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Abstract

:

Here, we report the results of comparative studies of the photostimulated hydrophilic behavior of heterostructured TiO2/BiVO4 and ZnO/BiVO4, and monocomponent TiO2 and ZnO nanocoating surfaces. The chemical composition and morphology of the synthesized nanocoatings were characterized by XPS, SEM, and AFM methods. The electronic energy structure of the heterostructure components (band gap, top of the valence band, bottom of the conduction band, and Fermi level position) was determined on the basis of experimental results obtained by XPS, UV-V absorption spectroscopy and Kelvin probe methods. According to their electronic energy structure, the ZnO/BiVO4 and TiO2/BiVO4 heterostructures correspond to type I and type II heterostructures, respectively. The difference in the type of heterostructures causes the difference in the charge transfer behavior at heterojunctions: the type II TiO2/BiVO4 heterostructure favors and the type I ZnO/BiVO4 heterostructure prevents the photogenerated hole transfer from BiVO4 to the outer layer of the corresponding metal oxide. The results of the comparative studies show that the interaction of the photogenerated holes with surface hydroxy-hydrated multilayers is responsible for the superhydrophilic surface conversion accompanying the increase of the surface free energy and work function. The formation of the type II heterostructure leads to the spectral sensitization of the photostimulated surface superhydrophilic conversion.
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1. Introduction


Nowadays, heterostructured photoactive materials are increasingly being used in solar energy harvesting instead of individual semiconductor materials. The combination of two or more different semiconductors in one system improves the spatial separation of photogenerated charge carriers and sensitizes photocatalysts to visible light [1,2,3,4,5].



Depending on the mutual arrangement of the energies of the electronic valence (VB) and conduction (CB) bands of semiconductors, two-component systems can form three different types of heterostructures. These three heterostructures differ in the type and direction of electron and hole transfer at the heterojunctions stimulated by photoexcitation of the entire system or one of its components. This issue is discussed in more detail elsewhere [6,7]. A review of the literature regarding advances in photocatalysis and photoelectrochemistry shows that the formation of type II heterostructured systems is one of the common methods of increasing the efficiency of photocatalytic and photoelectrochemical systems [1,3,8], due to the charge separation at heterojunctions, which is a distinguished feature of type II heterostructures.



Type II heterostructures are also of greatest interest in the mechanistic study of photoinduced changes in the surface hydrophilicity of “layer-by-layer” films composed of photoactive materials, since effective charge separation leads to the purposeful alteration in the ratio between electron and hole concentrations compared to that of an individual semiconductor. According to the previously proposed mechanism [9,10] of photostimulated alteration of the surface hydrophilicity, this ratio between electron and hole concentrations at the surface is responsible for the direction and efficiency of the effect.



Titanium dioxide and zinc oxide are definitely the best known and most effective photocatalysts; photoactive materials based on these oxides are used to clean wastewater, air, and to create photocells (see for example, [11,12,13,14,15,16,17], and references therein). Due to their self-cleaning ability, titanium dioxide and zinc oxide are also the most popular objects for studying photoinduced surface hydrophilicity [11,18,19]. As wide bandgap semiconductors, ZnO and TiO2 in combination with narrow bandgap semiconductors can easily form types I and II heterostructured systems. A visible-light-induced alteration of the surface hydrophilicity is expected to be observed for such coatings due to the charge separation realizing at heterojunctions.



The photoinduced hydrophilic conversion on TiO2 or ZnO surfaces has been comprehensively studied for TiO2/WO3 [20,21], TiO2/CdS [22,23], TiO2/ZnO [10], TiO2/Cu2O, and ZnO/Cu2O [24] layered films. The efficiency of photoinduced superhydrophilic conversion on the titanium dioxide surface increased only in the case of TiO2/WO3 films, while CdS, Cu2O, and p-Si [25] substrates inhibited the process rate. These experimental data suggest that photoholes are the carrier responsible for the effect of photoinduced superhydrophilicity of TiO2. This observation is consistent with the conclusions drawn from the results obtained by other approaches [18,26,27].



Bismuth vanadate is an n-type semiconductor with a band gap energy (Ebg = 2.4 eV) lower than that of titania and zinc oxide and corresponds to the absorption of the visible light (wavelengths ≤ 515 nm) [28]. The combination of these oxides and BiVO4 has been shown to yield attractive results for the development of semiconductor nanocomposite materials with enhanced visible-light activity in solar to chemical conversion [7,29,30,31,32].



This work is aimed at studying the effect of the BiVO4 sublayer on the photostimulated alteration of the surface hydrophilicity of TiO2 and ZnO coatings. Synthesized planar heterostructured coatings were characterized by X-ray photoelectron spectroscopy (XPS), diffuse reflectance spectroscopy (DRS) and Kelvin probe methods. A comparative analysis of the results of the photoinduced hydrophilic behavior of the surfaces of both heterostructured TiO2/BiVO4 and ZnO/BiVO4, and monocomponent TiO2 and ZnO nanocoatings was performed.




2. Results


2.1. Sample Characterization


The formation of coatings with desired compositions, structures, and morphologies was confirmed by XRD, SEM, AFM, and XPS methods (see the Supplementary Materials). XRD patterns of film samples point to the presence of anatase, zincite, and monoclinic clinobisvanite for TiO2, ZnO, and BiVO4 films, respectively (see Figure S1).



The coatings’ surfaces present closely packed nanoparticles with average sizes about 10–15 nm for TiO2-topped coatings and about 15–20 nm for ZnO-topped coatings (see SEM images in Figures S2 and S3). The average roughness (Ra) of the coating surfaces does not exceed ±6 nm (see AFM data in Figures S4 and S5), which indicates sufficient surface smoothness so as not to affect the hydrophilicity of the surface. All characteristics of the prepared nanocoatings are listed in Table 1.




2.2. Electronic Properties of the Heterostructure Components


The bandgap energy values (Ebg) were determined using the transmittance spectra of nanocoatings modified by a Tauc plot approach (see Figure S6). The estimated Ebg values are listed in Table 2.



The work function characteristics (EF) of the nanocoatings were measured by the Kelvin probe method. They correspond to the positions of the Fermi levels.



XPS spectra recorded in the low binding energy region (see Figure S7) were used to recognize the valence band positions (EVB) of the components of heterostructured coatings. Corresponding values with respect to the vacuum energy level are given in Table 2.



For each coating component, the energy level of the conduction band bottom (ECB) was calculated as a sum of the energies corresponding to the valence band top and optical band gap (see Table 2):


ECB = EVB + Ebg



(1)








2.3. Photoinduced Alterations in Surface Hydrophilicity of Heterostructured Coatings


The effect of irradiation on the surface hydrophilicity of nanocoatings was studied for strongly hydrated surface. This state of the surface is well reproducible and considered as the initial surface state for further kinetic studies of light-induced changes of surface hydrophilicity as a function of irradiation time. The hydrophilicity of this state is characterized by initial water contact angle values of 35–43° for TiO2 and TiO2/BiVO4, and 23–25° for ZnO and ZnO/BiVO4 coatings, respectively (Figure 1 and Figure 2). In parallel with the kinetic WCA measurements, the corresponding values of the work function and surface free energy depending on the spectral range of the acting light were determined for all coatings (Table 3 and Table 4, Figure 3).



The light-induced hydrophilic behavior of the TiO2/BiVO4 heterosystem is significantly different compared to the monocomponent TiO2 film (Figure 1, curves 2 and 1). Upon UV irradiation, its surface state turns into the superhydrophilic state with a lower efficiency with respect to that of the individual film. Exposure of the TiO2/BiVO4 coating to visible light also leads to an increase in hydrophilicity, reaching the value of 7° (superhydrophilicity) after 1 h of irradiation, while the hydrophilic surface state of the TiO2 coating remains unchanged within the experimental error (Figure 1, curves 4 and 3).



Figure 2 shows the kinetic dependences of the photoinduced WCA alterations for the ZnO/BiVO4 heterostructured coating and corresponding monocomponent ZnO coating. UV-induced superhydrophilic conversion is observed on the surfaces of the heterostructured ZnO/BiVO4 as well as monocomponent ZnO coatings (curves 2 and 1). At the same time, the surface hydrophilicity of both coatings does not undergo any changes within the WCA error limits when irradiated with visible light (curves 3 and 4). Thus, no significant differences were found in the kinetic dependences of the water contact angle under UV and visible light irradiation for surfaces of both ZnO and ZnO/BiVO4 planar systems.



Table 3 shows the work function values for monocomponent and heterostructured coatings after surface hydration (“wetted”) and after irradiation of the surface with light of different spectral composition (“UV-irradiated” and “Vis-irradiated”). To demonstrate the direction of the photoinduced alteration of the work function values for all the films studied, the data are graphically presented in Figure 3.



The strong surface hydration of the TiO2 and ZnO layers reduces the work function values for all the samples studied (Figure 3). For UV-irradiated surfaces of all planar systems, the work function values increase compared to their initial values for the wetted state. This observation corresponds to the photoinduced superhydrophilic state of their surfaces (Figure 1 and Figure 2).



The effects induced by visible light irradiation of the coating surfaces depend on the coating composition. The monocomponent TiO2 and heterostructured TiO2/BiVO4 coatings demonstrate different trends in the alteration of the work function under visible light irradiation. As shown in Figure 3a, the work function of TiO2 practically does not change, while the WF of the TiO2/BiVO4 heterosystem increases. These visible light-driven alterations of WFs correlate with the different Vis-induced hydrophilic behavior of the TiO2 surface for individual and heterostructured coatings (Figure 1).



The work functions for both ZnO and ZnO/BiVO4 coatings decrease slightly when exposed to visible light and are very close in value (Figure 3b). Thus, the UV- and visible-light-induced WF changes are similar in directions and values for both ZnO and ZnO/BiVO4 planar systems. Thus, the trends of WF alterations also quantitatively correlate with their UV- and Vis-induced hydrophilicity changes (Figure 2).



Table 4 presents data on the total surface free energy (SFE), and its dispersive and polar components, for the surface of all systems studied.



The UV-stimulated WCA change for the surface of the monocomponent TiO2 coating is caused by an SFE increase mainly due to its polar component. Upon visible light irradiation, no significant deviations were observed in both the SFE value (Table 4) and surface hydrophilicity (Figure 1). The transformation of the TiO2/BiVO4 heterostructured coating surface into a more hydrophilic state under UV irradiation as well as visible light is accompanied by an increase in SFE due to both components. However, the increase in the polar component contributes more to the alteration of the total surface free energy when the TiO2/BiVO4 sample was exposed to visible light.



For the ZnO and ZnO/BiVO4 coatings, the UV-induced surface transition to the superhydrophilic state is characterized by an increase in the total surface energy to a value of 80.8 mN/m, mainly due to its dispersive component (Table 4). When both systems are irradiated with visible light, their surface energy slightly decreases, mainly due to the polar component.





3. Discussion


Based on the experimental results on the determination of the electronic bands positions in the components (see the data in Table 2) of the formed heterostructures, the corresponding energy diagram can be plotted as shown in Figure 4. A successful formation of heterojunctions in heterostructured coatings is confirmed by the alteration of their work functions (Fermi level positions) comparing to the corresponding parameters for the individual components (see the data presented in Table 2 and Table 3): the work function values of both heterostructured coatings are located between the corresponding values of the individual components, which indicates the charge separation at heterojunctions. The wetting of the surfaces of both heterostructured and monocomponent coatings results in a decrease of the work function values due to the formation of the hydroxy-hydrated multilayers [9,33].



According to the energy diagrams, the heterostructure formed from TiO2 and BiVO4 corresponds to type II and the energy levels of conduction and valence bands of its components favor the photogenerated electron transfer from TiO2 to BiVO4 and the photogenerated hole transfer back from BiVO4 to TiO2. As a result, the charge separation at heterojunctions in such types of heterostructure results in hole accumulation in TiO2, and accordingly, at the surface of the heterostructured coating. At the same time, the mutual positions of the conduction and valence bands of ZnO and BiVO4 indicate that the corresponding ZnO–BiVO4 heterostructure belongs to type I, which means that both photogenerated electrons and holes are transferred from ZnO to BiVO4. Thus, there is no charge separation at heterojunctions occurring in such a heterostructure and therefore, there is no alteration of the dominating charge carriers at the surface of the heterostructured coating compared to the monocomponent ZnO coating. The possibility of forming a type I heterostructure for the ZnO/BiVO4 heterosystem and a type II heterostructure for the TiO2/BiVO4 heterosystem has been mentioned earlier [7,29,30,31,32,34,35,36].



The corresponding processes of the charge transfer and separation of photogenerated charge carriers at heterojunctions are shown for the TiO2/BiVO4 heterostructure in Figure 5 and for the ZnO/BiVO4 heterostructure in Figure 6, respectively. Note that in the TiO2/BiVO4 heterostructure of type II, the accumulation of photogenerated holes occurred at the TiO2 surface under both UV and visible light photoexcitation, corresponding to a photoexcitation of both components and BiVO4 only, respectively. At the same time, regardless of the type of photoexcitation there is no charge transfer process to the ZnO component due to the energy barrier for both electrons and holes preventing the charge carrier transfer from ZnO to BiVO4. Thus, the photoexcitation of the ZnO/BiVO4 heterostructure of type I does not change the dominating type of the charge carrier at the ZnO surface.



The difference in charge transfer processes taking place at heterojunctions of type I ZnO/BiVO4 and type II TiO2/BiVO4 heterostructures explains the difference in the photostimulated surface hydrophilic behavior of both heterostructures. An accumulation of holes at the TiO2 surface due to charge separation at the heterojunction in the type II TiO2/BiVO4 heterostructure takes place and results in a surface transition to superhydrophilic state under both UV and visible light photoexcitation. However, both UV and visible light photoexcitation of the type I ZnO/BiVO4 heterostructure does not lead to the interface transfer of either electrons or holes from BiVO4 to ZnO and therefore, does not change the dominating type of the charge carriers at the ZnO surface. Accordingly, the behavior of the ZnO surface in heterostructured coatings remains similar to that one observed for the monocomponent ZnO surface.



It is wise to mention that the photostimulated transition of the coating surface to the superhydrophilic state corresponds to an increase of the work function regardless of the coating structure, either monocomponent or heterostructured (see data in Table 3 and Figure 3). This accordance between surface hydrophilicity and work function values can be explained in terms of the interaction between the photogenerated holes and the surface hydroxy-hydrated layer, which changes the surface dipole moment affecting the work function value.



The interaction between photogenerated holes as a dominating type of the charge carriers at the surface and hydroxy-hydrated multilayers also results in an increase of the surface free energy (see data in Table 4), mainly its polar component. This also indicates that such a reconstruction process occurred in the hydroxy-hydrated multilayer so that the surface reached a superhydrophilic state. Thus, there is a qualitative correlation between work function, surface free energy, and surface hydrophilicity.



It is also wise to mention that the formation of the heterostructured coatings with type II heterojunctions favorable to hole transfer toward the outer component surface (Figure 6b) leads to a spectral sensitization to visible light of the photostimulated superhydrophilicity effect.




4. Materials and Methods


The individual TiO2 and ZnO films were prepared from their individual sols using a dip coating method (KSV Nima dip coater, Espoo, Finland). All films studied were deposited on SiO2-coated glass substrates to prevent the diffusion of sodium ions from the glass during its thermal treatment [37,38].



To prepare titanium dioxide sol, 40 mL of titanium (IV) isopropoxide (99.999%, Sigma Aldrich, Moscow, Russia) was added to 120 mL of isopropanol (99.8%, Ecos-1, Moscow, Russia) and intensively stirred for 2 h at room temperature. The velocity of withdrawing from solution was 50 mm/min. The deposited thin TiO2 layers were annealed at 450 °C for 1 h in ambient atmosphere [39].



For the zinc oxide sol, 2.5 mL of ethylene glycol (99.5%, LenReactiv, Saint-Petersburg, Russia) and 10 g of zinc acetate dihydrate Zn(OAc)2·2H2O (99.0%, Vekton, Saint-Petersburg, Russia) were mixed in a round-bottomed flask and heated at 70 °C for 15 min to obtain a uniform transparent mixture. After cooling to room temperature, 150 mL of isopropanol (99.8%, Ecos-1, Moscow, Russia) and 6.4 mL of triethylamine (99.5%, PanReac AppliChem, Darmstadt, Germany) were added to the mixture to promote the hydrolysis of the zinc acetate [24]. To improve the quality of the film, 0.5 mL of glycerol (99.5%, LenReactiv, Saint-Petersburg, Russia) was added dropwise. The obtained clear and homogeneous solution previously stirred at 60 °C for 1 h aged for 24 h at room temperature. Thin ZnO films were obtained by two dips in the solution at a withdrawal rate of 100 mm/min and with intermediate drying at 100 °C for 15 min. Then, films were annealed at 300 °C for 1 h in ambient atmosphere.



The BiVO4 films were deposited on SiO2-coated glass substrates by drop-casting method using a precursor solution. For preparation of the precursor solution, 0.5 mmol bismuth nitrate pentahydrate Bi(NO3)3·5H2O (99%, Chemcraft Ltd., Kaliningrad, Russia) and 0.46 mmol vanadyl acetylacetonate VO(C5H7O2)2 (98%, Sigma Aldrich, Moscow, Russia) were dissolved in a mixture of 5 mL glacial acetic acid (≥99%, LenReactiv, Saint-Petersburg, Russia) and 0.25 mL acetylacetone (99%, AlfaAesar, Haverhill, MA, USA) with constant stirring for 1 h. The solution was drop-cast onto the glass substrates (7.5 μL per cm2). The samples were then dried at 80 °C for 30 min in a vacuum drying oven and finally annealed in a muffle furnace at 450 °C for 1 h under ambient conditions.



The “layer-by-layer” TiO2/BiVO4 and ZnO/BiVO4 heterosystems were formed by deposition of TiO2 and ZnO layers, respectively, on a thin BiVO4 film by the methods described above. To demonstrate the 100% coverage of the BiVO4 layer with TiO2 or ZnO layers, the survey XPS spectra of the heterostructured coatings as well as those of the BiVO4 film for comparison are presented in the Supplementary Materials Section (Figure S8). No peaks related to BiVO4 were found there.



As a result, monocomponent TiO2 and heterostructured TiO2/BiVO4 TiO2-topped coatings as well as monocomponent ZnO and heterostructured ZnO/BiVO4 ZnO-topped coatings were synthesized and studied in this work.



The surface morphology and film thickness of all synthesized films were explored by scanning electron microscopy (Zeiss Supra 40 VP system, Oberkochen, Germany). The average roughness (Ra) of the film surface was assessed by the AFM method using the NOVA 1.0.26 program. X-ray diffraction measurements with Bruker “D8 DISCOVER” high-resolution diffractometer (CuKa X-ray radiation, within the angle range of 20° ≤ 2θ ≤ 80° with a scanning speed of 5.0°/min, Germany) were used for the crystal phase determination. Structural reference data were taken from the ICSD database. The transmittance spectra were recorded in the 250–800 nm spectral range at ambient conditions using a Lambda 650S spectrophotometer. The XPS spectra were recorded using a Thermo Fisher Scientific Escalab 250Xi spectrometer (Thermo Scientific™, Waltham, MA, USA).



Work function measurements were performed with a scanning Kelvin probe system SKP5050 (KP Technology, Wick, Scotland) versus a golden reference probe electrode (probe area 2 mm2). The probe oscillation frequency was 74 Hz, and the backing potential was 7000 mV. Work function values were obtained by averaging 50 data points for five different sites of each sample. The error of the work function (WF) measurements was ±0.02 eV.



The contact angle values were measured using optical tensiometer (Bioline Theta Lite, Gothenburg, Sweden). Ultrapure water has initial pH of 5.5. The error of the water contact angle (WCA) measurements was ±1.5°. The surface free energy (SFE) was calculated by the Owens–Wendt–Rabel–Kaelble (OWRK)/Fowkes approach using the two-liquid method (water contact angle versus methylene iodide contact angle) [24].



The work function and contact angle values were measured after each step of the following surface pretreatment procedure. After annealing at 300 °C for 30 min, the state of the film surface was designated as “as prepared”. After the storage in the dark in a humid atmosphere for 10 days, the surface state was denoted as “wetted”. The third step was to irradiate the film with UV or visible light, and the corresponding surface states were referred to as “UV-irradiated” or “Vis-irradiated”, respectively.



The irradiation of the films by UV or visible light was carried out using Xenon lamp (LOMO, Saint-Petersburg, Russia) equipped with a water filter and either UV bandpass or vis cutoff color filter. The transmittance spectra of employed filters are presented in the Supplementary Materials Section (Figure S9). The irradiance of the UV irradiation was 15.0 mW/cm2 and the irradiance of the visible light irradiation was 225.0 mW/cm2. The kinetics of the photoinduced water contact angle alteration is presented as a dependence of the water contact angle on the irradiation time.




5. Conclusions


We have conducted a comparative study of the photostimulated processes affecting surface hydrophilicity for type I ZnO/BiVO4 and type II TiO2/BiVO4 heterostructured coatings. Our results indicate that the type I ZnO/BiVO4 heterostructure does not significantly change the surface behavior of the ZnO surface compared to the surface of the monocomponent ZnO coating. In turn, the type II TiO2/BiVO4 heterostructure demonstrates a spectral sensitization to the visible light of the photostimulated superhydrophilicity effect, which is not observed for the monocomponent TiO2 coating. The difference between the two types of heterostructures can be explained in terms of either a realization or prevention of the hole transfer through the heterojunctions toward the outer surface of the heterostructured coatings.



Regardless of the type of coatings, a quantitative correlation between the surface transition to the superhydrophilic state and the increase of both work function and surface free energy values was observed. These correlations indicate the interaction of the holes with the hydroxy-hydrated multilayer at the surface of nanocoatings.
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Figure 1. Kinetics of the water contact angle alterations for TiO2 (1, 3) and TiO2/BiVO4 (2, 4) coatings under UV (1, 2) and visible (3, 4) light irradiation. The error on the water contact angle measurement was ±1.5° for all data sets (presented as bars). 
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Figure 2. Kinetics of the water contact angle alterations for ZnO (1, 3) and ZnO/BiVO4 (2, 4) coatings under UV (1, 2) and visible (3, 4) light irradiation. The error on the water contact angle measurement was ±1.5° for all data sets (presented as bars). 
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Figure 3. Evolution of the work function values for heterostructured coatings and their components depending on the treatment type: (a) TiO2/BiVO4, TiO2, and BiVO4, (b) ZnO/BiVO4, ZnO, and BiVO4. 
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Figure 4. Energy diagrams of the positions of the top of the valence bands and the bottom of the conduction bands and Fermi level positions for TiO2 and BiVO4 (a) and ZnO and BiVO4 (b) heterosystems. 
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Figure 5. Schemes of the electron transfer in heterostructured TiO2/BiVO4 coating under UV (a) and visible (b) light photoexcitation. 
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Figure 6. Schemes of the electron transfer in heterostructured ZnO/BiVO4 coating under UV (a) and visible (b) light photoexcitation. 
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Table 1. The samples characterization.
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	Coating
	Crystalline Phase
	Thickness, nm
	Average Particle Diameter, nm
	Ra, nm





	TiO2
	anatase
	50
	15
	±1



	TiO2/BiVO4
	anatase/monoclinic
	50/50
	10
	±5



	ZnO
	zincite
	80
	15
	±3



	ZnO/BiVO4
	zincite/monoclinic
	70/50
	20
	±6
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Table 2. Positions of the conduction and valence bands and band gap energies of the coating components with respect to vacuum energy level.
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	Coating

Component
	Ebg, eV
	EF, eV
	EVB, eV
	ECB, eV





	TiO2
	3.2
	−5.1
	−7.2
	−3.9



	ZnO
	3.3
	−5.4
	−8.0
	−4.7



	BiVO4
	2.5
	−6.0
	−7.4
	−4.9
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Table 3. Work function values (WF) after different treatments for all studied coatings.
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Coating

	
WF, eV (±0.02 eV)




	
As Prepared

	
Wetted

	
UV-Irradiated

	
Vis-Irradiated






	
BiVO4

	
6.02

	
5.14

	
4.95

	
4.83




	
TiO2

	
5.10

	
4.65

	
5.19

	
4.63




	
TiO2/BiVO4

	
5.56

	
5.17

	
5.26

	
5.36




	
ZnO

	
5.40

	
5.18

	
5.29

	
5.00




	
ZnO/BiVO4

	
5.69

	
5.09

	
5.22

	
4.94
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Table 4. Total (t), polar (p), and dispersive (d) surface free energie (SFE) values for all coatings studied after different treatments.
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Coating

	
SFE, mN/m (±0.02 eV)




	
Wetted

	
UV-Irradiated

	
Vis-Irradiated




	
t

	
d

	
p

	
t

	
d

	
p

	
t

	
d

	
p






	
TiO2

	
65.7

	
39.6

	
26.1

	
79.8

	
47.6

	
32.2

	
67.0

	
40.1

	
26.8




	
TiO2/BiVO4

	
62.0

	
40.1

	
21.9

	
80.1

	
48.1

	
32.0

	
77.8

	
44.2

	
33.6




	
ZnO

	
77.8

	
44.2

	
33.6

	
80.8

	
50.0

	
30.8

	
74.1

	
47.2

	
26.9




	
ZnO/BiVO4

	
76.1

	
46.8

	
29.3

	
80.8

	
49.9

	
30.9

	
75.0

	
48.3

	
26.7
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