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ABSTRACT:

We have structurally, chemically and electronically characterized the most stable (010) surface of
a Mo-doped BiVO, single crystal. Low energy electron diffraction (LEED) reveals that the
surface is not significantly reconstructed from a bulk termination of the crystal. Synchrotron
based X-ray spectroscopies indicate no surface enhancement of any of the crystal constituents
and that the Mo dopant occupies tetrahedral sites by substituting for V at the surface. Using
resonant photoemission to study the valence band structure as the V L; edge is scanned we
observe an intra-band gap state associated with reduced vanadium formed by the Mo doping.
This state is likely associated with small polaron formation at the surface. This feature is
enhanced at a photon energy that is not resonant with any of the main features in the absorption
spectrum of the pristine BiVO,. This indicates that the additional electron from Mo doping likely
induces further distortion of the VO, tetrahedral units and generates a new conduction band state
either by splitting of the \V dz? states or by hybridization of V d,, and V dz’ states. We measure a
work function of 5.15 eV for the BiVO4(010) surface. Measurement of the work function allows
us to recast the electronic energy levels onto the normal hydrogen electrode scale for comparison
to the standard reduction and oxidation potentials of water. This detailed study should provide a
basis for future work aimed at a molecular level understanding of BiVOy/electrolyte interfaces
used for photoelectrochemical water splitting.



Introduction

One of the greatest obstacles to the widespread adoption of solar energy is its intermittency.
Producing chemical fuels using sunlight (i.e., solar fuels) is a potential way to store solar energy
and mitigate this intermittency.™ # * * Despite increasing interest in the direct conversion of solar
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light into liquid fuels by photoelectrochemically reducing carbon dioxide,
to date has primarily focused on photoelectrochemical water splitting to produce hydrogen (H,O
+ sunlight — H, + O,). The generated hydrogen can be used as a primary energy source (e.g., in
hydrogen fuel cells) or for the production of synthetic fuels via Fischer-Tropsch
synthesis.® & 10 11 1213 14 The gyccessful implementation of solar hydrogen into the energy
landscape would further spread the usage of solar energy technologies and could potentially
secure a large fraction of the world’s future energy needs.

Water oxidation is currently viewed as the major limitation to efficient solar water splitting.
As a result, material research efforts focus mainly on photoanodes for the oxygen evolution
reaction (OER). The material requirements for solar water splitting photoanodes are quite
demanding. First, the valence band maximum (VBM) of the semiconductor must be lower than
the oxygen evolution potential (+1.23 V vs. normal hydrogen electrode, NHE, at pH 0) to allow
holes to transfer to the electrolyte and oxidize water. Secondly, the semiconducting material
should have a band-gap between 1.5 and 2.5 eV to harvest a significant fraction of the solar
spectrum, and develop enough photovoltage to sustain water splitting (1.5-1.8 V).* Finally, the
material must be stable for years under illumination in aqueous electrolyte solution, over a broad
temperature range. Due to their strong potential for satisfying these criteria, multinary
semiconducting metal oxides are currently being investigated as water splitting photoanode
materials. ™

Bismuth vanadate (BiVO,), a ternary metal oxide, is currently viewed as among the most

promising of multinary semiconducting metal oxides for solar water splitting.* 1% & 7. 18- 19

BiVO, is an n-type semiconductor with an indirect band-gap of 2.4 - 2.5 eV, 2% 21 %

implying that
approximately 11 % of the solar spectrum can be harvested. Recent reports of about 8% solar to
hydrogen (STH) conversion efficiency in a hybrid photovoltaic/photoelectrochemical device
under AM 1.5 illumination places it among the most successful oxide photoanodes to date.? %
BiVO,, however, suffers from high charge carrier recombination rates and limited charge
mobility due to polaron formation. Since water splitting is ultimately an interfacial chemical

process, the performance of BiVO, photoanodes may be further limited by the analogous surface



processes; charge recombination at surface states and surface polaron formation through charge
coupling to surface phonons.?> 2% 2" 2 29 \jetal doping, in particular W and Mo doping, has been
widely used to increase charge carrier conductivity and to reduce the band-gap of BiVO,.* *> %
Theoretical studies have investigated the effects of doping on the bulk® and surface electronic
properties of the monoclinic scheelite phase of BiVO,.3" 3 3 These studies have shown that the
(010) surface is the lowest energy surface and the natural cleavage plane.** ** When doping with
Mo, Ding et al. suggested that the Mo dopants selectively occupy Bi sites at the (010) surface,
whereas it occupies V sites in the bulk of the material.*® Further, the Mo dopant was calculated to
be more stable at the surface than in the bulk which may lead to enhanced Mo concentrations at
the surface. Luo et al. found that Mo doping led to Mo located at V sites throughout the
material.** Interestingly, W and Mo doping of BiVO, leads to the formation of intra-band gap
states. These states have been attributed to the localization of the excess electron in V 3d valence
orbitals (most likely of e symmetry) which formally changes the oxidation state of V from V°* to
V** and leads to the formation of localized small polaron states.?* > ** Small polaron states may
be responsible for the higher charge recombination rates observed for doped BiVO, compared to
undoped BiVO,. Recently, Jovic et al. verified the existence of intra-band gap states induced by
Mo and W doping using resonant photoemission spectroscopy (ResPES) and inelastic X-ray
scattering (RIXS) on single crystalline metal doped BiVO, in ultra-high vacuum (UHV)
conditions.? *

In this paper, we structurally, chemically and electronically characterize the most stable (010)
surface of BiVO, single crystals. The power of single crystal surface studies stems from their
atomically well-defined nature. Due to the rarity of BiVOy single crystals, experiments on well-
defined BiVO, surfaces are limited and the current study should provide a basis for future work
aimed at a molecular-level understanding of BiVVOs/aqueous electrolyte interfaces used for solar
water splitting. Our crystals are doped with ~1% Mo to increase their conductivity and facilitate
surface sensitive experiments that use charged particles (electrons and/or ions). We demonstrate
that a clean, carbon free and well-structured surface can be prepared via a simple vacuum
annealing and re-oxidation procedure. Low energy electron diffraction (LEED) measurements
show that the clean (010) facet exhibits an unreconstructed 1x1 surface. Quantitative X-ray
photoelectron spectroscopy (XPS) analysis reveals the expected surface chemical composition for
the nominally 1 at.% Mo doped BiVO,. Using a combination of surface sensitive X-ray
photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS), we show that V is



predominantly present as V°* in a distorted tetrahedral coordination site, and that the Mo dopant
is present as Mo®" in a tetrahedral geometry. This implies that Mo substitutes for V in the BiVO,
surface. ResPES performed at the V Lz edge in UHV conditions shows the existence of a
localized state 0.91 eV above the valence band maximum (VBM). This state is attributed to the
reduction of V°* to V** by the Mo®" ionized dopants and the formation of small polaron states
which cause re-hybridization of conduction band states. Lastly, work function measurements
allow us to put our measured energy levels on the NHE scale for direct comparison to the

standard water oxidation and reduction potentials.

Experimental

Crystal Growth

The starting oxides Bi,O3, V05 and MoO; were of a minimum 99.99% purity. To prepare the starting
melt, the powders were dried, mixed in the stoichiometric ratio, sintered and finally isostatically pressed
following standard procedures. The crystals were grown by the conventional Czochralski technique with
RF-induction heating and automatic diameter control. Because of the low melting temperature of BiVO,
(1213 K), platinum crucibles were used as the melt container. This means that the crystals could be grown
in air. To adjust the required temperature gradients, an active afterheater was installed above the crucible.
The crucible dimensions were 40mm in diameter and height; the afterheater was of the same diameter and
70 mm in height. Thermal insulation was provided by an outer alumina ceramic tube filled with alumina
granules. The seed crystal was obtained from spontaneously crystallized material. The pulling rate was 1.0
mm h™ and the rotation rate was 10 rpm. After growth, the crystal was cooled down to room temperature
over 20 h. The resulting crystal was of 77 mm in length and 18 mm in diameter.

Surface Preparation

Approximately 5 mm x 5 mm x 5 mm Mo-doped (nominally 1 at.%) BiVO, samples were cut from the
bulk crystal. The sample was first cleaved on the bench top parallel to the (010) plane. The sample was
then thoroughly rinsed with high purity ethanol (Aldrich, > 99.99%) and Milli Q water (p=18.2 MQ - cm),
blown dry with N,(g) and introduced into the vacuum chamber. Once introduced into the chamber, the
sample was heated to 300° C for 60 min in UHV (~ 10 Torr) and then cooled down to room temperature.
The sample was then heated to 300° C in 1.0 Torr of O,(g) and then cooled down again to room
temperature. The optimal heating duration in O,(g) was determined by in situ monitoring and
minimization of the C 1s signal. X-ray photoelectron spectroscopy (XPS) revealed that this procedure
produces a clean, well-ordered surface with no indication of Mo surface segregation. The absence of
surface carbon contamination was verified by the lack of a signal in the C 1s core level spectrum upon
returning to room temperature and UHV conditions (Figure S1). Low energy electron diffraction (LEED)
patterns were acquired after each preparation cycle, to control the surface orientation and structure.

Soft X-ray photoelectron, resonant photoelectron and absorption spectroscopies
The experiments were conducted at two end-stations located at two different synchrotrons.

Beamline 11.0.2 at the Advanced Light Source



The end-station of beamline 11.0.2 at the Advanced Light Source (Lawrence Berkeley National
Laboratory, Berkeley, U.S.A.) was used for XPS, resonant photoemission spectroscopy (ResPES) and
partial electron yield near edge X-ray absorption (PEY-NEXAFS) measurements. The source for the
beamline is an elliptically-polarized undulator delivering photons from 90 eV up to ~1600 eV.* The
pressure in the experimental chamber was kept under ultra-high vacuum conditions (UHV, pressure ~107
Torr). The experimental endstation is equipped with a Near Ambient Pressure Phoibos 150 electron
analyzer (SPECS).

XPS, ResPES and PEY-NEXAFS measurements were carried out in the dark and at room temperature
with the electron energy analyzer placed at the magic angle (54.7°) between the X-ray polarization vector
and the photoelectron momentum vector. The photoelectrons had a take-off angle of 47° from the surface
normal.* The X-ray polarization was horizontal for all measurements.

The XPS data (valence band (VB) and Au 4f, Bi 4f, Mo 3d, C 1s, VV 2p and O 1s core levels) were
acquired using a photoelectron kinetic energy (KE) of 200 eV, a step size of 0.05 eV and a pass energy of
20 eV. We used 10 x 50 um® (dispersive x non-dispersive) slit widths for all measurements. Under these
conditions, the total resolution (beamline and electron analyzer) was better than 100 meV at 735 eV at
room temperature as measured by the Au 4f;, full-width at half-maximum (FWHM). At KE=200 eV the
photoelectron inelastic mean free path () in BiVO,, determined with the “simulation of electron spectra
for surface analysis” software (SESSA),* was equal to ~8 A. The nominal photon energies used to yield
photoelectron KEs of about 200 eV were 365 eV for Bi 4f, 440 eV for Mo 3d, 490 eV for C 1s, 715 eV for
V 2p, and 735 eV for O 1s. The corresponding photoionization cross sections (within the dipole
approximation®) were 4.6 Mbarn for Bi 4f, 3.0 Mbarn for Mo 3d, 0.28 Mbarn for C 1s, 0.92 Mbarn for VV
2p, and 0.25 Mbarn for O 1s.

The PEY-NEXAFS data (V L,3and O K edges) were acquired using a photoelectron KE of 425 eV
(1.~ 13 A). The analyzer pass energy was set to 100 eV, giving an energy window of +10 eV around the
KE setpoint. The photon energy step was set to 0.1 eV, and the integration time was 1.0 s. The beamline
resolution was better than 0.1 eV.

The ResPES measurements across the V L, ; were conducted by acquiring VB spectra as the V L; edge
was scanned. The photon energy was scanned in steps of 0.1 eV. The VB spectra were acquired with a
photoelectron KE step of 0.05 eV and an integration time of 0.3 s.

BACH beamline at the Elettra synchrotron

The BACH beamline (Beamline for Advanced diCHroism) is served by two APPLE-II elliptical
undulators that are used alternatively in order to optimize the flux with respect to the selected photon
energy. The beamline delivers photons with energy in the range of 35-1650 eV.* The end-station is
equipped with a Scienta R3000 spectrometer. All experiments were conducted in UHV at pressures < 5 x
10™ mbar.

NEXAFS measurements performed at the BACH beamline used the total electron yield (TEY)
detection mode. TEY-NEXAFS was performed in UHV (pressure ~10™° Torr), in the dark and at room
temperature with horizontally linearly polarized light under grazing incidence (‘out of plane®) conditions.
The take-off angle was set to 20° from the surface normal. The PE step was set to 0.1 eV, and the
integration time set to 1.0 s. At room temperature the spectral resolution was less than 0.1 eV.

The work function (¢) measurements were carried out at a nominal photon energy of 47 eV (horizontal
polarization) and normal emission. The angle between the Poynting vector of the radiation and the
electron analyzer was equal to 60°. The pass energy was set to 5 eV and the overall spectral resolution
(beamline and electron analyzer) was better than 0.02 eV at room temperature.



Spectra Calibration

The binding energy (BE) scale for the core level and VB spectra was calibrated using the Au 4f
photoelectron peak from a clean gold polycrystalline surface as a reference (4f;, BE = 84.0 eV). This is
valid as long as there is no band bending or charging of the sample. Figure S2 shows normalized and
calibrated Bi 4f core level spectra acquired at different photon energies: 360 eV, 520 eV and 735 eV. Each
spectrum has a different information depth, photoionization cross section and photon flux. Since no
binding energy shifts or differences in peak broadening are observed we can exclude the presence of band
bending on the clean surface. Sample charging is typically a function of the photon flux and the photon
energy dependent photoionization cross-section. The flux at a photon energy of 520 eV was about 1.3-
times higher than that at 360 eV, whereas the flux at a photon energy of 735 eV was about 10% of that at
360 eV. The absence of any detectable change in the Bi 4f core level spectra with changes in the photon
energy indicates that the sample does not significantly charge during photoemission measurements.
Lastly, LEED patterns were readily obtained from the sample further indicating that the sample does not
appreciably charge.

For the ResPES data the initial photon energy (PE) was calibrated by acquiring the Bi 4f spectrum of
the Mo(1 at.%):BiVO, sample with the first and the second order light of the chosen photon energy; the
photon energy was assumed to be equal to the difference in kinetic energy of the Bi 4f;;, peak for the
spectra acquired with first and second order light. The final photon energy was calibrated by acquiring a
Bi 4f spectrum at the final photon energy (1% order only) and assuming the kinetic energy difference
between the initial and final Bi 4f spectra taken with 1* order light was equal to the difference in photon
energy. Binding energies of the VB spectra were calibrated by periodically taking Bi 4f spectra at specific
photon energies and using its calibrated BE as a reference value.

The photon energies for the NEXAFS measurements were calibrated using the known XAS resonance
positions of O, gas.

Data Analysis

Quantitative PES was performed using the normalized integrated peak areas of each core level. The
normalized areas were obtained by dividing the raw integrated core level peak area by the corresponding
photoionization cross section (reported above for each core level) and photon flux. The photon flux was
measured using a Si photodiode (Opto Diode, AXUV100G, 10 mm %10 mm x 55 um).

All fits reported in this work have been carried out using symmetrical pseudo-Voigt functions (G/L
ratio ranging from 85/15 to 75/25) after Shirley background subtraction. During the fitting procedure, the
Shirley background was optimized together with the spectral components, increasing the precision and
reliability of the fitting procedure. *> ** ** The VB was de-convoluted by subtracting the background and
fitting with symmetrical Voigt functions (G/L ratio ranging from 85/15 to 95/5). The Tougaard
background was chosen for the VB analysis.*®



Results and Discussion
Surface structure of Mo(1 at. %):BiV0,4(010)

Monoclinic scheelite BiVO,, (ms-BiVO,) is composed of VMO, tetrahedra and Bi!""Og
dodecahedra, as shown in Figure la. Each Bi"""Os dodecahedron unit edge shares with a
neighboring unit. The V)0, tetrahedra are not in contact with each other but corner share with
the Bi'""Og dodecahedra. Literature values for the standard unit cell parameters (C/2c space
group setting® *¥) are a = 7.247 A, b = 11.697 A, ¢ = 5.090 A, and p = 134.226°, which were
determined experimentally on single crystals via neutron and X-ray diffraction®® and theoretically
using density functional theory (DFT) calculations.® The crystallographic directions and surface
indexes used in Figure la, and throughout the text, are defined within the conventional C/2c

space group setting,*® according to Zhao et al. *°

(010) surface

Figure 1. Structure of monoclinic scheelite BiVO, crystal and (010) surface. Figure a shows the crystal structure
composed of VO, and BiOg coordination units, together with the predicted cleavage plane (CP) orthogonal to the
[010] crystallographic direction (within the conventional C/2c space group setting).* Figure b shows the low energy
electron diffraction (LEED) pattern displaying the 1x1 square pattern and the corresponding distances on the (010)
surface.

Previous theoretical calculations suggest that the preferential cleavage plane for ms-BiVO, is
orthogonal to the [010] crystallographic direction (b axis) (see Figure 1a) and located at ¥ b.** %

Cleavage along this plane involves the rupture of Bi-O bonds (4 Bi-O bonds per unit cell) and
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leads to a surface composed of fully 4-fold coordinated V atoms, 6-fold coordinated Bi atoms and
2-fold coordinated O atoms. The preferential breaking of Bi-O bonds is a result of the Bi-O
bonds in the BiOg dodecahedra being much weaker than the V-O bonds in the rigid VO,
tetrahedra.*® The resulting (010) surface has the lowest surface energy (y) among the BiVO,
crystal facets.®* % 4" Moreover, the BiVO,4(010) surface possesses high charge carrier mobility

and photocatalytic activity for water oxidation.3* *®

The BiVO4(010) surface has a square unit cell with sides 5.11 A in length, as recently reported
by Zhao et al. (Figure 1a).*” We have characterized the BiVO,(010) surface using low energy
electron diffraction (LEED) after the cleaning procedure described in the experimental section.
Our results show that the clean crystal surface exhibits a 1x1 square LEED pattern, consistent
with the (010) orientation of the surface (Figure 1b). To determine the surface lattice constant,
we have used a LEED pattern from the BiVO, surface obtained at 100 eV primary electron
kinetic energy (Ep) and calibrated it using the LEED pattern from the 1x1 unreconstructed
hexagonal lattice of a Pt(111) single crystal also taken with E, = 100 eV primary kinetic energy
(see Figure S3 and related discussion). We determined a surface lattice constant, of 5.56 + 0.42
A. This suggests that the cleaved (010) surface is not significantly reconstructed within the

surface plane.*’

Chemical composition determined using synchrotron-based XPS

Quantitative X-ray photoelectron spectroscopy (XPS) was used to analyze the relative
concentrations and oxidation states of Bi, V, O, and Mo at the pristine Mo(1 at.%):BiV0,4(010)
surface. The measurements were performed at room temperature and in ultra-high vacuum
(UHV), with pressures of ~10° Torr. The core level spectra shown in Figure 2 were acquired
with different nominal photon energies, to provide the same photoelectron kinetic energy (200
eV) and the same information depth for each core level. At a photoelectron KE of 200 eV, the
inelastic mean free path (k) in BiVO, is equal to 8.3 A (see the experimental section for further
details).*” The information depth d can be defined as the depth from which 95% of the emitted
electrons are inelastically scattered (i.e. 3)¢). At KE ~ 200 eV, and taking into account our take-
off angle 0 of 47°, d =3), - cos® = 17.0 A and is ~ 1.5 b. We therefore probe approximately the 6
topmost layers of Mo(1 at.%):BiVO,4(010) with our measurements. Using the normalized area of
the core level spectra shown in Figure 2 (see Experimental section) we determined the following

relative surface stoichiometry: Moo 02:Bi1.09V1.0004.04. The nominal relative stoichiometry for a 1



at.% Mo doped BiVO, is Moges:Bi1ooV1.000400. (Note that we define atomic percent as
(at.%); = N;/X;N;.) Given that the concentration of Mo is near the detection limit of our
measurements, we estimate that our measured stoichiometry is consistent with that expected for 1
at.% Mo in BiVO,, or with the possibility that the Mo dopant concentration is slightly lower at
the BiVO,4(010) surface compared to the bulk. Our results do not indicate any surface

enhancement of the Mo dopant.®*

The binding energies (BE) of the Bi 4f;, (159.3 eV, Figure 2a) and O 1s core levels (530.0
eV, Figure 2b) are consistent with the Bi** and O® binding energies previously observed in
stoichiometric BiVVO, films, single crystals and vanadate-based semiconducting oxides.**" >
In Figure 2c the V 2p spectrum is shown. The 2ps;, peak is centered at a BE of 516.9 eV. This
value is in line with the VV°* oxidation state, as expected for the stoichiometric material.** >* >
The inset in Figure 2c shows the V L3M;3M, s Auger transition. It is centered at a kinetic energy
of 466.4 eV. The corresponding Auger parameter (AP), defined as AP = BEy 2psi2 + KEv Lvwm, IS
equal to 983.3 eV. Since the AP value is mainly determined by the electronic polarizability of the
oxygen ligands around the central metal ion,*” the AP can be used as a measure of both the
oxidation state of V and the symmetry around the central vanadium ion. For example, the AP is
equal to ~984.0 eV and ~983.5 eV for vanadium in V,0s (octahedral) and in CeVVO, (tetrahedral),
respectively.® In both cases vanadium is in the +5 oxidation state but the symmetry around the
central V ion differs. Our AP value of 983.3 eV is close to the value for the tetrahedral VO,*
moiety in CeVO,, and is consistent with the expected tetrahedral geometry of the VO,*
coordination shell in BiVO,. Figure 2d shows the Mo 3d spectrum. The BE of the Mo 3ds/, peak
is 232.4 eV. The BE of the Mo 3ds/; peak can be used to determine the oxidation state of the Mo
dopant in BiVO,. Roxlo et al.>® and Choi et al.>* reported a Mo 3ds, BE for Mo** of 228.2 eV
and 228.7 eV, respectively. In contrast to this, the Mo 3ds;, BE for Mo®" (4d° configuration) is
usually observed within a range of 232.2 - 232.6 eV.>* > Our measured Mo 3ds, BE is therefore

consistent with the Mo dopant being in the +6 oxidation state.
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Figure 2. X-ray photoelectron spectroscopy (XPS) spectra of Mo(1 at.%):BiV0,(010). a: Bi 4f (hv = 365 eV); b: O
1s (hv =735 eV); ¢c: V 2p (hv = 715 eV); d: Mo 3d (hv = 440 eV). The insets in Figure a and ¢ show a magnification
of the Bi 4f;, core level and the V Auger LM, 3My s transition (taken at a photon energy of 515 eV), respectively.

Local geometry determined using Near Edge X-ray Absorption

To gain further information about the local bonding in the Mo-doped BiVO, single crystals,
we performed near edge X-ray absorption fine structure (NEXAFS) measurements using total
electron yield (TEY) detection at the V Ls,, O K and Mo M3 edges (Figure 3). These involve the
following electronic transitions: V 2pz;.12 — V 3d, O 1s — O 2p, and Mo 3ps;; — Mo 4d, for the
V Ls», O K and Mo M3 edges, respectively. Using the median photon energy of each scan (530
eV for the V L3, — O K edges and 398 eV for the Mo M3 edge) as the average electron kinetic
energy, we estimate inelastic mean free paths (A) of 13.3 A and 10.9 A for the V L3, — O K and
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Mo M edge spectra, respectively.®” Since the take-off angle was 20° from the surface normal, the
information depth (3X. - cos6) is approximately 37.4 A (~ 3.2 b) and 28.9 A (~ 2.5 b) for the V
Ls, — O K and Mo M; edge spectra, respectively. This implies that the TEY-NEXAFS
measurements are slightly less surface sensitive than the corresponding XPS data reported above.
The V L3, — O K edges for Mo(1 at. %):BiVO4(010) and for V,Os powder are shown in Figure
3a. In both samples, vanadium is present as V°* but the coordination geometry with the oxygen
ligands is different: it is tetrahedral for Mo(1 at.%):BiVO,(010) and octahedral for V,0s. This is
reflected in the different shapes of the V L edges for the two samples which is due to the
inversion of the d orbital splitting when passing from a tetrahedral to octahedral crystal field (e-t,
Vs. trg-€q, respectively). The spectral broadening of the L, edge is larger than the L3 edge due to
Coster-Kronig effects, rendering the Ls edge more informative for discussing crystal field
splitting values.>®

The crystal field splitting (CFS) determined for V,0s (Ao) is 2.9 eV, whereas for Mo(1 at.
%):BiVO4(010) (A7) it is 2.2 eV (see Figure 3a). In the ionic approximation, the relationship
between the Ao and At CFS values for a metal cation of a given oxidation state in an O* ligand
field is At = 4/9 Ao.>" Considering the CFS value determined for V,0s, a CFS of about 1.3 eV
would be expected for Mo(1 at.%):BiVO4(010) if V ions experienced a pure undistorted
tetrahedral field. The difference between the expected and measured values implies significant
structural distortion which increases the energy splitting between the e and t, levels and partially
removes their degeneracy. This will be further discussed in the next section.

Due to hybridization between metal states and O 2p states the O K-edge NEXAFS spectrum
can provide insight into unoccupied metal states.®® The features centered at 529.1 eV (c*) and
530.6 eV (x*) are from hybridization between the O 2p and V 3d states.”® The prominent peak at
534.1 eV is related to O 2p and Bi 6p hybridized states.?’ Finally, a broad feature centered at
537.5 eV indicates mixing of metal 4 sp and O 2p electrons, and O-related Rydberg states appear
at higher photon energy.*®

Figure 3b shows the Mo M3 edge NEXAFS spectrum. The position of the M3 edge (~ 396.5
eV) and splitting into the e (395.6 eV) and t, (397.1) states confirm that Mo is present as Mo®" in
a tetrahedral crystal field, as previously reported for Mo-doped BiVO,* and similar to that
observed for Na,M00,.*° We compared our measured values to those obtained using the
multiplet approach in the CTM4XAS program.®! Calculations were performed at a temperature of
295 K and using Slater integrals reduced to 30% of their calculated atomic values, similar to
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George et al. for the (MoO,4)* coordination unit.®® The resulting final states (with no charge
transfer) were convoluted with pseudo-Voigt functions, with 0.5 eV Lorentzian®® and a 0.3 eV
Gaussian broadening to account for the 3ps;. core-hole lifetime and experimental energy
resolution, respectively. The spin orbit (SO) coupling reduction parameters for the core and
valence electrons were adjusted to 1.32% and 0.62%, respectively to energetically align the
simulated spectra and the experimental data. The crystal field parameter (10 Dq) was set to the
experimentally determined value of 1.5 eV. The simulation of the Mo®" in an undistorted
tetrahedron (point group Tq4, Figure 3b) yields good agreement with the experimental data. Note
that the satellite feature centered at 399.3 eV, has been attributed to ligand-to-metal charge
transfer® and is not included in the simulation. We also compared our experimental data to a set
of spectral calculations that used the same parameters as above, but instead inserted Mo*" in an
octahedral crystal field (point group Oy) as would be expected if the Mo dopant substituted for
Bi.®® For the sake of completeness, the 10 Dq parameter was varied from 1.5 eV to 3.0 eV.
Figure 3b shows the resulting calculated spectra with 10 Dq steps of 0.5 eV. Neither the
lineshape nor the spectral positions of the experimental data are captured by the simulations with
the Mo in an octahedral field.

Combining the Mo M3 edge NEXAFS and Mo 3d XPS results indicates that the Mo dopant is
predominantly located in V tetrahedral sites at the surface with a (MoO,)™ coordination shell and
an oxidation state of +6. This is in apparent contrast with the DFT predictions reported by Ding et
al., which show that Mo-doping introduces Mo®" cations in Bi*" sites in the outermost layer,
whereas Mo®" substitutes \V°* sites in the bulk.*®* On the other hand, similar results have recently
been reported by Jovic et al.”* *> As we will discuss in the next section, the local coordination of
Mo has a significant influence on the electronic properties of the Mo(1 at.%):BiVO,(010)

surface.
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Figure 3. TEY-NEXAFS spectra; a: V Lz, — O K edges (V 2psp12 — V 3d, O 1s — O 2p) for Mo(1
at.%):BiV0,(010) (bottom) and V,0s powder as a reference for V°* in an octahedral crystal field (top); b:
Experimental Mo M3 edge (Mo 3pg; — Mo 4d) spectrum for Mo(1 at.%):BiVO4(010) (top) and calculated Mo M3
edges (bottom) for different oxidation states (+3, +6) and crystal field geometry (T4, Oy), in order to simulate Mo
substitution for V or Bi in the BiVO,4(010) surface. Note that no contributions from ligand to metal charge transfer
were included in the simulations.

Electronic structure of the Mo(1 at.%):BiVO4(010) surface

Previous DFT calculations predict that the V** generated by the Mo®* dopant should produce a
state above the valence band maximum (VBM).* As shown by Zhao et al.*® and Liu et al.,*> O 2p
levels dominate the VB density of states near the VBM. This makes identifying the different
elemental and orbital contributions to the VB difficult. Resonant photoelectron spectroscopy
(ResPES), however, can be used to de-convolute the VB into its various elemental and orbital
contributions.®® ® % ® \We have used V L; ResPES to understand in more detail the V
contributions to the valence electronic structure. Figure 4a shows a ResPES VB map of Mo(1
at.%):BiV0,4(010) generated by acquiring VB spectra while scanning the photon energy across
the V L3 edge (Figure 4b). Two selected VB spectra are shown in Figure 4c which were taken in
off- (photon energy = 514.0 eV) and on-resonance conditions (photon energy = 517.4 eV).
Figure 4d shows a magnification of the VB spectrum around the VBM for off- and on-
resonance conditions. The VBM is equal to 2.3 eV as determined from the off-resonance
spectrum using the intercept method of Kraut et al.®® Following the procedure developed by

69
.,

Okabayashi et a we subtracted the off-resonance spectrum from the on-resonance one,

thereby obtaining the V 3d contribution to the VB. Our findings are in agreement with the V 3d
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pDOS obtained from DFT calculations which show that the middle of the VB is mainly
composed of V 3d and O 2p hybridized orbitals.?® 3 32

To gain further insight into the electronic structure of the (010) surface, the VB spectra were
fitted with pseudo-Voigt functions as done by Cooper et al.*® The components were then assigned
to the specific molecular orbitals (MO) based on the work of Zhao et al. (see Figure 5).% First
we consider the off resonant VB spectrum in Figure 4c. The composition of the top of the VB in
BiVO, has been explained in detail by Payne and coworkers™ by the revised lone pair (RLP)
model. The RLP model also helps to explain the origin of structural distortions in BiVO,. In this
model significant mixing between the Bi 6s lone pair states and O 2p states gives rise to an
occupied antibonding state at the top of the VB (O 2p, Bi 6s:, BE = 2.3 eV). This antibonding
state has minority 6s character (majority Bi 6s contribution is located at the bottom of the VB).
The lone pair of electrons and Bi 6s and O 2p mixing causes structural distortion of both the BiOg
dodecahedra and the VO, tetrahedra. This structural distortion helps to reduce antibonding
destabilization. Below the VBM weak hybridization between the vanadium e and t; branches and
the O p, and O p, orbitals gives rise to the formation of the 7 state centered at a BE = 4.1 eV (V-
O =) which energetically overlaps with the Bi o contribution. Strong hybridization between the
vanadium e and t, branches with the O p, states leads to the formation of the ¢ band, observable
as the intense feature in the middle of the VB at a BE = 5.8 eV (V-O o) in Figure 4a.** * The Bi
7 state (Bi 6p self-hybridized orbitals weakly mixed with O 2p states) combined with the Bi o (Bi
6s weakly mixed with O 2p states) and the V-O o states contribute to the lower edge of the VB
(Figure 4c, BE = 7.6 eV). Lastly, Bi 6s and O 2s orbitals form a weakly hybridized state, Bi-O

30

o,” which energetically overlaps with a weakly hybridized V e and O 2s state (V-O o) at a BE =
12.2 eV (Figure 4c).*°
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Figure 4. ResPES valence band map of Mo(1 at.%):BiVVO4(010) as the photon energy was scanned over the V Lj
edge, Figure a. Figure b shows the V L3 PEY-NEXAFS spectrum together with the profile of the resonance observed
above the valence band maximum (VBM). Figure ¢ shows two selected VB spectra taken under off- and on-
resonance conditions (photon energy equal to 514.0 eV and 517.4 eV, respectively). The O KLL Auger transitions
shown as dotted lines are due to the direct O Auger emission, as the photon energy approaches the O KLL KE. The
difference spectrum was obtained by subtracting the O KLL Auger contributions and the non-resonant VB spectrum
from the on-resonance one. Figure d shows a magnification of the VBM for off- and on-resonance conditions.

Before discussing the enhancement of the VB features under resonant conditions, we first
discuss the V L3 edge PEY-NEXAFS spectrum (Figure 4b) in terms of the BiVO, MO diagram
shown in Figure 5. In the NEXAFS spectrum three major peaks labelled as V e, V-O n*, and V-
O o* are observed. In addition, there is a peak, labeled ex, at low photon energies and a peak at
high photon energies, labeled Bi o*. The conduction band minimum (CBm), was identified using
the first derivative of the NEXAFS spectrum and is at a photon energy of 515.9 eV (note that
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DFT calculations have shown that the CBm is mainly composed of V 3d states, therefore the V
Ls edge NEXAFS spectrum should provide an accurate position of the CBm® 3 32 3%) Tg aid
discussion, a fit of the NEXAFS spectrum is included in Figure 4b. The lowest photon energy
state, ex, at a photon energy of approximately 515.1 eV and 0.8 eV below the CBm, is likely
associated with a core hole exciton. Such a state is generated by the Coulombic interaction of the
electron photoexcited from the V 2ps), core level and the core hole left by that electron.”* Another
possibility is excitation of an electron into a localized, small polaronic state at VV** sites generated
by doping with Mo.** DFT calculations locate this state at 0.3 eV below the CBm.*? Significant
energy shifts from the calculated value for this state might be expected due to stabilization of this
state by the core hole generated during the absorption process. The next highest energy state, the
e state, is centered at a photon energy of 516.1 eV, or about 0.2 eV above the CBm. This state
corresponds to the crystal field split VV 3d,2 and 3d,2_,2 orbitals that are mostly unhybridized.*
The next highest energy feature is located at a photon energy of about 517.0 eV and is about 1.1
eV above the CBm. This state is a @ anti-bonding state (n*) formed by hybridization of the V e
states and O 2px states.®® In this spectral region contributions from the V d,, state may also be
expected due to mixing with the V d,z orbital caused by distortion of the VO, tetrahedra in the
ms-BiVO, structure.*® The o* spectral feature is the most dominant peak in the spectrum and is
centered at approximately 518.4 eV, or 2.5 eV above the CBm. It is generated by the higher
energy CFS branch, t;, composed of the V 3dyy, 3dy,, and 3d,x orbitals, mixing with O 2p,
states.30 The Bi antibonding 6p o* state is located at about 3.5 eV above the CBm, and a photon
energy of 519.4 eV. The Bi 6p o* antibonding contribution to the upper CB, although probed via
the V Ls edge resonance, is due to mixing of anisotropic Bi 6p states with O 2p states. The
anisotropy is caused by significant distortion of the BiOg dodecahedra units. Mixing of V t; states

with O p orbitals, (Figure 5) leads to these state being visible in the V L; edge spectrum.?® 2% %

16



1 02s

FIS CFS AL CFs EIS

Figure 5. Molecular orbital (MO) diagram for monoclinic scheelite BiVO,.*® The solid and dashed lines represent
large and small contributions of the crystal field split orbitals to the final interaction states, respectively. AL: atomic
level; CFS: crystal field splitting; FIS: final interaction state.

The most evident features in the ResPES valence band map are the enhancement of the V-O o
states at BEs of 5.8 eV, 7.6 eV and 12.2 eV (Figure 4a). Enhancement of these states occurs at
photon energies associated with the peaks of the major transitions in the V L3 edge spectrum, hv
=516.1 eV, 517.0 eV and 518.4 eV. As expected the enhancement of the V-O o valence states is
most pronounced when in resonance with the V-O o* state at 518.4 eV. The valence and
conduction band states associated with these features have all been attributed to the molecular
orbitals formed in pristine, undoped BiVO, (see above and Ref. 30). Interestingly, the ResPES
map shows a feature above the valence band maximum at a BE of 1.4 eV (0.9 eV above the
VBM, Figure 4d). The maximum intensity of this feature occurs at a photon energy of 517.4 eV
(Figure 4b) and is not associated with any of the major peaks in the V L3 NEXAFS spectrum. A
similar spectral feature was observed by Smith et al. when performing ResPES along the shallow
3p — 3d transition on both Ti,O3 and V,03 and attributed to resonance occurring with highly
localized metal d-states.”® ® Jovic et al. recently observed a similar feature above VBM in a
ResPES study of W and Mo doped single crystalline BiVO,.?* ** These authors attributed this

feature to highly localized V** states of e symmetry as a result of Mo or W doping and stated that
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it is consistent with DFT calculations showing small polaron localization in V 3dz® states.*
Therefore, we also attribute the above VBM feature in the ResPES map of Figure 4a to a highly
localized VV** state induced by Mo doping, likely associated with small polaron formation.

In the study of Jovic et al., VB spectra were acquired at photon energies in resonance with
specific features in the V L 3 edge. The highest intensity of the above VBM feature was observed
when the photon energy was tuned in proximity of the V 3d e band.?* However, the increased
density of VB sampling as a function of photon energy in our study allows us to observe that the
maximum intensity of the above VBM feature is at a photon energy of 517.4 eV. This energy is
not in resonance with any of the major features observed in the V L3 NEXAFS spectrum (Figure
4b). (Note that Jovic et al. observe above-VBM states in both W and Mo doped single crystalline
BiVO, in off resonance conditions (hv = 275 ¢V) as well. These states may be due to a partially
reduced surface leading to V** (see Figure S4). The V** produced via surface reduction is quite
likely chemically distinct from the V** produced via Mo or W doping. The V** produced via
doping remains coordinated with four oxygen atoms while that produced via surface reduction
does not. This may lead to different resonance enhancement energies for the above VBM state for
V** produced via doping compared to VV** produced via surface reduction.) As stated above, the
major features of the V L3 NEXAFS spectrum have been attributed to CB states of pristine
BiVO, with V in the +5 oxidation state. However, the addition of the electron through Mo
doping, and subsequent small polaron formation, may cause changes in hybridization and lead to
states that are distinct from the valence and conduction states of undoped BiVO,. The energetic
position of the resonance enhancement allows us to speculate what this state might be. The
energetic position of the resonance enhancement is at the high energy side of the V-O n* band.
DFT calculations have shown that this region contains states that are formed after the addition of
an electron which becomes trapped at a VV°* site to form V** and a small polaron.®* This is the
region where the maximum of V 3d,= hybridized states occur and it is also the region where
mixing of V 3d, and V 3d, orbitals is expected.”® V 3d,, and V 3d,2 orbital mixing is due to
distortion of the VO, tetrahedra.?® This suggests that V 3d,2 states, possibly mixed with V 3d
states, are responsible for the above VBM resonance enhancement. The addition of the electron
and small polaron formation through Mo doping induces further distortion of the VO, units. That
this occurs is supported by DFT calculations that have shown V-O bond elongation upon small
polaron formation.®* This further distortion causes changes in the hybridization of the V 3d,,2

with O 2p states and/or mixing of V 3d, and V 3d,z orbitals which leads to the splitting of the
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V-0 n* state to form a state at 517.4 ¢V. Furthermore, this state must be highly localized (i.e., on
the same V** atom as the V 2p core hole) and therefore likely associated with a small polaron
formed upon Mo-doping.®* Regardless of the precise nature of the CB state associated with the
resonance enhancement of the above VBM feature, this work provides further experimental
evidence for the formation of an intra-band gap small polaron state, through the self-localization

of the excess electron provided by Mo doping.?® 2% %

Connection to photoelectrochemistry: Energy levels on the normal hydrogen electrode scale

To put the valence band measurements and NEXAFS measurements on a common energy
scale, i.e., the BE scale, the NEXAFS photon energy axis was converted into an energy relative to
the Fermi energy of Mo(1l at.%):BiVO,4(010). This was done by placing the experimentally
determined CBm (see above) at the CBm position provided by DFT calculations, i.e., 0.3 eV
above the Fermi level****. The validity of this relies on the accuracy of the DFT calculations in
predicting the CBm, which is composed mainly of V 3d states. 33

Since reference electrode values are given relative to the vacuum level, to convert the BE scale
to an electrochemical scale we need to know the work function (¢) of the Mo(1
at.%):BiV0,4(010) surface. The BE scale can then be converted to a scale where the vacuum level
is at zero and bound electronic states are negative in energy according to:

EYA¢ = - (BE +¢) @)

where EVAC

is the energy relative to the vacuum level. ¢ can be determined by measuring the
secondary electron cutoff (SEC). Using a photon energy of 47 eV, we find a ¢ value of 5.15 +
0.05 eV for the Mo(1 at.%):BiVVO,(010) surface (see Figure S5). This is consistent with previous
¢ values reported for polycrystalline BiVO, films.® #* Determination of the position of the
vacuum level (Evac) allows us to provide an estimate of the electron affinity (EA) for the Mo(1
at.%):BiV0,4(010) surface, since EA = Ey,c — CBm. This value is estimated to be EA = 4.85 eV.
The zero for the normal hydrogen electrode (NHE) is at -4.44 + 0.02 eV relative to the vacuum
level at standard conditions (T = 298.15 K, pH = 0).”® This leads to:
EVE=- (EY"“+4.44ev), pH=0 2)

where ENYE is the energy relative to the normal hydrogen electrode. However, to compare the
experimentally-determined quantities with the H,0/O, oxidation and H*/H, reduction potentials,
it is important to note that the latter are given for the standard state (pH = 0). On the other hand,

the energetic values determined in this work correspond to energy levels of the Mo(1
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at.%):BiV0,4(010) surface in vacuum. Chun et al. showed that energetic values determined in
vacuum likely correspond to those at the isoelectric point of the material.”* Since band bending is
the result of a deviation from charge neutrality, a charge neutral surface should display no band
bending.”® However, in many cases semiconductors in vacuum exhibit band-bending due to non-
zero surface charge. We performed depth profiling by acquiring the Bi 4f core level spectra at
different photon energies to check for band-bending at the Mo(1 at.%):BiVO,4(010)/vacuum
interface (see Figure S5). The photoelectron kinetic energy was changed between ~200 eV and
~575 eV, corresponding to changes in the photoelectron inelastic mean free path (information
depth) of 7.2 A (21.6 A) to 14.1 A (42.3 A). The absence of any significant binding energy shift
or changes in peak width of the Bi 4f core level at the different kinetic energies (Figure S5)
allows us to conclude that the clean Mo(1 at.%):BiVO4(010) surface in UHV does not exhibit
band bending and is therefore representative of flat-band conditions.?® The absence of band
bending also implies a homogeneous charge distribution and therefore distribution of ionized Mo
dopants and reduced V. This is consistent with the surface concentration of Mo®* being equal to
the expected nominal bulk concentration (see above). Our measured energetic values should
therefore be equivalent to those for a pH at which the surface charge is zero. This implies that a
correction factor for the change in potential with pH needs to be taken into account when
converting the energetic values relative to the vacuum (E“”°) level to those versus NHE (EN5).
For several metal oxides it has been found that the energy levels change by approximately 0.06
eV per pH unit.”® Since the isoelectric point of BiVO, in aqueous solution has been
experimentally and theoretically determined to be at pH 3.5,”""®
0.21eV, and

this correction factor is equal to

ENHE = (EVAC + 4.44 eV - 0.21 eV) (3)

Table 1 and Figure 6 report values for the VBM, CBm, small polaron band and Fermi level
on the three different energy scales. The position of the VBM is 1.99 eV below the water
oxidation potential, whereas the small polaron state is located at the midpoint between the two
aforementioned levels. This state may act as an effective hole trap and/or recombination center
and hinder charge transfer to the electrolyte thereby reducing water oxidation activity. On the

other hand, the state may act as an effective intermediate state for hole transfer to the electrolyte.
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Table 1. Experimentally-determined energetic positions of VBM, small polaron band, Fermi level and CBm for
Mo(1 at.%):BiVO4(010) relative to the Fermi level (Eg), vacuum level (Eyac), and normal hydrogen electrode
(NHE) under standard conditions (T = 298.15 K, pH = 0).

E rel. Ef (BE) (V) | E rel. Eyac (eV) E rel. NHE (eV):
t Standard conditions: T =298.15 K, pH =0
VBM -2.3 -7.45 3.22
Small polaron band -1.4 -6.55 2.32
Fermi level 0.0 -5.15 0.92
CBm +0.3 -4.85 0.62
E® H,0/0, -5.67 1.23
| E°H'/H, -4.44 0.00
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Figure 6. Valence band (VB) and conduction band (CB) states relative to the Fermi level (Er), vacuum level (Eyac),
and normal hydrogen electrode (NHE) under standard conditions (T = 298.15 K, pH = 0). For comparison, the
H,0/0, oxidation and the H*/H? reduction standard potentials are shown. The plotted CB states are from the V L,
NEXAFS spectrum, whereas the VB states are from the VB spectrum taken in resonance with the above VBM state.
For details and numerical values, see text and Table 1, respectively. BE: binding energy; VBM: valence band
maximum; CBm: conduction band minimum; VL: vacuum level.

21



Conclusions

We have carried out a detailed structural, chemical and electronic investigation of the Mo(1
at.%):BiVO,4(010) surface. LEED indicates a surface that is not significantly laterally
reconstructed from a bulk termination of the BiVO, crystal. Synchrotron-based soft X-ray
spectroscopy indicates a surface chemical composition consistent with neither surface
enhancement nor depletion of any of the chemical constituents. NEXAFS measurements across
the Mo M3 edge indicate that Mo occupies sites of tetrahedral coordination. This result, in
combination with the measured +6 oxidation state of Mo, is consistent with V substitution by Mo
at the surface. V L3 resonant photoelectron spectroscopy (ResPES) of the valence band shows an
intra-band gap state likely associated with small polaron formation. The small polaron is formed
via electron donation from the Mo dopant to VV°* to create V** and leads to an occupied state at a
binding energy of 1.4 eV, located 0.9 eV above the VBM. Additional distortion of the VO,
tetrahedra upon electron localization induces a new state within the conduction band as indicated
by resonant enhancement of the above VBM feature at 517.4 eV. This photon energy is not in
resonance with any of the main features of the pristine BiVO, absorption spectrum. This new
state may be the result of splitting of the V 3d,2 orbital or V 3d,2 — V 3d, orbital hybridization.
Finally, we measured a work function of 5.15 eV for the (010) surface of Mo(1 at.%):BiVO,.
This allows us to put the electronic energy levels on an electrochemical scale. The small polaron
formed by Mo doping is located midway between the VBM and the water oxidation potential.
This likely has a strong influence on the photoelectrochemical performance of BiVO,-based
water splitting photoanodes by effecting the recombination of charge carriers and charge mobility
at the surface.
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