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Abstract

:

High photoelectrochemical water oxidation efficiency can be achieved through an efficient photogenerated holes transfer pathway. Constructing a photoanode semiconductor heterojunction with close interface contact is an effective tactic to improve the efficiency of photogenerated carrier separation. Here, we reported a novel photoanode p-n junction of Ti:Fe2O3/Cu2O (n-Ti:Fe2O3 and p-Cu2O), Cu2O being obtained by in situ reduction in CuAl-LDH (layered double hydroxides). The Ti:Fe2O3/Cu2O photoanode exhibits a high photocurrent density reaching 1.35 mA/cm2 at 1.23 V vs. RHE is about 1.67 and 50 times higher than the Ti:Fe2O3 and α-Fe2O3 photoanode, respectively. The enhanced PEC activity for the n-Ti:Fe2O3/p-Cu2O photoelectrode is due to the remarkable surface charge separation efficiency (ηsurface 85%) and bulk charge separation efficiency (ηbulk 72%) formed by the p-n junction and the tight interface contact formed by in situ reduction. Moreover, as a cocatalyst, CuAl-LDH can protect the Ti:Fe2O3/Cu2O photoanode and improve its stability to a certain extent. This study provides insight into the manufacturing potential of in situ reduction layered double hydroxides semiconductor for designing highly active photoanodes in the field of photoelectrochemical water oxidation.
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1. Introduction


The energy crisis and environmental pollution caused by excessive fossil energy consumption are the major problems facing people in the 21st century. Photoelectrocatalysis hydrolysis technology exhibits considerable development prospects for solving energy problems. Currently, metal oxide semiconductors are mainly used in photoelectrocatalysis water decomposition [1]. The most common oxide semiconductor materials used as photoanodes are TiO2 [2,3,4,5], WO3 [6,7,8], BiVO4 [9,10,11], BiFeO3 [12,13], and Fe2O3 [14,15,16,17]. Suitable photoelectrocatalysis materials need an appropriate band gap, high stability, and environmental friendliness. Fe2O3 was first reported as the original mineral material for water oxidation photoanode materials in the 1980s [18]. Typically, α-Fe2O3 is an n-type semiconductor, which when presented with a hexagonal dense stack structure and suitable band gap (~2.0 eV), is non-toxic, low-cost, and thermodynamically stable, meaning it can be realized as a reversible hydrogen electrode (RHE) at 1.23 V. α-Fe2O3 is known as an ideal photocatalytic material, which with the maximum theoretical photocurrent of 12.6 mA/cm2 achieves a theoretical solar-to-hydrogen (STH) efficiency of ~16% [19]. However, pure α-Fe2O3 suffers from poor charge separation efficiency and slow water oxidation kinetics [18]. The severe electron–hole recombination of α-Fe2O3 causes a considerable loss of photogenerated carriers, making its photocatalytic efficiency much lower than its theoretical value.



In recent decades, various strategies have been explored to improve the efficiency of α-Fe2O3 photoanodes, ranging from designing different morphologies to improving the electron transport properties of the bulk and surface, changing the morphology of α-Fe2O3 so that its size is smaller than the hole diffusion length [20]. Doped α-Fe2O3 can also improve the electrical conductivity of elements, such as Ti [21], Co [22], F [23], P [24], etc. Incorporating another suitable semiconductor with α-Fe2O3 to construct heterojunction, such as TiO2 [25], ZnO [26], MnO2 [27], WO3 [28], C3N4 [29], Cu2O [30], etc., is a widely used strategy to improve performance [31]. Semiconductor promoter catalysts (FeOOH [32,33], CoP [34], LDH [35,36,37]) to combine with α-Fe2O3 have also been proposed [38]. Heterojunction construction is most commonly used to accelerate the diffusion of charge carriers under the internal electric field, resulting in more efficient separation and a longer charge carrier lifetime [39]. It is crucial to select suitable materials to compound with α-Fe2O3 to improve its photoelectrochemical water separation performance. Copper oxides exhibit great promise for solar energy conversion and heterogeneous photocatalysis due to their multi-electron transfer properties in narrow bandgap materials. Among them, cuprous oxide (Cu2O), as a low-cost visible-light-responsive material, is widely used for constructing the heterogeneous photocatalysis used for photoelectrochemical/photocatalytic reactions in solar energy conversion fields [40]. The Cu2O material matches the energy-band position of α-Fe2O3, and both absorb visible light. Combining α-Fe2O3 with Cu2O can effectively improve the photoelectrochemical properties of α-Fe2O3 [41,42,43]. Nano-sized cuprous oxide clusters can be obtained by reducing copper-containing hydrotalcite materials [40], and the cuprous oxide synthesized under alkaline conditions is a p-type semiconductor material.



Herein, we prepared Ti:Fe2O3/Cu2O composite photoanodes by an in situ partial reduction in Ti:Fe2O3/CuAl-LDH. The CuAl-LDH and Cu2O were prepared by in situ reduction, the tight interface between Ti:Fe2O3/CuAl-LDH and Cu2O/CuAl-LDH can reduce the interface charge loss of Ti:Fe2O3/Cu2O photoanodes. The Ti:Fe2O3/Cu2O photoanode has higher photoelectrochemical performance, exhibiting a more considerable photocurrent degree (1.35 mA/cm2) that is 1.69 times higher than the Ti:Fe2O3 photoanode (0.8 mA/cm2). Its surface charge separation efficiency (85%) and bulk phase charge transfer efficiency (64%) were 1.12 and 1.45 times higher than those of the Ti:Fe2O3 photoanode, respectively. The high photoelectrochemical performance may be attributed to forming a built-in electric field between p-Cu2O and n-Ti:Fe2O3, which promotes the high charge transfer on the interface. Through performing a photoanode stability test, we found that the existence of hydrotalcite can improve the photoanode’s photoelectrochemical water oxidation stability, which is due to the unreduced CuAl-LDH’s protective effect.




2. Results and Discussion


Figure 1A is an experimental flowchart of the Ti:Fe2O3/Cu2O composite photoanodes’ preparation process. First, Ti:Fe2O3 nanorods were grown on FTO glass by the hydrothermal method. Then, CuAl-LDH covered the Ti:Fe2O3 nanorods by a second-step hydrothermal method. The Ti:Fe2O3/Cu2O photoanode was finally obtained by in situ reduction with ascorbic acid. Figure 1B–D show the SEM images of the Ti:Fe2O3, Ti:Fe2O3/CuAl-LDH, and Ti:Fe2O3/Cu2O photoanodes. Ti:Fe2O3 exhibits a uniform fine nanorod structure (Figure 1B). After the hydrothermal growth of CuAl-LDH, a significant number of small nanosheets were grown on the surface of the Ti:Fe2O3 nanorods. After ascorbic acid reduction, the nanosheets and nanorods remained, and fine particles formed on the surface, as shown in Figure 1D. Figure 1E–H show the EDS mapping images of the Ti:Fe2O3/Cu2O electrode. Cu, Al, Fe, O, and other elements are uniformly distributed on the electrode surface. Due to the fact that the partial reduction in copper-containing hydrotalcite does not completely destroy the structure of hydrotalcite [40], the short reduction time resulted in small Cu2O particles. The two Cu and Al elements were evenly distributed, which is consistent with the results of the EDS spectrum. Figure 1I,J give the HRTEM images of the Ti:Fe2O3/Cu2O. The thickness of the hydrotalcite layer is about 10 nm. Cu2O nanoparticles with an average diameter of about 5 nm were uniformly distributed on the surface of the photoanode. The distinct lattice fringes with d-spacings of 0.246 nm and 0.302 nm correspond to the (1 1 1) and (1 1 0) planes of Cu2O nanoparticles, respectively, while the lattice fringes of 0.269 nm and 0.252 nm were ascribed to the (1 0 4) and (1 1 0) planes of Fe2O3, respectively. Through SEM and HRTEM tests, we proved that the CuAl LDH layer grew on the surface of Ti:Fe2O3, and after in situ reduction, Cu2O was uniformly distributed on the surface of the photoanode.



Figure 2 and Figure S1 show the XRD patterns of Ti:Fe2O3, Ti:Fe2O3/CuAl-LDH, and Ti:Fe2O3/Cu2O/CuAl-LDH composite photoanodes. The peaks at 33.2°, 35.6°, and 63.9° belong to the (1 0 4), (1 1 0), and (3 0 0) crystal planes of α-Fe2O3 (JCPDS 33-0664), respectively. Compared with pure α-Fe2O3, the peak of the (1 1 0) crystal plane in Ti:Fe2O3 hematite decreased and shifted to a high angle, which indicated that Ti-doped Fe2O3 affected the crystal structure of pure α-Fe2O3. Unfortunately, the α-Fe2O3 peaks were small, and no characteristic diffraction peaks belonged to CuAl-LDH or Cu2O. This may be due to the relatively thin thickness of the hematite layer compared with the SnO2 layer on the FTO substrate (marked by clubs in Figure 2), resulting in a relatively weak signal. Similarly, the CuAl-LDH and Cu2O particles were smaller and therefore not detected in the XRD spectrum.



Consequently, we examined the composition and chemical state of the CuAl-LDH and Cu2O particles by XPS spectroscopy. The full XPS spectrum of the Ti:Fe2O3/Cu2O composite photoanode (Figure 3A) shows that Fe, Ti, Cu, Al, O, and other elements exist in the composite photoanode. Figure 3B shows the O 1s XPS spectrum of the Ti:Fe2O3/Cu2O composite, where the lattice oxygen (O2−) occurs at a binding energy of 529.9 eV, while it is 531.2 eV in the hydroxyl group (OH−) [44]. The existence of a large amount of hydroxyl oxygen further proves that CuAl-LDH is not completely reduced, and the partial amount of CuAl-LDH left on the surface of Ti:Fe2O3 may play a co-catalysis role, facilitating the charge transport. Figure 3C is exemplary of the XPS spectrum of Fe 2p. Fe 2p1/2 and Fe 2p3/2 appear at 724.6 eV and 710.9 eV, respectively, and two satellite peaks appear at the binding energies of 719.5 eV and 735.6 eV, which are characteristic peaks of Fe3+, proving the existence of Fe3+ in the sample [44]. The peaks belonging to Fe 2 p3/2 and Fe 2p1/2 appeared at binding energies of 710.0 eV and 723.2 eV, respectively, and two satellite peaks appeared at the binding energies of 713.7 eV and 727.7 eV, which are characteristic peaks of Fe2+ [45]. This indicates the presence of Fe2+ in the sample, which suggests that ascorbic acid reduces part of Fe3+ on the sample surface to Fe2+ while reducing CuAl-LDH. In Figure S2, after Ti:Fe2O3 was composited with CuAl-LDH, the XPS peaks of O 1s and Fe 2p are both shifted to low binding energy, which indicates that the electrons transfer from CuAl-LDH to Ti:Fe2O3. However, after CuAl-LDH undergoes partial reduction in situ, the binding energy of O 1s moves to the lower direction, while the binding energy of Fe3+ moves to the higher direction. The shifted binding energy is attributed to intimate interfacial and chemical interaction formed between Ti:Fe2O3 and Cu2O in the composite and the photoelectron migration occurs from Ti:Fe2O3 to Cu2O, which is consistent with the electronic trend of the p-n junction. Figure 3D shows the acceptable XPS spectrum of Cu 2p, and the binding energies of 932.0 eV and 951.8 eV are the peaks of Cu 2p3/2 and Cu 2p1/2, respectively, while the three satellites at the binding energies of 939.9 eV, 943.4 eV, and 962.5 eV peak represent the presence of Cu2+. The peaks of Cu 2p3/2 and Cu 2p1/2 at 934.2 eV and 954.0 eV, respectively, [40] represent the presence of Cu+. Figure S3 compared the XPS peaks of Cu and Al in Ti:Fe2O3/CuAl-LDH photoanode before and after in situ reduction. The results show no Cu1+ in Fe2O3/CuAl-LDH photoanode. After reduction, the XPS peak of Al shifted to the low binding energy direction. The result indicates that CuAl-LDH enriches electrons, which is more conducive to hole transfer to the surface of the photoanode. Figure 3E is the nuanced XPS spectrum of Ti 2p. The binding energies are 264.2 eV and 258.2 eV for Ti 2p1/2 and Ti 2p3/2, respectively, which indicates that only Ti4+ exists in the sample [46]. The characteristic peak of Al 2p3/2 appears at 76.8 eV in Figure 3F [44]. Additionally, the non-integrated peak belongs to the FTO base. In summary, Cu2O particles were successfully prepared on the Ti:Fe2O3 photoanode surface by in situ partial reduction in CuAl-LDH.



To evaluate the PEC performance of photoanodes, we performed photoelectrochemical tests on a series of photoanodes using a three-electrode system in a 1M KOH (pH = 13.8) electrolyte solution. Figure 4A is the LSV test of the photoanode. As the applied-bias voltage gradually increases, the photocurrent of all photoanodes also gradually increases, and the photoanodes have the highest photocurrent at 1.23 V vs. RHE Fe2O3/Cu2O. In Figure 4B and Table 1, the photocurrent of the Ti:Fe2O3/Cu2O photoanode at 1.23 V vs. RHE reached 1.35 mA/cm2, which was 1.47 times that of the Ti:Fe2O3/CuAl-LDH photoanode (0.92 mA/cm2) and 1.69 times that of the Ti:Fe2O3 photoanode (0.80 mA/cm2). In Figure S4, the photocurrent of pure Fe2O3 is 0.027 mA/cm2, which is 1/50th of Ti:Fe2O3/Cu2O, possibly due to the original photoanode’s higher surface kinetics. The surface kinetics are due to the reloading of CuAl-LDH with Cu2O and the formation of a p-n junction between Ti:Fe2O3 and Cu2O, which facilitates the transfer of charges. The transient photocurrents of the photoanodes are shown in Figure 4C. All photoanodes have high photoresponse characteristics, and Ti:Fe2O3/Cu2O photoanodes have the highest photocurrent density among all the samples, which is consistent with the LSV results. Then, we carried out electrochemical impedance (EIS) tests, as shown in Figure 4C. It is known that the radius of the high-frequency region in the impedance spectrum represents the electron transfer resistance, and the smaller the semicircle represents the higher the transfer resistance. The Ti:Fe2O3/Cu2O photoanode has the most negligible electrochemical impedance. As mentioned earlier, the electrochemical impedance test also verified the photocurrent. Figure 4D depicts the applied-bias photo-to-current conversion efficiency (ABPE) under the applied-bias voltage. The peaks of ABPE appear at different voltages, namely 0.107 V vs. 0.11% of RHE belongs to the Ti:Fe2O3/Cu2O photoanode, while 0.089% of 1.08 V vs. RHE and 0.07% of 1.09 V vs. RHE belong to the Ti:Fe2O3/CuAl-LDH and Ti:Fe2O3 photoanodes, respectively. This means that the CuAl-LDH/Cu2O layer obtained by in situ reductions is more active than CuAl-LDH in terms of activity. Figure 4E,F show the surface separation efficiency and bulk phase separation efficiency of the photoanode, respectively. The Ti:Fe2O3/Cu2O photoanode has the highest surface separation efficiency and bulk phase separation efficiency at 1.23 V vs. RHE, 85%, and 64%, respectively. The surface separation efficiency and bulk phase separation efficiency of the Ti:Fe2O3/CuAl-LDH photoanode were 77% and 51%, respectively. The surface separation efficiency and bulk phase separation efficiency of the Ti:Fe2O3 photoanode at 1.23 V vs. RHE were 72% and 44%, respectively. The enhanced separation efficiency is due to the Ti:Fe2O3/Cu2O photoanode junction formed and the closed interface contact between n-Ti:Fe2O3 and p-Cu2O. Furthermore, CuAl-LDH as a co-catalyst can reduce the loss of photogenerated carriers and improve separation efficiency. Recombination enables it to be smoothly conducted to the electrolyte solution without being trapped by the surface states. After reduction to Cu2O, the formation of the p-n junction can further promote the separation of carriers, thereby improving the separation efficiency. The Mott-Schottky curve (M-S) test was performed on the photoanode, as shown in Figure S5A. It is known that the slope of the Mott-Schottky curve is inversely proportional to the carrier concentration of the semiconductor. Figure S5A shows that the M-S curve of the Ti:Fe2O3/Cu2O photoanode has a minor slope; therefore, it has a high carrier concentration. These results are also consistent with the above test results. Additionally, according to the M-S curve of the Ti:Fe2O3/Cu2O sample, Ti:Fe2O3 and Cu2O form a p-n junction in the Ti:Fe2O3/Cu2O sample. The photoanode’s stability is vital for its application, so the long-term steady-state photocurrent density was investigated, as shown in Figure S5B. By comparing the strength of the Ti:Fe2O3/Cu2O photoanode with or without CuAl−LDH, we found that, with the presence of CuAl-LDH, the photoanode’s stability significantly improved, with no apparent attenuation during the test. On the contrary, in the absence of CuAl-LDH, the photoanode exhibited relatively high initial performance levels; however, the stability was severely degraded. As practical applications require high stability, the presence of CuAl-LDH can effectively improve the Ti:Fe2O3/Cu2O photoanode’s strength. Table S1 shows the comparison of photocurrent density between this sample and other researchers’ samples [30,44,47,48,49,50].



The light absorption properties are an essential part of studying the PEC performance. We evaluated the samples’ light absorption properties by analyzing the UV-vis spectrum, as shown in Figure 5A. The absorption edge cutoff wavelengths of Ti:Fe2O3 and Ti:Fe2O3/CuAl-LDH are about 610 nm, which is consistent with the bandgap of 2.07 eV in Ti:Fe2O3, proving visible light absorption. The absorption edge of Ti:Fe2O3/Cu2O has a slight blue shift, which may be related to the light absorption of the CuAl-LDH/Cu2O mixture. To verify the effect of light absorption on photocurrent, the monochromatic incident photon-to-electron conversion efficiency (IPCE) was measured to evaluate the contribution of incident light absorption to the photocurrent (Figure 5B). Compared with Ti:Fe2O3, Ti:Fe2O3/Cu2O had a significantly enhanced IPCE value in the wavelength range from 323 nm to 600 nm. The highest IPCE value of Ti:Fe2O3/Cu2O at 323 nm is 32.7%, while Ti:Fe2O3 is 6.0%, which may benefit from the combined contribution of CuAl-LDH and Cu2O to the PEC performance. In addition, the photoanode’s PEC performance was further evaluated by the absorption photon-current efficiency. The maximum APCE of Ti:Fe2O3/Cu2O was 54.8% at 400 nm, which increased to 7.0% at 600 nm (Figure 5B, inset), which means that this photoanode’s PEC water splitting was in a wide wavelength range from 400 to 600 nm.



To explore the mechanism of Ti:Fe2O3/Cu2O more intuitively, its energy-band structure was calculated by UPS spectroscopy (Figure 6) and UV-vis spectroscopy. The conduction-band (CB) and valence-band (VB) energies were calculated by UPS spectroscopy. The forbidden bandwidth was obtained by UV-vis spectroscopy. In Figure S6, the bandgaps of Ti:Fe2O3 and Cu2O (with CuAl-LDH) are 2.07 eV and 2.24 eV, respectively. The calculation results are shown in Table 2. As expected, the valence-band positions (vs. RHE) of Ti:Fe2O3 and Cu2O were 1.48 eV and 1.27 eV, respectively, while the conduction-band positions were −0.59 eV and −1.67 eV, respectively.



Figure 7A shows the energy bands. The relative positions of the structures and the possible mechanism are given in Figure 7B. The electrons at the interface are transferred from n-type Ti:Fe2O3 to p-type Cu2O so that a built-in electric field directed from Ti:Fe2O3 to Cu2O is formed at the interface, promoting the carrier transfer between the interfaces. When applying bias voltage and light to the Ti:Fe2O3/Cu2O photoanode, the photogenerated holes (h+) will transfer to the surface of the photoanode through the built-in electric field and proceed to an oxidation reaction with water on the surface of the Ti:Fe2O3/Cu2O. Meanwhile, photogenerated electrons (e−) are transmitted to the opposite electrode along the external circuit to participate in the reduction reaction. As illustrated in Figure S7, all the photovoltaic signals are positive, suggesting that photogenerated holes have migrated to the surface of the electrodes, which is consistent with the above conclusions. At the same time, the unreduced CuAl-LDH exists on the surface of the Ti:Fe2O3/Cu2O composite photoanode as a cocatalyst, which promotes the transfer of photogenerated holes to the electrode surface to participate in the oxidation reaction, which also protects the photoanode to a certain extent. The presence of CuAl-LDH enhances the stability of the α-Fe2O3/Cu2O composite photoanode.




3. Experimental Section


3.1. Materials


We purchased potassium hydroxide (KOH, >90%) and sodium nitrate (NaNO3, >99%) from Xilong Science Co., Ltd. (Shantou, China), and purchased titanium tetrachloride (TiCl4, >99.5%) from Aladdin Reagent Co., Ltd. (Shanghai, China) We purchased anhydrous sodium sulfite (Na2SO3, >97%), ammonium fluoride (NH4F, >98%), and ferric chloride (FeCl3·6H2O, >99%) from McLean Biochemical Technology Co., Ltd. (Shanghai, China). We purchased copper nitrate (Cu(NO3)2·3H2O) and aluminum nitrate (Al (NO3)·9H2O) from Sinopharm. We purchased urea from Jingxi Chemical Technology Co., Ltd. (Shenzhen, China). We purchased fluorine-doped tin oxide (FTO; F:SnO2, <15 ohm SQ−1) glass from the NipponSheet Glass CompanyLimited (Tokyo, Japan). We ultrasonically cleaned it in acetone, ethanol, and water for 30 min and then dried it before the experiment. We used ultrapure water (18.2 m Ω·cm) provided by reverse osmosis, ion exchange, and filtration in the whole experimental process. All materials were used directly without any purification.




3.2. Preparation of Ti:Fe2O3 Photoanode


We fabricated the Ti:Fe2O3 photoanode by the hydrothermal method. First, we mixed 0.15M ferric chloride (FeCl3·6H2O) and 1.0M sodium nitrate (NaNO3) in 20 mL of the aqueous solution, stirred at room temperature for 30 min until the mixing was complete, and then added a certain amount of 1M TiCl4 ethanol solution to the mixed solution (Ti:Fe atomic ratio is 1:100). We poured a thoroughly mixed solution into a polytetrafluoroethylene-lined high-pressure reaction kettle and leaned a piece of cleaned fluorine-doped tin oxide (FTO) glass against its inner wall. Subsequently, we kept the autoclave in an oven at 100 °C for 12 h to obtain FeOOH films. We rinsed the resulting FeOOH films with deionized water and dried them with a nitrogen stream. Finally, we used a heating rate of 5 °C min−1 to obtain the target Ti:Fe2O3 photoanode by annealing at 550 °C for two hours and 700 °C for 20 min in air.




3.3. Preparation of Ti:Fe2O3/CuAl-LDH Photoanode


We prepared the Ti:Fe2O3/CuAl-LDH photoanode by the hydrothermal method. We designed a mixed solution containing 0.003M Cu(NO3)2·3H2O and 0.001M Al(NO3)3·9H2O. We added the hybrid solution to a polytetrafluoroethylene-lined autoclave, hydrothermally reacted it at 100 °C for 60 min, cooled to room temperature, rinsed, and then dried for later use. At the same time, we prepared the comparative samples without adding Al(NO3)3·9H2O, and other conditions remained unchanged.




3.4. Preparation of Ti:Fe2O3/Cu2O Photoanode


We used the in situ reduction method to prepare the Ti:Fe2O3/Cu2O photoanode, which comprised 0.5M ascorbic acid solution adjusted to pH = 10 with 1M NaOH solution. We soaked the series of photoanodes in the ascorbic acid solution for 45 min, removed them, rinsed with deionized water, and dried at room temperature.




3.5. Characterization


A JEOL JSM-7800 F scanning electron microscope (SEM) coupled with an energy-dispersive spectrum (EDS; Aztec from Oxford) and JEOL JEM-2100 transmission electron microscopy (TEM and HRTEM) was used to determine the surface morphology. The phase composition was confirmed by the X-ray diffraction (XRD) patterns (2θ ranging from 10° to 80°). Additionally, the chemical composition was measured via X-ray photoelectron spectroscopy (XPS; Thermo ESCALAB 250XI, Al-Kα X-ray) analyses. Regarding the optical property of the samples, the UV-vis spectra were recorded by a DU-8B UV-vis double-beam spectrophotometer. Furthermore, ultraviolet photoelectron spectroscopy (UPS) measured by ESCALAB 250Xi using non−monochromatized He-Iα radiation (UPS, hʋ = 21.22 eV) was performed to determine the electronic band position. The calculation process of the valence-band maximum (EVBM) and conduction-band minimum (ECBM) is as follows [51]:
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where Ecutoff, Eonset, and Eg are the high-binding-energy cutoff, low-binding-energy onset, and bandgap, respectively.



All the semiconducting properties of the samples were determined by using a three-electrode cell in a 1.0M KOH (pH = 13.8) electrolyte undergoing a front illumination (from semiconducting direction) from a 300 W Xenon lamp equipped with an AM 1.5 G filter (100 mW cm−2). Electrochemical impedance spectroscopy (EIS) was operated at an AC voltage of 5 mV with frequencies ranging from 100 kHz to 0.01 Hz under visible light illumination. The final results for the Ag/AgCl electrode were converted to the reversible hydrogen electrode (RHE) according to [46]:


   E RHE  =  E Ag/AgCl  +  E Ag/AgCl vs. NHE 0  + 0.0591   V × pH   



(5)






  (  E Ag/AgCl vs. NHE 0  = 0.1976   V   vs.   NHE   at   25   ° C )  








where ERHE is the potential versus vs. RHE, EAg/AgCl is the experimental potential measured vs. the Ag/AgCl reference electrode, and E0Ag/AgCl is the standard potential of the Ag/AgCl vs. NHE (0.1976 V at 25 °C). The linear-sweep voltammogram (LSV) curves were plotted at a scan rate of 10 mV s−1 by sweeping the potential in the positive direction. For stability measurements, the long-term amperometric photocurrent density-time curve was conducted under continuous irradiation with a bias of 1.23 V vs. RHE.



The applied-bias photon-to-current efficiency (ABPE) of the solar-driven water splitting process was used to quantify the photoanode’s performance, which can be calculated based on the measured photocurrent density using the following [46]:


  ABPE ( % ) =    ( 1  . 23 − V ) × J  P  × 100  



(6)




where J is the photocurrent density (mA cm−2) reads from the LSV curve, V is the applied bias (VRHE), and P is the incident light density (100 mW cm−2).



The incident photon-to-current efficiency (IPCE) was measured under monochromatic irradiation from a 300 W xenon arc lamp coupled with a monochromator (Zolix, Omni−λ 300) at 1.23 V vs. RHE following [46]:


  IPCE  %  =   1240 J p h ( λ )   P ( λ ) λ   × 100  



(7)




where Jph(λ), λ, and P(λ) are photocurrent density (mA cm−2), wavelength of light (nm), and power density of monochromatic light (mW cm−2), respectively, which were measured by a calibrated Si detector.



Absorbed photon-to-current efficiency (APCE) was determined at each wavelength by dividing the IPCE by the light harvesting efficiency (LHE) according to the following [46]:


  LHE = 1 −   10   − A ( λ )    



(8)






  APCE ( % ) =   IPCE ( % )   LHE    



(9)




where A(λ) is the absorbance at wavelength.



The Nyquist diagram of electrochemical impedance spectroscopy (EIS) was collected by applying an AC voltage amplitude of 5 mV in the frequency range from 105 to 10−1 Hz without external bias and light (100 MW cm−2).





4. Conclusions


In summary, we successfully fabricated a Ti:Fe2O3/Cu2O photoanode by conducting an in situ reduction in Ti:Fe2O3/CuAl-LDH by ascorbic acid, which improved the PEC performance of hematite materials. The tight p–n junction structure formed by in situ reduction can boost efficient separation and transfer of the carriers to a certain extent and reduce the charge loss at the interface. Moreover, CuAl-LDH also acted as a cocatalyst to provide a photogenerated hole transport pathway and a protective layer, enhancing the photogenerated carrier transport efficiency and the photoanode’s stability. At 1.23 V vs. RHE, the photocurrent of the photoanode reached 1.35 mA/cm2, which is 1.69 times that of Ti:Fe2O3, and the surface charge separation efficiency reached 85%. The excellent PEC performance can be attributed to the construction of the p-n junction between n-Ti:Fe2O3 and p-Cu2O, as well as the synergistic effect of the CuAl-LDH cocatalyst. The synergistic effect of the p-n junction and the CuAl-LDH cocatalyst can effectively accelerate charge transport and inhibit recombination by improving the charge separation and transferring efficiency. This work reveals that the PEC performance and stability of the composite photoanode can be simultaneously improved by in situ reductions in the cocatalyst, which is partially reduced to a low-valence metal oxide, thereby providing a new strategy for the design of photoanodes for photoelectrochemical water oxidation.
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Figure 1. (A) Schematic diagram of preparation process of Ti:Fe2O3/Cu2O. (B–D) SEM images of Ti:Fe2O3, Ti:Fe2O3/CuAl-LDH, and Ti:Fe2O3/Cu2O photoanodes (top view). (E−H) Scanning electron microscope EDS images of Ti:Fe2O3/Cu2O photoanodes. (I,J) HRTEM images of Ti:Fe2O3/Cu2O photoanode. 
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Figure 2. XRD patterns of Ti:Fe2O3, Ti:Fe2O3/CuAl-LDH, and Ti:Fe2O3/Cu2O photoanode samples. 






Figure 2. XRD patterns of Ti:Fe2O3, Ti:Fe2O3/CuAl-LDH, and Ti:Fe2O3/Cu2O photoanode samples.



[image: Inorganics 11 00155 g002]







[image: Inorganics 11 00155 g003 550] 





Figure 3. XPS spectra of Ti:Fe2O3/Cu2O: (A) Survey, (B) O 1s, (C) Fe 2p, (D) Cu 2p, (E) Ti 2p, and (F) Al 2p. 
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Figure 4. (A) Photocurrent density vs. applied potential (J-V) curve; (B) photocurrent density vs. time (I-T) curve; (C) the EIS Nyquist plot of the Ti:Fe2O3, Ti:Fe2O3/CuAl-LDH, and Ti:Fe2O3/Cu2O photoanode; (D) ABPE curve; and (E,F) surface and bulk charge separation efficiency of photoanodes. 
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Figure 5. (A) UV-vis absorption spectroscopy of the samples, (B) incident photon-to-current conversion efficiency (IPCE) measured at 1.23 V vs. RHE for the photoanode. 
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Figure 6. UPS spectrum of (A) Ti:Fe2O3 and (B) CuAl-LDH/Cu2O. 
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Figure 7. (A) Band structure of Ti:Fe2O3 and Cu2O, (B) possible reaction mechanism. 
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Table 1. Photocurrent density of Fe2O3, Ti:Fe2O3, Ti:Fe2O3/CuAl-LDH, and Ti:Fe2O3/Cu2O.
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	No.
	Sample
	Photocurrent Density (1.23 V vs. RHE)





	1.
	Fe2O3
	0.027 mA/cm2



	2.
	Ti:Fe2O3
	0.80 mA/cm2



	3.
	Ti:Fe2O3/CuAl-LDH
	0.92 mA/cm2



	4.
	Ti:Fe2O3/Cu2O
	1.35 mA/cm2
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Table 2. Fermi level, valence-band maximum (VBM, EVBM), conduction-band minimum (CBM, ECBM), and bandgap energy (Eg) (vs. RHE) of Fe2O3 and Cu2O.
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	Sample
	Ef (eV)
	EVBM (eV)
	ECBM (eV)
	Eg (eV)





	Fe2O3
	−0.42
	1.48
	−0.59
	2.07



	Cu2O
	−0.23
	1.27
	−1.67
	2.94
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