TiO2/Ti structure. The nonlinearity of the current–voltage characteristic may be associated with the formation of a Schottky barrier at the Ti/TiO2 contact. The symmetry of the obtained dependence indicates that a barrier is formed on both the lower and upper electrodes.



Barium titanate changes the electrical characteristics of the nanotube array to asymmetrical. For samples treated with BaTiO3 (Figure 8b–d), the following trend is observed: the current–voltage characteristic becomes asymmetrical, and the asymmetry increases with the treatment time. The highly asymmetrical current–voltage characteristic of the sample processed for 9 h corresponds in appearance to a semiconductor diode. The current strength in the forward direction is significantly higher than the current strength in the reverse direction at the same voltage modulus. The rectification coefficient, which is calculated as the ratio of currents in the forward and reverse directions, for this sample, is k = 24 at a voltage of U = 5 V.



As was previously shown using scanning electron microscopy, sample processing leads to the formation of a layer of BaTiO3 particles on the surface of TiO2 nanotubes. This leads to the fact that the current–voltage characteristics are measured on an asymmetrical Ti/BaTiO3/TiO2-NT/Ti structure (Figure 9).



The observed type of current–voltage characteristics for samples treated with barium titanate can be explained by the formation of a TiO2/BaTiO3 nanoheterojunction. An increase in the thickness of the layer of BaTiO3 particles with increasing treatment time leads to an increase in the height of the potential barrier formed at the heterojunction. Thus, measuring the current–voltage characteristics makes it possible to clearly demonstrate the possibility of forming a TiO2/BaTiO3 nanoheterojunction. The electric field, which always arises near the heterojunction, promotes the separation of the nonequilibrium charge carriers that arise during illumination and increases their lifetime, which in turn ensures better photoactivity of the material. These data are in good agreement with the results of EPR spectroscopy.



The EPR spectra of TiO2-NT/BaTiO3 samples with a modification time of 6 h are shown in Figure 10 as an example. In the magnetic field range of 2200–3800 G, a broad EPR signal is observed, which is a superposition of the EPR lines from defects: titanium vacancies (VTi) with g = 2.004 and barium vacancies (VBa) with g = 1.974 (Figure 10) [57,58]. In the magnetic field range 3800–4100 G there is an EPR signal with g = 1.912, which is caused by Ti3+/VO (oxygen vacancies) [57]. When illuminated, the intensity of EPR signals from titanium and barium vacancies decreased by more than one and a half times. The intensity of the EPR signal from oxygen vacancies increases under illumination.



After turning off the illumination, the intensity of the EPR signals from metal vacancies returned to its initial state over a long period of time—approximately 24 h. The decrease in the intensity of EPR signals from defects under illumination can be explained by their recharging. Photoexcited electrons and holes are probably separated between the TiO2 and BaTiO3 forming the nanoheterojunction (Figure 11). Photoexcited holes are captured by titanium and barium vacancies in barium titanate, so the vacancies become non-paramagnetic (lose an electron). Therefore, the intensity of the EPR signal from titanium and barium vacancies decreases upon illumination (Figure 10). Non-paramagnetic oxygen vacancies (not containing an electron) in titanium oxide capture photoexcited electrons, so the intensity of the EPR signal from oxygen vacancies increases upon illumination (Figure 10). After turning off the illumination, the intensity of the EPR signals from oxygen vacancies returned to its original state very slowly—during 24 h (Figure 12). Unmodified samples of TiO2-NT are also shown in Figure 12 (inset) for comparison. As can be seen from Figure 12 (inset), the relaxation of the EPR signal intensity in the titania occurs quite quickly (within two hours) due to the recombination of photoexcited electrons and holes in the titania.



Note that for nanoheterostructures, due to the asymmetric separation of photoexcited electrons and holes between different semiconductors (TiO2-NT and BaTiO3), their recombination is suppressed. This explains why the intensity of the EPR signal from defects relaxes to the initial state for such a long time after turning off the illumination. Thus, photoexcited holes and electrons are captured by titanium, barium and oxygen vacancies, respectively, and charge accumulation occurs in the TiO2-NT/BaTiO3 nanohetrostructures.




4. Conclusions


The symmetrical TiO2-NT arrays were prepared using the electrochemical method. The modification of the obtained symmetrical TiO2-NT arrays was carried out by hydrothermal treatment in an aqueous solution of barium hydroxide. The structure and chemical composition of the obtained samples were studied, and it was found that the samples have a crystalline structure. According to energy-dispersive X-ray spectroscopy data, the samples contain carbon, nitrogen, barium and traces of fluorine. Using diffuse reflectance spectroscopy, the optical band gap was determined, which was 3.2 eV and 3.37 eV for the TiO2-NT and TiO2-NT/BaTiO3 samples, respectively. The current–voltage characteristics of TiO2-NT modified with barium titanate become asymmetrical and can be explained by the formation of the TiO2/BaTiO3 nanoheterojunction. Thus, modification of symmetrical TiO2-NT with barium titanate nanoparticles changes the structure and electrical characteristics of the nanotube array to asymmetrical. Paramagnetic defects such as titanium, barium and oxygen vacancies are detected in TiO2-NT/BaTiO3 using EPR spectroscopy. It was discovered for the first time that, under the illumination of the TiO2 nanotubes modified with BaTiO3, the photoexcited electrons and holes are asymmetrically separated between TiO2-NT and BaTiO3. This process leads to the effective charge accumulation on defects in the TiO2-NT/BaTiO3 nanoheterostructures. The obtained results are completely new and show good application prospects of the TiO2-NT/BaTiO3 nanocomposites with an asymmetrical structure in the field of photocatalytic and photovoltaic applications.
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Figure 1. Main stages of the sample synthesis process. 
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Figure 2. SEM images of the obtained samples: (a,b) arrays of symmetrical TiO2-NT, (c,d) 3 h of hydrothermal treatment of TiO2-NT arrays, (e,f) 6 h of hydrothermal treatment of TiO2-NT arrays, (g,h) 9 h. 
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Figure 3. X-ray diffraction patterns of TiO2-NT with BaTiO3 obtained by the hydrothermal synthesis during for 3, 6 and 9 h, as well as an untreated TiO2-NT sample. 
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Figure 4. Raman spectra of TiO2-NT samples modified with BaTiO3, with different modification times. 
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Figure 5. Normalized diffuse reflectance spectra of initial TiO2-NT arrays and the samples after hydrothermal treatment for 3, 6 and 9 h. 
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Figure 6. An example of determining the optical band gap using the Kubelka–Munk method. 
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Figure 7. Difference in visible light absorption spectra for TiO2-NT with BaTiO3 samples compared to the initial sample. 
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Figure 8. Current–voltage characteristics of the original TiO2 nanotube sample (a) and samples modified with BaTiO3 for 3 (b), 6 (c) and 9 h (d). 
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Figure 9. Schematic of the Ti/BaTiO3/TiO2-NT/Ti structure. 
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Figure 10. EPR spectra of TiO2-NT/BaTiO3 with a modification time of 6 h in the dark and under illumination. 
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Figure 11. A schematic representation of the process of separation of photoinduced charge carriers arising under illumination. The electric field generated in the heterojunction region due to the diffusion of charge carriers leads to the separation of nonequilibrium electrons and holes. As a result, electrons go into titania and holes go into barium titanate. 
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Figure 12. Relaxation kinetics of EPR signal intensity after turning off the illumination (OFF) for samples of TiO2-NT/BaTiO3 with a modification time of 6 h and of TiO2-NT (inset). 
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Table 1. Results of chemical analysis of the obtained samples.
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	0 h
	3 h
	6 h
	9 h





	C. at.%
	6.3
	15.6
	14.6
	14.0



	N. at.%
	2.1
	6.7
	7.8
	6.9



	O. at.%
	61
	46.6
	45.6
	44.1



	F. at.%
	0.7
	0.8
	0.8
	0.7



	Ba. at.%
	0.0
	19.1
	19.6
	20.7



	Ti. at.%
	29.8
	11.1
	11.6
	13.5










 





Table 2. The angles of detected diffraction maxima, their corresponding phases and the orientations of the diffracting planes.
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BaTiO3 (Cubic)

	
TiO2 (Anatase)

	
Ti (Foil)




	
2θ, °

	
hkl

	
2θ, °

	
hkl

	
2θ, °

	
hkl






	
22.2

	
(100)

	
25.4

	
(101)

	
38.4

	
(002)




	
31.6

	
(101)

	
37.3

	
(103)

	
40.3

	
(101)




	
38.8

	
(111)

	
37.8

	
(004)

	
53.3

	
(102)




	
45.1

	
(200)

	
47.8

	
(200)

	
70.5

	
(103)




	
50.7

	
(210)

	
53.9

	
(105)

	
76.5

	
(112)




	
56.3

	
(211)

	
55.1

	
(211)

	

	




	
65.7

	
(220)

	
62.3

	
(204)

	
BaCO3




	
79.0

	
(311)

	
68.6

	
(116)

	
24.0

	
(111)











 





Table 3. Optical band gap values for the TiO2-NT and TiO2-NT with BaTiO3 (after hydrothermal treatment for 3, 6 and 9 h).






Table 3. Optical band gap values for the TiO2-NT and TiO2-NT with BaTiO3 (after hydrothermal treatment for 3, 6 and 9 h).





	Samples
	Eg, eV





	Pure TiO2-NT
	3.20



	Processed within 3 h
	3.37



	Processed within 6 h
	3.37



	Processed within 9 h
	3.31
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