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Origin of surface reduction upon water adsorption on oriented NiO thin films and its relation to electrochemical activity

The interaction of water with oriented NiO films is studied using a combination of photoelectron spectroscopy with in-situ sample preparation and electrochemical measurements in the stability window of water. In contrast to NiO(100), room temperature water exposure induces a downward band bending on the (110)-and (111)-oriented films indicating a positive surface charge induced by a non-stoichiometric dissociative adsorption of water. Photoelectron spectroscopy suggests that the nonstoichiometric adsorption is related to the presence of adsorbed oxygen species. For the NiO(110) surface, these are identified using density functional theory calculations as bridging oxygen dimers. The preferential adsorption of protons, which requires interaction of two water molecules with the oxygen dimers, explains that water acts as an electron donor on many oxide surfaces. The different adsorption behaviour is consistent with the observation of a lower electrochemical activity of the (110)-and (111)-oriented surfaces towards hydrogen adsorption.

Introduction

The efficiency of electrochemical water splitting, heterogeneous catalysis, gas sensor applications and inorganic/organic electronics depend strongly on the surface properties of the implemented inorganic materials, including the Fermi energy (E F ), the work function (ϕ) and the nature of the adsorbing sites. [1][2][3][4] These surface properties are expected to depend on the surface orientation, especially the work function. [5] The surface reactivity will be affected by the exposure of different amounts of cations and anions, which may provide Lewis acid and base sites for adsorption reactions. [START_REF] Morrison | Electrochemistry at semiconductor and oxidized metal electrodes[END_REF][START_REF] Jia | [END_REF] The interaction of solid surfaces with water is of particular importance, as it is elemental to many chemical processes such as water splitting, purification, and corrosion. To understand these reactions, water adsorption studies are frequently carried out in ultrahigh vacuum, mostly at cryogenic temperatures where the amount of adsorbed water can be very accurately controlled down to fractions of a monolayer (see e.g. [8] and references therein). Water adsorption studies in vacuum can also be performed by exposing samples to water vapour at room temperature. [9][10][11] In the latter experiments, it has been observed that water has a strong reducing effect, as chemically reduced species and an upward shift of the Fermi energy are induced by water adsorption. A comparison of undoped with Co-doped BiFeO 3 suggests that the reduction has an electrochemical origin, that means it is the consequence of the raising Fermi energy. [11] It is therefore crucial to understand why water acts as an electron donor when adsorbed on oxide surfaces.

In this work, Nickel oxide (NiO) has been selected for studying the adsorption behaviour of water, as it can be prepared in-situ with different surface orientations. NiO crystallizes in the cubic rock salt structure. Its (100)-and (110)-oriented surfaces are non-polar (Tasker type I), while the (111)-orientated surface is polar (Tasker type III) with alternating Ni and O layers. [5,12] The (100) facet has the lowest surface energy, for which the electronic structure is supposed to not differ substantially from bulk NiO. [13] The higher energy (110) and (111) surfaces could lead to geometrical (100) faceting. [14] The (111) surface can furthermore be stabilized by a p(2 × 2) octopolar reconstruction, [15] by chemical bonding with e.g. hydroxide [16,17] or by the presence of nickel vacancies. [18] Theoretical and experimental studies suggest that perfect (100)-oriented NiO surfaces are either not or only very little reactive towards oxygen species (O -, O - 2 , O and O 2 ), [19] CO, H 2 , [19] and water [20,21] because the lowest excited states are far above the ground state making them chemically inaccessible for charge transfer. [22] However, NiO (100) surfaces become reactive if defects are introduced at the surface. [19,20,22,23] Also, for single crystal NiO(100) surfaces, water can co-adsorb with oxygen near a defective site to form a stable hydroxide (OH -). [21] Contrary to the (100) orientation, hydroxyl groups spontaneously form on the (111)-oriented surface when exposed to water, [20] where it has been reported that edges or corners between the (111) plane and (100)reconstructed trigonal facets facilitate water dissociation. [24] Although the NiO (110) orientation is the least practically studied surface orientation, theoretical studies highlighted that the NiO(110) orientation may be the most reactive facet towards methane dissociation. [23] In this study, the surface properties of oriented nickel oxide thin films were studied using ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS). The films were grown in-situ (see Fig. S1 in the supporting information for the experimental setup) by reactive direct current (DC) magnetron sputtering at high substrate temperature (400 • C) and various oxygen concentrations in the sputter gas on oriented platinum thin films. NiO thin film samples will be referred to by the orientation of the Pt substrate and by the oxygen concentration used during the respective thin film deposition. For instance, a NiO thin film prepared with an oxygen concentration of 10 % on MgO(100)/Pt becomes NiO(100)-10 %. The reactivity of the surfaces towards water was studied by exposing the samples to water vapour at room temperature inside the same vacuum system. To further distinguish the chemical surface properties, electrochemical measurements were performed in an oxygen-poor electrolyte (0.1 M NaOH) in the stability window of water. Details of the experimental techniques can be found in the supporting information.

Surface properties

XRD patterns of the NiO thin films (thickness 50 -200 nm) deposited on top of the oriented platinum thin films are displayed in Fig. 1(a). Details of the preparation and properties of oriented Pt substrates are reported in [25] and AFM images of Pt substrates are shown in Fig. S3 in the Supporting Information. Because of the low lattice mismatch between MgO and NiO (∼ 1 %), it is not possible to differentiate the MgO peak from the NiO peak of the same orientation. However, the absence of other orientations confirms that fully (110)and (111)-oriented NiO thin films have been obtained on MgO(110)/Pt and on α-sapphire(0001)/Pt, respectively, when the films were grown with an oxygen content of 20 % in the sputter gas. On the contrary, 10 % of oxygen during NiO deposition on MgO(100)/Pt substrates results in fully (100)-oriented NiO films. The dependence of the degree of orientation on the oxygen activity is in good agreement with literature. [26,27] AFM images of the NiO films in Fig. 1(b) reveal granular surfaces. According to a detailed analysis of the AFM images (see section S2 in the Supporting Information), the rms roughness of the films with unique orientation, (100)-10 %, (110)-20 %, and (111)-20 % are < 7 nm and the angles of the surface features are < 45 • . Shadowing effects can be therefore be discarded, meaning that photoelectrons are collected from all parts of the surfaces. Moreover, the geometrical surface area is not more than 4 % higher than the projected surface area for the films with unique orientation. A stabilization of the polar (111) surface through pyramidal faceting as suggested in [14] is not evident from the AFM images.

X-ray photoelectron survey spectra (see Fig. S5 in the Supporting Infor- The UPS valence bands in Fig. 1(c) provide insights into the electronic structure of the NiO surfaces. The films with unique orientation display distinct surface electronic states. For instance, the UP spectrum of the (100)-oriented NiO film on MgO(100)/Pt with 10 % oxygen shows four features between 0 and 9 eV, in line with UP spectra obtained on (100) cleaved NiO single crystals. [21,28] The two peaks in the lowest binding energy part can be associated to screened Ni 3d 8 orbitals while the two features at higher binding energies can be attributed to final states associated to the O 2p 6 [x/y] and O 2p 6 [z] orbitals. [28] In the UP spectra of the (110)-and (111)-oriented NiO thin films, which were obtained on MgO(110)/Pt and on α-sapphire(0001)/Pt substrates with 20 % oxygen, respectively, only three features can be observed within the 0 -9 eV binding energy range. The absence of the O 2p 6 [z] state on dominantly (111)and (110)-oriented surfaces is obvious. Similar observations are reported in literature for dominantly (111)-oriented NiO films. [24,29] Emissions at 10 and at 11.7 eV can be observed for NiO films deposited on MgO(110)/Pt and on α-sapphire(0001)/Pt under 20 % of oxygen, respectively. This emission can be related to the Ni 3d 7 state. [20,30] UP-spectra of NiO films containing different orientations show the peaks specific for either orientation.

In summary, X-ray diffraction, atomic force microscopy and UPS confirm that the crystal and surface electronic structure of the prepared NiO thin films are highly (100)-oriented when deposited with 10 % O 2 on MgO(100)/Pt and highly (110)-and (111)-oriented when deposited with 20 % O 2 on MgO(110)/Pt and on α-sapphire(0001)/Pt, respectively.

Figure 2 displays XPS measurements obtained for oriented NiO thin films prepared at 400 • C after deposition, after water exposure in vacuum, and after the electrochemical cycling within the stability window of water. Additional survey, O 1s and C 1s spectra are shown in the Supporting Information. According to Taguchi et al., [31] the Ni 2p region is the result of the contribution of the Ni 2p 5 3d 9 Z (state in the 3d 9 band), Ni 2p 5 3d 9 L (state arising from the hybridization of the 3d 9 band with the ligand) and the Ni 2p 5 3d 8 orbitals. The states near the valence band maximum correspond to emissions from the Ni 3d 8 Z state.

The main O 1s peak is found at ∼ 530 eV, which accounts for the lattice O 2- species of NiO. For the freshly deposited samples, an additional weak photoelectron emission can be detected at a higher binding energy relative to the main peak (a detailed peak shape analysis of all recorded O 1s core level emissions is provided in the Supporting Information). This shoulder is stronger for deposition with higher oxygen concentration and for low deposition temperatures. Due to the dependence of the shoulder intensity on film orientation and oxygen content during film deposition and due to the different energy separation from the main line (1.8 eV as compared to 2.0 eV after water adsorption) we assign the weak high binding energy O 1s emission of the as-grown films to surface 110) with various terminations/adsorbates. In the oxygen-poor limit the clean stoichiometric surface is favoured; in the oxygen-rich limit decoration with Ni-bridging O 2 dimers at 50% coverage is favoured. The gray-shaded area indicates the range of insecurity of the maximum oxygen chemical potential.

oxygen (O surf ) species, rather than to hydroxides. In order to obtain more insights into the nature of the adsorbed oxygen species, we have performed density functional theory calculations of different surface terminations of symmetric (110)-oriented NiO slabs. In particular, we have considered bridging oxygen atoms and bridging oxygen dimers between two Ni atoms of neighboring Ni-O rows. The calculations revealed that adsorbed oxygen dimers stabilize the surface under oxidizing conditions (see Fig. 3). A schematic representation of the surface is given in Fig. 6. Details of the calculations and surface structures are given in the Supporting Information.

Surface reconstructions of the MgO(111) surface has been studied both experimentally and theoretically. [32][33][34] While the most stable surface reconstruction for most oxygen activities is the so-called "octupolar" reconstruction in which 3/4 of the atoms in the topmost layer and 1/4 of the atoms in the second layer are missing. This reconstruction can lead to either an O-rich or an Mg-rich termination but does not affect the oxidation state of oxygen and can therefore not explain the appearance of the surface oxygen emission at high binding energy. For high oxygen activity, different terminations of the (111) surface involving either oxygen trimers or dimers perpendicular to the surface become stable. [32]. Such species could explain the observation of the high binding energy shoulder in the O 1s spectrum of the as-deposited film. The stabilization of surface terminations calculated to be stable only at very high oxygen activity has also been observed for epitaxial In 2 O 3 films, which were also grown with high oxygen content in the process gas. [35] As the NiO is isostructural to MgO with similar lattice constant, it is reasonable to assume that oxygen trimers and dimers are present at the NiO(111) surface under oxidizing preparation conditions.

Water exposure in vacuum

Water exposure was performed at room temperature by intermittently pulsing purified water with atomic layer deposition valves into a continuously pumped vacuum chamber connected to the XPS system (see the Supporting Information for details of the adsorption procedure and detailed analysis of XP spectra). The water pressure in the chamber is estimated to raise to ∼ 10 Pa during each 500 ms H 2 O pulse and decrease in the consecutive pumping period.

Survey and C 1s XP spectra recorded after water exposure reveal only a very small carbon contamination (see Figs. S5 and S8(a) in the Supporting Information). After water exposure, the intensity of the photoelectron emission at the high binding energy side of the main O 1s peak increased for all studied surfaces. The binding energy difference to the main line is ∼ 2.0 eV, ∼ 0.2 eV higher than before water exposure. The additional photoelectron emission after water exposure is associated to the formation of surface hydroxide species. [36,37] In contrast to water adsorption at liquid nitrogen temperature [38][39][40] or to water exposure in an near-ambient pressure XPS setup, [41,42] no ice or water layer is formed. This is evident from the absence of the typical H 2 O related O 1s emission around 533 eV. The hydroxide peak contributes 12-18 % to the total O 1s intensity, which corresponds to a 0.2 -0.3 nm thick layer.

A detailed comparison of the Ni 2p spectra of the NiO thin films prepared at 400 • C before and after water exposure is provided in section S3.3 in the Supporting Information. Water adsorption induces additional emissions in the 855 -858 eV range, which overlaps with the Ni 2p 5 3d 9 L feature. The Ni 2p region of the RT-NiO thin film is more affected by water exposure than the thin films produced at 400 • C, indicating a higher reactivity of the RT-NiO film. The additional feature induced by water exposure can be attributed to nickel hydroxide (Ni(OH) 2 ) and/or to nickel oxy-hydroxide (NiOOH). [43] According to electrochemical measurements performed at 1.1 -1.3 V vs. RHE, the NiOOH phase spontaneously forms on RT-NiO thin films whereas Ni(OH) 2 is formed on the surfaces of NiO thin films prepared at high temperature (see section S4.4 in the Supporting Information). Therefore, the additional emissions in the Ni 2p spectra are associated to Ni(OH) 2 for the films prepared at 400 • C but to NiOOH for films prepared at RT. The Ni 2p spectra of the 400 • C films are very similar after water adsorption, which also agrees with the similar intensity of the hydroxide peak in the O 1s spectra. A slightly higher intensity of the Ni 2p spectrum of the (111)-oriented film in 855 -858 eV range before water adsorption (see Fig. S6(g) in the Supporting Information) is likely attributed to the specific surface termination of the (111) surface.

Figure 4 displays the work functions, ϕ, obtained from the secondary electron cutoff of the UP valence band spectra as a function of the Fermi level position, E F -E VB . The valence band maxima from UPS and XPS and the core levels exhibit different binding energy shifts upon water adsorption. Three effects may contribute to the different shifts: i) the uncertainty in determining the valence band maximum in the XPS valence bands due to the absence of a sharp onset; ii) the contribution of adsorbed oxygen species to the electronic states near the VBM, [44] which should contribute more in UPS due to the higher photoionization cross-section; [45] iii) the different surface sensitivity of the measurements in conjunction with the formation of a very narrow surface space charge region. [46] A detailed comparison of the binding energy shifts including the valence band maxima but also other binding energies extracted from the valence band and core level spectra is given in section S3.7 in the Supporting Information. From this analysis it is deduced that the most reliable quantity representing the surface Fermi level positions in Fig. 4 is the binding energy of the main O 1s line, which is extracted from the line profile analysis in section S3.4.

According to Fig. 4 the Fermi energies and ionization potentials (I P = E vac -E VB ) samples grown at room temperature and at 400 • C are noticeably different. For the latter, the ionization potential decreases from 5.4 ± 0.5 eV to ∼ 4.8 eV in the course of water adsorption. Given strongly different surface terminations and polarities, it is surprising that the ionization potential of the bare NiO surfaces does not depend on surface orientation and oxygen content during sample preparation. Such a behaviour, which is considered to be fortuitous, has also been observed for TiO 2 ,[9] CeO 2 , [47], and SnO 2 , [48] but not for In 2 O 3 . [35] The change in Fermi energy upon water exposure is small for (100)-oriented NiO thin films, particularly for the film grown with 10 % oxygen. The largest increase of the Fermi energy upon water adsorption is observed for the (110)-and (111)-oriented films grown with 20 % oxygen. An increase of the Fermi energy indicates the formation of a positive surface charge, which is apparently not induced by water adsorption on NiO(100) but on the (110)-and (111)-oriented surfaces. The origin of this difference will be discussed in section 5.

Adsorption in an electrolyte

The NiO thin films studied in vacuum by in-situ XPS and UPS have been characterized in an oxygen-poor 0.1 M NaOH electrolyte by cyclic voltammetry (CV), chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS) experiments. The experiments were constrained to the stability window of water (0.1 -1 V vs. RHE) to avoid any drastic surface modification induced by the oxygen evolution reaction (OER, E eq = 1.23 V vs. RHE), the hydrogen evolution reaction (HER, E eq = 0 V vs. RHE) or to the nickel hydroxide to oxyhydroxide phase transformation (E eq ≈ 1.4 V vs. RHE). [49,50] According to the recently updated Pourbaix diagram for Ni derived compounds, NiO is stable in our experimental conditions and no surface reduction of the NiO electrode is expected. [51] Moreover, the analysis of the AFM images (see section S2 in the Supporting Information) indicate that the geometric surface area of the oriented films is not more than 4 % higher than the projected surface area. The electrochemical properties are therefore expected to be dominated by the nominal surface orientations.

Ni 2p spectra recorded after the electrochemical measurements are included in Fig. 2. The photoelectron emission in the range 854-860 eV does not increase when to compared to the spectra recorded after water adsorption (see section S3.3 in the Supporting Information). This indicates that the electrochemical experiments have no apparent effect on the hydroxide coverage of the surface. A substantial surface modification by carbonaceous species is also ruled out. The increase of the intensity of the high binding energy species in the O 1s emission is therefore not considered to be connected to changes of the NiO surface. As the samples have been extracted from the electrolyte and were exposed to air before XPS analysis, adsorption of species floating on the surface of the electrolyte or in the different environments, which do not directly interact with NiO species, are likely the origin of the high binding energy components. Such an assignment is also confirmed by the presence of different carbon species after electrochemical measurements. It is noted that the Ni 2p and O 1s spectra recorded after the electrochemical treatment in this work are very different from those obtained for comparable samples, which have been exposed to electrochemical measurements in the oxygen evolution regime. [49] In the latter case, the shoulder in the O 1s region and the region associated to nickel hydroxide in the Ni 2p region are dominating the spectra.

The results of the electrochemical experiments are displayed in Fig. 5. The comparison of the CA experiments with the CV enables to differentiate currents associated to adsorption (and desorption) reactions from faradaic ones, which are continuous electrochemical reactions. As represented in Fig. 5(a), adsorption (and desorption) processes are indicated when the CA signal gradually levels off with time (right graph) whereas faradaic (continuous) electrochemical reactions are evidenced by a CA signal converging to the current value measured during the CV measurements (left graph).

The highly irreversible oxygen reduction (ORR, E eq = 1.23 V vs RHE), is identified in the negative plateau in the 0.4 -0.7 V vs. RHE. The ORR current is limited because of the nitrogen pre-conditioning of the solution. Indeed, for oxygen-saturated solution, the negative current in this intermediate potential range is substantially increased (See Fig. S12 in the Supporting Information). The faradaic reaction for the -NiO(100)-10 % sample in the very low potential region (0.1 -0.3 V vs. RHE) has been associated to the ORR as well, but as a result of a different kinetic mechanism. The ORR, which is characterized by a large polarization potential, can consist of multiple adsorption/desorption reactions and can produce numerous intermediate oxygen species in alkaline media. [52] In addition, NiO surfaces could be subjected to reduction of a surface α-Ni(OH) 2 monolayer into metallic nickel between -0.1 and +0.2 V vs. RHE on NiO x surface [53,54]:

Ni(OH) 2 + 2 e -→ Ni 0 + 2 OH - (1) 
The surface reduction to Ni 0 , as described by Eq. 1, should be accompanied by an obvious re-oxidation cathodic current for increasing potential sweep. [53,54] Although unlikely, this option cannot be excluded. Eventually, in comparing the CV and the CA measurements in Fig. 5(b), adsorption reactions can be unveiled between 0.1 -0.3 V vs. RHE and between 0.8 -1.1 V vs. RHE. We assign these adsorption features to the hydrogen adsorption reaction and the hydroxide adsorption reaction, which are expected to dominate in the lower potential range and in the upper potential window, respectively. [55] The adsorption reactions of hydrogen and hydroxide are also observed by EIS as a result of shortening of the bond length between these species and the electrode surface depending on the electrode potential. The stronger interaction of the adsorbates with the electrode surface results in the built-up of a charged double layer which is translated by an increase of the capacitive element measured by EIS. [START_REF] Morrison | Electrochemistry at semiconductor and oxidized metal electrodes[END_REF] The electrochemical results display larger differences with the oxygen content during the film preparation than with the orientation of the substrates. For instance, in Fig. 5, it can be observed that, when the films are prepared with 10 % oxygen, the CV looks relatively inert in comparison to what is obtained with the samples prepared with 20 % oxygen. On the contrary, when the samples are prepared with 20 % of oxygen, the ORR, the hydrogen adsorption reaction, and the hydroxide adsorption reaction are enhanced. Concurrently, the EIS results show an obvious increase in adsorption in the potential range associated to the hydrogen adsorption reaction for every samples prepared with 20 % of oxygen in comparison to the samples prepared with 10 % of oxygen. This increase in the adsorption activity of samples prepared in higher oxygen content is attributed to the presence of electronic (e.g. nickel vacancies) and structural (e.g. grain boundaries) defects that develop under such conditions. This is supported by the AFM images of the samples prepared with 20 % of oxygen, which indicate a smaller grain size. Preparation of films with a higher oxygen content may also result in a higher concentration of surface defects due to the bombardment with negatively charged oxygen ions generated in the plasma. [56] Water dissociation and chemical reactions are enhanced on defective surfaces in comparison to defect-free ones. [57,58] Interestingly, the electrochemical measurements indicate a higher activity of the (100) surface towards the hydrogen adsorption reaction. Indeed, in Fig. 5(c), the 10 %-NiO(100) oriented surface displays a remaining capacitive effect related to the adsorption of hydrogen while the corresponding CV displays a hysteresis in the low potential range in Fig. 5(b). Also, the CV obtained with the 20 %-NiO(100) surface displays a stronger adsorption feature related to the adsorption of protons (H + ) than on the dominantly (110)-and (111)-oriented films. The reason could be that the (110)-and (111)-oriented films provide less adsorption sites for the hydrogen adsorption reaction than the (100)-oriented surface.

Discussion

There is a general consensus from cryogenic-temperature adsorption studies that water spontaneously dissociates on the polar NiO(111) surfaces to form hydroxides [17,20,38] but dissociates on the non-polar NiO(100) surface only in the presence of defects or non-lattice oxygen. [19-23, 39, 40, 59] In contrast, the O 1s, Ni 2p and UPS emissions of our room temperature water exposure experiments clearly indicate a comparable amount of hydroxide species on all studied surface orientations. This may, on the one hand, be related to a higher thermal energy at room temperature for overcoming activation barriers of reactions. On the other hand, the water vapour pressure in the experiments performed in this work is orders of magnitude higher than that used in cryogenic adsorption experiments. This increases the possibility for having simultaneously two water molecules available at the surface, which might be required to complete a reaction.

The products of water dissociation on the surfaces, H + and OH -, are expected to adsorb on Lewis base (S b ) and acid (S a ) sites, respectively. It is generally accepted that Lewis acid and base sites on transition metal oxides have cationic and anionic character, which, in the case of NiO, are nickel and oxygen atoms. If both sites are available at neighboring locations on the surface, as it is the case for NiO(100), water adsorption can follow a stoichiometric dissociative adsorption reaction according to: where S a and S b denote surface Lewis acid and base sites, respectively. As positive H + and negative OH -species are equally adsorbed on the surface, no net surface charge is induced. Consequently, no change of the Fermi energy at the surface is expected, in agreement with the observation for the predominantly (100)-oriented surface. The adsorption behaviour described by Eq. 2 is also consistent with the electrochemical measurements of the (100)-oriented film, which shows activity for both hydrogen and hydroxide adsorption reactions. A stoichiometric adsorption reaction can also occur at the bulk-truncated NiO(110) surface, which is expected to be stable at low oxygen activity according to Fig. 3.

H 2 O + S b + S a → S b H + ads + S a OH - ads (2) 
The stoichiometric adsorption of water on NiO(110) is schematically illustrated in Fig. 6(a).

In contrast to the (100) surface, the increase of the Fermi energy at the (110)and (111)-oriented surfaces induced by water exposure indicates the formation of a positive surface charge. It is suggested that this difference is related to the presence of the surface oxygen species. For example, the formation of a positive surface charge on the dimer-stabilized NiO(110) surface upon water exposure is suggested to proceed as:

2Ni s + (O 2- 2 ) ads + 2O s + 2H 2 O → 2Ni s OH - ads + 2O s H + ads + O 2 + 2e - (3) 
where Ni s and O s are Ni and O lattice atoms at the surface. The adsorption results in a release of an oxygen molecule and of two electrons. The negative charge of the dimer is replaced by an identical charge of the two hydroxide species. In addition, the two adsorbed protons generate a net positive surface charge and the generation of 2 electrons. This is considered to be the origin of the raising Fermi energy upon water adsorption observed in XPS and UPS.

Water adsorption is typically discussed to occur stoichiometrically and may result in various bonding geometries depending on surface orientation. [START_REF] Henderson | [END_REF][61][62][63][64] However, using the same adsorption setup as in the present study, an increase of the Fermi energy upon room temperature water exposure has been observed for several oxides including anatase TiO 2 ,[9] BiFeO 3 ,[11] BiVO 4 , [10] and CuFeO 2 , [65] indicating that the effect is quite general. For anatase TiO 2 , Kashiwaya et al. have also found that the changes of the Fermi energy are very similar for different surface preparation conditions on for both single crystalline (101) and (001) surfaces as well as for polycrystalline thin films. [9] The upward shift of the Fermi energy is a notable phenomenon as it can induce an electrochemical reduction of the material. [10,11] The shifts are unexpected since the HOMO of water lies about 7 eV below the conduction band minimum of the metal oxides, which should exclude electron injection. The suggested non-stoichiometric dissociative adsorption of H 2 O, which is associated with the removal of adsorbed oxygen dimers or related surface species, provides a reasonable explanation for the shift of the Fermi energy.

An important aspect of the adsorption reaction 3 is that two water molecules are required. The reaction can therefore only take place at sufficiently high water vapour pressure. Therefore, an adsorption experiment at room temperature in a high water vapour pressure can lead to a different result as an experiment carried out at cryogenic temperatures at low vapour pressure. As estimated above, a water pressure of ∼ 10 Pa is reached in the present experiment, while low temperature water adsorption studies are typically carried out using leak valve dosing at water pressures of ∼ 10 -6 Pa. In addition to the lower thermal activation at cryogenic temperatures, water may adsorb only molecularly on oxidized surfaces at low temperature due to the lower availability of water species. The requirement of a high vapour pressure of water to remove surface oxygen dimers will also protect the dimer-stabilized surface against hydroxilation from the water species in the residual gas of the vacuum system.

The electrochemical measurements suggest a lower activity of the (110) and (111) surfaces towards the hydrogen adsorption reaction. This can be interpreted by inactive or a less Lewis base sites, which are generally located on oxygen atoms. Eventually, we assume that the Lewis base sites, present in the form of surface oxygen, are reacting and eliminated from the surface during the adsorption reaction together with the oxygen from water molecules. The result is a non-stoichiometric dissociative adsorption of H 2 O, the formation of a positively charged surface and the injection of electrons into the NiO substrate. Therefore, the proposed reaction scheme for the (110)-oriented surface explains both the change of the Fermi energy upon water exposure and the lower electrochemical activities towards the hydrogen adsorption reaction.

Figure 1 :

 1 Figure 1: a) XRD scans of the NiO thin films deposited on MgO(100)/Pt, MgO(110)/Pt and α-Sapphire(0001)/Pt substrates at 400 • C and 10 % or 20 % of oxygen; b) AFM images (3 × 3 µm 2 ) measured on the same NiO thin films; c) surface electronic states measured by in-situ using UPS. Regarding the NiO thin films deposited on α-sapphire(0001)/Pt(111) at 10 %, the flat area associated to the (100) orientation is indicated by the label 100 while the grainy surface is associated to the (111) orientation indicated by the label 111.

Figure 2 :

 2 Figure 2: Ni 2p, O 1s and the valence band (VB) XP-spectra of a) NiO(100)-10 %, b) NiO(110)-20 %, c) NiO(111)-20 %, and d) RT-NiO thin films. Intensities are normalized for better comparison. For the Ni 2p spectra difference traces are shown with respect to the as-prepared spectra. A comparison of the Ni 2p emission and detailed peak shape analysis of the O 1s emission is provided in the Supporting Information.

Figure 3 :

 3 Figure 3: Surface-energy diagram of NiO(110) with various terminations/adsorbates. In the oxygen-poor limit the clean stoichiometric surface is favoured; in the oxygen-rich limit decoration with Ni-bridging O 2 dimers at 50% coverage is favoured. The gray-shaded area indicates the range of insecurity of the maximum oxygen chemical potential.

Figure 4 :

 4 Figure 4: Work function vs. Fermi level position of NiO thin films after deposition (filled symbols) and after water exposure in vacuum (open symbols). The Fermi levels are derived from the binding energies of the O 1s core level as explained in section S3.7 in the supporting information. Diagonal solid lines represent constant ionization potentials I p .

Figure 5 :

 5 Figure 5: Electrochemical studies of oriented NiO thin films: (a) schematic time dependence of current in a chronoamperometry (CA) experiment. The values of the current during the cyclic voltammetry (CV) at the potential of the CA measurements are shown by the blue symbols. The left plot shows the typical CA convergence of a continuous reaction while the right plot shows CA decays relative to the CV values typical for an adsorption reaction. Electrochemical results regarding the CV and the CA measurements are shown in part (b) and the C CPE measured by electrochemical impedance spectroscopy (EIS) in the stability window of water in (c).

Figure 6 :

 6 Figure 6: Schematic description of water adsorption on a bulk truncated NiO(110) surface following reaction 2 (a) and on a dimer-stabilized (110) surface according to reaction 3 (b). All images are top views on the NiO(110) surface. Red lines correspond to bulk Ni-O bonds. On the dimer-stabilized surface, 2 water molecules are required for dissociative adsorption, which results in the removal of an oxygen molecule. While the negative surface charge of the dimers is compensated by the hydroxides, the additional protons adsorbed on surface oxygen generate a net positively charged surface.

Summary and Conclusion

Surface properties of NiO thin films grown on oriented platinum thin films at 400 • C by magnetron sputtering have been studied using photoelectron spectroscopy and electrochemical measurements. Highly oriented NiO thin films can be obtained on MgO(100)/Pt, MgO(110)/Pt, and α-Sapphire(0001)/Pt by adjusting the oxygen content in the process gas. The surface electronic properties of the films exhibit unique features of the particular surface orientations. The crystalline NiO films exhibit work functions of ∼ 4.5 eV and ionization potentials of ∼ 5.4 eV. These values are ∼ 0.4 eV smaller than those obtained for films deposited at room temperature. Except for the (100)-oriented film, the samples exhibit a high binding energy O 1s emission, which is ascribed to adsorbed oxygen species. Using DFT calculations, we have identified these species for the NiO(110) surface as bridging oxygen dimers. By analogy to DFT calculations on isostructural MgO(111) surfaces, oxygen trimers and dimers are suggested to be present on the NiO(111) surface.

Adsorption of water by exposure of the samples to a high water vapour pressure at room temperature exposure in a vacuum system occurs dissociatively for all surface orientations. The ionization potential is lowered by ∼ 0.5 eV. In addition, all samples exhibit hydroxide emissions in the O 1s and the Ni 2p core levels. A substantial upward shift of the Fermi energy upon water adsorption is observed only on the (110)-and (111)-oriented films but not on NiO(100). Combining these observations, it is proposed that the change of the Fermi energy is caused by a non-stoichiometric dissociative adsorption of water, which leads to a removal of O 2 from the surface, a preferential adsorption of protons, and the injection of electrons. The bare NiO(100) surface, which is the thermodynamically most stable one and which does not require substantial surface reconstruction, exposes an equal number of adsorption sites for OH -and H + resulting in no net surface charge after water dissociation.

The vacuum adsorption studies can be put in perspective with the electrochemical measurements, which reveal that hydroxide adsorption sites are present on all surfaces but only (100)-oriented films provide a higher activity towards hydrogen adsorption.
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