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Abstract:
[bookmark: OLE_LINK8][bookmark: OLE_LINK15][bookmark: OLE_LINK16]Forming semiconductor heterojunctions is a promising strategy to boost the efficiency of solar-driven photoelectrochemical water splitting by accelerating the separation and transport of photo-generated charge carriers via interfacial electric field. However, there is limited research considering the influence of electrolyte on the band alignment of the heterojunction under photoelectrochemical conditions. In this work, we use single crystal NiCo2O4/SrTiO3 (NCO/STO) heterojunction with atomic- precision controlled thickness as a model photoelectrode to study the band structure modulations upon getting in contact with the electrolyte and the correlation with the photoelectrochemical activity. It is found that the band alignment can be tuned by the control of p-n heterojunction film thickness and regulated by the water redox potential (Eredox). When the Fermi level (EF) of heterojunction is higher/lower than the Eredox, the band bending at the NCO/STO-electrolyte interface will increase/decrease after contacting with the electrolyte. However, when the band bending width of NiCo2O4 layer is thinner than its thickness, the electrolyte will not influence the band alignment at the NCO/STO interface. In addition, PEC characterization results show that 1 nm NCO/STO heterojunction photoanode exhibits the superior water-splitting performance, owing to the optimum band structure of p-n heterojunction and the shorter charge transfer distance.
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1. Introduction:
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Photoelectrochemical (PEC) water splitting offers a promising approach to harvest solar energy and convert it to chemical energy for convenient storage, transport, and use in the form of hydrogen and other so called solar fuels.1, 2 Many semiconductors, such as TiO2,3, 4 Fe2O3,5, 6 WO37 and BiVO4,8 have been explored as photoelectrode materials. Nevertheless, the intrinsic PEC activity of these materials do not reach the required level for industrial applications, mainly due to high charge carrier recombination and sluggish water oxidation kinetics, as well as, in some cases improper bandgaps for harvesting visible light.9 As a consequence, diverse modification strategies have been widely applied to improve the PEC efficiency, including nanostructure engineering,10 doping,11, 12 heterojunction construction,13 and surface modifications14, 15. Among them, the construction of heterojunctions with suitable matched band energy positions is regarded as one of the most efficient methods for improving the PEC performance as it modifies surface or interface charge transfer/separation.16, 17 Various heterojunctions, such as CuO2/TiO2,18, 19 WO3/Fe2O3,20 BiVO4/Co3O4,21 TiO2/SrTiO3,22 and CuInS2/ZnIn2S423, have been reported to exhibit enhanced PEC activity, with the improvement ascribed to broad/complementary light adsorption, efficient carrier separation and surface charge transfer. For instance, Li et al. prepared an efficient Bi2WO6/BiOBr heterostructure photoelectrode, which showed better photoelectrochemical performance than Bi2WO6 owing to the accelerated spatial separation of photogenerated charges by constructing a heterojunction.24
In the case of heterojunction-based photoelectrodes, the charge transfer processes heavily depend on the band alignment and the built-in interfacial electric field, which is induced by difference in band positions and Fermi levels between a metal and a semiconductor or between two type of semiconductors. The additional driving force offered by this field can accelerate the diffusion of charge carriers, resulting in more efficient carrier separation, within the so-called space charge region. Thus, the band alignments in the heterojunction have great influence on the carrier separation efficiency and PEC performance and can be tuned by changing the thickness of two semiconductors. For instance, Chung et al. modified the interfacial band alignments of 2D layered PtSe2/p-Si heterojunctions by systematically controlling the number of atomic layers of PtSe2 films.25 They found that the PtSe2/p-Si photocathode composed of PtSe2 film with thickness of 3 atomic layers shows the optimized band alignment and delivers the best PEC performance with a photocurrent density of -32.4 mA cm−2 at 0 V vs. RHE. May et al. reported that the LaFeO3 films on Nb:SrTiO3 showed a strong thickness-dependent PEC activity for the oxygen evolution reaction (OER), which was ascribed to differences in band offsets caused by film thickness, which modulates the carrier transport and photoresponse behavior.26 Although these works studied how the thickness of the outer layer semiconductor affects the band energy alignment in the heterojunction, it is not understood how such alignment changes in real PEC conditions. It is worth noting that the Fermi level (EF) of the heterojunction will be in equilibrium with the redox potential of electrolyte (Eredox) in the PEC conditions. Since the thickness of the outer layer semiconductor is usually only a few or tens of nanometers, the band energy levels of the outer layer will be substantially modified upon reaching equilibrium with the redox potential of the electrolyte. Therefore, the band energy alignment of the heterojunctions in the PEC conditions will be most likely different from the band alignment based on heterojunctions in vacuum. Thus, a clear understanding of the three-phase interfacial energy band energy structure is significant for the better design of heterojunction photoelectrodes. 
In this work, we quantify the thickness and Eredox effects on the band alignment of single crystalline p-type NiCo2O4/n-type SrTiO3 heterojunctions, as well as the influence of band alignment on the charge transport and transfer process for PEC water oxidation. Samples were prepared by well-controlled NiCo2O4 film deposition on SrTiO3 substrates using pulsed-laser deposition (PLD) with thickness of 0.5, 1, 2, 4 and 15 nm. We choose n-type SrTiO3, because it is a widely-studied and effective photocatalytic material with good flat band potential, photovoltage and stability.27, 28 Constructing heterojunction of SrTiO3 with a p-type NiCo2O4 can accelerates the diffusion of charge carriers and further improve the PEC performance. In addition, NiCo2O4 shows good catalytic activity toward oxygen evolution reaction and lattice-matched growth on the substrate. Its spinel cubic structure can be epitaxially grown on perovskite cubic SrTiO3 with well-defined surface and interface structure, forming an ideal model system that we exploit in this work. We found that the band alignment can be tuned by the control of p-n heterojunction film thickness and regulated by the water redox potential (Eredox). In addition, the PEC activity of NiCo2O4/SrTiO3 (NCO/STO) heterojunction highly relies on the thickness of NiCo2O4 layer. The 1 nm NCO/STO heterojunction photoanode exhibits the superior water-splitting performance, owing to the optimum band structure of p-n heterojunction and the shorter charge transfer distance.
2. Experiment:
2.1. Preparation of photoanodes
NiCo2O4 films were epitaxially grown on TiO2‐terminated Nb doped SrTiO3 (001) substrates (0.5 wt. % Nb doped) using PLD. Laser ablation was performed at a repetition rate of 10 Hz and an energy density of 1.2 J/cm2 with a 248 nm KrF excimer. NiCo2O4 films were grown in 50 mTorr oxygen at a substrate temperature of 325 °C, and cooled to room temperature in the same oxygen partial pressure. Different thickness of the films was controlled by the sputtering time. The NiCo2O4 films with different thickness are grown by 30 seconds, 1 minutes, 2 minutes, 4 minutes, and 15 minutes.
2.2. Characterizations
The crystal structure and epitaxial relationship were determined by high-resolution XRD using a PANalytical four-circle diffractometer in θ-2θ scans. The surface morphologies were characterized by atomic force microscopy (AFM) (Asylum Research MFP-3D-SA) in tapping mode. Scanning transmission electron microscopy (STEM) was done by aberration corrected JEOL 2200FS. Cross-sectional (S) TEM specimens were prepared with an FEI Helios dual-beam focused ion beam/scanning electron microscope (FIB/SEM) using a standard lift-out approach. Optical absorption measurements were performed at room temperature using a Cary 5000 spectrophotometer in the photon energy range of 0.45-5.0 eV. The electronic structure, band offsets, and bending were measured by high-resolution X-ray photoemission spectroscopy (XPS) using monochromatic Al Kα1 x-ray (hγ= 1486.6 eV) with a SPECS PHOIBOS 150 electron energy analyzer. The total energy resolution was 0.50 eV. The binding energy (BE) was calibrated using a polycrystalline Au foil placed in electrical contact with the film surfaces after deposition. 
[bookmark: OLE_LINK9]2.3. Photoelectrochemical measurements
[bookmark: OLE_LINK87]The PEC measurements were carried out in a PEC cell with three-electrode configuration using CH Instruments 660E and Autolab potentiostat. The three electrodes included an Ag/AgCl reference electrode, a platinum counter electrode, and NiCo2O4/SrTiO3 thin film as working electrode. Besides, 0.1 M KOH aqueous solution was treated with nitrogen to exclude oxygen and employed as electrolyte. And all potentials were converted to reversible hydrogen electrode (RHE) scale. Linear sweep voltammetry (LSV) was performed at 100 mW cm-2 (AM 1.5G) simulated illumination, with an applied potential from -0.9 V to +0.8 V vs. Ag/AgCl. Mott-Schottky analysis was performed to determine the flat band potential (Efb) using 50 Hz frequencies at bias potentials from 0 V to +1.2 V vs. RHE.
3. Results and discussion
3.1 Morphology and Structure Characterizations
[bookmark: OLE_LINK13][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK11][bookmark: OLE_LINK10][bookmark: OLE_LINK20]NiCo2O4 thin films were deposited on (001)-oriented SrTiO3 substrates as p-type layers to construct a p-n heterojunction (as shown in Fig. 1a). AFM images (Fig. 1b and Fig. S1a) reveal that the NiCo2O4 film exhibit atomic step morphology, which is characteristic of high-quality atomically flat films.29 The large-scale cross-sectional TEM image shown in Fig. S1b and c provides evidence for the formation of a well-defined and sharp interface between NiCo2O4 and SrTiO3 substrate. As is shown in Figure S1b, the thickness of NiCo2O4 layer is 15 nm. The sputtering time of 15 nm thick NCO/STO is 15 min. The thickness is proportional to the sputtering time. Then the thickness of NiCo2O4 grown by 30s, 1 min, 2 min, 4 min are 0.5, 1, 2, 4 nm, respectively. Fig. 1c displays the zoom-in image of the NiCo2O4/SrTiO3 interface, in which the observed d spacing of ~4.6 Å and ~3.9 Å are consistent with the lattice spacing of NiCo2O4 (111) planes and SrTiO3 (001) planes, respectively. The out-of-plane θ-2θ XRD scan displayed in Fig. S1d shows the (004) reflection from the NiCo2O4 film near the (002) reflection from SrTiO3 substrate, indicative of the out-plane epitaxial relationship of NiCo2O4/SrTiO3 [004]NCO||[002]STO (Fig. 1d).The in-plane epitaxial relationship of NiCo2O4/SrTiO3 is [220]NCO||[110]STO, as displayed in Fig. S2. Figure S3 shows the optical absorption spectra of NiCo2O4 and SrTiO3, indicating a band gap of 0.8 eV and 3.16 eV for NiCo2O4 and SrTiO3, respectively.  
3.2 Energy Band Alignment at the NiCo2O4/SrTiO3 Heterojunctions 
Fig. 2a shows the high-resolution XPS valence band (VB) spectra of bare SrTiO3 and NCO/STO heterojunctions with different thickness of NiCo2O4. All the spectra are referenced the Fermi level (EF) as zero energy. As shown in Fig. 2a, the valence band maximum (VBM) of bare SrTiO3 is located at 3 eV below the EF, which indicate a pinning of the EF close to the conduction band minimum (CBM), as expected for an n-type semiconductors. With increase of NiCo2O4 thickness, clear spectral contributions from occupied Ni 3d and Co 3d emerge. The position of these contributions, close to 0 eV, indicates a pining of the EF close to the VBM, confirming the p-type character of NiCo2O4. Provided the sampling depth of Al Kα XPS is up to 3-4 nm, spectra of samples with NiCo2O4 film thickness from 0.5 nm to 4 nm probe the interface built-in potential. Fig. 2b shows the Ti 2p and Ni 3p core level spectra as a function of NiCo2O4 thickness. Both Ti 2p and Ni 3p shift towards lower binding energy (BE) as increase of NiCo2O4 thickness. The shifts of BE as the increase of NiCo2O4 thickness suggest the existence of upward band bending across the interface from buried SrTiO3 to the surface of NiCo2O4. 
[bookmark: OLE_LINK7][bookmark: OLE_LINK26]According to the method proposed by Kraut et al,30, 31 we used the XPS results to quantitatively determine the band bending potential and the built-in potential (Vb) at the NCO/STO heterojunction interface. The calculated method is shown in the supporting information. The Vb estimated from the BE shifts of Ti 2p and Ni 3p core-level spectra is summarized in Table 1 and the energy diagrams of the 15 nm thick NCO/STO heterojunction determined by XPS are shown in Figure S5. Comparing with bare SrTiO3, the Vb increases with the film thickness, i.e. 1.26, 1.34, 1.80, and 2.04 eV for 1, 2, 4, and 15 nm thick films, respectively. 
However, when the p-n heterojunction is in contact with electrolyte, the interfacial energy band structure will reconstruct through equilibrium of the EF and water redox potential (Eredox). To measure the energy band structure in electrolyte, we carried out Mott-Schottky (M-S) measurements in dark. The M-S relation is given by:

[bookmark: OLE_LINK25][bookmark: _Hlk110275316]where Csc is the space-charge depletion layer (SCL) capacitance, e is the electronic charge, A is the surface area of the electrode, ε0 is the permittivity of vacuum, εr is relative permittivity, ND is the majority charge carrier density, E is the applied potential, Efb is the flat-band potential, k is the Boltzmann’s constant and T is temperature. From the M-S plots in Fig. S6, the sign of the slope is positive, indicating that the majority carrier is n-type, because the signal mainly results from SrTiO3. Table S1 summarizes the values of the Efb of the heterojunctions. The Efb is -0.08 V vs. RHE for bare SrTiO3, and decreases with the increase of thickness of NiCo2O4, e.g., -0.29 V vs. RHE for 4 nm thick NiCo2O4 and -0.92 V vs. RHE for 15 nm thick NiCo2O4. Therefore, after the EF of the heterojunction is aligned with Eredox of the electrolyte, the built-in potential at the heterojunction interface in the electrolyte (referenced as ) further increases. Table 2 summarizes the values of Vb and . Notwithstanding, compared with the Vb in vacuum, the  in the electrolyte of the 1 nm thick NiCo2O4 increases, but decreases for 4 nm thick NiCo2O4, and remains almost unchanged for the 2 nm NiCo2O4/SrTiO3 heterojunction. The slight difference of Vb and  for 15 nm p-n heterojunction is 0.11 eV, likely due to underestimated  by using the value of ETi2p, 4 nm to fit the maximum bending potential. This observation suggests that the Vb of the p-n heterojunction can be regulated by the Eredox when the heterojunction is in contact with electrolyte.
Therefore, it is of importance to describe the relationship between the EF, of heterojunction and the Eredox for the sake of its effect on the band bending (from Vb in vacuum to in electrolyte) of the NCO/STO heterojunctions. We can use the modified empirical equation Evac = - (4.44 + ENHE) to describe the relation between the potential vs. normal hydrogen electrode (ENHE) and the potential vs. the vacuum level (Evac).32, 33 The EF relative to the Eredox is shown in Fig. 3, where the black short solid line indicates the EF and the blue short solid line is the position of Eredox. In accordance with the band diagrams of p-n heterojunction with NiCo2O4 thickness less than 2 nm, the depletion region for NiCo2O4 extends across the entire film. As demonstrated in Fig. 3b, the EF with thickness of 1 nm is higher than the Eredox. Therefore, the built-in potential will increase when the EF is aligned to the Eredox. On the contrary, when the NiCo2O4 thickness is increased to 4 nm, the EF is below the Eredox, and therefore the built-in potential decreases after contacting with the electrolyte. The EF of 2 nm thick NiCo2O4 film is very close to the Eredox, so that the Vb value is similar to . Fig. 4a shows the band energy diagrams of the heterojucntions with different NiCo2O4 thickness before (upper panel) and after (lower panel) contacting with electrolyte. However, for the 15 nm thick NiCo2O4 p-n heterojunction, the  also keeps almost similar with Vb, although the EF is far below the Eredox as shown in Fig. 3b. This is mainly caused by the downward band bending in thick p-type NiCo2O4. These results show that Vb is ultimately constrained by the difference of EF and Eredox. We can adjust Vb by controlling the thickness of p-n junction, unless it is far away from the interface. It is interesting to evaluate the depletion region width at the solid-liquid interface, and further predict the minimum thickness that the Vb of the p-n junction is beyond the affected area. Using equation Wsc = [2ε0εr(E-Efb)/(qND)]1/2, we can estimate that band bending width (Wsc) at applied bias of 1.23 V vs. RHE is 10.78 nm for 15 nm NiCo2O4 film, as shown in Table 2.
3.3 Photoelectrochemical activity
[bookmark: OLE_LINK22][bookmark: _Hlk133664838][bookmark: _Hlk133661959]The PEC measurements of the NCO/STO heterojunction were carried out in 0.1 M KOH under simulated AM 1.5G at 100 mW cm-2 illumination. Fig. 5a shows linear sweep voltammetry (LSV) plots under chopped illumination for bare SrTiO3 and NCO/STO heterojunctions with 0.5 nm 1 nm, 2 nm and 4 nm thick NiCo2O4. The NCO/STO heterojunction with 1 nm thick NiCo2O4 exhibits the highest saturation photocurrent density, followed by a constant decrease of the PEC performance. Such trend is also observed in the LSV under constant illumination shown in Fig. 5b, from which we can also determine the photocurrent onset potentials for all samples. As shown in Figure 5c (red trace) and Figure S6, the 1 nm NCO/STO shows the lowest Vonset of 0.07 V vs. RHE and the highest photovoltage (Vph) of 0.673 V, compared to the Vonset of 0.12 V and the Vph of 0.633 V for bare STO as well as the Vonset of 0.13 V and the Vph of 0.601 V for 4 nm thick NCO/STO. Figure 5c also shows the inverse correlation between photocurrent onset potential and the photocurrent at applied biases of +0.3 V (blue trace) vs. RHE and 1.23 V (green trace) vs. RHE, with the NCO/STO heterojunction exhibiting the best overall performance.
Many researches have demonstrated that the built-in potential at the p-n heterojunctions can inhibit the recombination of photo-generated carriers by promoting the charge transport across the interfaces.34, 35 Spikes in the in the profile of the plots of LSV under chopped illumination indicates that the PEC process is limited by charge transference processes. As shown in the transient j-t curves shown in Fig. S7, the magnitude of the spikes decreases for the NCO/STO heterojunction, indicating that the magnitude of the charge that passes through the p-n junctions significantly improves, compared with bare STO sample. It indicates that the hole transport and separation process are greatly promoted by the  of a suitable p-n-liquid junction. 
Electrochemical impedance spectroscopy (EIS) was used to in order to gain more quantitative information about the charge transfer processes during the PEC water oxidation. Figure 5d shows EIS results for the OER under simulated AM 1.5G illumination at 0.31 V vs RHE, represented in a Nyquist plot. See Fig. S9 for EIS results at applied potentials 0.11 V vs. RHE and 0.21 V vs. RHE. Firstly, it is important to notice that a single arc is observed in the Nyquist plots for the bare SrTiO3 sample, whereas two arcs are observed for the photoelectrodes formed by the SrTiO3/NiCo2O4 p-n heterojunction. In order to fit the experimental EIS data, a single Randles’ circuit was employed for bare SrTiO3 photoanode (see Fig. S10), while two RC couples in series (see inset in Figure 5d) were employed as equivalent circuit to fit the p-n junction photoanodes, due to the highly dense nature of this samples and the presence of two separate interfaces. In the case of bare SrTiO3 sample, the proposed Randles’ circuit takes into account contacts and wiring through the series resistance (Rs), and the STO/Electrolyte interface through the charge transfer resistance (Rct, PE/Electrolyte) and capacitance (CPE/Electrolyte) associated with this interface. On the other hand, in the case of the p-n junction photoanodes, the employed circuit includes one RC couple associated with the STO/NCO interface, while the other RC is related to the NCO/Electrolyte interface. Note that in the case of the p-n junction photoanodes, there are two charge transfer processes taking place: i) the one between STO/NCO (which corresponds with the high frequency arc observed in the Nyquist plots, taking place at 10-100 Hz, i.e 0.01-0.1 s timescale) and ii) the transfer of the photogenerated holes to the electrolyte to drive the OER (which corresponds with the low frequency arc in the Nyquist plots, happening at 1-0.1 Hz, i.e 1-10 s timescale), in good agreement with the water oxidation timescales.36-38 
Figure S11 shows the extracted resistances and capacitances from the fitting of the raw experimental EIS data at applied potentials 0.11, 0.21 and 0.31 V vs RHE (see table S2 for numerical values). The charge transfer resistance associated with the STO/NCO interface (Rct, STO/NCO) clearly decreases as the NCO layer thickness increases for all analysed potentials, which can be directly correlated with the increasing interface built-in potential (see details in section 3.2) that promotes charge mobility and transfer across the interface. On the other hand, the charge transfer resistance associated with the photoanode/electrolyte interface (Rct, PE/Electrolyte) decreases with the increase of the applied potential for all the samples, as expected in a photoanode, due to the favourable band bending39. Interestingly, Rct, PE/Electrolyte decreases for 1 nm thick NCO/STO photoelectrodes, but this value sharply increases as the NCO film thickness further increases. This observation correlates with the unfavourable band bending of the STO/NCO/electrolyte system schematically shown in Figure 4 and Figure S8, which acts as a trap for the photogenerated holes when the NCO film thickness goes beyond a critical value. The band bending profile in layered photoelectrodes has been shown to play an important role in the performance.40
The capacitance associated with the STO/NCO interface (CSTO/NCO) mainly shows a flat behaviour with the applied potential and slightly decreases with the increasing of the thickness of the NCO layer. On the other hand, in the capacitance associated with the photoelectrode/electrolyte interface several behaviours can be distinguished between bare SrTiO3 sample and the p-n junction photoanodes. In both cases, a decrease in the capacitance is observed with the applied potential, due to a lower accumulation of photogenerated holes at the photoanode/electrolyte interface as a consequence of an enhanced extraction.41, 42 It is also clear than the p-n junction photoanodes shows a higher capacitance than bare SrTiO3 at all applied potentials, due to a higher accumulation of these carriers, directly increasing with the thickness of the NiCo2O4 layer due to the hole-trapping process.
[bookmark: _Hlk133705271]For 1 nm thick NCO/STO, the hole transport and separation process are not only enhanced by the formation of p-n junction but also by the increased band bending width after contact with the electrolyte. For 2 nm thick NCO/STO, the unchanged band bending after contacting with the electrolyte does not influence its hole transport and separation process. However, when the NiCo2O4 layer becomes thicker, the energy barrier height in the NiCo2O4/electrolyte interface may become larger and blocks electrons transfer to SrTiO3 (as shown in Figure S8). And the longer charge transfer distance may also cause more serious charge recombination, thus decreasing the PEC performance. While for 4 nm thick NCO/STO, the decreased  band bending width after contacting with the electrolyte have negative impact on its hole transport and separation process as well as PEC performance. In addition, a higher energy barrier of 4 nm thick NCO/STO in the NiCo2O4/electrolyte interface and a longer charge transfer distance also lead to a worse PEC performance than that of 1 nm and 2 nm thick NCO/STO.
Additionally, the stability of samples was also measured by the chronoamperometry curves in 0.1 M KOH at 0.3 V vs RHE. As displayed in Figure S12, the current densities of NCO/STO with different thickness and bare SrTiO3 only decrease slightly during the continuous reaction for 8 hours. And the stability of NCO/STO heterojunctions is better than that of SrTiO3.
4. Conclusion:
[bookmark: _Hlk105637817]In conclusion, we use single crystal NCO/STO heterojunction with atomic precision thickness as a model catalyst to study the energy band alignment and the PEC activity. It is found that the built-in potential can be tuned by the control of p-n heterojunction film thickness and regulated by the Eredox. When the EF of sample is higher/lower than the Eredox, the  will increase/decrease compared with the Vb value after contacting with the electrolyte. However, when the band bending width thinner than the film thickness, the electrolyte will not influence the . This leads to the formation of an unfavourable band bending of the STO/NCO/electrolyte system, which acts as a trap for the photogenerated holes when the NCO film thickness goes beyond 1 nm. PEC characterization results show that 1 nm NiCo2O4/SrTiO3 heterojunction photoanode exhibits the superior water-splitting performance, owing to the optimum enlarged band bending of p-n heterojunction and the shorter charge transfer distance. However, thicker NiCo2O4 overlayers detrimentally affect the charge transfer to the electrolyte, generating large resistance when the NiCo2O4 thickness is beyond 4 nm. Provided the construction of photoanodes for water oxidation usually involves the combination of an n-type semiconductor absorber (such as TiO2, SrTiO3 WO3 and BiVO4) and an OER co-catalysts usually with p-type semiconducting behavior (such as NiCo2O4, NiO, Co3O4 and LaCoO3), impact of the p-n heterojunction on the interface energetics of the PEC water oxidation is a crucial factor to address. Therefore, we believe that our results will provide a new perspective for the design and construction of p-n heterojunction in the application of PEC water splitting.
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Figure 1. (a) Schematic illustration of NiCo2O4/SrTiO3 heterostructure. (b) AFM image of 1 nm NiCo2O4 film on TiO2-terminated SrTiO3 (001) substrate. (c) High-magnification HAADF-STEM image of a NiCo2O4/SrTiO3 heterojunction. (d) Crystal structure of NiCo2O4/SrTiO3 heterostructure.
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Figure 2. (a) XPS valence band (VB) and (b) Ti 2p, Ni 3p core level spectra of NiCo2O4 films with different thicknesses on SrTiO3. 
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[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Figure 3. Schematical diagram of the EF relative to the Eredox based on the Evac, where the black short solid line indicates the EF, and the blue short solid line is the position of Eredox at pH of 13.
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Figure 4. Band diagrams of (a) bare SrTiO3, (b) 1 nm thick NiCo2O4 on SrTiO3, (c) 4 nm thick NiCo2O4 on SrTiO3and (d) 15 nm thick NiCo2O4 on SrTiO3 in before (upper panel) and after (lower panel) contacting with electrolyte in the dark.
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Figure 5. (a) Chopped light linear sweep voltammetry (LSV) plots and (b) light linear sweep voltammetry plots of NCO/STO with different thickness and bare SrTiO3 in 0.1 M KOH electrolyte. (c) The onset potential (Vonset) and photocurrent density of NCO/STO with different thickness and bare SrTiO3 under +0.3 V vs. RHE and +1.23 V vs. RHE. (d) Nyquist plots of both bare and p-n junction electrodes with the simulated AM 1.5G illumination at 0.31 V vs. RHE, and the physical equivalent circuit model shown in the inset. The simulated equivalent circuit includes contacts and wiring through the series resistance (Rs), and the NCO/STO through the charge transfer resistance (Rct, NCO/STO) and the corresponding capacitance (CNCO/STO), as well as the NCO/Electrolyte through the charge transfer resistance (Rct, PE/Electrolyte) and capacitance (CPE/Electrolyte) associated with this interface.



Table 1. Relative binding energy (BE) and band offsets for NiCo2O4 films with different thickness.
	Film thickness
	EVBM
	BE of Ti 2p
(eV)
	BE of Ni 3p
(eV)
	ΔENCO
(eV)
	ΔESTO
(eV)
	Vb
(V)

	Bare
	3.1
	459.52
	-
	-
	-
	-

	0.5 nm
	1.11
	458.67
	62.04
	-
	0.85
	-

	1 nm
	0.98
	458.67
	61.63
	0.41
	0.85
	1.26

	2 nm
	0.93
	458.63
	61.59
	0.45
	0.89
	1.34

	4 nm
	0.54
	458.62
	61.14
	0.9
	0.9
	1.8

	15 nm
	-0.07
	-
	60.9
	1.14
	0.9
	2.04


ΔENCO = ENi 3p,0.5 - ENi3p, x, (x=1, 2, 4, 15 nm)
ΔESTO = ETi 2p, bare - ETi 2p, x, (x=1, 2, 4, 15 nm)
Vb =q(ΔENCO+ΔESTO)










Table 2. Built-in potential of p-n heterojunction before and after contacting with electrolyte.
	Sample
	Bare
	1 nm
	2 nm
	4 nm
	15 nm

	qVb (V)
	0
	1.26
	1.34
	1.80
	2.04

	Efb vs. RHE (V)
	-0.08
	-0.10
	-0.12
	-0.29
	-0.92

	 (V)
	1.31
	1.33
	1.35
	1.52
	2.15


Vb: built-in potential of p-n heterojunction before contacting with electrolyte
: built-in potential of p-n heterojunction after contacting with electrolyte
= Eredox(1.23 V) - Efb
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