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Abstract

:

A TiO2@Cu2O semiconductor heterostructure with better photochemical response compared to TiO2 was obtained using an electrochemical deposition method of Cu2O on the surface of TiO2 nanotubes. The choice of 1D nanotubes was motivated by the possibility of achieving fast charge transfer, which is considered best suited for photochemical applications. The morphology and structural properties of the obtained heterojunction were determined using standard methods —SEM and Raman spectroscopy. Analysis of photoelectrochemical properties showed that TiO2@Cu2O heterostructures exhibit better properties resulting from an interaction with sunlight than TiO2. A close relationship between the morphology of the heterostructures and their photoproperties was also demonstrated. Investigations representing a combination of photoelectrochemical cells for hydrogen production and photocatalysis—photoelectrocatalysis—were also carried out and confirmed the observations on the photoproperties of heterostructures. Analysis of the Mott–Schottky plots as well as photoelectrochemical measurements (Iph-V, Iph-t) showed that TiO2 as well as, unusually, Cu2O exhibit n-type conductivity. On this basis, a new energy diagram of the TiO2@Cu2O system was proposed. It was found that TiO2@Cu2O n-n type heterostructure prevents the processes of photocorrosion of copper(I) oxide contained in a TiO2-based heterostructure.
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1. Introduction


The illumination of the semiconductor with light characterized by hν > Eg is related to the creation of electrons (e−) in the conduction band and electron holes (h•) in the valence band. After the creation of the carriers, the separation of the opposite charges in an electric field should occur. The charge carriers can be used indirectly to drive a chemical reaction (photocatalysis or photoelectrolysis) [1,2,3,4]. The difference between photoelectrolysis and photocatalysis is the subsequent mode of action of the photogenerated electron–hole pair, which can take part in the redox reaction in two basic configurations: the particulate system and the photoelectrochemical cell PEC [3]. In a photocatalytic process, the semiconductor powders are suspended in a solution and the photogenerated holes and electrons react with chemical species such as H2O, OH−, or O2 to produce hydroxyl radicals (•OH), superoxide radical anions (O2•−), and H2O2, which contribute to the decomposition of adsorbed molecules at the semiconductor surface. The photoelectrolysis is conducted in PEC. For example, an n-type semiconductor acts as a photoanode and a second electrode is metallic (when n-type semiconductor photoanode is used). In photoelectrolysis of water, holes oxidize water, which results in oxygen generation at the photocatalyst surface. The electrons are transported over an external circuit to the cathode, where hydrogen is generated via the reduction of water. The photoelectrocatalysis process, which combines both electrolysis and photocatalysis, is an excellent example of the ability to delay the recombination of electron-hole pairs, increasing the lifetime of the photocarriers. The photogenerated holes act as strong oxidizing species, whereas e− play a role of potential reductor. The photogenerated holes act as strong oxidizing species, whereas e− play a role of potential reductor [5]. The last two decades have seen a significant increase in the number of publications on the treatment of organic pollutants in wastewater [6,7,8,9]. Titanium dioxide (TiO2) is the preferred material for photoanodes in photoelectrocatalytic applications [3,6,8,9,10], although WO3, ZnO, and other materials are also proposed [3,6,8,9]. Titanium dioxide, TiO2, has been the first material applied as a photoanode in the PEC for photoelectrolysis of water into hydrogen and oxygen [11]. TiO2 is one of the most suitable candidates for photoanodes due to its high resistance to corrosion, stability, and negative flat band potential. However, the band-gap of TiO2 is in the order of 3 eV and, as a consequence, the absorption of sunlight is hindered. Several methods that could improve the photoresponse of TiO2 have been considered [2,3,10,12,13,14,15]. The strategies are focused on improving the performance of photocatalysts such by doping, co-doping, band-gap engineering, co-catalyst decoration, heterostructures junction formation, or modification of the microstructure and morphology. Among these propositions, the use of nanomaterials (0D, 1D, 2D, 3D) and heterostructures of metal oxide semiconductors based on a heterojunction with different relative positions of the edges of the conduction and valence bands deserves special attention. From the point of view of achieving fast charge transfer, 1D nanorods and nanotubes are considered the best suited for this purpose. Nanotubes present a natural means for the fast channeling of charge carriers [10,16,17]. In the literature, three classes of heterojunctions depending on the direction of charge transfer are reported [15,18]. For Type I, the conduction band minimum of one semiconductor (CB_1) is below CB_2 of the other one, and its valence band maximum (VB_1) is above VB_2. Type II occurs when both the conduction band minimum CB_1 and valence band maximum VB_1 of one semiconductor are below those of the second one. Type III is similar to type II, but with much bigger energetic separation between the band edges of the two semiconductors. In the case of the photoelectrocatalytic process, only the type of configuration where electrons can be transferred via an external circuit from the photoanode to the cathode, is suitable.



The efficiencies η of TiO2 in various forms (i.e., nanowires, nanotubes, thin layers) and heterostructures composed of TiO2 and different narrow and wide band-gap semiconductors are presented in Table 1. The coefficient η was calculated at the biased potential VB = 0 and 0.5 V based on the photocurrent vs. potential characteristics. The higher the potential difference is, the higher efficiency is reached. However, it should be emphasized that the “green” approach expects high efficiency of PEC with zero external potential difference. Among the TiO2 photoanodes, the highest efficiency equal to 1.9 was achieved at 0.5 V for a thin layer of TiO2. Relatively high values of η are also attributed to the TiO2@MoS2 system, but their interpretation is difficult due to the lack of information about VB at which they were obtained. In the case of TiO2 nanotubes modified with tin dioxide, the range of obtained efficiencies is wide (0.21–2.12%), which results from differences in the morphology and chemical properties of these materials. The modification of TiO2 nanowires with copper(I) oxide also results in an increase in η; however, the values are not too high.



Efficiency η (solar-to-chemical energy conversion efficiency) is expressed as follows:


   η =     I  ph        V   r         −   V   B     P   



(1)




where Iph—photocurrent density in the circuit while the electrode is illuminating       m A   c  m 2       , Vr—redox reaction potential (Vr = 1.23 V vs. NHE), VB—biased potential (V), and P—light power density       m W   c  m 2       .



Copper(I) oxide (Cu2O) is a promising narrow band-gap semiconductor for photoelectrochemical applications due to its relative position of energy bands and band-gap energy of 2.0–2.5 eV [26,27,28,29]. However, the poor stability and the fast electron–hole recombination are a serious limitation for the application of Cu2O in photoelectrocatalysis. On the other hand, there are several approaches that can be used to stabilize and improve the efficiency of Cu2O as a photoelectrode. One of them is utilizing a suitable n-type semiconductor to combine with Cu2O. The formation of a junction between two semiconductors is favorable for inhibiting the fast recombination of photocharges. In addition, Cu2O joined with a wide band-gap semiconductor prevents the narrow band-gap semiconductor from photocorrosion.



In this work, we have studied titanium dioxide nanotubes (TiO2-NT) modified by Cu2O with the ultimate aim of determining band-gap alignment of TiO2-NT@Cu2O heterojunction. The aim of this research is to demonstrate the effect of TiO2-NT@Cu2O heterostructures, in particular, on the performance of the process of photoelectrolysis and photoelectrocatalysis in PEC cells for hydrogen generation and the decomposition of organics dyes.




2. Materials and Methods


2.1. Materials


Acetone (analytically pure), isopropanol (analytically pure), glycerol (analytically pure), Na2SO4 (analytically pure), CuSO4 (analytically pure), NaOH (pure), and methylene blue were purchased from Avantor Performance Materials (Gliwice, Poland). Lactic acid (88%, analytically pure) was acquired from Chempur (Piekary Slaskie, Poland). NH4F (≥98.0%, ACS reagent), Ti foil (0.127 mm, 99.7%), tert-butanol (≥99.0%, ACS reagent), ethylenediaminetetraacetic acid disodium salt (99.0–101.0%, ACS reagent) and p-benzoquinone (≥99.5%, HPLC) were purchased from Sigma-Aldrich (Saint Louis, MO, USA). Argon (pure) was purchased from Air Liquide (Paris, France).




2.2. Samples Preparation


Titanium dioxide nanotubes (TiO2-NT) were prepared via an anodization process according to the procedure described in our previous paper [24]. The Cu2O electrochemical deposition process was performed in a three-electrode cell: TiO2-NT—working electrode, Pt—counter electrode, Ag/AgCl—reference electrode. Before each deposition of Cu2O, a fresh electrolyte was prepared consisting of 50 cm3 0.4 M copper(II) sulfate(VI), 12.6 cm3 11.8 M lactic acid. The pH = 12 was established by adding the appropriate volume of 4.0 M NaOH. Electrodeposition was carried out in a solution heated up to a temperature of 60 °C. The potential difference was equal to −0.36 V during the process and the time lasted from 30 to 180 s. After deposition, TiO2-NT@Cu2O samples were rinsed with deionized water and dried in air at an ambient temperature. Detailed parameters of Cu2O deposition process are reported in Table 2.




2.3. Characterisation Techniques


Scanning Electron Microscope (SEM) NOVA NANO SEM 200 (FEI EUROPE COMPANY, Hillsboro, OR, USA) was used to observe the surface morphology. Raman spectra were recorded with the use of Witec Alpha 300M+ (Ulm, Germany) equipped with a blue laser (λ = 488 nm) and a confocal microscope with an Epiplan-Neofluar ZEISS (Oberkochen, Germany) lens (magnification of 100×). The photoelectrochemical studies were performed in a three-electrode custom-made photoelectrochemical cell (PEC) in the dark and under the illumination of white light. The photoanode was illuminated by a Xe lamp with a power of 450 W and a power density equal to 100 mW/cm2 was used. Three-electrode system consisting of TiO2-NT or TiO2@Cu2O photoanodes which served as a working electrode, a saturated calomel electrode (SCE) as the reference electrode, and Pt-electrode covered with Pt black as the counter electrode were used. Two types of characteristics were measured: current–voltage (Iph–V) and current–time (Iph–t). The following parameters were analyzed: current density measured in the dark, photocurrent density (Iph), flat band potential (Vfb). The stability of photoelectrodes was evaluated based on photocurrent kinetics. As an alternative method to photocatalysis, photoelectrocatalytic measurements were performed as a combination of photocatalysis and photoelectrolysis. Photoelectrocatalysis was carried out in a system designed for PEC measurements—commercial PECC-2 (ZAHNER-Elektrik GmbH & CoKG, Kronach, Germany). Three electrodes—photoelectrode, Pt, and Ag/AgCl—were immersed in the electrolyte consisting of 0.1 M Na2SO4 solution and 1.25 · 10−5 M methylene blue (MB). A potential difference equal to 1 V was applied to the electrodes during the decomposition process. The external voltage causes the separation of photogenerated charge carriers and thus limits their recombination. The protoelectrocatalytic procedure was as follows. First, determination of the adsorption–desorption equilibrium—the electrolyte with electrodes immersed in it was stirred in the dark for 30 min. Second, the Xe lamp was switched on and a constant potential difference of 1 V was applied. At specified intervals, 4 mL of solution was collected and injected into the measurement cuvettes. The absorbance of the solution was measured in quartz cuvettes using a V-670 UV-VIS-NIR spectrophotometer (Jasco, Tokyo, Japan). After that, the solution was placed back into the PECC-2. For comparison purposes, photoelectrocatalytic decomposition was also performed in the dark and with no external voltage. To determine which reactions occur during the process of photoelectrocatalytic decomposition of MB, three types of scavengers that show affinity to different reactive species were used [30,31,32,33]: tert-butanol—hydroxyl radicals, p-benzoquinone—superoxide radical anions, and ethylenediaminetetraacetic acid disodium—electron holes. The type of conductivity was determined with the use of electrochemical impedance spectroscopy based on admittance spectra and the Mott–Schottky plot.





3. Results


SEM surface and cross-section images for TiO2-NT and TiO2-NT@Cu2O system prepared in the 5–180 s electrodeposition process are presented in Figure 1 and Figure S1. The sample obtained during 5 s deposition is characterized by Cu2O crystals of the smallest size, not exceeding 100 nm. An increase in deposition time up to 30 s slightly increases the crystal sizes up to approximately 300 nm and their quantity. On the other hand, electrodeposition lasting for 180 s leads not only to the complete coverage of the surface of the nanotubes, but also to a significant increase in the size of Cu2O crystals ranging from 0.2 to 3.0 μm. The thickness of the Cu2O layer is 1.67 μm.



Figure 2 shows Raman spectra of TiO2 nanotubes and selected TiO2-NT@Cu2O heterostructures. The spectrum of titanium dioxide nanotubes displays five Raman modes: 150, 203, 395, 516, and 635 cm−1. All of them can be assigned to the TiO2 anatase polymorph [34]. After the electrodeposition of Cu2O, as expected, the modes arising from TiO2 are widened due to partial overlap with new modes derived from copper(I) oxide. What is more, as the prolongation of the electrodeposition time from 5 to 180 s results in a complete coverage of the surface of nanotubes by Cu2O (see Figure 1), Cu2O Raman modes in the spectrum become better pronounced.



Photoelectrochemical properties of TiO2-NT@Cu2O heterostructures were determined based on the results of current–time and current–voltage measurements. First of all, the tested photoelectrodes, both TiO2-NT and heterostructures, demonstrate stability under photoelectrochemical measurement conditions. Figure 3a shows the changes in the kinetics of the photocurrent induced by sudden switching on and off the light illuminating the photoanode. Comparison of the results obtained for TiO2 nanotubes and TiO2-NT@Cu2O heterostructures reveals that the shortest deposition time of copper(I) oxide on the titanium dioxide surface leads to the increase in the photocurrent density of ca. 20%. On the other hand, the longest time of Cu2O electrodeposition results in a nearly two-fold decrease in Iph compared to TiO2-NT. Figure 3b presents the Iph–V characteristics of the PEC cell. Current–voltage curves take a typical shape for a n-type semiconductor photoanode. Heterostructures prepared in the process of deposition lasting no longer than 30 s allowed us to obtain photocurrent density values higher than that for TiO2 nanotubes. The consequence of the longest electrodeposition (180 s) is the noticeable reduction in Iph values. The ratio of photocurrent density obtained for heterostructural photoanodes (Istruct) was also compared to that for TiO2 nanotubes (ITiO2-NT). Istruct/ITiO2-NT higher than one means that the photocurrent density for heterostructural photoanodes is higher than for TiO2-NT. The flat band potential is negative for all electrodes and is equal to −0.54 ± 0.03 V. Efficiencies calculated for the selected TiO2@Cu2O heterostructures have shown that there is a significant improvement in relation to TiO2 nanotubes and equal to 3.27 and 2.32 @ 0.5 V, respectively. What is more, the value it achieves is higher not only compared to TiO2 thin film layer, but also compared to that for the TiO2@SnO2 (Table 1).



Photoelectrochemical properties of photoanodes, i.e., flat band potential, photocurrent density at U = 0 and 1 V, and the Istruct/ITiO2-NT ratio at U = 0 and 1 V are summarized in Table 3.



There is a morphological requirement for heterostructures that are applicable in photocatalysis and photoelectrochemistry. For such a system to work efficiently, it is necessary to have quadruple points, i.e., places where access to light and electrolytes is provided to all components of the heterostructure remaining in direct contact with each other. If the layer–particles system is regarded, fulfillment of such a requirement is possible when one of the components is dispersed on the surface of the other. At the same time, it is important that there are many such points in the heterostructure to ensure good photoactivity. The results presented above (Table 3) are in conformity with the observations of morphological differences. The requirements for light and electrolyte access for both components of the heterostructure are fulfilled by the sample obtained during a 5 s deposition. Small copper(I) oxide crystals are distributed evenly on the surface of the nanotubes. On the other hand, the complete coverage of the surface of TiO2 nanotubes with a layer of Cu2O (Figure 1) means that after illumination of the electrode, chemical reactions occur only on the surface of Cu2O. Thus, meeting the morphological criterion in the case of heterostructures with a broad-band semiconductor allows for obtaining a photoanode with better properties than TiO2 nanotubes.



TiO2-NT@Cu2O heterostructures were also tested in the process of photoelectrocatalysis. The choice of organic dyes is very wide. From among them, methylene blue (MB) belongs to the group of cationic dyes. It is introduced into nature as a water pollutant from the textile industry and is highly toxic and carcinogenic. It is also a model pollutant in the study of photocatalytic activity of semiconductors [35]. That is why the ability of the photoanodes to degrade pollutants was evaluated against MB under sunlight simulated by an Xe bulb and applied a potential difference equal to 1V. Typical spectral dependences of MB absorbance obtained before and during photoelectrocatalytic decomposition are presented in Figure 4a. The time required to establish the adsorption-desorption balance of methylene blue was 30 min. Since the presence of leuco methylene blue was excluded (please refer to Supplementary Materials, Figure S2), the decrease in absorbance can be directly correlated with the decreasing concentration of the partially decomposed dye. Figure 4b shows the percentage of decomposed MB after 60 min of the process for TiO2 nanotubes and heterostructures. It is worth noting that all heterostructures show greater activity towards methylene blue decomposition than TiO2-NT, even though it removes 49% of MB. The results obtained for TiO2-NT@Cu2O heterostructures prepared in the electrodeposition process lasting for 5, 15, 30, and 180 s are 99%, 86%, 61%, and 62%, respectively. These results correlate well with the results of photoelectrochemical measurements (see Figure 3b).



In terms of the practical application of photocatalysts, stability under measurement conditions is an important issue. Representative TiO2@Cu2O heterostructure 5/NT was examined in recycle experiments. Photoelectrocatalytic degradation of MB was repeated for four cycles (Figure 5). After every 120 min cycle, almost 90% of the dye was degraded. This indicates that the TiO2@Cu2O heterostructure is completely stable under those conditions.



The comparison of the percent of decomposed methylene blue in the process of photocatalytic or photoelectrocatalytic decomposition under different conditions is presented in Figure 6. TiO2@Cu2O heterostructure was tested both in the dark and under illumination with white light. When the anode was not biased and not illuminated, the percentage of decomposed MB was negligible (0.1%), however, after illumination this value increased to 6.01%. The application of a potential difference of 1 V leads to a sharp increase in the photoactivity of TiO2@Cu2O and after a time as short as 15 min, 29.92% of MB is degraded. This also means that it is necessary to simultaneously illuminate and polarize the working electrode for the process of photoelectrocatalytic decomposition of methylene blue occurred. For comparison, TiO2 nanotubes under the same conditions (1 V, white light) allowed us to obtain only 5.25%. An almost six-fold difference in the percent of decomposed methylene blue clearly indicates an improvement in the photoelectrocatalytic properties of TiO2 nanotubes associated with the presence of copper(I) oxide in the TiO2@Cu2O heterostructure. There are several factors contributing to this effect. First, the range of light absorption of TiO2 (UV) is extended by visible light due to the presence of Cu2O in the heterostructure. Second, recombination of charge carriers is prevented through the separation of electrons and holes between components of the heterostructure. Similar results regarding the TiO2@Cu2O system were described by Ma et al. [36]. In their study, they used trichlorophenol as a model for organic pollutant. They postulated that the improved photoactivity of TiO2@Cu2O in comparison to bare TiO2 results not only from the widened absorption range of light, but also from the fact that TiO2 and Cu2O formed a type II heterostructure. This confirms our assumptions, as type II heterojunction provides an efficient separation of charge carriers between heterostructure elements. Additionally, in the case of photoelectrocatalysis, this is supported by the external voltage.



The process of photoelectrocatalytic decomposition of organic dyes occurs near the photoanode, which indicates the oxidation process is responsible for the degradation [36,37]. The reactive oxygen species that are formed after excitation of the semiconductor with light are as follows:


   h +  +    H   2   O    →      H   +  +   ●   OH  



(2)
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   H 2   O 2  +  e −  →     ●  OH  +  OH −   



(6)







However, according to da Silva et al. [38], the process of photoelectrocatalytic decomposition of methylene blue occurs mainly as a result of reactions involving electron holes and hydroxyl radicals. To study which of the reactive species are involved in the decomposition reaction of methylene blue in the system with TiO2@Cu2O (5/NT) photoanode, photoelectrocatalytic processes were carried out with the use of different scavengers that show affinity to hydroxyl radicals (2-propanol), oxygen radicals (p-Benzoquinone), and electron holes (ethylenediaminetetraacetic acid disodium). The results obtained at 1 V and after illumination with white light for 15 min are presented in Figure 6. The elimination of oxygen radicals causes degradation of 29.00% of the dye. This is only a percentage point less than that obtained without scavengers under the same conditions. Removal of ●  OH   and    h ●   , on the other hand, allows to eliminate 19.26 and 21.12%, respectively, which is approximately 10 percentage points less than without scavengers. On this basis, it can be concluded that oxygen radicals do not participate in the process of the degradation of methylene blue. Instead, the removal of hydroxyl radicals and electron holes significantly contributes to the reduction in the degradation process. This effect suggests that ●  OH   and    h ●    are the basis of the methylene blue degradation mechanism in the discussed process.




4. Discussion


The type of heterojunction is closely related to the type of semiconductor, i.e., p-type or n-type, band-gap energy and band edges position. The n- and p-type conductivity of the photoelectrode based on titanium dioxide nanotubes TiO2-NT and copper(I) oxide Cu2O were determined on the basis of the analysis of the photocurrent under illumination with white light as a function of the applied bias voltage (VB) and Mott–Schottky (M–S) plots. Figure 7 illustrates the methods of analysis of the experimental data for a hypothetical photoanode (n-type) and photocathode (p-type), and the results obtained for the photoelectrodes studied in this work. The M–S plot will possess a negative slope for p-type materials and a positive slope for n-type materials.



In the case of a PEC with a photoanode, the photocurrent characteristic shows a high value of the anodic current, in contrast to the photocathode, which is dominated by the cathodic current. Based on the impedance spectroscopy measurements performed for Cu2O, TiO2, and TiO2@Cu2O, Mott–Schottky plots were drawn and are presented in Figure 7 as the C−2–VB dependence. The slope of the rectilinear range of C−2–VB dependence for the tested photoelectrodes takes positive values. The photocurrent–voltage characteristics also confirm n-type conductivity of the samples. At low temperature, undoped titanium dioxide is well known to be an n-type semiconductor. Although copper(I) oxide is as p-type semiconductor, it was also proved to show n-type conductivity. It is possible to control the type of Cu2O conductivity by careful design of the conditions of solvothermal [39] or electrochemical deposition process [40,41].



The current–voltage characteristics of the photoelectrochemical cell with TiO2@Cu2O photoanode show an increase in photocurrent and solar-to-chemical energy conversion efficiency in relation to the TiO2 anode. Similarly, the photoelectrocatalytic degradation of MB reveals an increase in the activity of heterostructures compared to TiO2. The nature of Cu2O conductivity in the vast majority identified as p-type indicates a possibility of creating a TiO2@Cu2O p-n system of either type II junction (Figure 8a) or a Z-scheme (Figure 8b). Both configurations of the p-n type TiO2@Cu2O heterostructure can be considered when the system acts as a photocatalyst. Aguirre et al. [42] indicated that the TiO2@Cu2O system plays not only the role of a photocatalyst in the CO2 reduction reaction, but also prevents Cu2O from photocorrosion if the heterostructure acts as a Z-scheme. In this case, the electron holes from the Cu2O valence band in the aftermath of recombination with electrons from the TiO2 conduction band cannot participate in the process of Cu2O photocorrosion. The photoanode based on TiO2 modified with copper(I) oxide in a photoelectrochemical cell requires a directed flow of electrons from the anode to the cathode, which means that processes occurring according to the Z-scheme can be difficult. As mentioned before, n-type conductivity of Cu2O in the form of layers obtained by the electrodeposition is well known in the literature [43,44]. In this work, n-type conductivity both for Cu2O and TiO2@Cu2O was proved based on both PEC current–voltage characteristics and Mott–Schottky plots. Additionally, taking into account the fact that the flat band potential can be practically identified as the edge of the conduction band, the value of the flat band potential obtained from the M–S plot and Iph–V measurements makes it possible to determine the bottom of the conduction band. Flat band potential Vfb for Cu2O is equal to −0.29 V, whereas for TiO2 nanotubes and TiO2@Cu2O it is comparable and equal to −0.50 and −0.56 V, respectively.



On the basis of the structural, electrical, and photoelectrochemical results, TiO2@Cu2O heterostructure was proposed to create a heterojunction resulting from the combination of TiO2 and Cu2O semiconductors in type II n-n configuration (Figure 8c).



In the case of Cu2O, the potentials for anodic and cathodic decomposition are located within the band-gap [45], and hence it is necessary to prevent its corrosion. Paracchino et al. named the conditions that should be met in the case of a n-type semiconductor/p-type Cu2O heterojunction to not only achieve high efficiency of photoelectrochemical processes but also provide protection against photocorrosion [46]. Among them, conditions of the relative position of the band edges of n-type semiconductor and redox potentials of water; the conduction band edge should be placed above the water reduction level Ered (H+/H2). On the other hand, within its band-gap, there should be no decomposition potentials. The results obtained in this work indicate that in the case of a n-n semiconductor system based on TiO2@Cu2O, titanium dioxide prevents copper(I) oxide from corrosion by accelerating the transport of electron holes into the electrolyte. This is directly confirmed by the results of repeated photoelectrocatalytic decomposition of methylene blue shown in Figure 5. The percentage of MB decomposed in the experiments conducted did not decrease after four uses. Such a behavior was previously demonstrated by us for TiO2@MoS2 in photoelectrochemical water decomposition [24].




5. Conclusions


Electrodeposition carried out using a mixture of CuSO4, lactic acid, and NaOH, with pH = 12, using the difference potential of −0.36 V and short reaction time, allowed to obtain a discontinuous layer of Cu2O. This effect is beneficial from the point of view of the photoelectrochemical properties of the resulting Cu2O@TiO2-NT heterojunction, because it allows absorption in both the UV (TiO2) and vis (Cu2O) range and electrolyte access to both components of the heterostructure. The obtained Cu2O@TiO2-NT system was successfully used as a photoelectrode during the alternative to photocatalysis, photoelectrocatalytic decomposition of methylene blue, as a result of which an improvement in properties relative to unmodified titanium dioxide was demonstrated. A new configuration of band-gap alignment for heterojunction of Cu2O@TiO2-NT was proposed. The analysis of research results indicated that the n-n semiconductor type II heterojunction of Cu2O/TiO2 had formed. It was found that it prevents the processes of photocorrosion of a semiconductor with a narrower band gap contained in a TiO2-based heterostructure.
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Figure 1. SEM images of TiO2-NT@Cu2O heterostructures obtained by electrodeposition method in a solution of pH = 12. Deposition parameters: U = −0.36 V, t = 5–180 s. 
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Figure 2. Raman spectra of TiO2-NT and TiO2-NT@Cu2O heterostructures obtained after 5 and 180 s of electrodeposition. 
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Figure 3. Photoelectrochemical characteristics of TiO2-NT and TiO2-NT@Cu2O anodes: (a) current-time and (b) current-voltage curves. 
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Figure 4. (a) Absorption spectra of the MB + Na2SO4 mixture before and after photoelectrocatalysis of MB obtained for 5/NT heterostructure. (b) Comparison of the amount of photoelectrocatalytically decomposed MB after 120 min for different TiO2@Cu2O heterostructures. 
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Figure 5. Recycled photoelectrocatalytic test of 5/NT sample. 
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Figure 6. Comparison of the amount of photocatalytically and photoelectrocatalytically decomposed MB after 15 min of process under different conditions: light—illumination with white light, dark—no illumination, 0 V—zero voltage, 1 V—external voltage, pB—p-benzoquinone, EDTA:Na2—ethylenediaminetetraacetic acid disodium. 
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Figure 7. Examples of theoretical and experimental results of selected experimental methods based on photoelectrochemical and electrochemical measurements for determination of the type of conductivity—n- or p-type. 
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Figure 8. Schematic presentation of possible TiO2@Cu2O type II heterostructures: p-n heterojunction [42] (a), Z-scheme (b), and n-n heterojunction (c). ECB—conduction band of semiconductor, EVB—valence band of semiconductor, 1, 2—first and second semiconductor, EF—Fermi level. 
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Table 1. Solar-to-chemical energy conversion efficiencies η of TiO2 and TiO2-based heterostructures. Potential difference was measured relative to the SCE electrode unless stated otherwise.
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System

	
Photoelectrode

	
Efficiency η (%)

	
Ref.




	
at 0 (V)

	
at 0.5 (V)






	
TiO2

	
TiO2 nanorods

	
0.15 1

	
–

	
[19]




	
TiO2 nanotubes

	
0.25–1.6

	
–

	
[20]




	
TiO2 thin film

	
1.65

	
1.90

	
[21]




	
TiO2@MoS2

	
TiO2 nanofibers

	
4.7 2

	
[22]




	
TiO2@MoS2

	
6.0 2




	
TiO2@SnO2

	
TiO2 nanowires

	
–

	
–

	
[23]




	
TiO2@SnO2

	
0.21 1

	
–




	
TiO2 nanotubes

	
0.34

	
0.39

	
[24]




	
TiO2@SnO2

	
0.39–1.61

	
0.47–2.12




	
TiO2@Cu2O

	
TiO2 nanowires

	
–

	
0.14

	
[25]




	
TiO2@Cu2O

	
–

	
0.39








1 Potential difference for Ag/AgCl electrode. 2 No information about the potential difference.
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Table 2. Parameters of TiO2-NT@Cu2O heterostructures formation process.
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Electrode Name

	
pH

	
Potential Difference (V)

	
Time (s)

	
Substrate






	
5/NT

	
12

	
−0.36

	
5

	
TiO2-NT




	
15/NT

	
15




	
30/NT

	
30




	
180/NT

	
180
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Table 3. Photoelectrochemical parameters and conductivity type of TiO2-NT and TiO2-NT@Cu2O heterostructures.
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Electrode Name

	
Iph (μA/cm2)

	
Ihetero/ITiO2-NT

	
Vfb (V)




	
at 0 (V)

	
at 1 (V)

	
at 0 (V)

	
at 1 (V)

	
Mott-Schottky

	
I-V 1






	
TiO2-NT

	
61.9

	
324.9

	
–

	
–

	
−0.50

	
−0.55




	
5/NT

	
94.9

	
470.7

	
1.53

	
1.45

	
–

	
−0.52




	
15/NT

	
94.5

	
398.9

	
1.53

	
1.23

	
−0.56

	
−0.56




	
30/NT

	
86.8

	
392.4

	
1.40

	
1.21

	
–

	
−0.46




	
180/NT

	
50.0

	
218.9

	
0.81

	
0.67

	
–

	
−0.50








1 For determination method, see [21].
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