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Abstract

:

In this study, we investigated the effects of H2O2 addition on OH radical formation on the surfaces of visible-light-irradiated BiVO4–TiO2 nanocomposite photocatalysts. Additionally, we examined the possible roles of OH radicals formed by the reduction reaction of H2O2 on the visible-light-irradiated surfaces of photocatalytic BiVO4–TiO2 nanocomposites. The BiVO4–TiO2 nanocomposite photocatalysts were prepared by mixing a BiVO4 photocatalytic film with commercially available semiconductor particulate TiO2 photocatalysts. By removing oxygen gas from the photocatalytic reactor, the effects of oxygen molecules on OH radical formation during the visible-light irradiation of BiVO4–TiO2 nanocomposite photocatalysts were examined. During visible-light irradiation, BiVO4 and BiVO4–TiO2 photocatalysts play different roles in OH radical formation because of two characteristic reduction reaction channels: (a) the direct reduction of H2O2 on photocatalytic surfaces and (b) the indirect reduction reaction of H2O2 by superoxide radical anions (O2−).
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1. Introduction


Semiconductor photocatalysis has attracted increasing attention because of its diverse applications, including water-splitting reactions for solar energy conversion and the removal of organic pollutants from aqueous solutions or gas phases. Owing to its relatively small optical band gap of approximately 2.4 eV [1,2], monoclinic bismuth vanadate (m-BiVO4) has been recognized as a promising semiconductor photocatalyst with high photocatalytic activity in the evolution of oxygen and high visible-light absorption capability. Since the discovery of BiVO4, many new Bi-containing visible light-induced photocatalysts have been reported, including Bi2WO6 [3], Bi2O3 [4], CaBi2O4 [5], BiCu2PO6 [6], and Bi2MoO6 [7]. However, BiVO4 is known to have poor carrier transport properties owing to its short electron diffusion length [8,9]. As a result, several attempts have been made to improve the separation of photogenerated electron–hole pairs and increase the charge carrier lifetime in BiVO4 photocatalysts by coupling them with other metal-oxide semiconductors with appropriate band potentials.



Among visible-light-responsive BiVO4 photocatalysts, several studies have been conducted on TiO2/BiVO4 heterojunction or nanocomposite photocatalysts, often in combination with ultraviolet-responsive photocatalysts. Hu et al. [10] reported the enhanced heterogeneous photocatalytic oxidation of gaseous benzene using TiO2/BiVO4 heterojunction photocatalysts under visible-light irradiation (λ > 450 nm). Zhang et al. [11] reported higher decolorization rates of rhodamine B, and Wetchakun et al. [12] reported the decolorization of methylene blue under solar light irradiation. Both of these studies attributed the higher photocatalytic activity to the increased rate of separation of the photogenerated charge carriers. Son et al. [13] also observed that the photocatalytic degradation rate of gaseous ethylene for BiVO4–TiO2 (P25) nanocomposites under visible-light irradiation was significantly higher than that for both bare BiVO4 and bare TiO2 (P25) particles. They also attributed this higher photocatalytic activity to the charge transfer between the n-type BiVO4 and n-type TiO2 (P25). To identify highly efficient materials for water oxidation, several researchers [14,15,16] fabricated nanostructured composite electrodes of BiVO4–TiO2, which exhibited enhanced photocurrent efficiencies under visible light irradiation. Polo et al. [17] used an electron acceptor probe for methyl viologen and directly observed the electron transfer from photoexcited BiVO4 to the TiO2 conduction band in a TiO2/BiVO4 heterojunction. They observed the pronounced ability of the TiO2/BiVO4 heterojunction to reduce methyl viologen, indicating enhanced charge separation resulting from the transfer of photoexcited electrons in BiVO4 to the conduction band of TiO2 under visible-light irradiation.



Although improvements in the charge separation efficiency of TiO2/BiVO4 heterojunction photocatalysts have been reported, there is a lack of research clarifying the influence of OH radical formation by the heterojunction under visible-light-responsive BiVO4 in combination with other semiconductor photocatalysts. Kohtani et al. [18] investigated the photodegradation reactions of polycyclic aromatic hydrocarbons over BiVO4 and Ag-BiVO4 and indicated the crucial role of OH radicals in the degradation of polycyclic aromatic hydrocarbons. Zhang et al. [19] investigated the yield of OH radicals generated on WO3 and BiVO4 photocatalysts under 470 nm LED irradiation. They confirmed that the yield of OH radicals generated on the WO3 photocatalyst was comparable to that on anatase TiO2, whereas the yield of OH radicals on BiVO4 was much lower.



Although various types of TiO2 photocatalysts are commercially available, there is no clear understanding of their photocatalytic activities or characteristic charge carrier behaviors. In particular, crystal phase and primary particle size have some influence on the charge carrier dynamics of TiO2 particles. However, only a few studies have been carried out using commercially available TiO2 powders. The present study examined OH radical formation on BiVO4–TiO2 nanocomposite photocatalysts prepared by mixing BiVO4 photocatalytic films with commercially available semiconductor particulate TiO2 photocatalysts. We also explored the possible roles of OH radicals formed by the reduction reaction of H2O2 on the surfaces of these nanocomposite photocatalysts.




2. Experimental Section


2.1. Materials


Bi(NO3)3·5H2O (0.2–1.0 mmol) and NH4VO3 (0.2–1.0 mmol) were dissolved in 10 mL HNO3 solution (1.0 mol/L) and stirred for 5 min under ambient air, which was followed by 1 min of ultrasonic irradiation. After the color of the mixed solution turned orange, it was mixed with commercially available TiO2 particles and stirred for 5 min. The orange suspension containing the TiO2 particles was then ultrasonicated for approximately 5 min and used as a solution for dip-coating the quartz glass. BiVO4/TiO2 nanocomposite photocatalytic films were obtained by dip-coating quartz glass (diameter: 30 mm) at a rate of approximately 60 cm/min. The obtained nanocomposite films were then annealed in air for 5 min at approximately 600 K (~330 °C), and these procedures were repeated three times. Finally, the films were annealed again at approximately 600 K (~330 °C) for 1 h. The TiO2 powders used in this study were generous gifts from Ishihara Sangyo (ST-01), Showa Titanium (F-1, F-2), Degussa (P25), and Tayca (AMT-100, AMT-600, MT-150A, and MT-500B), and were used without any modification. TiO2 powders purchased from Wako Co., Ltd. (Tokyo, Japan) (purity ≥ 99.9%) were used after further purification. The primary particle sizes and anatase ratios of commercially available TiO2 powders are listed in Table 1. Analytical grade Bi(NO3)3·5H2O and NH4VO3 were used without further purification. The crystal form of the prepared thin film was analyzed by X-ray diffraction (XRD, Rigaku, Ultima IV) using a Cu-Kα radiation source (λ = 1.541 Å). Characteristic XRD peaks corresponding to the diffraction patterns of the monoclinic phase of BiVO4 were observed, along with additional peaks attributed to the TiO2 photocatalytic particles. The thickness of the films was examined using scanning electron microscopy (SEM). We confirmed that all photocatalytic films prepared in this study had a thickness of approximately 50 μm (see Figure 1a). Elemental analysis of the film surface was performed using energy-dispersive X-ray spectroscopy (EDS) with a thermal emission scanning electron microscope (FESEM, JEOL, JSM-IT200LA) operating at 15 kV, as shown in Figure 1b. Subsequently, the homogeneous distribution of BiVO4 on the photocatalytic TiO2 particles was confirmed. In other words, the images presented in Figure 1 confirmed that TiO2 particles were attached to the glass plate in aggregated particulate forms; among these TiO2 particles, BiVO4 photocatalysis served as a mediator for capturing visible light between the TiO2 particles attached to the glass plate. The Bi/Ti atomic ratios of the photocatalytic films were estimated using EDS and are used in the present discussion. Finally, the optical absorption of the BiVO4–TiO2 films was examined using diffuse reflectance spectroscopy with an integrating sphere attached to a UV-VIS-NIR spectrometer (JASCO. V-770). It was confirmed that the optical absorption of these films extended to the visible region because of the absorption of BiVO4 photocatalysts.




2.2. Fluorescence Probe Detection of OH Radicals


In this study, OH radicals were detected using the coumarin fluorescence probe technique [25,26]. Briefly, this technique was used to detect 7-hydroxycoumarin, which emits stronger fluorescence than the parent coumarin molecule. By monitoring the fluorescence intensity of 7-hydroxycoumarin at approximately 450 nm (excitation wavelength of 350 nm), the relative yield of OH radicals formed by the photocatalytic reaction of BiVO4/TiO2 nanocomposite photocatalytic films was estimated. The BiVO4/TiO2 nanocomposite photocatalytic films were placed in a 0.15 mM coumarin solution and were irradiated with LED light at 470 nm (Asahi Spectra, CL-H1-470) with an average power of approximately 50 mW/cm2. After visible-light irradiation, OH radicals were measured using the coumarin fluorescence probe method after sampling the LED-light-irradiated 0.15 mM coumarin solution. All experiments using the coumarin fluorescence probe technique were performed more than three times to confirm reproducibility, and the average value was used as the present result.





3. Results and Discussion


3.1. Detection of OH Radicals Formed by the BiVO4–TiO2 Photocatalyst


Figure 2a shows the fluorescence spectra obtained by the visible light irradiation of the BiVO4–TiO2 (anatase: ST-01) and BiVO4–TiO2 (rutile: MT-150A) nanocomposite photocatalysts. As shown in Figure 2a, the fluorescence of 7-hydroxycoumarin was observed at approximately 450 nm by the visible light irradiation of the BiVO4–TiO2 photocatalyst. Therefore, the formation of OH radicals on the visible-light-irradiated BiVO4–TiO2 photocatalyst was confirmed. Next, we investigated the effect of the amount of TiO2 particles on the yield of OH radicals formed by the visible-light-irradiated BiVO4–TiO2 nanocomposite photocatalysts with the irradiation time fixed at 1 h. The results are presented in Figure 2b. As shown in Figure 2b, the fluorescence intensity of 7-hydroxycoumarin increased with an increase in the amount of TiO2 particles in the BiVO4–TiO2 nanocomposite photocatalysts, which was irreversible for commercially available TiO2 powders, such as ST-01 (anatase), AMT-100 (anatase), MT-150A (rutile), and MT-500B (rutile). These results can be attributed to the suppression of the recombination of photoexcited electrons and holes in BiVO4. This is due to the enhanced transfer of photoexcited electrons from the visible-light-irradiated BiVO4 thin film to TiO2 particles, which is caused by the increase in the amount of TiO2 particles in the BiVO4 thin films. However, Figure 2b also shows differences in electron transfer and the suppression of charge recombination between TiO2 particles. This indicates that the number of OH radicals formed on the TiO2 particles of ST-01(anatase) and AMT-100 (anatase) appeared to be much higher than those on the TiO2 particles of MT-150A (rutile) and MT-500B (rutile), despite having the same amount of TiO2 in the BiVO4–TiO2 nanocomposite photocatalysts. To further investigate the differences in the charge transfer rates from BiVO4 to TiO2 particles (ST-01 (anatase), AMT-100 (anatase), MT-150A (rutile), and MT-500B (rutile)), we studied the OH radical formation on the visible-light-irradiated BiVO4 nanocomposite photocatalytic films with various other commercially available TiO2 particles. Figure 3 shows the relationship between the fluorescence intensity of 7-hydroxycoumarin and primary particle size of TiO2. As shown in Figure 3, the number of OH radicals formed through the photoexcited electron transfer from the visible-light-irradiated BiVO4 thin film to TiO2 particles was independent of the particle size and crystal phase of TiO2 except for the two commercially available TiO2 particles, ST-01 and AMT-100, which have a very small primary particle size of less than 10 nm. Dibbell et al. [27] reported the dependence of electron transfer on the distance between CdS quantum dots and TiO2 nanoparticles. They concluded that the electron injection yield decreases with increasing the chain length of bifunctional mercaptoalkanoic acid and interparticle separation. For the plasmonic excitation of Au−TiO2 photocatalysts, Du et al. [28] reported that for all TiO2 nanoparticle diameters, the plasmon-induced electron injection yields were almost the same within the experimental error with efficiencies of approximately 20–50%. However, the charge recombination decay was strongly dependent on the particle diameter of TiO2. Our results are similar to those of the plasmon-induced electron injection yields observed in the plasmonic excitation of Au−TiO2 photocatalysts, which showed almost the same yields for all TiO2 nanoparticle diameters. However, higher yields of OH radicals were obtained for the two commercially available TiO2 particles, ST-01 and AMT-100, which have small primary diameters. The reason for this has not been clarified yet. Liu et al. [29] investigated the effect of particle size on the liquid-phase photooxidation of phenol using nanometer-sized TiO2 crystals. They observed that the reaction rate constants for the photocatalytic decomposition of phenol were maximized when the anatase TiO2 particles were approximately 10 nm. The optimal particle size for the photocatalytic oxidation of phenol is attributed to the competing effects of volume recombination, surface recombination, migration of photogenerated electrons and holes, light absorption, defects, and surface area. Similar effects may be important in our present results, where nanocomposites of the BiVO4 thin films with two commercially available TiO2 particles, ST-01 and AMT-100, exhibit a higher quantum yield of OH radicals.




3.2. Effects of H2O2 Addition for OH Radical Formation by the Visible Light Irradiated BiVO4–TiO2 Photocatalyst


To understand the potential roles of OH radical formation through the photocatalytic reduction of H2O2 on BiVO4–TiO2 nanocomposite photocatalysts, we examined the effects of H2O2 addition on the amount of OH radicals formed on the surfaces of photocatalytic BiVO4 films mixed with several commercially available TiO2 particles (Anatase: ST-01, Wako, Rutile: MT-150A, MT-500B) under visible-light irradiation. Serpone et al. [20,30] proposed the formation of OH radicals via the photocatalytic reduction of H2O2 on the TiO2 surface. Li et al. [31] investigated the decomposition of H2O2 on TiO2 surfaces under visible-light irradiation. They observed OH radicals formed on the TiO2 surfaces by the photocatalytic decomposition of H2O2 under visible light irradiation and supported the mechanism reported by Serpone et al. [20,30]. Figure 4 shows that the amount of OH radicals increased with an increase in H2O2 concentration in the 0.15 mM coumarin solution containing the BiVO4–TiO2 nanocomposite photocatalytic film. These results indicate that OH radicals are generated during the photocatalytic reduction of H2O2 on the surfaces of BiVO4 and TiO2. It was also confirmed that the number of OH radicals increased with an increase in the concentration of H2O2, irrespective of the type of crystal phase of TiO2 (anatase or rutile) in the BiVO4–TiO2 nanocomposite photocatalytic film. These results are similar to those obtained in a previous study by Hayashi et al. [32], in which they used a visible-light-induced plasmonic Au–TiO2 photocatalyst. They also found that OH radicals were generated only in the presence of H2O2 by the visible-light plasmonic excitation of the Au–TiO2 photocatalyst. In addition, they observed an increase in the number of OH radicals in various crystal phases of TiO2 (anatase or rutile) by adding H2O2 to the Au–TiO2 plasmonic photocatalyst. From these results, they concluded that OH radicals were formed by the photocatalytic reduction of H2O2 on the surface of TiO2 by electrons in the TiO2 conduction band. These electrons migrate from the plasmonically excited Au nanoparticles. In contrast, Hirakawa et al. [33] observed a decrease in OH radical formation on the anatase form of TiO2 photocatalytic powders because of the addition of H2O2 to the TiO2 suspension. Although the reasons for such different trends—the increase or decrease in the amount of OH radicals between the photocatalytic reactions of visible-light-irradiated BiVO4–TiO2 nanocomposite or plasmonic Au–TiO2 photocatalysts and UV-irradiated TiO2 photocatalysts—have not yet been clarified, it may be attributed to the surface conditions and the presence of holes in TiO2.



To further investigate the relative roles of BiVO4 and TiO2 in OH radical formation at the reduction site of the BiVO4–TiO2 nanocomposite photocatalysts, we examined the increase in the number of OH radicals formed on the BiVO4 thin-film photocatalysts upon the addition of H2O2. The results are shown in Figure 5. First, an increase in the number of OH radicals was observed on the BiVO4 thin-film photocatalyst under visible-light irradiation. To confirm the differences in the excitation wavelengths of BiVO4, we also investigated the OH radical formation on a bare BiVO4 thin-film photocatalyst under UV light irradiation. An increase in the number of OH radicals was observed on the BiVO4 thin-film photocatalyst under UV irradiation, which was similar to the results for the visible-light-irradiated BiVO4 thin-film photocatalyst. However, the increase in the number of OH radicals on the UV-irradiated BiVO4 thin-film photocatalyst was much larger than that in the non-irradiated BiVO4 thin-film photocatalyst. This indicates that the OH radicals were formed via photocatalytic reduction at the conduction band of the BiVO4 thin-film photocatalyst. We speculated that the increase in OH radical formation for the UV-irradiated BiVO4 thin-film photocatalyst was large because the excitation energy of UV light is higher than that of visible light. Furthermore, we observed that the amount of OH radicals formed by the visible-light irradiation of the bare BiVO4 thin-film photocatalyst was much smaller than that formed by the visible-light irradiation of the BiVO4–TiO2 nanocomposite thin film photocatalyst (Figure 5). Zhang et al. [19] and Nakabayashi et al. [34] have already reported the generation of OH radical on the BiVO4 photocatalyst by photocatalytic water oxidation. The present results indicate that OH radical formation by water oxidation at the surface of the BiVO4 photocatalyst increased when the photocatalytic films were mixed with commercially available TiO2 photocatalytic powders. This supports our conclusion that the photoexcited electron transfer from the visible light-irradiated BiVO4 thin film to TiO2 particulates, along with the suppression of the recombination reaction of photoexcited electrons and holes in BiVO4, resulted in an increased amount of OH radicals formed by water oxidation at the BiVO4 surface in the BiVO4–TiO2 nanocomposite thin film.



Figure 5 shows that H2O2 addition increased the fluorescence intensity of 7-hydroxycoumarin for all the BiVO4–TiO2 photocatalytic films and bare BiVO4 photocatalytic films. As shown in Figure 5, H2O2 addition also increased the amount of OH radicals on both the BiVO4–TiO2 nanocomposite film and BiVO4 photocatalytic thin film under visible light irradiation. However, the ratio of increase in the amount of OH radicals on the BiVO4–TiO2 nanocomposite photocatalysts was smaller than that on the BiVO4 thin film after H2O2 addition under visible light irradiation (Figure 5). The variation in the ratio of the increase between the visible light-irradiated BiVO4–TiO2 nanocomposite film and BiVO4 thin film may be attributed to their different abilities for OH radical formation. During the photocatalytic reduction reaction, the BiVO4 photocatalytic surface may exhibit a greater ability for OH radical formation than the TiO2 surface. However, this is not true because the conduction band of BiVO4 is more positive than that of TiO2. When BiVO4 is in contact with TiO2, its conduction band becomes more negative than that of TiO2 because of the matching Fermi levels of both semiconductors. The band shifts of BiVO4 and TiO2 when BiVO4 and TiO2 are in contact with each other were also proposed by Wetchakun et al. [12] and Song et al. [13]. Furthermore, Shi et al. [35] and Wang et al. [36] reported band shifts of BiVO4 and TiO2 such that the conduction band edge of BiVO4 became more negative than that of TiO2. Our present experimental observation, indicating that the ability of OH radical formation on the TiO2 photocatalytic surface was smaller than that on the BiVO4 surface for the visible light-irradiated BiVO4–TiO2 nanocomposite films, could be evidence for the matching Fermi levels of the BiVO4 film and TiO2 particles in the BiVO4–TiO2 nanocomposite thin film. Thus, the conduction band edge of BiVO4 became more negative than that of TiO2 even when the BiVO4 film was in contact with commercially available TiO2 particles.




3.3. Influence of Oxygen on OH-Radicals Formation on the BiVO4 and the BiVO4–TiO2, Nanocomposite Photocatalysts


In our previous study [32], we discussed the following two plausible reaction channels for OH radical formation during the photocatalytic reduction of H2O2 on visible-light-irradiated plasmonic Au–TiO2 photocatalysts: the direct reduction channel (3) and indirect reduction channel via superoxide anion radical (O2−) formation (4).


Au–TiO2 + hv → e− + positive charge in Au



(1)






e− + O2 → O2−



(2)






H2O2 + O2− → OH− + OH + O2



(3)






H2O2 + e− → OH− + OH



(4)







The mechanism of OH radical formation was investigated by degassing oxygen gas using nitrogen gas. The influence of the amount of OH radicals formed by the irradiation of plasmonic Au–TiO2 photocatalytic powders was also discussed. If OH radicals were generated via reaction (3), degassing oxygen would inhibit OH radical generation because reaction (3) involves the superoxide radical (O2−), which is formed by the photocatalytic reduction of oxygen molecules. We observed that the degassing of oxygen reduced the amount of 7-hydroxycoumarin because coumarin reacts with OH radicals; however, the ratios of decrease were not less than half regardless of the use of commercially available TiO2 powders in the plasmonic Au–TiO2 photocatalysts. Thus, we concluded that the main channel for OH radical formation during the plasmonic Au–TiO2 photocatalyst-induced photocatalytic reduction of H2O2 is reaction (4).



In the present study, the degassing of oxygen was performed for the visible-light-irradiated bare BiVO4 photocatalysts and BiVO4–TiO2 nanocomposite photocatalysts. To remove oxygen from the photocatalytic reaction system, a flow of N2 gas was used in a closed glass flow photocatalytic reactor. To ensure the complete removal of oxygen from the reaction system, N2 gas was flowed for more than 5 min before initiating the photocatalytic reaction through irradiation. Moreover, a dissolved oxygen meter was used to determine the amount of dissolved oxygen in the coumarin solution, in which the bare BiVO4 and BiVO4–TiO2 nanocomposite photocatalytic films were immersed.



The results of these experiments are shown in Figure 6. For comparison, the visible-light-irradiated BiVO4 and the UV (365 nm)-irradiated BiVO4 photocatalytic films were investigated, and the results are shown in Figure 6.



For the UV- and visible-light-irradiated BiVO4 photocatalytic films, oxygen degassing increased the amount of OH radicals because of the inhibition of O2− formation, which facilitated the direct photocatalytic reduction of H2O on the BiVO4 surface via the reaction channel of Equation (4).



In contrast, for the visible-light-irradiated BiVO4–TiO2 nanocomposite photocatalysts, oxygen degassing decreased the amount of OH radicals. If OH radicals were formed via reaction (4), degassing oxygen would enhance OH radical formation because of the inhibition of O2− formation. Thus, for visible-light-irradiated BiVO4–TiO2 nanocomposite photocatalysts, oxygen plays an important role in OH radical formation. For BiVO4–TiO2 nanocomposite photocatalysts, OH radicals were also formed by the reaction of Equation (3). This reaction, of Equation (3), known as the Haber–Weiss Reaction [37], occurred after the photoexcitation of the BiVO4–TiO2 forming O2−. During the electron migration from BiVO4 to TiO2, photoexcited electrons might be captured in the trapped sites in the BiVO4–TiO2 nanocomposite photocatalysts, and such trapping processes in the visible-light-irradiated BiVO4–TiO2 nanocomposite photocatalysts might cause such a difference in the mechanism of OH radical formation. The results are presented in Figure 7. According to our previous study [32], the main channel for OH radical formation during plasmonic Au–TiO2-induced reduction of H2O2 is the direct photocatalytic reduction of H2O on the BiVO4 surface via the reaction channel of Equation (4).



Plasmonic Au–TiO2 photocatalysts generate hot electrons in Au nanoparticles and inject them into the conduction band of TiO2, as previously investigated by several researchers [38,39]. These hot electrons play key roles in OH radical formation via reaction channel (4). One plausible explanation for the difference in the reaction channels of OH radical formation from H2O2 between BiVO4 and BiVO4–TiO2 nanocomposite photocatalysts is the distinct reactivities of the trapped and hot electrons. There are several discussions on the reaction rates [40] and reaction sites [41] of trapped electrons during molecular oxygen reduction on the conduction band of TiO2 photocatalytic reactions. However, no studies have investigated the different reactivities of free and trapped electrons in the photocatalytic reduction of H2O2. However, Losada et al. [42] used density functional theory to study the reaction of H2O2 with the surface of a transition metal oxide. There have been several previous discussions on whether OH radicals are formed by the reduction of H2O2 via reaction channel (4). Nosaka et al. [43] concluded that reaction (4) did not occur during the photocatalytic reaction of TiO2. They determined the redox potential for reaction channel (4) as +0.73 V vs SHE at pH 7. Yu et al. [44] determined the redox potential for reaction channel (4) as +0.1 V vs SHE, which was close to the value reported by Nosaka et al. [43]. Because of the potential of the conduction band edge of BiVO4, that of TiO2 is more negative than the redox potential for reaction (4). Therefore, reaction (4) could proceed in the present reaction system containing the bare BiVO4 photocatalytic film or BiVO4–TiO2 nanocomposite photocatalytic film under-visible light irradiation if only the redox potential is considered. These speculations remain unclear because of the lack of direct evidence, such as the detection of superoxide anions in the present photocatalytic reaction system. Recently, hydroxide-based co-catalysts for heterogeneous photocatalysis have been developed, and the authors have discussed enhanced electron migration and hydrogen evolution [45,46]. The use of other photocatalysts, such as hydroxide-based photocatalysts, may contribute to a better understanding of the roles of photocatalytic reduction channels in OH radical formation from H2O2 using BiVO4–TiO2 nanocomposite photocatalytic systems.



Further studies to detect other active oxygen or intermediate species, such as superoxide anion radicals, in the photocatalytic reaction system are necessary to clarify the mechanism proposed in this study.





4. Conclusions


We investigated the formation of OH radicals on visible-light-responsive BiVO4 nanocomposite films mixed with commercially available TiO2 particles. We observed that the amount of OH radicals formed by the photoexcited electron transfer from the visible-light-irradiated BiVO4 thin film to TiO2 particles was independent of the particle size and crystal phase of TiO2 except for two commercially available TiO2 particles with primary particle sizes of less than 10 nm. The effects of H2O2 addition on OH radical formation were also examined to investigate the possible role of OH radical formation in the reduction reaction of H2O2 on the surfaces of the BiVO4–TiO2 nanocomposite photocatalysts. An increase in the number of OH radicals with increasing H2O2 concentration was observed for the visible-light irradiated BiVO4–TiO2 nanocomposite photocatalyst irrespective of the crystal phase of TiO2 (anatase or rutile). The amount of OH radicals formed by the visible-light irradiation of the BiVO4 film photocatalyst was much smaller than that formed by the visible-light irradiation of the BiVO4–TiO2 nanocomposite film photocatalyst. This indicates that the electron transfer from BiVO4 to TiO2 suppressed the charge recombination reaction of electrons and holes in the BiVO4–TiO2 nanocomposite thin-film photocatalyst. In addition, we observed that the ratio of the increase in the amount of OH radicals upon adding H2O2 to the visible-light-irradiated BiVO4–TiO2 nanocomposite photocatalysts was smaller than that of the BiVO4 photocatalytic film. We also discussed the reduction potentials of the BiVO4 thin-film photocatalyst and BiVO4–TiO2 nanocomposite photocatalyst under visible-light irradiation.



Next, we confirmed the role of oxygen in OH radical formation during the photocatalytic reduction of H2O2 on the BiVO4–TiO2 nanocomposite film under visible light irradiation. Oxygen degassing was also performed for the visible-light-irradiated BiVO4 and BiVO4–TiO2 nanocomposite films. Different mechanisms were suggested for OH radical formation during the photocatalytic reduction reaction of H2O2 in the presence of visible-light-irradiated bare BiVO4 and BiVO4–TiO2 photocatalytic films. In the present study, measurements of the superoxide radicals (O2−) were not carried out. As superoxide radicals are one of the key species in the photocatalytic reduction reaction, measurements of other intermediates, such as O2−, would help in understanding the mechanism.
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Figure 1. (a) Scanning electron micrograph of the cross-section of a BiVO4–TiO2 (ST-01) nanocomposite film. (b) Energy-dispersive spectroscopy (EDS) element mapping image of BiVO4–TiO2 nanocomposite films containing ST-01 (anatase, upper figure) and MT-150A (rutile, lower figure) TiO2 powders. 
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Figure 2. (a) Fluorescence spectra of 7-hydroxycoumarin obtained after 1 h visible LED light irradiation of the BiVO4–TiO2 (anatase: ST-01) (solid line) and BiVO4–TiO2 (rutile: MT-150A) (dashed line) nanocomposite photocatalysts at 470 nm. (b) Dependence of the Ti/Bi ratio in the BiVO4–TiO2 nanocomposite film on the fluorescence intensity of 7-hydroxycoumarin formed during 1 h visible LED light irradiation at 470 nm. This BiVO4–TiO2 nanocomposite film was placed in a 0.15 mM coumarin aqueous solution. The commercially available TiO2 particles used for the BiVO4–TiO2 nanocomposite film were ST-01; anatase (●), AMT-100; anatase (◦), MT-150A, rutile (▪), and MT-500B, rutile (□). For all these experiments, the excitation wavelength was set to 350 nm. Additionally, the Ti/Bi ratios estimated through the EDS measurements were used in the figure. 
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Figure 3. Relationship between the fluorescence intensity of 7-hydroxycoumarin formed during 1-h visible LED light irradiation at 470 nm and the primary particle sizes of the TiO2 particles. For this purpose, the BiVO4–TiO2 nanocomposite film (Ti/Bi ratio was fixed at 20:1) was placed in a 0.15 mM coumarin aqueous solution. Various commercially available TiO2 powders listed in Table 1 were used. The names of the commercially available TiO2 powders have also been indicated in the above figure, and their primary particle sizes were taken from Table 1. For all these fluorescence measurements, the excitation wavelength was set to 350 nm. 
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Figure 4. Dependence of H2O2 concentration on the fluorescence intensity of 7-hydroxycoumarin formed by the 1 h visible LED light irradiation (470 nm) of the BiVO4–TiO2 nanocomposite photocatalytic film suspended in a 0.15 mM coumarin aqueous solution. (a) Anatase form of TiO2 particles: ST-01 (●), Wako (◦). (b) rutile form of TiO2 particles: MT-150A (▪), MT-500B (□). Experiments were repeated more than three times, and the error bars for the data are also illustrated in the figure. For these experiments, the Ti/Bi ratio for the BiVO4–TiO2 nanocomposite film used was fixed at 20:1, and the excitation wavelength was set to 350 nm. 
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Figure 5. Fluorescence intensity of 7-hydroxycoumarin formed by the 1 h visible LED light irradiation (470 nm) of the bare BiVO4 photocatalytic film (the first left bar) and the 1 h UV LED light irradiation (350 nm) of the bare BiVO4 (the second left bar) and BiVO4–TiO2 (Anatase: ST-01, Anatase: MT-150A, Rutile) nanocomposite photocatalytic films (the second right and right bars). These films were suspended in 0.15 mM coumarin aqueous solutions with 1 mM H2O2 (▪) and without H2O2 (□). The commercially available TiO2 particles (Anatase: ST-01, Anatase: MT-150A, Rutile) listed in Table 1 were used. For all measurements, the Ti/Bi ratio for the BiVO4–TiO2 nanocomposite film used was fixed at 20:1. The excitation wavelength for the fluorescence measurements was set to 350 nm. 
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Figure 6. Effect of oxygen degassing on the fluorescence intensity of 7-hydroxycoumarin formed during the photocatalytic reaction on the visible-light-irradiated (LED, λ = 470 nm) BiVO4–TiO2 (ST-01: Anatase) and BiVO4–TiO2 (MT-150A: Rutile) nanocomposite photocatalytic films. These films were immersed in 0.15 mM coumarin aqueous solution. For comparison, the effect of oxygen degassing on the fluorescence intensity of 7-hydroxycoumarin formed during the photocatalytic reactions on visible-light-irradiated BiVO4 films (LED, λ = 470 nm) and UV-light-irradiated BiVO4 films (LED, λ = 365 nm) in 0.15 mM coumarin aqueous solution was also investigated. For these fluorescence measurements, the Ti/Bi ratio for the BiVO4–TiO2 nanocomposite film used was fixed at 20:1. The concentration of H2O2 was fixed at 1 mM, and the excitation wavelength was set to 350 nm ((□) without O2 (▪) with O2). 
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Figure 7. Schematic for the proposed mechanism for OH radical formation by H2O2 reduction on the BiVO4 photocatalyst and the indirect mechanism for the reaction of O2− and H2O2 on the BiVO4–TiO2 nanocomposite photocatalyst. 
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Table 1. Primary particle sizes and anatase ratios for TiO2 powders used in the present study. All data regarding the TiO2 powders were obtained from the suppliers. BET surface area measuremnents were taken from references [20,21,22,23,24].
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	Name
	Anatase Content (%)
	Rutile Content (%)
	Primary Particle Size (nm)
	BET Surface Area (m2 g−1)
	Supplier





	ST-01
	100
	0
	7
	320 [21,22]
	Ishihara Sangyo



	F1
	90
	10
	50
	26 [23]
	Showa Titanuim



	F2
	60
	40
	40
	-
	Showa Titanuim



	P25
	70 [20]
	30
	21
	32 [21], 49 [22]
	Degussa



	AMT-100
	100
	0
	6
	6 [21]
	Tayca



	AMT-600
	100
	0
	30
	30 [21], 49 [22]
	Tayca



	MT-150A
	0
	100
	15
	88 [22]
	Tayca



	MT-500B
	0
	100
	35
	38 [23]
	Tayca



	Wako
	100
	0
	41.5
	8.3 [24]
	Wako Chemicals
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