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ABSTRACT. Photoelectrochemical (PEC) water splitting, a process using solar light and 

semiconductor to split water, is proposed as a potentially scalable method to store solar energy 

through renewable H2 fuels. Obtaining the electronic structure information of co-catalyst is a 

crucial step towards gaining a mechanistic understanding of the water oxidation reaction of this 

catalyst. In the present work, we show that the PEC performance of BiVO4 photoanodes can be 

enhanced by the deposition of a nickel-borate co-catalyst layer (NiBi). We investigate the 

electronic structure of the NiBi by in situ soft and hard X-ray absorption spectroscopies (XAS) 

at the Ni L- and K-edge as well as at the O K-edge under different potential and the illumination 

conditions. We discuss the involvement of the active oxygen species related to the hybridized 

O 2p-Ni 3dt2g orbitals in the oxygen evolution reaction (OER) and further correlate the changes 

at the O K-edge with that of at the Ni L-edge. In situ soft XAS measurements show that Ni in 
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the electrodeposited amorphous NiBi film is readily oxidized to higher oxidation states. This in 

situ soft XAS studies offer the first direct observation of Ni4+ formation during  solar water 

oxidation. Cyclic voltammetry-XAS (CV-XAS) results support that the formation of Ni4+ is 

prior the formation of partly electron deficient oxygen sites. This study also proves that 

understanding the physical and chemical changes under potential and light illumination and 

represents a significant step toward obtaining a mechanistic understanding of the co-

catalyst/semiconductor system. 

INTRODUCTION 

Photoelectrochemical (PEC) water splitting, a process using solar light and semiconductor to 

split water, is proposed as a possible scalable approach to store solar energy through H2 fuels.1,2 

BiVO4 is a promising photoanode material for the production of O2 from water due to its 

suitable physical and chemical properties. 2,3 However, bare BiVO4 films has poor electron 

transport, surface recombination,4 and moderate catalytic activity. In recent years, modification 

of BiVO4 photoanodes with co-catalysts, for example,CoOx,
5 cobalt borate (CoBi),

6 cobalt 

phosphate (CoPi),
7,8 FeOOH,9 FeOOH/NiOOH,10 and manganese phosphate (MnOx),

11 was 

found to be an effective method to enhance its photocatalytic performance.5  Recently, nickel-

borate (named as NiBi) has been reported as another promising catalyst for oxygen evolution 

reaction (OER).12 Cho et al. found that NiBi successfully catalyzes the PEC water oxidation at 

1.23 VRHE when combined with a BiVO4 photoanode.13 Both electrodeposited and 

photodeposited NiBi films improve the photocurrent of BiVO4 at 1.23 VRHE by 3-4 times under 

AM 1.5 illumination as well as ca. 250% enhancement in the photon-to-current efficiencies. 

Hilliard et al. attributed the increase of photocurrent at low potentials to NiBi, which helps to 

withdraw charges at the semiconductor/electrolyte interface.14 The catalytic performance of 

NiBi should relate to their electronic structure.15,16 The local electronic structure and OER 

mechanism of bare NiBi catalyst films have been investigated using in situ soft XAS at the O 
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K-edge15 and hard XAS at the Ni K-edge. 15,16 Still missing is an in situ electronic structural 

information of the Ni L-edge of NiBi when coupled with a semiconductor. The electronic 

structure of NiBi can change substantially when the NiBi catalyst is deposited on a 

semiconductor 15 and tested under solar water oxidation conditions.  

XAS is a powerful element-selective tool in studying electronic and crystal structure of 

catalyst. Soft XAS can provide the information of partially occupied transition metal 3d 

orbitals, O 2p orbitals, and the orbital hybridization.17 It provides more detailed information 

than hard XAS because of the narrower natural line widths (Ni K-edge: 1.44 eV; Ni L-edge: 

0.48 eV).18 On the other hand, hard XAS can give complementary information on the oxidation 

states and the metal-ligand distances as well as the coordination geometries.17 The main aims 

of the current study are: (a) to unravel the electronic structure of NiBi modified BiVO4 

photoanodes under the solar water oxidation condition, and (b) to understand the OER catalytic 

cycle and the formation of active sites. Obtaining this structural and reaction information of the 

co-catalyst can be a significant step to mechanistically understand the solar water oxidation 

process. 

EXPERIMENTAL SECTION 

Chemicals. Nickel(II) nitrate hexahydrate (Ni(NO3)2· 6H2O, 99.999% trace metals basis), 

boric acid (H3BO3, 99.5%), NaOH (>98%), NiO, LiNiO2 and potassium nickel (4+) 

paraperiodate (NiPPI) were ordered from Sigma-Aldrich. More detailed information about the 

preparation of the borate buffer solution, the preparation of BiVO4 film and the suppliers of the 

Si3N4 membranes as well as FTO glass substrates can be found in previous work.11,19,20  

Electrodeposition of NiBi.  The details of our electrochemical setups can be found in our 

earlier papers.11,21,22 All potentials reported in this paper are converted to the RHE scale. For 

electrodeposition, a freshly prepared nitrogen purged Bi buffer solution (0.2 M) containing 0.5 

mM Ni2+ is used. For XAS measurements of NiBi on a BiVO4 photoanode, electrodeposition is 

performed at 1.85 V for 10-20 min without stirring and without iR compensation. The thickness 
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of NiBi is around 100 nm. We find that for the BiVO4/FTO substrate the maximum photocurrent 

density is usually obtained for an electrodeposition duration of 2-5 min. For comparison, NiBi 

is also potentiostatically deposited on FTO/glass or Au/Si3N4 substrates at 1.85 V from a 0.2 M 

Bi electrolyte containing 0.5 mM Ni2+. After the electrodeposition, all samples are rinsed with 

DI water.  

Characterization. (a) Experimental details for the characterization of the morphology, 

chemical composition, crystal structure, photoelectrochemical (PEC) properties, and 

differential electrochemical mass spectroscopy (DEMS) can be found in previous works.11,21,22 

The electrolyte is 0.2 M Bi buffer solution (pH 9.2). The scan rate for LSV is 25 mV s-1 while 

that for DEMS is 5 mV s−1. For DEMS experiments, the light intensity was adjusted to 1.5 suns 

in the range of 400nm to 900nm. (b) In situ soft XAS characterization: detailed information on 

the experimental conditions for the in situ XA measurements can be found in our previous 

papers11,21,22. Here, one white LED is used to illuminate the BiVO4 photoanode. The energy 

resolution of the beamline is 208 meV at 850 eV.  The experimental spectra are baseline-

subtracted, normalized by the integrated area under the whole L-edge region, and then fitted 

with linear combination fitting using the experimental spectra of NiO, LiNiO2 and NiPPI. The 

spectra of the Ni reference powders are carried out in a total electron yield (TEY) mode. Energy 

calibration of Ni L-edge spectra was carried out with the 852.00 eV peak using the NiO powder 

spectrum. Energy calibration of O K-edge spectra was done using the pre-edge feature of water 

at 535 eV and then normalized using the intensity at 548 eV. To obtain the spectrum for Ni4+ 

species, we subtract the Ni2+ spectrum from that of NiPPI as recently reported.23 (c) In situ hard 

XAS characterization: the details can be found in our previous works.19 The energy calibration 

is done using a nickel foil. For comparison, several Ni oxides or compound powders are 

measured as references. 

RESULTS AND DISCUSSION 



 

 

5 

1. Surface Morphology, Phase, Composition, and Photoelectrochemical (PEC) Analysis.  

Figures 1 and S1 show SEM images of the bare and modified BiVO4/FTO photoanodes. It 

can be seen that the morphology changes after NiBi modification. The surface of the BiVO4 

photoanode is nearly fully covered by a NiBi amorphous layer, which leads to charging effects 

during the SEM measurements (see Figure 1b and c). The X-ray diffraction (XRD) patterns of 

the NiBi modified BiVO4, bare BiVO4, and NiBi/FTO films are shown in Figure S2a. The XRD 

pattern of the NiBi-modified BiVO4 is nearly identical as that of bare BiVO4, while that of bare 

NiBi is nearly identical to that of the FTO/glass substrate. Previous EXAFS results show that 

the NiBi film contains sheets/disks composed of edge shared NiO6 octahedra with  domain sizes 

of 2-3 nm in diameter. 16 Such small domain crystallites are indeed difficult to detect by XRD 

since they appear as very broad peaks. The XRD pattern of the BiVO4 film does not show 

significant changes after deposition of the NiBi. Energy-dispersive X-ray spectroscopy (EDS) 

results clearly show the presence of Ni, Na and boron (B) in the film which confirms the 

successful NiBi deposition (see Figure S2b). Figure 2 shows the PEC performance of the bare 

and the NiBi-modified BiVO4/FTO photoanodes. It can be seen that the photocurrent density of 

the BiVO4 photoanode with NiBi modification reaches 0.76 mA cm-2 at 1.23 V compared to 

0.64 mA cm-2 for the bare BiVO4, equivalent to a 19 % improvement. The photocurrent onset 

potential (Vonset) of the NiBi modified photoanode shows a clear cathodic shift compared to the 

bare BiVO4 photoanode under illumination, to a value ofca. 0.3 V vs. RHE.  The enhancement 

of the photocurrent is especially pronounced at modest applied bias potentials (0.3 - 0.75 V). 

According to Peter's theoretical considerations,24 this behaviour indicates either a reduction of 

surface recombination (i.e., passivation) by NiBi or an increased catalytic activity of the film. 

Furthermore, the dark current of the NiBi modified BiVO4/FTO photoanodes is clearly 

cathodically shifted due to the redox charging of co-catalyst layer. This could be due to the fact 

that a certain amount of NiBi may also have been deposited directly on exposed FTO. Possible 

reasons for the photocurrent enhancement and the Vonset shift are probably due to the increasing 
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catalytic activity and/or surface passivation. 19 However, Laskowski et al. very recently 

employed in situ atomic force microscopy (AFM) to track the flow of photogenerated holes in 

co-catalyst modified semiconductor.25,26 They proposed that the co-catalyst layer collect 

photogenerated holes from the semiconductors (Si, Fe2O3 or BiVO4), charging to potentials 

high enough to drive the OER. The co-catalyst layer, Ni(Fe)OxHy or CoOxHy, is proposed to 

create charge-separating heterojunctions with the semiconductor and serve as OER 

catalysts.25,26 Thus, a redox charging effect may also contribute to the Vonset shift. It is worth 

mentioning that the Vonset is located at a significantly more positive potential than the flatband 

potential (Vfb) reported for BiVO4. This is most likely due to some remaining surface 

recombination, i.e., incomplete passivation of the BiVO4 surface by NiBi. Differential 

electrochemical mass spectrometry (DEMS, see Figure S3) measurements show that after NiBi 

deposition, the amount of oxygen gas that evolves from the NiBi modified BiVO4 photoanode 

is greatly enhanced as evidenced by the photocurrent and O2 gas evolution signals, indicating 

an increased Faraday efficiency. 

     

Figure 1. SEM images of the BiVO4 photoanode: (a) before and (b-c) after deposition of NiBi. 
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Figure 2. Linear sweep voltammetry (LSV) profiles of the bare and NiBi modified BiVO4/FTO photoanodes tested 

in the dark (dotted lines) and under illumination (solid lines). The scan rate was 25 mV s−1. The light intensity was 

adjusted to 1.5 sun in the range of 400nm to 900nm. 

2. In Situ XAS Analysis at the Ni L and K-edges.  

2.1 In situ soft XAS at the Ni L-edge. Figure 3 shows in situ soft XAS results of the NiBi 

modified BiVO4/Au/Si3N4 photoanode under different potentials and illumination conditions. 

The electrolyte is a 0.2 M Bi buffer solution with 2.0 M KNO3 added. It is worth mentioning 

that the light intensity for all in situ XAS tests are significantly lower than that of above 

mentioned LSV due to the weak light source (a white-LED used) and the absorption of Si3N4 

membrane window. For a detailed analysis of the sample, nickel oxide reference spectra of NiO 

(2+), LiNiO2 (3+) and potassium nickel (4+) paraperiodate (named as NiPPI) are also tested 

and shown at the bottom panel of Figure 3a. The Ni L-edge XA spectra of the reference powders 

and the samples contain two characteristic broad multiplet peaks: L3 and L2. They are separated 

by ~ 17 eV due to the core-hole spin-orbit interaction. The fine splittings of both L3 and L2 arise 

from O 2p-Ni 3d interactions and the crystal field effect from the local ligand coordination 

environment. 23, 27,28 It can be observed from Figure 3a that as the oxidation state increases from 

Ni2+, Ni3+ to Ni4+, the Ni L2-edge resonance intensity of the reference spectra also increases 

because of the increased number of holes in the d-states (see Table S1 and S2). In all these 

reference powders the Ni is octahedrally coordinated.29,30 In an octahedral symmetry, the Ni 3d 

band separates into three lower energy orbitals (t2g: dxy, dxz and dyz) and  two  higher  energy  

orbitals (eg: dx2-y2 and dz2) (see Table S2). The crystal field splitting and the energy position of 

the L-edge spectrum are affected by the number of unpaired 3d electrons which defines the 

oxidation state. 

In Figure 3a, pronounced spectral changes upon varying potential and illumination conditions 

of the sample are observed for both the L3- and L2-edges. The dashed vertical lines indicate the 

peaks at which major changes occur. The energetic peak positions and the relative intensity 
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ratio of the double-peak features are closely associated with the relative amounts of Ni in 

different oxidation states. We assign the Ni L3 spectral features at 852.00 and 854.45 eV to 

contributions of the Ni2+ and Ni4+ species, respectively. The chemical shift of 2.45 eV between 

Ni2+ and Ni4+ matches the reported value. 23 The data show that Ni species gradually oxidize 

from 2+ to 4+ at potentials positive of 1.75 V. In the Ni L2-edge, a growing L2-edge signal 

around 871.4 eV confirms the generation of Ni4+ species, as proposed recently. 23  
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Figure 3. (a) In situ Ni L-edge spectra of a NiBi/BiVO4/Au/Si3N4 photoanode measured under different 

conditions. The test sequence is OCP, 1.15 (not shown), 1.45, 1.75 and 2.05 V, first in the dark and then under 

illumination (with one white LED). (b) Relative contributions of the different Ni oxidation states obtained from 

linear combination fitting of the XAS data. The test sequence is the same as mentioned as Figure 3a. 

Figure 3b presents the fitting results for the tested Ni L-edge spectra (see Figure S4 for an 

example of the fitted spectra). The as-prepared NiBi modified BiVO4 photoanode at OCP and 

under dark conditions contains ~90 % of Ni2+ and ~10 % of Ni4+. This corresponds to an average 

oxidation state of ~2.19, implying that the as-prepared NiBi modified BiVO4 photoanode is 

dominated by Ni2+. No effect of visible light illumination on the spectrum was observed at OCP 

(a) 

(b) 
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or at 1.15 V. This behavior differs from our previous observation on MnPi modified BiVO4 

photoanodes, 11 where even at OCP and under illumination conditions, Mn species in the MnPi 

film were found to be gradually oxidized by the photopotential or photobias. The photopotential 

is very recently found as big as 0.9 V.25,26 This means that NiBi or MnPi modified BiVO4 

photoanodes differ in their electronic structure, specifically in their charge transfer properties.  

When changing the potential from OCP to 1.15 V, and further to 1.45 V under dark 

conditions, it is found that the average oxidation state of Ni slightly decreases from 2.19 to 2.10. 

The observed oxidation state decrease can be due to a slow catalyst relaxation and/or beam 

damage. At 1.45 V and under illumination, an oxidation process of Ni occurs. In the Ni L3-edge 

spectra, for instance, a small shoulder at around 854.50 eV is intensified which is absent in the 

dark. This means that under a moderate band bending the photo-generated holes in BiVO4 are 

transferred and oxidize the NiBi film. Under illumination, the applied potential and the 

photopotential provided by the semiconductor make the water oxidation feasible. This is indeed 

supported by the evolution of the peak at 531.30 eV at the O K-edge which will be discussed 

later in the Section 3. The linear combination fitting results show that there are 92% Ni2+ and 

8% Ni4+ in the film. This corresponds to an average oxidation state of 2.17, which is nearly 

identical to the value of 2.19 obtained under OCP. At 1.75 V in the dark (during the 1st scan), 

the film is rapidly oxidized which is evidenced by the fast spectral changes from the 1st to the 

5th scan (see also Figure S5a for the time-dependent XA spectra). For example, the intensity of 

the peak at 852.0 eV gradually decreases while that at 854.45 eV simultaneously increases. 

Accordingly, the percentage of Ni in the film significantly varies. After the 1st scan, there are 

55% Ni2+, 2% Ni3+ and 43% Ni4+ species corresponding to an average oxidation state of 2.87 

while after the 2nd and 5th scans, the average oxidation states increase to 3.15 and 3.31, 

respectively. This prominent oxidation state change reflects a significant change in both the 

electronic and crystal structure of the NiBi film. When the light is switched on at this potential, 

the film is slightly further oxidized to an average oxidation state of 3.35. At such positive 
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potentials (far above OER), there is significant band bending in the BiVO4 and the 

photogenerated holes are efficiently transferred to the Ni sites where they oxidize NiBi. At 2.05 

V in the dark or under illumination, the film is continuously oxidized as seen from the 

decreasing peak intensity at 852.0 eV. The percentage of Ni4+ species in the film increases. 

When comparing the trace of the Ni L-edge spectrum at +2.05 V under illumination with that 

of subtracted NiPPI (see Figure S5b), the Ni L-edge spectrum in the electrodeposited 

NiBi/BiVO4 photoanode approaches that of NiPPI. But the peak intensity at 852.15 eV is still 

lower (see the dashed line), meaning that a portion of the Ni ions stays in the lower oxidation 

state. The average oxidation state is 3.36. A moderately high oxidation state of the NiBi catalyst 

film was previously proposed to lead to a higher OER activity. 16 Overall, our in situ soft XAS 

studies show that Ni in the electrodeposited amorphous NiBi film is readily oxidized to high 

oxidation states. Moreover, our studies offer the first direct observation of Ni4+ formation 

during solar water oxidation. 

2.2 In situ hard XAS at the Ni K-edge. The X-ray absorption near edge structure (XANES) 

transition metal K-edge spectra are dominated by transitions from core 1s → np final states (the 

dipolar transitions, the lowest unoccupied states). 17, 29 They give detailed information about the 

oxidation state as well as coordination geometries of the metal atoms. The extended X-ray 

absorption fine structure (EXAFS) spectra are dominated by the scattering of photoelectrons 

ejected from the absorbing atom by the photo-electric effect. They provide information on the 

local environment of the atom, for example, the number and type of ligands and their distances 

to the central atom. 17 For an amorphous metal oxide catalyst film where X-ray diffraction 

techniques are not suitable (since they depend on long-range order), the ability to probe the 

local structure of these films is a major advantage of XAS. 29 In this study, in situ hard XAS 

spectra recorded in fluorescence mode are performed (see Figure 4). Similar to the soft XAS 

measurements, the spectra of NiO, LiNiO2, and NiPPI powders are also collected (see the lower 

panel in Figure 4). It is found that there is nearly no shift of the Ni K-edge when changing the 
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potential from OCP to 1.45 V in the dark. At 1.75 V, the edge shift is around 4.2 eV. Further 

increasing the potential leads to a shift to higher energies. Under illumination, the edge shift is 

ca. 3.1 eV when switching the potential from 1.15 V to 1.45 V (see the top panel in Figure 4). 

Thus, upon moderate band bending the photo-generated holes in BiVO4 oxidize the NiBi film, 

which is consistent with the soft XAS results. 

Figure S6a shows an overview of the observed Ni K-edge shifts for different oxidation states 

and for different applied potentials, both in the dark and under illumination. From the 

calibration curve obtained by a modified integral method, 27 we estimate an energy shift of 

around 2.15 eV per unit change in the nickel oxidation state. The integrated edge position of 

the NiBi-modified BiVO4 film at the OCP and in the dark is slightly higher than that of NiO 

(8347.63 eV). The average oxidation state is around +2.04. Whereas after oxidation at 1.75 V 

in the dark, the edge shape of the film changes and the edge position shifts to 8350.42 eV, 

corresponding to a maximum edge shift of +2.79 eV. The average Ni oxidation state is 3.36, 

indicating that the fraction of Ni with higher oxidation state increases. At 2.05 V in the dark, 

the film is further oxidized and the average oxidation state is around 3.48. When light is 

switched on and the potential is increased, the integrated edge position shifts faster to higher 

energies than under dark conditions. At 2.05 V, the integrated edge position approaches to that 

of NiPPI. The obtained trend of the oxidation process is in good agreement with our soft XAS 

results. 

Figure S6b presents the Fourier transformed  EXAFS spectra of the NiBi modified BiVO4 

photoanode tested at OCP and at 2.05 V. In these spectra, the peak positions reflect the average 

bond distances between neighboring atom pairs while the amplitude of the peaks can be a rough 

indicator of the number ofneighboring  atoms. 29 It is found that the bond distance change for 

Ni-O and Ni-Ni under different potential and illumination is nonequivalent. This is attributed 

to the relaxation of the Jahn-Teller distortion. 15,16 This results in formation of nanoscale ordered 

NiO6 octahedra domains in the NiBi electrocatalyst. 15 Bediako et al. proposed that this relates 
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to the transformation from inactive NiBi with a β-NiOOH structure (Ni3+) to active NiBi 

containing a γ-NiOOH structure (Ni3.6+).16 The intensities of the peak correlating to a Ni-Ni 

distance of 2.05 Å are higher than the ones at the OCP in the dark, indicating a more extended 

long range order in the NiBi film.  
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Figure 4. In situ Ni K-edge spectra of a NiBi/BiVO4/FTO photoanode measured at different potentials and under 

illumination conditions. The test sequence for dark and light condition, respectively, is: OCP, 1.15 V, 1.45 V, 1.75 

V and 2.05 V. The reference oxide spectra are NiO, LiNiO2 and NiPPI. The spectra are baseline subtracted and 

intensity normalized at 8460 eV.  

3.  In Situ Soft XAS Analysis at the O K-edge.  

Investigations using in situ soft XAS at the O K-edge of NiBi modified BiVO4 can provide 

valuable information on the interaction as well as the degree of orbital hybridization between 

the transition metal 3d and the O 2p states. 15, 17, 28,31 O K-edge spectra of the BiVO4 

photoanodes under different potentials and illumination conditions are presented in Figure 5. 

Reference spectra of the O K-edge from liquid water, water vapor, O2 gas 32, NiO, LiNiO2, 

NiPPI, and V2O5 are also presented for comparison (see Figure S7a). After subtracting a 

baseline, all O K-edge spectra are normalized to the intensity at 548 eV. In the upper panel of 

Figure 5, the O K-edge spectra can be split into three distinct regions.33 The high energy region 

(> 538 eV) corresponds to the EXAFS region relating to the excitation of O 1s to O 2p, O 1s to 
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metal states (4sp for V and Ni or 6s6p mixed states for Bi34), and the O 1s  σ* transition in 

both liquid water and water vapor 15, 32 present in the X-ray path. The intermediate energy region 

(534 - 538 eV) is assigned to near edge transitions of the water molecule. 32 For example, the 

peaks at 534.23 and 534.69 eV relate to water vapor while the peak at 535.54 eV relates to the 

liquid water pre-edge. A zoom-in of the low energy region (527.5 - 534 eV) is presented in the 

lower panel of Figure 5. The features in this region have been previously assigned to the 

electronic transitions from the O1s shell to the hybridized states of O 2p with Ni 3d 2p orbitals.35 

Using Gaussian multi-peak fitting, several distinct contributions can be distinguished (see 

Figure S7b and Table S3-4). The peak at 529.17 eV appears at potentials from 1.45 V and 

above, i.e., at pre-catalytic potentials (under dark condition) before the O-O bond formation, 33 

for the NiBi modified BiVO4 film. This peak will be discussed in detail later. Similarly, the 

feature at 530.16 eV increases slightly at higher potentials and is assigned to transitions from 

the O1s to O 2p orbitals mixed with V 3d based on our V2O5 reference spectrum (see Figure 

S7a). The peak at 531.30 eV slightly increases in intensity and is commonly assigned to the O 

1s  O(π*) transition of O2 gas, 15, 32 implying the evolution of oxygen gas at these potentials 

and under illumination. It is found that at 2.05 V this peak intensity is increased 1.74 times 

compared to that at the OCP, implying O2 gas evolution at the electrode. The peak at 533.96 

eV is assigned to the orbital hybridization of O2p with Ni-OH. 15 
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Figure 5. In situ XAS O K-edge spectra of a NiBi/BiVO4/Au/Si3N4 photoanode tested under different conditions. 

The test sequence is OCP, 1.15 V, 1.45 V, 1.75 V and 2.05 V, first in the dark and then under illumination. The 

spectra are baseline-subtracted and then intensity-normalized at 548 eV.  

In the following the intensity changes of the peaks at 529.15 eV will be discussed, which is 

of high relevance for this study. The origin of the spectral changes under applied potential is 

proposed as below: we know that the O K-edge and Ni L-edge data reflects different electronic 

structure information. In the Ni L-edge spectrum, X-ray absorption is caused by the excitation 

of a Ni 2p electron to unfilled 3d orbitals which creates the characteristic absorption peaks. 17, 

28 The shift of Ni L-edge position is because of the changing number of unpaired 3d electrons. 

The O K-edge spectrum is sensitive to the metal atom coordination geometry and the 

unoccupied p-weighted density of states (pDOS) following the dipole selection rule. 34, 35,36 In 

NiBi, O 2p states hybridize with Ni 3d orbitals and thus the lowest energy fine structure is 

governed by the ligand-to-metal charge transfer excitations. The appearance of the peak at 

529.17 eV under high potential reflects the increase in oxidation state of Ni and corresponds to 

transition from O 1s orbitals to hybridized - O 2p-Ni 3dt2g orbitals (in an octahedral field). At 

high external potentials, electrons are removed from Ni ions via a structural transformation 

process (deprotonation) and Ni2+ is oxidized to Ni4+.16 Based on our XAS results, the as 
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prepared NiBi film contains 91 % Ni2+ and 9% Ni4+ species at the resting state, thus mostly 

contains a big portion of surface and defects Ni2+ sites. These sites are probably readily oxidized 

under external potential. Contrary to the pristine Ni2+(3d8) state (see Table S2), which lies above 

the O 2p orbitals, the newly evacuated Ni 3d states ( Ni3+ (3d7 ) and Ni4+ (3d6)) hybridize with 

the O 2p band and shift to a deeper binding energy below the O 2p orbitals.37 Consequently this 

pushes the O 2p level up to a higher energy, which thus gets closer to the Fermi level. The 

smaller binding energy required for partial transfer of O electrons to Ni 2p hole significantly 

facilitates a ligand-to-metal charge transfer (LMCT). The formation of a high valence Ni4+ site 

makes the bound O species electrophilic and transforms them into oxo or oxyl radical 

species.38,39 These oxo or oxyl groups are susceptible to nucleophilic attack by water molecules 

which then coordinate as terminal ligands to Ni4+, which is the most critical step before 

bimolecular oxygen gas release. The concentration of O 2p holes, whose presence manifests as 

the O K-edge pre-edge feature, can be an indicator of the active oxygen species formation. 33 

The formation of the Ni4+ ions allows to activate these oxygen ions. 38 An alternative mechanism 

correlates to the oxyl radicals which format the Ni4+ site and  which pair with a nearby Ni-

bridging oxo group.40 The Ni4+ mechanism proposed by us differs from the mechanism 

proposed in a previous study. 15 In that study, Yoshida et al. correlated the changes at 528.7 eV 

in the O K-edge spectra with the nanoscale ordered domain formationin the NiBi electrocatalyst.  

4. In Situ CV-XAS Test at Ni L-edge and O K-edge.  

    In order to dynamically monitor the changes shown in the Ni L- and O K-edges, the XA 

transmission signal from the NiBi-modified BiVO4 photoanode is monitored during CV cycling 

(see Figure 6). The incoming photon energy is fixed at either 529.15, 852.05 or 854.25 eV for 

the O K-edge or Ni L-edge feature because the absorption at these peaks is observed to vary 

when changing the external potential and illumination conditions. As mentioned above, the 

absorption at 529.15 eV relates to the hybridized O 2p-Ni 3dt2g orbitals and acts as an indicator 

of the formation of active oxygen species. The absorption at photon energies of 852.05 or 
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854.25 eV at Ni L3-edge reflects the oxidation or reduction of nickel in the NiBi film, 

respectively. During the CV cycling under dark and light conditions, the absorption at both 

energies of 529.17 eV and 854.25 eV (relating to Ni4+ species) follows a similar behavior (see 

Figure 6). Both absorption traces start to rise at potentials above 1.50 V, which is at pre-catalytic 

potentials under dark condition. 33 All traces, either under illumination or in the dark, steadily 

grow during the anodic scan but with a different rate while entering the OER region under the 

effect of photopotential. The relatively fast rise of the traces related to Ni4+ species (red and 

blue curves in Fig. 6) further supports that the formation of the Ni4+ ions allows to activate these 

oxygen ions. It can also imply that the formation of active O species is a relatively slow process. 

The traces continue to grow until the potential scan reaches back to the onset of the reduction 

wave (1.50 V). When decreasing the potential below 1.5 V, the intensities of the 854.25 and 

529.17 eV signals rapidly decay back to nearly the initial levels, albeit with different rates. It is 

found that the intensity at 854.25 eV (Ni4+) decays faster than that of O K-edge pre-edge feature. 

This further proves that the O K-edge and Ni L-edge reflect different electronic structure 

information of the film. For the intensity at 529.17 eV, the fast decay finishes at 0.94 V and 

0.84 V under dark and light conditions, respectively. There is a 100 mV delay, corresponding 

to 10 s testing time. For the absorption at 854.25 eV, the fast decay ends at 1.0 V and 0.96 V 

under dark and light conditions, respectively, corresponding to 40 mV delay or 4 s testing time. 

The reason for the slight delay of decay when the light is on is due to the oxidation effect of 

photo-induced holes. Toward the end of the CV scan, two signals nearly decay back to the 

initial levels. This means that Ni returns to its low oxidation state and implies a reversible redox 

nature of Ni4+/Ni2+. This is not visible in steady state XAS measurements and further illustrates 

the advantage of the CV-XAS technique.  

The absorption at 852.05 eV (Ni L-edge relating to Ni2+ species) nicely tracks the CV cycling 

behavior in the dark. On the anodic sweep from 0.55 V to 1.75 V, the trace increases slightly 

which means that reduction occurs, probably due to the catalyst relaxation or beam damage. At 
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potentials positive of 1.75 V (i.e., well within the OER region), the trace decays fast, even 

during the reverse scan, implying a fast oxidation process of Ni species. The trace decays slowly 

until a potential of 1.10 V. This so-called hysteresis phenomenon, meaning that the reduction 

is more difficult than the oxidation, was observed previously.15, 33 The trace starts to increase 

till the end of the scan corresponding to the recovery of Ni2+ species in the film.  
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   Figure 6. In situ CV-XAS results of a NiBi/BiVO4/Au/Si3N4 photoanode. The CV curve showed is measured 

under dark while the X-ray transmitted signals are tested under different photon energies and light conditions. 

5. The Mechanism 

    Based on the results described above, we propose the mechanism described in Figure 7 for 

water oxidation at NiBi in contact with a BiVO4 photoanode. The pre-catalytic state is defined 

as the potential being below 1.45 VRHE under dark condition. We knew that under light 

condition, the pre-catalytic state should be even lower due to the photopoential. Above this 

potential Ni2+ species are rapidly oxidized to Ni4+. In this study, we did not observe the stepwise 

Ni oxidation that we recently reported for the FeNiOx system. 33 The amount of Ni3+ is negligible 

in these NiBi films. A possible reason is that this state is too short-lived to observe with steady 

state XAS in this highly active co-catalyst. Our CV-XAS results further support the fast 

transition of Ni species. Maintaining a potential positive of 1.75 V results in charge 

redistribution from O 2p to Ni 3d as proposed previously.33 This will lower the average Ni 

oxidation state through formation of Ni+4-δ and a concomitant increase of the oxygen oxidation 
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state through the formation of O-2+δ. From the CV-XAS as well as the steady state O K-edge 

results, we propose that the formation of electron deficient oxygen sites is strongly correlated 

to the Ni oxidation step, resulting in a stable precursor state prior to the O-O bond formation.33  

The Ni+4-δ-O-2+δOH species are further oxidized to a Ni+4-δ-O-2+δO species which subsequently 

release water and O2 gas. After the OER, the dominant Ni4+ species are reduced to Ni2+ and the 

overall average oxidation state of film decreases.  In recent years, it is found that the intentional 

or unintentional incorporation of Fe into Ni-layer double hydroxide (LDH) structures 

dramatically enhances OER activity.25,41,42 The enhanced catalytic behavior has been attributed 

to the Lewis acidity of Fe (III), layered structures of LDHs, increased film conductivity, specific 

Fe incorporation sites at the edge and defects, and modulating the oxidizing capability of nickel 

and acting as the only active site.43 Since there is no purification process for the electrolyte used 

and the trace level of Fe impurity is not “visible” and reflected on the XA spectrum, we cannot 

exclude the possibility of a small amount of Fe incorporating and thus affect the OER pathway 

as well as the proposed mechanism.  

 

   Figure 7. Schematic showing the NiBi co-catalyst change observed in situ XAS measurements of the NiBi 

modified BiVO4.  

   CONCLUSION  

In summary, we demonstrate that electrodeposited NiBi enhances the PEC performance of a 

BiVO4 photoanode. In situ soft and hard X-ray absorption spectroscopies are employed to get 
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the electronic structure information. We show that the Ni in the electrodeposited amorphous 

NiBi film is in the 2+ state and is readily oxidized to higher oxidation states, even up to the 4+ 

state. This is the first time that the Ni4+ species are directly observed during light-driven water 

oxidation. We find that the oxidation of Ni is accompanied by an O K-edge pre-peak at 529.17 

eV. We further discuss the involvement of the active oxygen species related to the hybridized 

O 2p-Ni 3dt2g orbitals in the OER and further correlate the changes at the O K-edge with that 

of at the Ni L-edge. The formation of Ni4+ results in the formation of electron deficient oxygen 

sites. These sites act as electrophilic centers that lead to the formation of a stable precursor state 

prior to O-O bond formation. CV-XAS results support above argument and it is found that the 

hard XAS results are in good agreement with our soft XAS results.  
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