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Introduction

Electrolysis of water powered by renewable electricity to produce hydrogen is widely considered as a promising pathway for global clean and sustainable energy supply in the future. [1][2][3][4] The key to enable this technology is the development of low-cost and efficient electrocatalysts with enhanced activity and stability to accelerate the water splitting reactions, i.e., hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). [5] At present, the most effective HER and OER electrocatalysts are Pt/Pd and RuO 2 /IrO 2 based materials, respectively. [6][7][8][9][10][11] Although these noble metal based catalysts exhibit high performance, their large-scale applications are limited by high costs and scarcity. Therefore, great efforts have been devoted to investigate earth-abundant transition metals (Co, Ni, Fe) based materials. [12][13][14] However, most of them generally perform well only for the half-cell reaction (either HER or OER) in either alkaline or acidic media. [15,16] Therefore, developing highly efficient bifunctional electrocatalysts which can simultaneously catalyze HER and OER process in the same electrolyte, is technologically crucial to increase the overall efficiency of water electrolysis.

Up to now, there are two mature water electrolysis systems: proton exchange membrane water electrolyser (PEMWE) performed in acidic condition, and alkaline water electrolyser (AWE) worked in alkaline media. [17] PEMWE has the advantages of high current densities, high efficiency and high gas purity. However, it faces problem with the scaling-up due to the high cost of the components like Pt/Pd and RuO 2 /IrO 2 based electrocatalyst materials. [18] To this regard, AWE electrolyser, which utilizes low-cost transition metal-based catalysts, is more appealing for largescale industrialization. Additionally, in alkaline media, most OER catalysts show faster reaction kinetics and better stability compared to those in acidic solution. However, so far the alkaline HER still suffers from sluggish reaction kinetics due to the additional water dissociation step, which decreases the efficiency of the overall process. Even for Pt, the HER performance in alkaline condition is limited by slow water dissociation due to the lack of optimal active sites for H-OH bond cleaving. [19,20] Motivated by this, designing active bifunctional catalysts capable of appropriate adsorption and transformation of hydrogen and oxygen involved intermediates for both OER and HER in alkaline media is highly desirable. Encouragingly, some studies reveal that multifunctional heterojunctions could accelerate the water dissociation step and achieve high intrinsic activity in alkaline media. For example, Subbaraman et al proposed Pt/Ni(OH) 2 heterostructured catalyst with outstanding HER performance, in which the Ni(OH) 2 clusters promote water dissociation, and Pt serves as the active site to generate molecular hydrogen. [21] Subsequently, considerable research efforts have been devoted to investigating heterostructure catalysts, which show superior multifunctional catalytic activities for HER, OER or both. [22,23] For instance, Xie and co-workers reported a Fe 3 O 4 -blended Ni/NiO heterostructure catalyst, exhibiting high performance toward both OER and HER, due to the synergetic effects between Ni/NiO compound and Fe 3 O 4 . [24] Although recent advances in nanostructured materials have led to the development of high-performance catalysts for HER and OER, the real active sites and reaction mechanism are still ambiguous. [25,26] Most of the previously reported heterostructured catalysts are based on nanostructures with different morphologies, exposed crystal facets, and defects, which would complicate the elucidation of possible active sites and the reaction mechanism. [27,28] Recently, vertically aligned nanocomposites (VAN), [29,30] which possess two or more epitaxially grown phases on substrates, open up new possibilities for the design of heterostructured catalysts. [31] VAN materials provide abundant well-defined hetero-interface on the surface with precise control over the crystal
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orientation, roughness and thickness, therefore avoiding structural and morphological ambiguity inherent to the preparation of free standing powder catalysts. [32,33] Such VAN catalysts can provide ideal platforms to characterize the structural and electronic properties of multifunctional heterostructures, and to study the reaction mechanism. In addition, VAN can also significantly enhance the electrical conductivity to boost overall water splitting performance owing to the strong interfacial interaction between the components of the composite and the substrate, which minimizes issues of phase segregations and mechanical peeling of active components. Although VAN have been used as model catalysts for several chemical reactions, they are rarely applied for electrochemical water splitting.

In this work, we show that Ni/NiO VAN are efficient catalyst for both the alkaline HER and OER, owing to synergetic effect at the Ni/NiO interface that significantly reduce the energy barrier for water dissociation, and favors the formation of reactive key H* intermediates on the Ni side of the interface, and OH ads on the NiO side of the interface. For our study, vertically aligned Ni/NiO nanocomposite catalysts on the conductive (001) oriented Nb-doped SrTiO 3 (Nb:STO) substrates were prepared using pulsed laser deposition (PLD). Different from previously reported Ni-based heterostructure catalysts that are prepared by hydrothermal, [34] electrodeposition [35] or thermal annealing [36] NiO and Ni/NiO VAN thin films were epitaxially grown on Nb:STO(001) substrates by PLD with a 248 nm KrF excimer from NiO target at the oxygen partial pressure of 10 and 0.01 mTorr, respectively. The NiO target was made from NiO powder (99.998%, Alfa Aesar) by pelletizing and sintering in air at 1100 C for 12 hours. During the growth of NiO, the laser repetition rate and energy density, and the substrate temperature were set as 5 Hz, 1.2 J cm -2 and 600 °C, respectively.

Experimental Section

Ni thin films on Nb:STO(001) substrates were synthesized via magnetron sputtering with a thickness of ∼50 nm. Sputtering was performed at a rf power of 200 W and the Ar pressure of 3.8 mTorr for direct deposition from a Ni target.

Characterizations.

The crystal structure of NiO, Ni/NiO VAN and Ni was examined by high-resolution XRD using a PANalytical four-circle diffractometer in θ-2θ scans and reciprocal space mapping modes. Atomic force microscopy (AFM) with tapping-mode was applied to characterize surface morphologies. The detailed structure of Ni and Ni/NiO VAN were characterized by scanning transmission electron microscopy (STEM) and electron energy-loss spectroscopy (EELS) measurements, performed in a Nion UltraSTEM100 equipped with a Gatan Enfina spectrometer and a Nion UltraSTEM100MC monochromated instrument equipped with a Gatan Enfinium spectrometer. Both instruments were operated at 100kV, with electron optics set to form a 0.9 Å probe. Cross-sectional transmission electron microscopy (TEM) specimen preparation was carried out by focused ion beam (FIB) milling using an FEI Helios NanoLab 600 instrument. The x-ray absorption spectroscopy (XAS) spectra were conducted under the total electron yield (TEY) mode with an effective resolution of 0.2 eV at the I09 Surface and Interface Structural Analysis beamline of the Diamond Light Source (DLS). And X-ray adsorption near edge structure (XANES) measurements at the Ni K edges were performed at the XAFCA beamline of Singapore Synchrotron Light Source (SSLS). X-ray photoemission spectroscopy (XPS) were characterized by a monochromatic Al Kα X-ray (hʋ= 1486.6 eV) source at normal emission (electron take-off angle=90º relative to the surface plane) with a SPECS PHOIBOS 150 electron energy analyzer. Near ambient pressure XPS spectra were obtained through a lab-based spectrometer with a monochromated Al Kα source. A SPECS
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PHOIBOS 150 NAP analyser was used. The entrance to the analyser is a nozzle with a 300 mm diameter orifice. The total energy resolution of the measurements was about 0.50 eV.

Electrochemical analysis.

The NiO, Ni/NiO VAN and Ni thin film electrodes were prepared by the method previously reported. Nb:STO substrates are conductive so that the electrical contact attached to a narrow copper stripe was made to the back of the NiO, Ni/NiO VAN and Ni thin films (instead of the front of thin films) using GaIn eutectic and Ag paste. The sides of thin films and copper stripe were covered with epoxy. The catalyst surface is calculated according to the actual exposed surface area. The CHI 660E electrochemical workstation was used for the electrochemical measurements for OER in 0.1M KOH using a typical three-electrode system. A Hg/HgO (0.1 M KOH) electrode and carbon rob were worked as the reference electrode and counter electrode, respectively. The electrolyte was prepared by high-purify KOH (Adamas, 99.999%) and Milli-Q water (18.2 MΩ-cm). In order to detach the impurity on the surface of electrode, cyclic voltammograms (CV) were firstly performed under the potential range of 0 to 0.60 V (vs RHE). Then, linear sweep voltammetry (LSV) polarization curves for OER were carried out with the potential range of -0.1 to 0.8 V (vs Hg/HgO) at a scan rate 10 mV s-1. The electrochemical impedance spectroscopy (EIS) measurement was conducted from 100 kHz to 1 Hz at a potential of 0.7 V (vs Hg/HgO). All potential values were converted to reversible hydrogen electrode (RHE) according to the Nernst equation: E RHE =E Hg/HgO + 0.059 pH + 0.164 V.

Results and Discussion

Synthesis of vertically aligned Ni/NiO heterointerfaces

To realize the growth of two phases, the PLD growth was conducted at a low oxygen partial pressure of 0.1 mTorr. Similar to the growth process of other self-assembled nanocomposites, [37] the growth of Ni/NiO VAN may go through a three-stage self-decomposition mechanism. [38] In and NiO (-111), respectively. The difference in lattice parameter between Ni and NiO results in a 3% lattice mismatch at the Ni/NiO interface, which may lead to the generation of oxygen vacancies at the Ni/NiO interface. [41] The chemical compositions of NiO, Ni/NiO VAN and Ni were studied by XAS and XPS. Figure 2a shows the XANES)at the Ni-K edge of each sample. The pre-edge peak at ~8330 eV is assigned to the electron transition of 1s to 3d state, [42] which is observed in NiO, but absent in metallic In order to investigate the chemical and electronic information of the Ni/NiO VAN interface, high energy-resolution EELS was conducted in the three regions (as shown in Figure 2c), including the Ni region (blue box), the region of Ni/NiO interface (pink box) and the NiO region (gray box). The Ni-L 2 and -L 3 edges, due to the electronic transition from 2p 1/2 and 2p 3/2 to unoccupied 3d state, are highly sensitive to changes in the occupancy of d states. [46] The energy position, sub-splitting of the L 3 and L 2 peaks, as well as their relative intensity ratio can be related to the valence state and O coordination of Ni. [47,48] Comparing the fine structures of Ni-L edges in the three regions marked in Figure 2d 

Electrocatalytic Performance

The HER and OER activities of NiO, Ni/NiO VAN and Ni thin films were evaluated in a standard three-electrode setup in 0.1 M KOH solution, which have been commonly used for model thin film electrocatalysts. [54][55][56] Figure 3a presents the first linear sweep voltammetry (LSV) curves for the HER for each sample. The Ni/NiO VAN delivers the best HER catalytic performance. As shown in Figure 3b, the Ni/NiO VAN requires a low overpotential of 0.196 V to reach 10 A cm -2 , which is significantly lower than the overpotentials of metallic Ni (0.302 V) and NiO (0.420 V). To understand the kinetics of HER, the corresponding Tafel plots are calculated from the linear region of the polarization curves. It is widely accepted that Tafel slopes values around 120, 40 and 30 mV dec -1 are observed when the alkaline HER rate is determined by the Volmer, Heyrovsky and Tafel steps, respectively. As shown in Figure 3c, the Tafel slopes of the HER for all electrode samples have values above 100 mV dec -1 , suggesting that Volmer step (the water dissociation step) is the rate-determining step for the reaction driven by all studied catalyst. However, the Tafel slope of Ni/NiO VAN has a significantly smaller value (108 mV dec -1 ) than that for the HER driven by metallic Ni (156 mV dec -1 ) and NiO (238 mV dec -1 ), which means a faster Volmer step and a higher hydrogen generation rate for Ni/NiO VAN. Furthermore, the electrochemical impedance spectroscopy (EIS) was conducted to investigate the electron-transfer HER kinetics. As shown in To investigate the electrochemically active surface areas (ECSA) of the samples, CV measurement was performed to obtain the double layer capacitance (C dl ). As shown in Figure S8, the Ni/NiO VAN shows the highest C dl value (46.8 μF cm -2 ) compared with Ni (17.3 μF cm -2 ) and NiO (25.6 μF cm -2 ), thereby suggesting the highest catalytically relevant surface area. However, in the HER process, Ni shows better performance than NiO, which is not consistent with the trend of C dl values. Thus, this approach used for determining the ECSA is limited. Moreover, the C dl can be affected by several factors, such as the conductivity, the surface coordination of ions, and capacitance originated from the trap states and residual charge-transfer processes in non-Faradaic region. [57,58] Thus, the ECSA obtained by C dl may not reflect the real active area of electrocatalysts and can serve as an additional parameter for the performance indication. 

Mechanism Study: Origin of Enhanced OER and HER Performance

As revealed by the electrocatalytic performance tests, Ni/NiO VAN interface seems to favor the Volmer step, i.e., the water dissociation, during the HER process. To better understand the adsorption and dissociation of water on the Ni/NiO heterostructure, we investigated the reactivity of water vapor on Ni/NiO VAN and NiO surfaces using NAP-XPS. In the experiment, we monitored the O 1s region of the spectra of the sample as water vapor was dosed into the chamber at pressures ranging from 7×10 -7 mbar to 2.5 mbar. Figure 4a shows photoelectron spectra of Ni/NiO VAN and NiO in the O 1s region under vacuum and 0.6 mbar water vapor pressure (see supplementary Figure S10 for other water pressure). The spectra can be fitted with four curves that represent contributions from four oxygenated species, including lattice oxygen at ~530 eV, adsorbed OH groups at ~531.8 eV, chemisorbed H 2 O (H 2 O ads ) at ~533.2 eV, and gaseous H 2 O (H 2 O gas ) at ~535 eV, [59,60] and their relative amounts can be obtained from peak fit area (Figure 4b). In particular, the absorbed OH* originates from the dissociative H 2 O, and therefore can be used as a measure of the degree of water dissociation on catalyst surface, i.e., the higher the value, the better the ability to dissociate water. Figure 5b shows plots of the percentage of adsorbed hydroxyl as a function of water vapor pressure. The percentage of OH ads content remains within 15-25 % for NiO under different water pressure, but OH ads content increases dramatically up to ~50 % for Ni/NiO VAN. The considerable increase of the hydroxylation on the Ni/NiO surface suggests that the dissociative adsorption of water is more favorable on Ni/NiO surface, and thereby accelerates the Volmer step which is the rate determining step for the HER process in alkaline conditions. At the surface with oxygen vacancies, the undercoordinated metal centers near oxygen vacancies are more active towards the adsorption of H 2 O and OH to achieve a saturated coordination than that at the surface without oxygen vacancies. [5] Therefore, we propose that the oxygen vacancies existed at Ni/NiO interface may promote the observed dissociative adsorption of H 2 O to form chemisorbed OH ads and H ads (as shown in Figure 4c), also can promote the adsorption of OH ads on the catalyst surface, which contributes to the highly enhanced electrocatalytic activity for the both OER and HER. Strikingly, the water dissociation barrier at the Ni/NiO VAN interface is reduced to 1.53 eV on the NiO sites (Figure 5a), indicating that oxygen vacancies at the Ni/NiO interface can promote water dissociation, which is consistent with the NAP-XPS results. On the one hand, the generated OH * will heal the oxygen vacancies and proceed the next reaction to produce oxygen. According to the previous reports, [61] the rate determining step of NiO for OER is the adsorption of OH * , and we found that the presence of oxygen vacancies at the interface for Ni/NiO significantly enhance the adsorption of OH * . Therefore, we conclude the underlying reason for the highest OER performance of Ni/NiO VAN, in comparison with individual NiO and Ni catalysts.

Previous reported works have proved that the optimal value of Gibbs free energy of H* (ΔG H* ) is 0, where the adsorption and desorption of H* at the electrocatalyst can be well balanced for H 2 generation. [62] Therefore, the ΔG H* value of a catalyst could be reasonably utilized to judge the catalytic performance for HER (the closer to the ΔG H* value of 0, the better the HER activity). Based on that, we computed values ofΔG H* in order to analyze the optimum adsorption and recombination sites to form H 2 . As shown in Figure 5b 

Conclusion

In summary, we show that the Ni/NiO nanocomposite is an efficient catalyst for both alkaline Spin polarized DFT calculations were performed using the Vienna ab initio simulation package (VASP). [1,2] The generalized gradient approximation proposed by Perdew, Burke, and Ernzerhof (GGA-PBE) is selected for the exchange-correlation potential. [3] The pseudo-potential was described by the projector-augmented-wave (PAW) method. [4] The geometry optimization is performed until the Hellmann-Feynman force on each atom is smaller than 0.03 eV•Å -1 . The energy criterion is set to 10 -6 eV in iterative solution of the Kohn-Sham equation. Ni(001) and NiO(001) slab models were used for adsorption studies. For the study of NiO/Ni heterojunction, NiO(-100) and Ni(100) surface were built together and optimized, and the (001) surface of the heterojunction was cleaved with 12 Å vacuum above the model. The bottom two layers of atoms were fixed for all optimizations. Nudged elastic band method (NEB) [5,6] was used to search for transition state structures. 

  photoelectron spectroscopy (NAP-XPS) shows that the enhanced catalytic performances are correlated with a substantial increase of the water dissociation capability of Ni/NiO VAN. Based on density-functional theory (DFT) calculations, we propose that the existence of oxygen vacancies at the interface of Ni/NiO VAN promotes the water dissociation and adsorption of OH ads . This work reveals insights into the mechanism of Ni/NiO heterostructure for overall water splitting, and provide an effective strategy for the design of novel heterostructure catalysts with well-defined interface.
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  the first stage, NiO adatoms vaporized from NiO target nucleate on the Nb:STO substrate. During the deposition process, a low oxygen pressure triggers the phase segregation of Ni from NiO to form ultra-fine Ni clusters. Next, thermal energy facilitates the coalescence of Ni clusters, forming Ni nanodomains. In the third stage, the phase segregation is stabilized, leading to a vertically aligned addition, NiO and metallic Ni thin films were also prepared as reference samples (see details in the Experimental Section).

Figure

  Figure 1a presents XRD -2 scans for NiO, Ni/NiO VAN and Ni thin films. Sharp Bragg peaks at 43.2° and 51.8° corresponding to NiO (002) and metallic Ni (002), respectively, are observed in the scan of Ni/NiO VAN, indicating the formation of Ni/NiO heterostructures. To gain additional structural information, reciprocal space maps (RSMs) of NiO and Ni/NiO VAN near the (113) reflection of Nb:STO were measured (as shown in Figure 1b and c), from which the in-plane and out-of-plane lattice parameters were extracted. According to the lattice parameters, the unit cell volume can be calculated. As displayed in Figure S1, the unit cell volume of NiO in Ni/NiO VAN is larger than that of pure NiO. The expansion of unit cell volume of NiO in Ni/NiO VAN may be caused by the generation of oxygen vacancies at the Ni/NiO interface.[39, 40] Cross-sectional STEM images were collected to further investigate microscopic structure. Figure 1 d and e show the large-scale cross-sectional STEM images of NiO and Ni/NiO VAN. Different from the continuous flat layer observed in the NiO film, the image of Ni/NiO VAN has brighter regions of metallic Ni due to the high Ni concentration.[38] Metallic Ni and NiO phases coexist with a fairly uniform distribution of Ni clusters of 20~30 nm embedded in NiO matrix. The HAADF-STEM image and corresponding energy-dispersive X-ray spectroscopy (EDX) elemental maps on the sample region are shown in Figure 1f. We can see that the Ni-NiO coupling leads to a single crystalline stacking and distinctive interface between Ni and NiO. The high-resolution HAADF-STEM image (Figure 2g and h) near the Nb:STO substrate viewed along the Nb:STO [-1-10] direction, shows the epitaxial growth of the two crystalline phases. The lattice plane spacing in the Ni domain near the interface, 2.08 Å and 2.35 Å, correspond to Ni(002) and Ni(-111), respectively. In the NiO domain, lattice plane spacing of 2.14 Å and 2.35 Å correspond to NiO (002)

  Ni.[43] Metallic Ni exhibits a pre-edge peak at ~8332 eV. The enhancement of this pre-edge peak can be regarded as an indication of the existence of metallic Ni. For Ni/NiO VAN, the pre-edge peak at ~8332 eV can also be observed, indicating that both NiO and metallic Ni presented in Ni/NiO film. This could be further supported by the line-shape of Ni 2p XPS of Ni/NiO VAN, shown in Figure2b, which exhibits spectral feature associated with both NiO in the range of 855~858 eV, and metallic Ni at around 853.0 eV (see Ni 2p XPS of pure Ni and NiO in FigureS2).

Figure

  Figure S3 shows the O 1s spectra of Ni/NiO VAN, NiO and Ni. The O 1s spectra of Ni/NiO VAN and NiO are deconvoluted into three peaks that represent contributions from three oxygenated species, including lattice oxygen (O Latt ) at ~529.6 eV, defective oxygen at ~531.1 eV (V o ), adsorbed OH groups (OH ads ) at ~532.3 eV, while the O 1s spectrum of Ni only shows a weak peak assigned to the adsorbed OH groups.[44, 45] The percentage of V o shows a high value (35.4 %) for the Ni/NiO VAN, proving the existence of abundant oxygen vacancies in the Ni/NiO VAN.

  , a clear change of the near edge fine structure can be observed as we scan from the NiO to the Ni/NiO and Ni regions: (1) the sub-splitting of the L 3 (high energy shoulder) and L 2 (doublet) peaks gradually decrease; (2) the splitting is accompanied by a gradual shift of the edge onset towards lower energies; (3) there is a decrease of the L 3 /L 2 intensity ratio. These changes suggest the presence of unsaturated coordinated Ni atoms at the Ni/NiO interface.[49,50] The results obtained from the Ni-L 2,3 fine structures are further confirmed by the analysis of O-K edge spectra.As is shown in Figure2e, peak A at ∼530 eV arises from the electronic transition from O 1s to unoccupied state with partial O 2p character hybridized with empty Ni 3d states.[51] Peak C at ~540 eV and peak D at ~550 eV correspond to the electronic transition from O 1s to the hybridization orbital of O 2p with Ni 4s and 4p, respectively.[52] The origin of peak B can be ascribed to the configuration interaction.[53] Therefore, the density of O-K edge is related to the oxygen coordination and the Ni oxidation state. It can be seen that the O-K edge of the NiO region exhibits sharp A-D peaks, while at the Ni/NiO interface, the relative intensity of peaks B and C become weaker, while a slight redshift of the edge onset can also be observed. These results can be assigned to the breaking of long range order and further indicate the presence of oxygen vacancies at the Ni/NiO interface.[51] Oxygen vacancies at the NiO side of the interface (Figure2f) result in the unsaturated coordinated coordination Ni atoms and a higher d band occupancy of Ni due to the nominal electron density donation from oxygen vacancies to the Ni cations.

Figure S4 ,

 S4 Figure S4, the charge transfer resistance (R ct ) for Ni/NiO VAN (290.4 Ω) is smaller than that of Ni (516.1 Ω) and NiO (3708.8 Ω), indicating the faster Faradaic process and HER kinetics of Ni/NiOVAN. The stability of samples was also measured by chronopotentiometry. As displayed in FigureS5, the potentials of all samples maintained a constant current density of -20 µA cm -2 don't exhibit
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 11 Inspired by the good HER and OER performance of Ni/NiO VAN, we use Ni/NiO VAN as both the anode and cathode to assemble an electrolyzer for overall water splitting in alkaline condition.For comparison, NiO and Ni catalysts were also used to assemble the alkaline electrolyzer. The LSV curves of Ni/NiO VAN‖Ni/NiO VAN, Ni‖Ni and NiO‖NiO are presented in FigureS9. It can be seen Ni/NiO VAN only requires a low cell voltage of 1.59 V to deliver a current density of 10 μA cm -2 , which is smaller than that of Ni (1.68 V) and NiO (1.87 V). The better water splitting performance of Ni/NiO VAN is ascribed to the synergetic effect at Ni/NiO interfaces.

  To clarify the role of Ni/NiO hetero-interface on the adsorption of reaction intermediates and the enhanced catalytic activity, DFT calculations were employed to evaluate the energy barrier for breaking the H-OH bond in H 2 O and the chemisorption free energies of hydrogen (ΔG H* ) on the (001) surface of pure Ni, pure NiO, Ni/NiO VAN, and Ni/NiO without oxygen vacancy (denoted as w/o-Ni/NiO). The structure models are shown in Figure S11. As shown in Figure S12, the energy barriers of pure Ni, pure NiO and w/o-Ni/NiO (001) surface for breaking the OH-H bond are 3.27 eV, 2.27 eV, 1.81 eV, respectively. Such high energy barriers hinder the dissociation of water.

  , the ΔG H* values of NiO sites near the interface and pure Ni are 0.66 eV and -0.58 eV, respectively, indicating that the adsorption of hydrogen on NiO sites near the interface is too weak, and the adsorption of hydrogen on pure Ni sites is too strong. However, the metallic Ni sites near the interface possessed the optimal ΔG H* value of -0.16 eV, suggesting that the metallic Ni sites near the interface show the best HER performance. To further explore the mechanism of boosted alkaline HER activity of the Ni/NiO electrocatalysts, the Bader charge analysis on Ni cations of Ni/NiO was conducted together with the average valence charge of Ni cations along the direction of the Ni/NiO heterointerface (Figure 5c). Combining with differential the Ni/NiO electrocatalysts (the inset of Figure 5c), we can confirm the occurrence of charge transport nearby the Ni/NiO heterointerface, providing 0.33 e -of charge transfer from metallic Ni phase to NiO phase. The electrons transfer between Ni and NiO may be driven by the difference in work function of NiO (5.2~5.6 eV) and that of metallic Ni (5.0~5.2 eV),[63, 64] i.e., the Fermi level of NiO is lower than that of Ni. When Ni and NiO are brought into contacted, electrons in metallic Ni will spontaneously transfer to NiO. According to the d-band theory,[65] when the Ni atoms loss electrons and d band experiences a downward shift, more antibonding states of hydrogen are lower than the Fermi level, and hence weakens the affinity of Ni towards hydrogen. Therefore, the Ni sites near the interface exhibit more appropriate binding strength with H atoms, which improve the HER activity compared with pure metallic Ni. In view of the above results, we propose a mechanism for the enhanced HER in alkaline media on the Ni/NiO VAN electrocatalyst. As shown in Figure 5d, H 2 O dissociation is assumed to occur on the NiO sites near the Ni/NiO VAN interface, where the oxygen vacancies reduce the dissociative energy barrier and promote to form chemisorbed OH ads and H ads . Then the produced H* will migrate to the metallic Ni sites for the further combination to form H 2 .

Figure 1

 1 Figure 1 (a) XRD θ-2θ scans around (002) Bragg peaks for NiO, Ni/NiO VAN and Ni films grown on Nb:STO substrates. RSMs for NiO (b) and Ni/NiO VAN (c) around Nb:STO (113) reflection. Large-scale cross-sectional STEM images of Ni (d) and Ni/NiO VAN (e). (f) The HAADF-STEM image and corresponding EDX elemental maps of Ni/NiO VAN. (g) and (h) Cross-sectional HAADF-STEM micrograph at the Ni/NiO interface.

Figure 2 .

 2 Figure 2. (a) Ni-K edge XAS of NiO, Ni/NiO VAN and Ni. (b) High resolution XPS spectra of Ni 2p 3/2 for Ni/NiO VAN. (c) STEM images of Ni/NiO VAN, indicating the selected region for EELS measurement. Ni-L edge (d) and O-K edge (e) EELS of Ni/NiO VAN. (f) Schematic diagram of Ni/NiO heterostructure with oxygen vacancies at the interface.

19 Figure 3 .

 193 Figure 3. (a) LSV curves of NiO, Ni/NiO VAN and Ni electrodes for HER. (b) Overpotentials to reach a current density of 10 A cm -2 . (c) The Tafel slopes for HER. (d) LSV curves of NiO, Ni/NiO VAN and Ni electrodes for OER. (e) Overpotentials to reach a current density of 10 A cm -2 . (f) The Tafel slopes for OER.

Figure 4 . 21 Figure 5 .

 4215 Figure 4. (a) O 1s NAP-XPS spectra of NiO, Ni/NiO VAN under different water vapor pressures. (b) Plots of the percentage of adsorbed hydroxyl as a function of water vapor pressure. (c) Schematic illustration of the enhanced water dissociation mechanism by oxygen vacancies at the Ni/NiO interface.

Figure S1 .

 S1 Figure S1. The out-of-plane lattice parameters, in-plane lattice parameters and unit cell volumes of the NiO and Ni/NiO VAN extracted from RSMs.

Figure S2 .

 S2 Figure S2. High resolution XPS spectra of Ni 2p 3/2 for (a) Ni and (b) NiO.

Figure S3 .

 S3 Figure S3. High resolution XPS spectra of O 1s for (a) Ni/NiO VAN, (b) NiO, and (c) Ni.

Figure S4 .

 S4 Figure S4. Nyquist plots of the electrochemical impedance spectroscopy at the potential of -0.4 V vs RHE. (b) The equivalent circuit image, R s , R ct and C dl mean the electrolyte resistance, charge transfer resistance and electrical double-layer capacitance, respectively.

Figure S5 .

 S5 Figure S5. Stability curves measured at constant current density of -20 μA cm -2 in 0.1 M KOH.

Figure S6 .

 S6 Figure S6. Nyquist plots of the electrochemical impedance spectroscopy at the potential of 1.6 V vs RHE. The inset is the equivalent circuit.

Figure S7 .

 S7 Figure S7. Stability curves measured at constant current density of 20 μA cm -2 in 0.1 M KOH.

Figure S8 .

 S8 Figure S8. CV curves of (a) Ni/NiO VAN, (b) Ni, and (c) NiO at different scan rates from 10 to 60 mV s -1 . (d) Liner fitting of the capacitive currents of the catalysts versus scan rate.

Figure S9 .

 S9 Figure S9. LSV curves of water electrolysis with a two-electrode configuration in 0.1 M KOH.

Figure S10 .

 S10 Figure S10. O 1s NAP-XPS spectra of NiO, Ni/NiO VAN under different water vapor pressures.

Figure S11 .

 S11 Figure S11. Atomic structure of H 2 O adsorbed on: (a) Ni (001), (b) NiO (001), (c) metallic Ni sides near the interface in Ni/NiO (001) and (d) NiO sites near the interface in Ni/NiO (001), and (e) NiO sites near the interface in w/o-Ni/NiO (001).
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