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X-ray spectroscopy reveals the presence 

of inter-band gap electronic states of eg 

symmetry in M:BiVO4 (M = Mo, W) PEC 

anodes.   
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Abstract 

Bismuth vanadate, BiVO4, is a promising material for use as an anode in photoelectrochemical 

water splitting. However, its conversion efficiency is limited by poor bulk charge transport, which 

is via small-polarons. We report here the use of a suite of x-ray spectroscopic probes to determine 

the electronic structure of 0.3-0.6 at.% M:BiVO4 (M = Mo or W). The results are interpreted in 

the context of current theories regarding the influence of doping on the existence of inter-band gap 

small-polaron states and their effect on the conversion efficiency of BiVO4. Preliminary x-ray 

absorption and emission measurements reveal that doping widens the band gap from 2.50 to 2.75 

eV, whereas the indirect nature of the band gap remains unaffected. X-ray absorption spectroscopy 

verified that the doping levels did not affect the distorted tetrahedral environment of V5+ in BiVO4. 

For BiVO4 and W:BiVO4, V L3 resonant inelastic x-ray scattering showed energy loss features 

related to charge transfer from low lying valence metal/oxygen states to unoccupied V eg 

conduction band states. A 3.8 eV energy loss feature, coupled with small polaron-like peaks 

measured in valence band resonant photoelectron spectroscopy of M:BiVO4, point to the 

population of inter-band gap V 3d states of eg symmetry. The data reveals the existence of a band 

gap state in the absence of an applied bias in M:BiVO4, linked to small-polaron formation. We 

tentatively assign it as a deep trap state, which suggests that the improved conversion efficiency 
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of M:BiVO4 relative to the undoped material is largely due to the increased carrier concentration 

in spite of increased carrier recombination rates. 

 

1. Introduction 

Harnessing solar power to generate hydrogen (H2) through photoelectrochemical (PEC) water 

splitting is a promising approach towards achieving future energy supply security.1,2 There is now 

a strong incentive to develop metal oxides as alternatives to non-oxide semiconductors (CdTe, 

CdSe, CdS, Cu(In,Ga)(Se,S)2, GaInP2) for use in PEC water splitting due to their commonly non-

toxic nature, stability against photocorrosion and reasonable cost.1,3,4  Bismuth vanadate (BiVO4) 

is a near ideal candidate in this respect owing to its appropriate band gap (~2.4 eV), well positioned 

valence band (VB) potential, stability in the presence of a co-catalyst and promising conversion 

efficiencies.2,5-11 A bottleneck for the further use of BiVO4 in PEC water splitting is its poor bulk 

conductivity, the result of electron localization (‘small-polaron’ formation).8,12,13   

In BiVO4 (a d0 transition metal (TM) oxide), small-polarons form when charge carriers are 

introduced by doping; small polarons are vulnerable to be trapped.8,14 Instead of flowing freely 

under an applied bias, the electron is forced to ‘hop’ slowly through the lattice (via V-sites) by 

thermal assistance, drastically reducing mobility.8,12 BiVO4 possesses the catalytically favourable 

monoclinic scheelite (ms) structure, composed of edge-sharing BiO8 (Bi3+) dodecahedra in contact 

with VO4 (V
5+) tetrahedra by an apex oxygen atom.6,9,10 Distortions of VO4 and BiO8 units by an 

electron lone pair (in Bi 6s/O 2p states at the VB maximum), along with poor wavefunction overlap 

of V-V neighbors in the c-direction, and a large dielectric constant, assist in electron localization.15-

17 Based on recent theory, this manifests in electrons occupying empty V 3dz
2

 states at the CB 

minimum, with weak delocalization to the adjacent oxygen atoms (filling antibonding V 3d-O 2p 

states) and a slight elongation of V-O bonds.18 The accompanying adverse electron localization 

diminishes the availability of charge carriers for surface photoreactions. Intriguingly, it is now well 

established that doping the BiVO4 lattice with molybdenum (Mo6+) or tungsten (W6+), at V5+ sites 

in the bulk, can strongly improve the PEC performance.11,19-23 In an effort to shed light on the 

effects of Mo and W doping on the bulk conductivity and PEC activity, Rettie et al., performed a 

series of comprehensive electronic transport measurements on 0.3-0.6% Mo/W:BiVO4 single 

crystals. Despite improvements in PEC activity, results verified that the main conduction 
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mechanism in Mo or W doped BiVO4 was still small-polaron hopping (SPH) and that the electron 

drift mobility remained low: ∼10-4 cm2 V-1 s-1 at 300 K.8,12 Rettie et al., also observed a 

conductivity anisotropy ratio, σab/σc, in the ab-plane relative to the c-plane of approximately 2.3. 

The discrepancy was structurally rationalized in terms of a next nearest-neighbour hopping path, 

only available in the ab plane.12 In agreement with the work of Abdi et al., the results suggest that 

the improved PEC performance seen in many studies is associated with increased charge carrier 

concentrations on account of Mo6+ or W6+ (electron donor) substitution at the V5+ site.7,12,21 Results 

also suggest that the bulk electronic conductivity remains a key obstacle in the PEC activity of 

BiVO4.
21 However, the formation and nature of deep trap states or small-polaron sites, thought to 

be responsible for the low conductivity, along with their effects on the conversion efficiency, are 

open to interpretation.  

Our current understanding of the structural aspects associated with electron small-polaron 

formation in M:BiVO4 (M = Mo or W) stems from transport data and theoretical calculations. This 

forms a foundation for interpreting the material’s electronic structure and electron localization 

from an x-ray spectroscopic perspective, as recently pointed out by Kweon et al.18 In this paper, 

we focused on detailed measurements of the electronic structure of BiVO4, 0.6 at.% Mo:BiVO4 

and 0.3 at.% W:BiVO4 single crystals using x-ray absorption spectroscopy (XAS), x-ray emission 

spectroscopy (XES), resonant inelastic x-ray scattering (RIXS) and x-ray photoelectron 

spectroscopy (XPS). Preliminary measurements were aimed at i) probing the fundamental 

electronic structure of pure and doped BiVO4 in an effort to standardise our results and to build on 

earlier spectroscopic studies, and ii) at evaluating the influence of Mo or W on the electronic band 

gap. Next, we focused on the identification of localized electron (small-polaron) sites, which have 

recently been theoretically predicted to result in the presence of inter-band gap spectroscopic 

fingerprints.18 The data is interpreted in the context of current theories aimed at linking the 

influence of Mo/W doping to the PEC performance of BiVO4.   

 

 

2. Experimental  

2.1 Materials  

High quality single crystals of BiVO4, 0.6 at.% Mo doped BiVO4 and 0.3 at.% W doped BiVO4 

were grown by a floating zone method in an optical image furnace at the University of Texas at 
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Austin.8  Details regarding the crystal growth and characterization along with the results of PEC 

performance and transport measurements have been comprehensively reported in our earlier 

publications.8,12 

 

2.2 Spectroscopic methods  

Single crystal boules were cleaved ex-situ to give rectangular plates which revealed mirror-like 

faces. Soft x-ray spectroscopy (XAS, above-threshold XES and RIXS) data was collected at 

beamline 8.0.1 of the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory 

(LBNL). XAS data were collected in the surface sensitive (~10 nm) total electron yield (TEY) 

mode by measuring the sample drain current, and in the bulk sensitive (~100 nm) total fluorescence 

yield (TFY) mode. The energy scales of XAS spectra at the V L- and O K-edges were calibrated 

with reference to the Ti L- and O K-edge XAS spectra of rutile TiO2. Spectral resolution was ~200 

meV at full width at half maximum (FWHM). Agreement between TEY and TFY spectra indicated 

that BiVO4 did not charge during measurements, and that the TEY signal was also illustrative of 

the bulk. O K-edge XES and V L3 edge RIXS data were calibrated with reference to the Lα1,2 and 

Lβ1 second order emission lines of a Zn metal, and using the elastic scattering peaks of V Lα 

emission spectra. The XES spectral resolution was 700 meV. For RIXS measurements at the V L3-

edge, the photon resolution was ~300 meV. Both XES and RIXS spectra were recorded in a 90° 

scattering geometry, i.e. the angle between the wavevectors of the incident and scattered x-rays. 

Thus, the incident x-rays were at 45° relative to the surface normal of the sample. This decreases 

contributions from the elastic feature in the spectra by reducing elastic scattering from the material 

for linearly polarized light in the scattering plane, as the Brewster angle is 45°.24 The analysis 

chamber pressure was below 5×10-9 Torr during measurements. XPS data were collected at 

beamline 11.0.2 of the ALS. The UHV chamber base pressure was below 5×10-9 Torr for 

measurements. VB spectra were collected with 275 eV photons and calibrated against the 4f peaks 

of a metallic gold foil in electrical contact with the sample.  

 

2.3 Data Analysis 

To remove undesirable high frequency noise components from the intensity signals of noisy 

spectra, a Finite Impulse Response (FIR) Low Pass (LP) filtering method was implemented.25,26 
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The FIR LP filter was designed by first modelling the intensity signal in the time domain where 

its duration was set to 1 second. The signal was then transformed to the frequency domain using 

the Fourier Transform and its spectral components were observed. This is shown in Supplementary 

Fig. 1 (a) for an example BiVO4 V L3 RIXS spectrum (hv = 515.2 eV).27 The FIR LP filter used 

was designed with start and stop cut-off frequencies of 80 and 100 Hz, respectively.25 The filter 

eliminates all frequency components above 100 Hz, while not modifying, that is, passing, all 

frequency components between 0 and 80 Hz. The 80-100 Hz frequency range is known as a 

transition band of a practical filter in which frequencies are progressively attenuated. An inherent 

feature of a practical FIR filter is that it reduces the number of signal samples during the filtering 

process.  The number of samples reduced by the filtering process increases as the transition band 

of an FIR filter is shortened. The non-filtered and filtered intensity signals are shown in the time 

domain in Supplementary Fig. 1 (b). High frequency noise components were successfully 

removed, leaving a smooth signal which accentuates desired low frequency characteristics. The 

designed filter was found to produce the most optimal results out of a number of other FIR LP 

filters with different cut-off frequencies. Filters based on wavelets offering other advantages over 

the FIR LP method are described in the Supplementary Information.26 

 

3. Results and Discussion 

 Figure 1 (a) shows V L3,2-edge XAS, TEY (black) and TFY (red), for a. BiVO4, b. 0.6% 

Mo:BiVO4 and c. 0.3% W:BiVO4. Spectra are dominated by two regions; L3 (excitation from 2p3/2 

core levels to unoccupied CB V 3d states) and L2 (excitation from 2p1/2 core levels to unoccupied 

CB V 3d states). The regions are separated by 6.65 eV due to the spin-orbit coupling of the 2p 

core-hole, in agreement with the work of Cooper et al.16 The L3 edge further splits into two main 

regions; the eg (516.3 eV) and t2g (518.5 eV) states, separated by 2.14 eV (which is related to the 

ligand field splitting parameter, 10Dq).28 Peaks ‘I’ and ‘III’, at 515.4 and 517.2 eV, respectively, 

are triplet states arising from atomic multiplet effects associated with the core-hole following 

transitions from occupied 2p3/2 states to unoccupied 3d states (eg and t2g) of V5+ (i.e. p-d orbital 

interactions).28 These features, having wavefunctions with strong ligand character, are mixed 

through spin-orbit interactions and Coulomb repulsion into the L3 edge. They provide information 

regarding charge transfer between oxygen ligands and d0 metal sites using V L3 RIXS (as will be 

discussed).28 The L2 edge has a similar shape to the L3 edge; however, as the lifetime broadening 
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at the L2 edge is shorter, the spectral features are not obvious. Collectively, the spectra provide 

evidence of a distorted tetrahedral environment of V5+ in the monoclinic scheelite structure of 

BiVO4. The d-states of the dopant distribute near the bottom of the VB (bonding M-O features) 

and CB (anti-bonding M-O features).29 However, spectral changes with doping are not evident 

owing to their low concentration in the lattice and similar atomic radii to V (giving only a slight 

elongation of the M-O bond).29 Furthermore, formation of a small-polaron at V 3dz
2 states is 

accompanied by partial electron delocalization to the surrounding oxygen atoms, resulting in a 

localised distortion due to V-O bond elongation.18 This is expected to produce a weak spectral 

feature at energies within the electronic band gap.18 However, the samples already have a strongly 

distorted local environment (due to the core-hole). Thus, the small-polaron (a state bound to a 

weak local distortion), and its spectroscopic fingerprint, will be strongly susceptible to core-hole 

effects. This makes it difficult to detect simply through XAS or non-resonant XES (Fig. 2 (a)). 

Spectroscopic evidence of small-polaron-like features is shown in later text. 

 

 

 

 

 

 

 

 

 

 

Figure 1 – (a) V L3,2 XAS in the TEY (black) and TFY (red) modes for a. BiVO4, b. 0.6% Mo:BiVO4 and c. 0.3% 

W:BiVO4. (b) - O K-edge XAS in the TEY (black) and TFY (red) modes for a. BiVO4, b. 0.6% Mo:BiVO4 and c. 

0.3% W:BiVO4. Spectra are vertically offset for clarity. 

 

 

Figure 1 (b) shows O K-edge XAS in TEY (black) and TFY (red) modes for a. BiVO4, b. 0.6% 

Mo:BiVO4 and c. 0.3% W:BiVO4. O K-edge XAS involves transitions from occupied 1s core 

levels to empty O 2p states, thus providing an insight into unoccupied metal states due to 
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hybridization with oxygen valence states.30 Characteristic peaks at 530.8 eV (labelled I) and 532.1 

eV (II) are indicative of O 2p-V 3d hybridization and in agreement with the tetrahedral crystal 

field split V eg and t2g states.31 The t2g feature is a contribution of two peaks (at 531.7 eV and 532.5 

eV) owing to the V 3d orbital non-degeneracy.16 A strong feature at 535.7 eV (III) (particularly 

obvious in the TFY spectra of each material) is related to Bi 6p states in the bulk.16 A feature at 

537.3 eV can be clearly resolved in the TFY spectra and is prominent in undoped BiVO4 and in 

Mo:BiVO4 but absent in W:BiVO4. Its origin will be addressed below, in the context of O K-edge 

resonant XES. Finally, a broad band extending beyond 538 eV indicates mixing of metal 4sp and 

O 2p electrons.31 As noted, oxygen states will hybridize with dopant d-states, however, due to low 

doping levels and strong core-hole effects, spectra do not reflect the presence of Mo and W in the 

systems. 

O K-edge XES (transitions from O 2p states to O 1s core level) was used to probe the materials 

occupied partial density of states (pDOS). Figure 2 (a) shows XES for 1. BiVO4, 2. 0.6% 

Mo:BiVO4 and 3. 0.3% W:BiVO4 collected at an incident photon energy of 560 eV (well above 

the absorption threshold). A broad feature from 520-530 eV is indicative of a VB dominated by O 

2p states, typical of TM oxides. The peak at 526.5 eV (I) signifies emission from O 2pπ states near 

the VB maximum and experiences a ~0.2 eV low energy shift after 0.6% Mo doping. A similar 

observation is seen with 0.3% W doping and suggests weak broadening of the bulk band gap 

energy with doping, verified below. Emission from hybridized O sp2/V 3d states near the VB 

centre is indicated by a feature at 524.7 eV (II).16 Spectral broadening near the bottom of the VB 

is due to emission from hybridized O sp2-Bi 6p states at 523 eV (III).16 A low energy feature at 

510.5 eV (IV) is associated with the V Lα1,2 emission line (transitions from V 3d to V 2p states). 

Similarly, a small peak at 518 eV (10 eV below the VB maximum) is likely related to V Lβ 

emission. This is based on the similar energetic separation (~6.65 eV) as the spin-orbit splitting of 

the V L3 and L2 absorption features in Fig. 1 (a). Previously, this feature was also proposed to be 

associated with Bi 6s states due to the suppression of the V Lβ emission by the more intense O Kα 

emission line (O 2p → O 1s).15,32  Due to the 3+ charge of Bi in BiO8, the 6s states have an electron 

lone pair which interacts with O 2p states. This results in an occupied antibonding state with 

minority 6s character at the VB maximum and majority 6s character at the minimum.13,15 Bi 6s-O 

2p coupling, and the resulting lone pair of electrons, distorts the VO4 and BiO8 units. This weakens 

the antibonding destabilization.15 The distortion may also result in the poor wavefunction overlap 
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of V sites in the c-direction, possibly aiding in electron localization (this is further addressed in 

the text below).16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 – (a) O K XES spectra for 1. BiVO4, 2. 0.6% Mo:BiVO4 and 3. 0.3% W:BiVO4 collected with an incident 

photon energy of 560 eV. (b) BiVO4 O K-edge RXES. (c) 0.6% Mo:BiVO4 O K-edge RXES. (d) 0.3% W:BiVO4 O 

K-edge RXES. 
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RXES data for (b) BiVO4, (c) Mo:BiVO4 and (d) W:BiVO4 excited at select energies along the O 

K-edge absorption edge. All spectra show emission at; i) 526.5 eV (from O 2pπ states); ii) 524.7 

eV (from O sp2/V 3d states); iii) 523 eV from O sp2/Bi 6p hybridized states, iv) 510 eV due to 

emission from V Lα states and; v) weak Bi 6s/O 2p states at 518 eV. Resonance with the eg peak 
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(530.7 eV) results in quasi-elastic scattering (at the same energy) which is quenched by 

fluorescence signals at higher resonance energies. At resonance energies near the onset of the O 

K-edge absorption (i.e. where electrons are promoted to unoccupied valence states near the CB 

minimum) emission from O sp2/V 3d states is enhanced. At higher energies, emission features 

from O 2p states predominate. Resonance at 537.3 eV (with a feature in the bulk sensitive TFY 

plots of BiVO4 and 0.6% Mo:BiVO4) gives a distinct enhancement of the V Lα emission feature at 

510 eV. This is coupled with an enhancement V Lα feature at 518 eV and overall a broadening of 

the VB. Thus, we associate this feature with emission from hybridized V-O sp2 states. 

We next consider the effects of doping on the size of the BiVO4 bulk band gap. Figure 3 

compares O K-edge XAS TFY (red) with non-resonant O K-edge XES (black) for BiVO4, 0.6% 

Mo:BiVO4 and 0.3% W:BiVO4. Corresponding first derivative plots are shown in the right panels 

of Fig. 3. XES data were collected at hv = 550 eV, which is sufficiently high above the absorption 

threshold to extract data regarding the high energy VB onset. At higher energies, closer to the 

ionization potential, other processes contribute (i.e. double excitations, ionization, etc.) and 

overestimate the energetic onset. With respect to XAS, the O K-edge is ‘less complex’ than the V 

L-edge due to core-hole screening from band edge electronic states of the metal. Screening also 

lowers core-hole effects (perturbations to the system which shift spectra to lower energies), 

resulting in a more direct picture of the energetic onset at the conduction band. At the O K-edge, 

the core-hole shift is equal for all crystals studied here (~1 eV).33 Thus, any evolutions with doping 

are robust irrespective of the shift. On this basis, the bulk band gap energy can be determined from 

the separation between the first derivative minima and maxima of the XES and XAS spectra, 

respectively. In undoped BiVO4, the band gap is determined to be 2.50 ± 0.1 eV (corresponding 

to transitions from occupied O 2p states at the VB maximum to unoccupied V 3d states at the CB 

minimum).17 This is in agreement with recent values found by x-ray spectroscopy.34 A band gap 

of 2.75 ± 0.1 eV was found for 0.6% Mo:BiVO4. The 0.25 eV broadening with Mo doping is 

consistent with a generalized gradient approximation (GGA) predicting an increase in the band 

gap energy from 2.08 eV to 2.14 eV after 1.04% Mo doping.29 We note that this method 

underestimates the band gap energy relative to experimental measurements.29 The band gap energy 

is roughly the same with 0.3% W doping. These experimental values are slightly larger than the 

2.40 eV energies found for the crystals using diffuse reflectance UV−vis spectroscopy and incident 

photon conversion efficiency (IPCE) spectra.8 The broadening of the gap is also consistent with 
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an increase in the PEC activity of doped BiVO4, due to improved transport properties.22 However, 

this increase in PEC activity is also likely related to changes in the ratio of the effective mass 

between an electron-hole pair with doping. In pure BiVO4, the effective mass of charge carriers is 

thought to be light and equal, which can lead to rapid recombination rates.15,29 Doping has been 

predicted to induce significant variation in the effective masses between electron-hole pairs, 

particularly along different directions in reciprocal space, which facilitates charge separation and 

aids in PEC performance.29 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 – Left Panels; O K-edge XES (black) and O K-edge XAS TFY (red) for BiVO4, 0.6% Mo:BiVO4 and 0.3% 

W:BiVO4. The XES spectra were taken at hv = 550 eV. Right Panels; First derivative plots for the plots at left.   
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Resonant inelastic x-ray scattering, RIXS, can also be used to probe the electronic transitions 

(direct or indirect) between high and low energy points of the VB and CB, respectively. The direct 

or indirect nature of the band gap has a strong effect on H2 production and has been an aspect of 

debate in BiVO4.
13,29,34,35 Briefly, the VB maximum and the CB minimum are distinguished by 

particular wavevectors in k-space.36 In an indirect band gap (Fig.  4 (a)), e--h+ angular momenta 

differ, thus radiative recombination rates are low due to the violation of conservation of 

momentum.35 Non-radiative recombination occurs at grain boundaries or point defects.37 In a 

direct band gap, angular momenta are equal and recombination is more dynamic (shown by time 

resolved microwave conductivity on anatase and rutile TiO2).
38,39 In this process, electron 

excitation to the CB manifests in an intermediate state with a core-hole. Decay of a valence 

electron to the core-hole conserves momentum between the initial and final states, thus emission 

occurs from valence states at the same point along the E-k dispersion as for absorption.34,40 The 

use of RIXS as a probe of vertical transitions in E-k space was elegantly shown by Cooper et al., 

on BiVO4 thin films spin coated on silica substrates.34    
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Figure 4 – (a) The indirect (left) and direct (right) electronic band gaps. (b)-(d) Plots of O K-edge XES spectra 

collected at three energies near the onset of the O K-edge XAS. The high energy shift of VB onset with increasing 

photon energy verifies that the band gap of the material is indirect and unaffected by Mo or W doping. 

 

 

Figure 4 also shows O K-edge RIXS for (b) BiVO4, (c) 0.6% Mo:BiVO4 and (d) 0.3% W:BiVO4 

collected at 530.8 eV, 532.6 eV, 534.4 eV (in the vicinity of the O K-edge absorption threshold). 

The crystals show a shift in the VB maximum with increasing excitation energy (i.e. as electrons 

are promoted to higher energies beyond the onset of the CB). Spectra signified by black lines were 

collected with incident photon energies of ~530.8 eV (just above the onset of absorption). Here, a 

core electron moves near the CB minimum. The coherent part of the emission comes from valence 

states at the same momentum (vertical transition in the dispersion relation). With increasing 

energy, we move away from the CB minimum and see that the spectra shift to higher energies. 

Thus, emission occurs from states closer to the VB maximum, which happens to be at a different 

k-point relative to the CB minimum. The data suggests that BiVO4 has an indirect gap (lower in 

energy than the direct gap) which is unaffected by doping. The observation of an indirect gap in 

BiVO4 is consistent with recent experiments and with theory predicting separations of 2.08-2.17 
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eV between the VB maxima and CB (found at different k-points along the L-M line).17,29,34,41 As 

stated earlier, the GGA method predicting a marginal increase in the band gap energy with doping, 

also predicted no effect on the indirect gap with doping.29 The use of RIXS as a probe of the band 

gap nature should also be approached with some caution. For instance, Walsh et al. found that 

BiVO4 has a direct band gap between the A points of the Brillouin zone corresponding to an energy 

of 2.21 eV.13 They showed that the A point of the valence band has a strong Bi 6s component, and 

only very weak V 3d character. The O K-edge RIXS (Fig. 4) shows an indirect gap. Here, the 

excited states (CB) are predominantly V 3d states. Thus, it may be that fluorescence from the Bi 

6s at the very top of the band, near the A point, is suppressed in our measurements, in favour of 

fluorescence from the deeper states that mix with vanadium. In that case, it would look indirect to 

the RIXS measurements performed here, but would formally be a direct band gap. 

As RIXS probes excitations related to valence states near the Fermi level, it also provides 

insight into low energy crystal field excitations and charge transfer events between ligand-metal 

and metal-metal sites.42 In particular, RIXS is a sensitive probe of local perturbations in the system 

on account of Mo6+ or W6+ doping at V5+ sites. Figure 5 (a) displays the V L3-edge RIXS spectra 

for BiVO4, collected at incident photon energies of a. 516.4 eV (on the V L3 eg peak), b. 516.2 eV, 

c. 515.9 eV, d. 515.3 eV and e. 515.2 eV. These energies correspond to excitation along the V L3 

eg onset (as shown at the inset of plot (a)). Figure 5 (b) shows the spectra on an energy loss scale 

(i.e. referenced to the incident photon energy). BiVO4 is a d0 compound, therefore, the strong signal 

to noise ratio in the RIXS spectra was anticipated.43 Accordingly, we used the Finite Impulse 

Response (FIR) Low Pass (LP) filtering method, described in the data analysis section, in an 

attempt to filter the intensity signal by removing noise components.25-27 The raw non-filtered 

signals are shown in red and the FIR LP filtered signals are shown in black. 
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Figure 5 – (a) V L3-edge RIXS spectra for BiVO4. The spectra have been vertically offset for clarity. The excitation 

energy for each spectrum is indicated on the plot. (b) The V L3-edge RIXS spectra for BiVO4 on an energy loss (charge 

transfer) scale. In all plots, the raw, non-filtered, signals are shown in red and the FIR LP filtered signals are shown 

in black. 

 

 

In V L3-edge RIXS (as with other transition metals), three typically different processes are likely 

to occur, i) fluorescence from occupied VB states, ii) charge transfer excitations between 

hybridized metal-oxygen states and metal-metal sites, iii) crystal field excitations (transitions 

within the metal d-manifold).24 Resonance on the eg peak (516.4 eV) results in a spectrum 

dominated by fluorescence at ~511 eV (emission from hybridized O sp2/V3d states) and by elastic 

scattering of incident radiation. As the incident photon energy is tuned further toward the onset of 

absorption, the RIXS cross section becomes more Raman-like and less fluorescence-like. This 

accounts for the apparent shift in the fluorescence feature from 511 eV, in spectrum ‘a’, to lower 

energies, in spectra d-f, and also explains the change in shape of the main emission feature. 

Likewise, resonance near the multiplet state (spectra d-f) enhances signals related to charge 

transfer processes.  Accordingly, the peak broadening between 510-508 eV (-6 eV through -8 eV 
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on the energy loss scale) results from charge transfer excitations from O 2p-V 3d sites: O 2p6 V 

3dn → O 2p5 V 3dn+1 (a direct RIXS transition).43 Based on spectral broadening, and on recent 

theory, the charge transfer most likely corresponds to transitions from low lying V-O states to low 

lying empty V eg states.18 Below 4 eV from the elastic peak, spectra are dominated by scattering 

features; dd excitations in the metal d-manifold. In particular, an inelastic scattering at ~1.0 eV (I) 

(energy loss) results from transitions within the crystal field (i.e. inter-orbital V 3d eg → eg 

transitions), in agreement with recent studies.16 We also address, in the following text, the 

development of a weak shoulder feature at 3.6-3.7 eV on the energy loss scale.  

Figure 6 (a) shows V L3-edge RIXS spectra for 0.3% W:BiVO4, excited at a. 516.4 eV, b. 515.9 

eV, c. 515.2 eV and d. 514.9 eV (shown at the inset). Figure 6 (b) shows the spectra on an energy 

loss scale. As for BiVO4, resonating on the eg peak results in the characteristic fluorescence signal 

at 511 eV related to emission from O sp2/V 3d. Resonance at lower energies results in strong 

broadening of the main fluorescence feature below 510 eV (-6 eV to -8 eV energy loss) due to O 

2p6 V 3dn → V 3dn+1 O 2p5 charge transfer processes. Broadening is slightly more prominent in 

comparison to that in pure BiVO4. As mentioned earlier, the spectra of BiVO4 and W:BiVO4 both 

show a small shoulder peak at ~3.8 eV energy loss when resonating at lower energies. In both 

materials, the lower CB is predominantly V 3d/O 2p in character. Crystal field splitting and 

compression in the z-direction leaves the V 3dz
2 states near the CB minimum.18 As stated in earlier 

text, DFT/Hartree-Fock theory (which accounts for exchange-correlation potentials and many-

body electron interactions) predicts that excess electrons occupy the V 3dz
2 states, delocalizing to 

V 3d-O 2p states of the surrounding oxygen ligands and elongating V-O bonds.18 Polaron 

formation was expected to result in a very weak spectral feature near the conduction band 

minimum. Based on the theory, transitions from low lying V-O valence states to the polaron band 

should result in an energy loss feature at ~4.8 eV. On this basis, we speculate that the development 

of feature at ~3.8 eV energy loss is possibly related to charge transfer from the lowest lying V-O 

states to polaron states within the band gap. However, precise energies may vary based on 

theoretical and empirical accuracy. This, and the V 3dz
2 nature of the states, is examined in further 

detail below. 
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Figure 6 – (a) V L3-edge RIXS spectra for 0.3% W:BiVO4. The spectra have been vertically offset for clarity. The 

excitation energy for each spectrum is indicated on the plot. (b) The V L3-edge RIXS spectra for 0.3% W:BiVO4 on 

an energy loss (charge transfer) scale. The raw, non-filtered, signals are shown in red and the FIR LP filtered signals 

are shown in black.  

 

 

Apart from V L3 RIXS, empirical signatures of polaron states are likely to be seen by XPS as 

local perturbations from the core-hole are minimized. Figure 7 (a) shows valence band XPS data 

for BiVO4, 0.6% Mo:BiVO4 and 0.3% W:BiVO4. The spectra show characteristic contributions 

from Bi 6s states (10 eV), Bi 6p and V 3d states (8 and 6 eV, respectively) and O 2p states (6 eV 

below the VB maximum to its onset).15 A peak appears above the maximum in the doped samples 

(~1.8 eV in binding energy, marked by *). A similar feature was seen by Feng et al., in CeO2 upon 

reduction of Ce4+ to Ce3+ and was assigned to localized electrons (‘small polarons’) occupying a 

narrow Ce 4f electronic state in the band gap.44  
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Figure 7 – (a) Valence band XPS spectra for a. BiVO4, b. 0.6% Mo:BiVO4 and c. 0.3% W:BiVO4 collected using an 

incident photon energy of 275 eV. (b) 0.3% W:BiVO4 resonant valence band spectra collected at incident photon 

energies of 510 eV, 516 eV and 518 eV. 

 

 

To further probe the origin of this feature, we show resonant VB XPS data for 0.3% W:BiVO4 

at excitation energies of 510 eV, 516 eV and 518.5 eV (Fig. 7 (b)). These energies correspond to 

resonance with the V L3 XAS feature at 516 eV (i.e. resonance with the eg states), the L3 feature at 

518.5 eV (resonance with the t2g states) and off resonance at 510 eV, as shown in the inset of Fig. 

7 (b). A distinct increase in the intensity of the feature occurs following resonance at 516 eV (i.e. 

on the eg peak). The intensity decreases with resonance at 518.5 eV (on the t2g peak). The 

observations correlate with theory suggesting that the addition of an electron to BiVO4 creates 

localized states within the band gap which are V 3dz
2 in nature.18 Accordingly, the peak seen here 

may signify population of low lying V 3d states. As this feature occupies the lower half of the band 

gap, it may also signify the presence of deeply trapped states formed when BiVO4 is W doped, as 

described by Abdi et al.21 Such an observation would also be consistent with the rapid electron-

hole pair recombination rates observed in W:BiVO4.
21 Despite having a negative effect on 

recombination rates, Abdi et al. found that the increased carrier density induced by W doping 

improves the overall photoresponse.21 This verified that the bulk electronic conductivity is one of 

the primary setbacks in the PEC performance of BiVO4. For instance, in our earlier study, we could 

not detect a measurable photocurrent from undoped BiVO4 electrodes due to the materials 

inherently low bulk conductivity. Thus, PEC testing was done with the Mo and W doped samples 

which showed photocurrents of ∼0.4 mA cm-2 at 1.2 V versus RHE.8 Qualitatively, this 

observation of improved PEC water splitting performance from the n-type single crystals is in 
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agreement with studies performed using n-type polycrystalline films of Mo/W:BiVO4.
2 IPCE 

spectra were consistent with those of polycrystalline anodes which showed tails extending to 520 

nm.8 However, a direct comparison with polycrystalline anodes is difficult due to the different 

Mo/W loading percentages and the fact that PEC tests were completed on the exposed (001) faces, 

whereas polycrystalline anodes have various crystallographic orientations. In this respect, 

interpretation of PEC activity in single crystals is also not complicated by effects such as grain 

boundaries and general microstructure. Thus, single crystals can be considered near model systems 

for relating transport properties to PEC activity, as reported earlier.8,12 It is also interesting that the 

1.8 eV VB feature (Fig. 7 (a)) does not scale with the doping percentages, but is most prominent 

in the 0.3% W doped crystal. This is consistent with our transport measurements, where the Mo 

and W doped crystals showed the same conductivity despite different doping concentrations.8 The 

result could indicate that W is a more effective dopant, at least in terms of increasing the carrier 

concentration. Furthermore, it is surprising that the spectral weight of the feature in Fig. 7 (a) is of 

relatively high intensity, particularly as the maximum doping is 1 at. % (i.e., expected 1% V4+). In 

contrast to RIXS, XPS is highly surface sensitive. Thus, VB spectra may also reflect the presence 

of native V4+ surface sites due to self-doping from oxygen off-stoichiometry initiated by crystal 

growth. The oxidation state of the doped single crystals was checked by V 2p core level XPS 

(Supplementary Fig. 4). V 2p3/2 and 2p1/2 spin orbit split (SOS) peaks at 516.9 and 524.0 eV (SOS 

= 7.1 eV) in a 2:1 peak ratio, typical for the V5+ oxidation state. Weak shoulder peaks at 515.5 eV 

signified the expected, but weak, presence of V4+. Thus, self-doping effects are minimal or absent 

and the VB signal indicating V4+ is likely associated with small-polaron and electron trap states 

within the band gap. 

We can again consider the effects of doping on the increased PEC activity of BiVO4.
7 Our 

previous study verified that electron mobility in M:BiVO4 is low, but consistent with small-polaron 

conduction, ∼10-4 cm2 V-1 s−1, between 250-400 K.8 Furthermore, a conductivity anisotropy ratio 

of ~2.3 was found between the ab-plane and c-plane.12 Poor electron mobility was attributed to 

structural disorder. Specifically, the anisotropy was rationalized in terms of additional ‘Next-

Nearest-Neighbor’ (NNN) transfers in the ab plane relative to only nearest neighbor hopping along 

the c-axis.8,12 The electronic motion was also associated with narrow electronic energy bands near 

the bottom of the conduction band. In this respect, direct spectroscopic observation of small-

polaron-related states in M:BiVO4 may also lend support to recent theory and transport 
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measurements regarding the effects of doping on the conductivity.18 Specifically, increased charge 

carrier concentrations induced by doping may result in a higher probability of polaron 

wavefunction overlap with positive effects on carrier transport. This assists in the migration of 

photo-generated charge within the BiVO4 bulk, making more charge carriers available for transport 

to the underlying conducting glass from where they are channeled to the cathode for H2 production. 

However, doping levels for such effects may have to be considerably higher than seen here. 

 

Conclusion 

This study used XAS, XES, RIXS and XPS to probe the electronic structure of M:BiVO4 (M = 

Mo or W), a promising material for use as an anode in PEC water splitting. The data was 

interpreted in the context of current theories regarding the influence of Mo/W doping on the 

existence of inter-band gap small-polaron states and their possible effects on the PEC performance 

of BiVO4. Initially we confirmed that 0.3-0.6 at.% Mo and W doping did not affect the indirect 

nature of the electronic band gap and the catalytically active monoclinic scheelite structure of 

BiVO4. Ensuing M:BiVO4 V L3 RIXS showed excitations from hybridized metal/oxygen states to 

empty V 3d states, and crystal field excitations within the V 3d-manifold.  Furthermore, V L3 RIXS 

of pure and W:BiVO4 also showed the first likely sign related to the population of inter-band gap 

small-polaron states. A small-polaron-like peak was evident in the valence band XPS spectra of 

M:BiVO4 and intensified when the incident photon energy was resonant with the V L3 eg 

absorption edge. This further pointed to the presence of electrons localized in V 3dz
2 states of 

M:BiVO4, in agreement with recent theory. The possible association of this feature with a deep 

trap state suggests that the improved PEC efficiency of M:BiVO4 relative to undoped BiVO4 is 

largely due to an increase in charge carrier concentration despite higher charge carrier 

recombination rates. We hope that this study on the electronic structure of M:BiVO4 will guide 

further spectroscopic studies related to the nature of detrimental electron localization, therefore 

pointing to ways of maximizing the materials STH efficiency. 
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