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Abstract

:

Single-phase photoanodes often suffer inferior charge transport, which can be mitigated by constructing efficient heterojunctions. Thus, we have fabricated a fluorine-doped tin oxide (FTO)/WO3/BiVO4 heterojunction using hydrothermal and spin-coating methods. Surface engineering was exploited to further accelerate the reaction kinetics, which was achieved via post-modification with NaOH solution. This treatment alters the surface chemical state of the BiVO4 nanoparticles, leading to enhanced charge transport and surface water oxidation processes. As a result, the optimized sample can produce a photocurrent more than two times that of WO3. The simple post-treatment provides a viable and cost-effective strategy for promoting the photoelectric properties of photoanodes.
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1. Introduction


In recent decades, global energy consumption resources have been dominated by fossil fuels. Fast economic growth is accompanied by high energy demand and environmental pollution. To solve the above issues, the development of renewable energy resources has become a top priority. Hydrogen, as a clean fuel, is a promising alternative to fossil fuels in the near future. Based on the pioneering work by Fujishima and Honda [1], photoelectrochemical (PEC) systems have been constructed using semiconductors to split water and generate hydrogen under solar illumination [2,3,4,5]. The solar conversion efficiency depends on the physiochemical properties of semiconductors, such as light absorption range, charge migration mobility, and surface catalytic kinetics. To date, various metal oxides have been discovered for PEC water-splitting purposes, such as ZnO [6], BiVO4 [7], TiO2 [8], and WO3 [9]. However, single-component materials often suffer inferior charge transport and severe charge recombination [10,11]. In this regard, constructing efficient heterojunction structure could be a competent strategy to improve solar water-splitting due to the synergistic effect of two or more materials [12].



WO3 is well known as a promising photoanode material due to its relatively small band gap (about 2.5–2.8 eV) and thus good visible light response [13,14]. In addition, owing to its non-toxicity, simple fabrication protocols and excellent stability in acidic solution [15], WO3 has been extensively investigated for PEC water-splitting. However, the shortcomings of WO3 are still present, such as severe charge recombination and slow migration rate of the photo-generated charge carriers [16]. Compared with other modification methods, the construction of heterojunctions with WO3 seems more efficient for both promoting the visible light response and charge separation [17]. For example, Zhang et al. built a WO3/Cu2O heterojunction through electrochemical deposition to modify the photoelectric properties of WO3 and achieved 1.37 mA/cm2 at 0.8 V vs. reversible hydrogen electrode (RHE) [18]. However, the instability and toxicity of Cu2O restrict its practical application. BiVO4 provides a suitable heterojunction companion for WO3, thanks to its relatively narrow band gap and environmental benignness [19,20,21]. Even though numerous research works have been done on WO3/BiVO4 heterojunctions, the sluggish surface reaction kinetics of BiVO4 still hinders further industrial application for solar conversion [22,23].



Several methods have been employed to modify the surface chemistry, such as elemental doping, introduction of oxygen vacancies, and deposition of passivation layer. For example, Wang et al. prepared BiVO4 with rich oxygen vacancies through electrodeposition and heat treatment to enhance the surface reaction kinetics for solar conversion [24]. Ye et al. deposited NiOOH/FeOOH and CQDs (carbon quantum dots) on the surface of BiVO4 through multiple fabrication processes and successfully improved the photo-response range and surface reaction activity of BiVO4 [25]. However, those reported methods always involve highly complex processes. In this work, we implemented a simple post-modification strategy using sodium hydroxide solution to conduct mild treatment for fluorine-doped tin oxide (FTO)/WO3/BiVO4 heterojunction, with the fabrication processes shown in Figure 1. Surface burnishing occurred to the treated FTO/WO3/BiVO4 samples, which increased the conductivity and surface reactivity of FTO/WO3/BiVO4 heterojunction. Compared to previous reports on WO3/BiVO4 [26,27,28,29,30], our work focused on the surface modification through simple and mild method. The optimized FTO/WO3/BiVO4 sample showed improved photocurrent density of about 1.75 mA/cm2 at 1.23V vs. RHE.




2. Results and Discussion


2.1. Morphology and Structure of FTO/WO3/BiVO4 Heterojunction


To grow WO3 nanoflakes, FTO glass was pretreated to enhance the surface hydrophilicity and used as a conductive substrate. WO3 seed films on FTO substrates were first prepared via spin-coating followed by thermal annealing [31]. Subsequently, WO3 nanoflakes were grown on the WO3 seed films through the hydrothermal method with further thermal annealing to increase the crystallinity. The microstructure of WO3 nanoflakes can be clearly observed from the SEM images in Figure 2a and Figure S1, which demonstrate the relatively uniform thickness of the nanoflakes. BiVO4 precursor was spin coated on top of the WO3 nanoflakes to fabricate FTO/WO3/BiVO4 heterojunctions. The amount of BiVO4 can be tuned by simply adjusting the number of coating cycles. Three kinds of FTO/WO3/BiVO4 samples were prepared with 3, 7, and 15 coating cycles, which were referred to as WB-3cycle, WB-7cycle, and WB-15cycle. The SEM images of WB-3cycle, WB-7cycle, and WB-15cycle are shown in Figure 2b–d, respectively. Small BiVO4 particles were formed on the surface of WO3 nanoflakes for WB-3cycle and WB-7cycle, but the overloading of BiVO4 for WB-15cycle caused severe aggregation of BiVO4 particles, which is not ideal for the heterojunction.



Since WB-7cycle showed the optimum PEC performance, which will be described later, further modifications were only conducted with WB-7cycle. WB-7cycle was immersed in a NaOH solution for different times of 30 s, 5 min and 10 min, and the obtained samples were referred to as WB-30s, WB-5min, and WB-10min, respectively. The SEM images of the treated FTO/WO3/BiVO4 samples are shown in Figure S2. From the results, almost no difference could be observed for the treated FTO/WO3/BiVO4 samples when compared to WB-7cycle.



XRD patterns were measured to confirm the phase composition and crystal structure. Figure 3a shows the XRD patterns of FTO substrate, WO3 nanoflakes, and WB-7cycle with standard XRD peaks of WO3 and BiVO4. Pure BiVO4 was also measured as a comparison (Figure S3). The WO3 nanoflakes possessed a monoclinic structure (PDF#43-1035) with good crystallinity. The peaks at 23.1°, 23.6°, 24.4°, 33.3°, 34.2°, 41.9°, 50.0° and 56.0° could be indexed to the (002), (020), (200), (022), (202), (222), (140) and (420) planes, respectively. For WB-7cycle, XRD peaks at 18.9°, 28.9°, 30.5° and 47.3° could be as assigned to the (011), (121), (040) and (042) planes of BiVO4 (PDF#14-0688), respectively. Figure 3b provided the XRD patterns of WB-3cycle, WB-7cycle, and WB-15cycle containing different amount of BiVO4. With the increase of the BiVO4 particles, the typical XRD peaks at 19.0°, 28.9° of BiVO4 were intensified, confirming the well loading of BiVO4 particles on the surface of WO3 nanoflakes. In addition, the XRD patterns of the treated FTO/WO3/BiVO4 samples were measured and shown in Figure 3c. After treatment with NaOH solution, the peak intensity of (002) plane for WO3 decreased. According to previous reports, the (002) facet of WO3 is more active than other facets for photoconversion [32,33]. Thus, prolonged NaOH treatment may cause deteriorated PEC performance due to the damage of the (002) facet. The optical properties of the FTO/WO3/BiVO4 structure were measured with UV-vis absorption spectrophotometer. As shown in Figure 3d, the absorption edge of the WO3 nanoflakes is around 470 nm. After the introduction of BiVO4 particles, the absorption range was extended to around 520 nm for WB-7cycle. WB-5min, as the best PEC performer, possessed similar absorption range and intensity with that of WB-7cycle, demonstrating that post-modification did not cause obivous change in absorption. The band gap of WO3, WB-7cycle, and WB-15min are estimated to be 2.75, 2.45 and 2.48 eV by Tauc’s formula [34] in the Figure S4. In addition, according to previous reports about the band position calculation (details shown in surporting information) [35,36], the charge transfer diagram of the FTO/WO3/BiVO4 sample was drawn and shown in Figure S5.




2.2. Photoelectrochemical Measurement


Photocurrent densities were collected for WB-3cycle, WB-7cycle, WB-15cycle and WO3 nanoflakes to find the best loading condition of BiVO4 (Figure 4a). From the I-V (current density-voltage) curves, WO3 nanoflakes generated a photocurrent density of 0.8 mA/cm2 at 1.23 V vs. RHE and it can be observed that the current was initially boosted with the increase of BiVO4. However, WB-15cycle produced even lower photocurrent than WO3 did. This should be due to the fact that the excessive BiVO4 caused severe charge recombination between the BiVO4 particles [37], inhibiting the charge transfer. Among all samples, WB-7cycle generated the highest photocurrent density of 1.52 mA/cm2 at 1.23 V vs. RHE. To further enhance the PEC activity of the heterojunction, WB-7cycle was immersed in a NaOH solution for different times. The I-V curves of these samples are shown in Figure 4b. We find that the photocurrent density of WB-5min reached the highest value of 1.76 mA/cm2 at 1.23 V vs. RHE. Prolonged treatment, i.e., 10 min, led to declined photocurrent, especially in the low potential range, possibly due to the damage to the (002) facet of WO3 by NaOH treatment.




2.3. Mechanism for the Enhanced PEC Performance


To monitor the local microstructure change of the FTO/WO3/BiVO4 samples after post-treatment by NaOH solution, TEM, and HR-TEM measurements were conducted with the results shown in Figure 5 and Figure S6. From the element mapping images in Figure S6, the BiVO4 particles were successfully grown on the surface of WO3 nanoflakes with relatively uniform distribution. HR-TEM measurements were focused on the surface of BiVO4 particles (Figure 5a,b). The lattice fringe of 0.316 nm for WB-7cycle and 0.46 nm for WB-5min could be indexed to the (103) and (011) planes, respectively, further verifying the BiVO4 crystal structure. More importantly, the BiVO4 particles in WB-5min have much sharper edges compared to WB-7cycle, as outlined in the HR-TEM images. The polishing of the crystal boundary may activate the surface of BiVO4 and lead to enhancement of solar conversion.



X-ray photoelectron spectra (XPS) were collected for WB-7cycle and WB-5min to gain more insights into the surface chemical states (Figure 6). The peak of O 1s in WB-5min showed no obvious difference compared to that in the pure FTO/WO3/BiVO4 sample (Figure 6a), but the intensity of the V 2p peak slightly increased (Figure 6b). In addition, the signal of Bi 4f exhibited a major increase after post-treatment (Figure 6c). As the post-treatment with NaOH solution could not cause redox reactions, the surface chemical states with no obvious change should be expected. With the XPS and HR-TEM results, it is reasonable to speculate that surface molecular arrangement of WB-5min should be reconstructed after surface burnishing of the amorphous layer, resulting in improved surface chemistry for photoconversion. To gain more information, the EIS was tested and shown in Figure 6d. The arc radius of WB-5min is smaller than those of WO3 and WB-7cycle samples, illustrating the enhanced charge transport and accelerated surface reactions. The improved electrical properties of WB-5min should be ascribed to the surface burnishing of BiVO4.





3. Experimental Section


3.1. Materials


Sodium tungstate dehydrate (Na2WO4·2H2O, 99.5% ), hydrogen peroxide solution (H2O2, 30%), poly (vinyl alcohol) (PVA, 98%–99%), oxalic acid dihydrate (H2C2O4·2H2O, ≥99.5%), bismuth nitrate pentahydrate (BiN3O9·5H2O, 99%), acetate (C2H4O2, 99.7%), acetylacetone (≥99.5%) were purchased from Aladdin Bio-Chem Technology Company, Shanghai, China. Vanadyl acetylacetonate (98%) was purchased from Sigma-Aldrich Sigma-Aldrich, St. Louis, MO, USA. Hydrochloric acid (HCl, 36%–38%) was purchased from Dong Jiang Reagent, Dongguan, China. All chemicals were used without further purification.



The FTO (2 cm × 1 cm) glass substrates were cleaned with ethanol and acetone mixture solution (1:1 by vol%) with sonication for 10 min. Then, the substrates were put into mixture solution of sulfuric acid and hydrogen peroxide (7:3 by vol%) for 10 min to make their surface hydrophilic.




3.2. Synthesis of WO3 Seed Samples on FTO Substrates


First, 1.65 g Na2WO4·2H2O was dissolved in 25 mL deionized (DI) water. After the addition of 3 mL HCl, precipitate was occurred with yellow color. Then the powder was washed through centrifugation at 5000 rpm 10 min for three times. The powder was re-dissolved in 5 mL H2O2 with 0.5 g PVA and 10 mL DI water. After ultra-sonication for 30 min, the solution was diluted to 30 mL with the addition of DI water. Then, 100 ul of the diluted solution was spin coated on top of FTO substrates with 3000 rpm for 1 min. Finally, the WO3 seed samples could be obtained following thermal annealing at 500 °C in a muffle furnace for 2 h.




3.3. Synthesis of WO3 Nanoflakes


0.1 g Na2WO4·2H2O was dissolved in 45 mL DI water. After the addition of 4 mL HCl in the above solution, yellowish precipitate was obtained. Then 0.54 g H2C2O4·2H2O was added in the above solution under magnetic stirring until the precipitate was dissolved, with subsequent dilution to 135 mL. Next, 30 mL of the prepared precursor solution was transferred to a stainless steel autoclave. In addition, one piece of WO3 seed sample was immersed in the solution and tilted on the container wall with the seed layer facing downward. The autoclave was sealed and kept at 180 °C for 8 h. After cooling to room temperature, the samples were rinsed with DI water. Finally, WO3 nanoflakes could be obtained after annealing at 500 °C in a muffle furnace for 2 h.




3.4. Synthesis of FTO/WO3/BiVO4 Photoanodes


The precursor of BiVO4 was prepared at first. 0.173 g BiN3O9·5H2O and 0.095 g vanadyl acetonate were dissolved in mixture solution consisted of 4.46 mL acetylacetone and 0.54 mL glacial acetic acid with sonication for 10 min. Then, FTO/WO3/BiVO4 photoanodes were prepared through spin-coating process. 25 µL precursor solution of BiVO4 was coated on one piece of WO3 sample with spin rate of 2000 rpm for 30 s and maintained at 400 °C for 2 min. The above process with one-time spin-coating was referred to as one cycle. Three kinds of FTO/WO3/BiVO4 photoanodes were prepared with different coating times of BiVO4 precursor, as 3 cycles, 7 cycles, and 15 cycles. The above prepared samples were moved to muffle furnace and annealed at 450 °C for 2 h to obtain the final FTO/WO3/BiVO4 photoanodes. In addition, BiVO4 film sample, as control group, was fabricated by droping 25 µL BiVO4 precursor directly on FTO substrate with further annealing at 450 °C for 2 h.




3.5. Post-Modification of FTO/WO3/BiVO4 Photoanodes


From the PEC performance, the 7 cycles FTO/WO3/BiVO4 sample performed the primarily highest photocurrent density. Thus, post-modification process will proceed by using 7 cycles FTO/WO3/BiVO4 samples, which were soaked in 0.2 M NaOH solution for 30 s, 5 min, 10 min, with 5 min as the best condition. The post-modified samples were known as WB-30s, WB-5min, and WB-10min. Then, the samples were rinsed with DI water and dried at room temperature.




3.6. Characterizations


The morphologies were characterized by Scanning Electron Microscope (SEM, ZEISS SUPRA® 55, Carl Zeiss, Jena, Germany) at an acceleration voltage of 5 KV. The crystal structure was determined by X-ray diffraction (XRD, D8 Advance, Bruker, Karlsruhe, Germany). The internal microstructure was analyzed by Transmission Electron Microscopy (TEM, JEM-3200FS, JEOL, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher, Waltham, MA, USA ) was used to determine the surface chemical state and valence state. The entire XPS measurement was performed under ultra-vacuum condition, and the typical peak for C 1s of 284.8 eV was used for calibration. UV-Vis absorption spectrum was measured by UV-vis spectrophotometer (UV-2600, Shimadzu, Suzhou, China).




3.7. Photoelectrochemical Measurement


The PEC performance was measured using a typical three-electrode system with a transparent quartz glass as the reactor at room temperature. The samples, Pt foil and Ag/AgCl (saturated KCl) electrode were used as working electrode, counter electrode, and reference electrode, respectively. The photocurrent densities were measured in 0.5 M Na2SO4 (pH = 6.8) solution by using electrochemical workstation (CHI660e) under AM 1.5G simulated sunlight illumination. The light power of the solar simulator is calibrated using standard silicon cells. In addition, in order to improve the conductivity of all the samples, the top of the samples were coated with silver paste. The measuring area of the samples immersed in the liquid was kept at 1 cm2 to accurately evaluate the photo- and dark-current value [38,39]. The measured potentials were converted to RHE potential with the following equation [40]:


ERHE = EAg/AgCl + EoAg/AgCl + 0.059 pH



(1)




where ERHE stands for calculated potential vs. RHE, EAg/AgCl stands for the measured potential, and the value of EoAg/AgCl is 0.197 V at 25 °C.



The electrochemical impedance spectroscopy (EIS) was tested at 1.23 V vs. RHE with an Alternating Current (AC) voltage amplitude of 5 mV and frequency range of 0.1–10 kHz under simulated sunlight irradiation.





4. Conclusions


In summary, a FTO/WO3/BiVO4 heterojunction has been fabricated via hydrothermal and spin-coating methods and post-modification by NaOH solution. After adjusting the amount of BiVO4 nanoparticles and post-modification time, FTO/WO3/BiVO4 heterojunction with 7 cycle spin-coating and 5min treatment produced the highest photocurrent of about 1.75 mA/cm2 at 1.23 V vs. RHE, which is more than two times that for WO3. The enhanced solar conversion performance should be caused by the facilitated charge transport and surface reaction kinetics, according to the surface burnishing of BiVO4.
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Figure 1. Schematic diagram of the fabrication and post-modification processes of WO3/BiVO4 photoanodes. 
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Figure 2. SEM images of (a) WO3, (b) WB-3cycle, (c) WB-7cycle and (d) WB-15cycle. 
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Figure 3. XRD patterns of (a) FTO substrate, WO3 nanoflakes and WB-7cycle samples with standard XRD peaks of WO3 and BiVO4, (b) WO3 nanoflakes, WB-3cycle, WB-7cycle, and WB-15cycle and (c) WB-7cycle, WB-30s, WB-5min, and WB-10min samples. (d) UV-vis absorbance spectra of WO3 nanoflakes, WB-7cycle, and WB-5min. 
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Figure 4. I-V curves for (a) FTO, WO3, BiVO4, WB-3cycle, WB-7cycle, and WB-15cycle samples and (b) FTO, WB-7cycle, WB-30s, WB-5min, and WB-10min samples. 
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Figure 5. HR-TEM images of (a) WB-7cycle and (b) WB-5min samples. 
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Figure 6. XPS spectra with (a) O 1s, (b) V 2p and (c) Bi 4f signals of WB-7cycle and WB-5min samples. (d) EIS plots of WO3, WB-7cycle, and WB-5min samples. 
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