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ABSTRACT: In the search for photoanode materials with band gaps suitable for
utilization in solar fuel generation, approximately 1.2−2.8 eV, theory-guided
experiments have identified a variety of materials that meet the band gap
requirements and exhibit operational stability in harsh photoelectrochemical
environments. In particular, M-V-O compounds (M is a transition metal or main
group element) with VO4 structural motifs were predicted to show a remarkably
wide range of band energetics (>3 eV variation in the energy of valence band
maximum) and characteristics, depending on the M and crystal structure, which is
beyond the extent of electronic structured tuning observed in previously studied
families of metal oxide photoanodes. While this finding guided experimental
discovery of new photoanode materials, explicit experimental verification of the theoretical prediction of the tunable electronic
structure of these materials has been lacking to date. In this study, we use X-ray photoelectron spectroscopy and Kelvin probe
microscopy to experimentally investigate the electronic structure of M-V-O photoanodes, enabling comparison to theory on a
common absolute energy scale. The results confirm the prediction that band edge energies of ternary vanadates vary significantly
with metal cations. The valence band variation of approximately 1 eV observed here is larger than that reported in any analogous
class of metal oxide semiconductors and demonstrates the promise of tuning the metal oxide electronic structure to enable efficient
photoelectrocatalysis of the oxygen evolution reaction and beyond. Because midgap states can hamper realization of the high
photovoltage sought by band edge tuning, we analyze the electronic contributions of oxygen vacancies for the representative
photoanode V4Cr2O13 to guide future research on the development of high-efficiency metal oxide photoanodes for solar fuel
technology.

1. INTRODUCTION

The light-induced conversion of water and carbon dioxide into
transportation fuels in integrated artificial photosynthesis
structures is a promising alternative for a carbon neutral
renewable energy economy.1−6 Solar fuel generators use light
to drive thermodynamically uphill reactions (ΔG > 0) to store
energy.7 Integrated devices for solar fuel generation can be
classified into several categories ranging from PV biased
electrosynthetic cells (PV-electrolyzer) to photoelectrosyn-
thetic cells.8 For the former, light absorption and catalysis are
fully separate entities that are governed by two different
materials, whereas for the latter, light absorption and catalysis
are driven by the same material in contact with the electrolyte.
The challenge facing the discovery and development of
suitable new materials for photoelectrosynthetic systems is
the simultaneous realization of (1) a band gap suitable for solar
absorption, (2) suitable band edge positions, and (3)
operational stability in aqueous electrolytes.
A fully integrated cell for unassisted water splitting or CO2

reduction (CO2R) consists of anode and cathode sites for the
oxygen evolution reaction (OER) and hydrogen evolution

reaction (HER) or CO2R, respectively. The minimum energy
required to drive the reaction is determined by the energy
difference between the thermodynamic potentials on the anode
and cathode, for example, E0 = 1.23 V for the OER/HER. This
value and kinetic overpotentials determine the minimum
required produced photovoltage (band gap) of the device. It
can be achieved either by a single material (Janus material,
single-photon process) or by combining two photosynthetic
materials (two-photon process, Z-scheme), a photoanode and
a photocathode, to reduce the band gap required to produce
the necessary photoelectrochemical (PEC) potential. As
energy is provided by converting photons into charge carriers,
the available solar spectrum indicates that the combination of
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two light absorbers provides higher solar-to-fuel efficiency as
the band gaps can be tailored toward the reactions.9,10

As photosynthetic materials not only absorb the light but
also catalyze the anodic and/or cathodic reaction of the device,
the position of the band edges, the valence band maximum
(VBM) for photoanodes, and the conduction band minimum
(CBM) for photocathodes need to be considered. On an
absolute energy scale, the VBM is required to be lower in
energy (higher in electric potential) than the anodic reaction
(OER, E0

OER = 1.23 V vs reversible hydrogen electrode
(RHE)) and the CBM needs to be higher in energy than the
cathodic reaction (e.g., HER, E0

HER = 0.0 V vs RHE). Here,
energy E and potential E follow the eq E = −q·E, that is,
positive for states above the vacuum energy Evac and negative
energy for states below Evac. To align the energy levels of a
solid (VBM and CBM) with electrochemical potentials of the
reaction, two quantities need to be known: the standard half-
cell potential with Nernst potential (activity of the species or
their concentration)11,12 and the absolute energy of the normal
hydrogen electrode.13 At pH = 0, a suitable photoanode must
have a VBM of < −5.7 eV versus Evac and a photocathode a
CBM of > −4.5 eV versus Evac. For metal oxides, the positions
of ECBM and EVBM generally follow a linear relation with pH
(Nernst equation).14,15 The Nernstian dependence indicates
that the potential determining ions H+ and/or OH− are
absorbed within the Helmholtz layer on the surface of the
semiconductor forming a dipole. Hence, for metal oxides, the
energetic position of ECBM and EVBM with respect to the RHE
potential is constant.
A common point defect in metal oxides is an oxygen vacancy

that can introduce in-gap states because of their creation of
undercoordinated metal sites with a reduced oxidation state.
The consequence is not only an increase in the n-type
character of the oxide (as oxygen vacancies act as electron
donors), which can increase electron conductivity, but also an
increase in charge carrier recombination.16,17 In conjunction
with Fermi level pinning at the gap states, the turn-on potential
is typically increased. For photoanodes, the turn-on potential is
the lowest applied bias at which anodic photocurrent is still
observed.
Band gap tuning and band edge tuning are most commonly

studied in the context of multijunction solar cells based on III-
V and II-VI semiconductors with a broad range of band gap
and edge tuning enabling precise modification of the band gap
of each subcell to maximize light harvesting efficiencies and
achieve record conversion efficiencies.18,19 For ternary alloys,
the band gap is approximated with a quadratic dependence on
the molar fraction of one component.20 While this large extent
of electronic structure tuning has been observed in select III-V
and II-VI semiconductor systems via alloying, it is typically
associated with lattice expansion and contraction.21 The
compositional and lattice constant variation with substitutional
alloys is generally more limited in metal oxide systems,
motivating our establishment of electronic structure tuning via
systematic variation in the band edge character via electronic
hybridization.
Alloying and cation substitution in metal oxides have been

explored computationally for tuning band gap and band edge
energies. For photocatalytic systems, TiO2 has been in the
center of attention, not only because of its catalytic
properties22 and sufficiently large band gap for unassisted
operation, but also because of its ability to protect against
corrosion.23,24 Theoretical studies of TiO2 focused, for

example, on band position tuning by Se doping (ΔVBMDFT
= 1.8 eV and ΔCBMDFT = ∼0.4 eV),25 Ga doping (ΔVBMDFT
= ∼0.6 eV and ΔCBMDFT = ∼0.9 eV),26 or titanates with a
hollandite structural motif (ΔVBMDFT = 1.1 eV and ΔCBMDFT
= ∼0 eV) where the choice of cations also introduces shallow
and deeper gap states.27 Direct experimental verification of
band edge positions for these systems is generally missing,
limiting evaluation of whether broad band edge energy
tunability can be realized and limiting its direct correlation
with PEC performance.
A second material which has been in the strategic focus as a

widely established photoanode material is BiVO4.
28,29 Based

on a common VO4 structural motif between monoclinic BiVO4
and other discovered photoanodes for the OER, α-Ag3VO4,

30

triclinic FeVO4,
31,32 β-Cu3V2O8,

33 and β-Mn2V2O7,
34 a tiered

screening workflow was previously implemented.35 Therein,
electronic structure calculations guided combinatorial synthesis
and screening experiments to discover ternary metal vanadate
photoanodes. The search space was defined as phases of type
MOx-VO4 where VO4 structural units are common among all
materials and the MOx motifs vary over a range of metal
elements M. The intent was to identify the family of phases
whose variation in the crystal structure and electronic
configuration of M enables tuning of band edge positions to
obtain (i) band gap energies in the visible spectrum for
effective solar utilization and (ii) valence band (VB) energies
higher than the typical metal oxide values of −6.5 to −7.5 eV
versus Evac.

36 The subsequent computational prediction of >3
eV variation in the VBM position for various MOx-VO4 phases
in the present work has no precedent with respect to those
prior studies.25−27 While those previous computational studies
lack experimental validation of the predicted electronic
structure tuning, we demonstrate realization of 1 eV variation
in the band edge position.
The success in theoretical identification of visible gap MOx-

VO4 metal oxides was experimentally validated through thin
film synthesis of 15 phases and optical measurement of the
band gap energy between 1.8 and 2.8 eV.35 The variation in
the band gap energy implies tunability of the band edge
energies, and while theory in fact predicts such tunability,
explicit verification via experimental measurement of band
edge energies has been lacking to date.
In the present work, we combine X-ray photoelectron

spectroscopy (XPS), Kelvin probe force microscopy (KPFM),
and ultraviolet−visible (UV−vis) optical spectroscopy for the
analysis of a set of 11 MOx-VO4 thin film materials prepared by
physical vapor deposition to ascertain band energy tunability of
ternary metal vanadates and compare it to the electronic
structure computed with density functional theory (DFT).
Theory and experiment are also combined to understand the
energetics and orbital character of oxygen vacancy defects in
V4Cr2O13. In total, the results demonstrate the path for the
development of high-efficiency, visible-gap metal oxide photo-
anodes through tuning of band edge positions and defect
concentrations.

2. EXPERIMENTAL SECTION
The determination of electronic structure energetics in condensed
matter by photoelectron spectroscopy is typically performed by
combined core level and VB spectroscopy using XPS and ultraviolet
photoemission spectroscopy (UPS), including the secondary electron
emission cutoff, that is, work function measurements.37 In addition to
UPS, another approach to obtain information about the lateral
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distribution of the work function is KPFM. The latter is well suited for
reproducible lateral work function screening of large composition
libraries,38 motivating our combination of XPS VB spectroscopy and
KPFM to characterize band energetics.
2.1. X-ray Photoelectron Spectroscopy. XPS data were

collected using a Kratos Axis Nova system with a base pressure of 1
× 10−9 Torr. The X-ray source was a monochromatic Al Kα line at
1486.6 eV. Photoelectrons were collected at 0° from the surface
normal with a retarding pass energy of 160 eV for survey XPS scans
with a step size of 0.5 eV and a pass energy of 40 eV for high-
resolution VB scans with a step size of 0.05 eV. Where necessary, XPS
data were collected using a small-spot mode lens mode with 110 μm
aperture. The XPS data were calibrated using the Au 4f7/2 line (84
eV) of a sputter-cleaned gold foil. Repeated reference measurements
of adventitious carbon on air-exposed gold showed a highly
reproducible C 1 s binding energy of 285.0 eV with Au 4f7/2 at
84.0 eV. For the samples in this investigation, a C 1 s binding energy
of less than or equal to 285 eV was observed indicating the absence of
sample charging. No charge neutralization was used.
Data were analyzed using CasaXPS. To calculate the composition

(atomic ratio), a Shirley background was subtracted. The core-level
intensities were corrected by the analyzer transmission function and
relative sensitivity factors to obtain corrected peak intensities, which
were used to calculate the atomic ratios.
Resonant inelastic X-ray scattering (RiXS) experiments were

performed at the Advanced Light Source, Berkeley at beamline
8.0.1, using the iRiXS end-station equipped with two slit-less variable
line-spacing grating spectrographs with a resolution of ∼0.3 eV.39 X-
ray absorption spectroscopy (XAS) data were collected in total
electron yield mode and in total fluorescence yield mode. All data
were normalized by the incident X-ray flux as measured by an Au
mesh positioned upstream of the sample. Energies were calibrated
using the XAS spectra of TiO2 as a reference.
2.2. Kelvin Probe Force Microscopy. PeakForce KPFM data

were collected using a Bruker Dimension Icon atomic force
microscope. Bruker PFQNE-AL probes were used for the measure-
ment. For each sample spot, several measurements of an area of 5 μm
× 5 μm were taken. Each measurement consisted of a topographic,
electrical (surface potential), and mechanical (adhesion, stiffness, and
deformation) measurements. To reference the surface potential
measurement (ϕsurface, contact potential between the tip and sample)
to a known standard, KPFM measurements of freshly exfoliated highly
oriented pyrolytic graphite (HOPG) were performed prior to each
sample. The contact potential difference (CPD) of a sample to
HOPG could then be calculated using

ϕ ϕ= −−CPDsample HOPG surface, sample surface,HOPG (1)

The work function (ϕ) of the sample can then be calculated from
the CPD by adding the known reference work function of HOPG
(ϕHOPG = 4.6 eV) to the CPD.38,40

ϕ ϕ= · +−q CPDsample sample HOPG HOPG (2)

2.3. Material Synthesis. The metal-vanadium (M-V) oxide
composition libraries were fabricated using RF magnetron cosputter-
ing onto 100 mm-diameter, 2.2 mm-thick glass substrates with a
fluorine doped tin oxide (FTO) coating (Tec7, Hartford Glass
Company) in a sputter deposition system (Kurt J. Lesker, CMS24)
with 10−5 Pa base pressure. Cosputtering was performed using a V
target and an additional metal target (M) except for the Ag-containing
libraries, which used an Ag2O target. The composition libraries were
either deposited as “metal” or “oxide” thin films, referring to the
absence or presence of reactive O2 in the chamber and subjected to
further annealing in air in a box oven.35

The crystal structures and phase distribution of the composition
libraries were determined through X-ray diffraction (XRD) measure-
ments on a Bruker Discover D8 XRD with a microfocus X-ray source
(Cu) and a VÅNTEC-500 large microgap detector.
2.4. Theoretical Methods. The electronic structures of the

ternary vanadates with a common VO4 structural motif were

computed via DFT as implemented in the Vienna ab initio simulation
package.41,42 Structural relaxations and terminal surface calculations
were computed using the generalized gradient approximation as
implemented by Perdew, Burke, and Ernzerhof (PBE)43 in
conjunction with Hubbard U values (PBE + U) using the Dudarev
method.44 Band structure and density of states (DOS) calculations for
periodic structures were performed using the hybrid functional
method developed by Heyd, Scuseria, and Ernzerhof (HSE).45 A
plane wave energy cutoff of 520 and 400 eV was used for PBE + U
and HSE calculations, respectively. Recommended k-point grids and
Hubbard U values taken from the Materials Project database46 were
used for each compound. The Hubbard U values used here have been
shown to reproduce the formation enthalpies of transition metal
oxides.47 A somewhat smaller-than-typical mixing parameter of α =
0.17 was used for the DFT-HSE calculations, following prior work on
the vanadates;34,35 we used a standard screening parameter ω of 0.20.
The relaxed geometries calculated with PBE + U are expected to
compare well with those obtained with HSE. Indeed, prior first-
principles calculations of metal oxides found that volumes optimized
with HSE and PBE + U differ by about 5%.35 The orbital character of
the DOS of each oxide at the VB and CB edges was calculated by
integrating the orbital-projected DOS at each band edge over a 0.5 eV
energy range below and above the VB and CB, respectively, following
the approach of ref 35.

In what follows, we also performed calculations of V4Cr2O13 with
an oxygen vacancy. We consider an 8.59 Å × 9.41 Å × 14.72 Å
V4Cr2O13 unit cell with a neutral oxygen vacancy, corresponding to a
vacancy concentration of 1.3%. These systems were relaxed with PBE
+ U. Hubbard Ueff values of 3.25 and 3.7 eV were used for V and Cr,
respectively. The partial density of states (pDOS) was then calculated
with the HSE functional, with a mixing parameter of α = 0.17 and a
screening parameter of ω of 0.20.

The defect formation energy was calculated using the expression

∑ μ[ ] = [ ] − [ ] − + [ + ]

+ Δ

X X n zE E E bulk E Ef z z

i
i i

z

tot tot F VBM

(3)

where Etot[X
z] and Etot[bulk] are the total energy of the material

containing defect Xz and the pristine bulk material, respectively; ni is
the change in the number of atoms of species i; μi is the chemical
potential of species i; z is the charge state of defect Xz; EF is the Fermi
energy relative to the VB maximum (EVBM); and Δz is a correction
term to align the electrostatic potentials of the bulk and defect
structures.48 Because we consider a neutral defect in this work, the
final two terms in eq 3 are unnecessary and neglected here. The
chemical potential of oxygen was calculated following the
approximation for an open system where entropy of oxygen and
temperature dominate.49−51

3. RESULTS AND DISCUSSION
3.1. Validation of Band Edge Tuning Hypothesis. For

the present work, 11 ternary vanadate metal oxides were
considered. Figure 1a shows measurement of near-surface
(XPS, see Figure S1 for raw spectra) and bulk (XRF) cation
compositions compared to the FU. An off-stoichiometric XRF
composition indicates that in the composition-spread thin film
library, the highest phase purity of the target phase was
observed at a slightly different composition from that of the
FU. A difference in XPS and XRF compositions suggests some
surface segregation of M or V, which could have occurred
during synthesis or upon air exposure. While such composition
deviations from the FU may alter the measured band
energetics compared to the bulk values that would serve as
the best comparison to theory, we show in Figure S2 that there
is no evidence for systematic variation in band energy with
XPS or XRF composition deviation. Phase identification from
XRD patterns is illustrated in Figure S3 for each of the 11
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ternary M-V-O compounds. The only sample with an
observable contaminant phase is V4Cr2O13 that was synthe-
sized by annealing a metallic Cr-V film, which resulted in
∼10% orth-VCrO4 admixture. For the first part of this study to
explore the band edge character-based tuning of band
energetics, we exclude this sample as the V4Cr2O13 phase
was obtained with no observable contaminant phase by
depositing an oxide film with subsequent annealing.
The 11 ternary vanadates are composed of seven different

cations M, each with a distinct configuration, as indicated in
Figure 1b. Nb 4d0 is the most similar to V, which is followed
by a series of four first-row transition metals with nominal
open d-shell configurations (Cr 3d3, Fe 3d5, Co 3d7, and Ni
3d8) and then a pair of cations with nominally filled d-shell
configurations (Ag d10 and Bi d10s2). Exploring this breadth of
electronic configurations was central to the photoanode
discovery search strategy, as was the hypothesis that hybrid-
ization at and near the band edges of states introduced by
these cations with V 3d and O 2p states would provide the
desired variability in band edge energies. The V2O5 structure
containing a network of VO4 (with no additional cation)
provides an excellent electronic template with the VB and CB
of primarily O 2p and V 3d characters, respectively, and a band
gap energy of 2.2 eV. Its VBM is near or below −7.2 eV versus
Evac, which is undesirably low,52,53 motivating a focus on VB
hybridization via addition of other cations into the structure.
The calculated band characters, defined as the average
contribution to the DOS within 0.5 eV of the respective
band edge, VB energy, and band gap energy over the set of 11
structures are shown in Figure 1b. The 11 ternary vanadates
exhibit a broad range of band characters, which in accordance
with the above hypothesis, results in a substantial variation in
the calculated DFT band edge energies.
Experimental validation of the variation in computed DFT

band edge energy proceeded with XPS and KPFM, as shown in
Figure 2, in addition to the previously reported band gap
energies.35 For each sample, an XPS overview (wide) scan and
a VB spectrum were collected. All binding energies (EB) are
reported as negative values and referenced against the Fermi
energy. To calculate the (surface) composition (Figure 1a), the
wide scans have been used. The VBs of each of the M-V-O
materials are shown in Figure 2a. By the intersection of a linear

Figure 1. (a) XPS (open circles) and X-ray fluorescence (XRF) (solid
squares) cation composition vs that of the formula unit (FU) of M-V-
O compounds. The solid line represents the 1:1 relation. (b)
Summary of predictions from DFT calculations for the VBM O 2p
character, CBM V 3d character, VBM position, and band gap for
different cations.35 The color scheme of the cations is kept throughout
all figures.

Figure 2. (a) XPS VB spectra of different M-V-O compounds. The binding energy is plotted against the Fermi energy. (b) Representative
PeakForce KPFM images for topography and potential. The shaded red areas in (b, topography) mark the top 30% highest topographic areas for
which the surface potential is extracted.
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fit of the background to a linear fit to the onset of the VB
spectrum, the position of the VBM was determined.
Additionally, the surface potential of each sample was

determined by KPFM. Freshly exfoliated HOPG was used as a
reference sample during KPFM measurements prior to each
sample measurement to remove the influence of the KPFM tip
potential. All surface potentials of the samples are reported
herein as the CPD between HOPG and the respective M-V-O
sample. The work function of each M-V-O sample was
obtained by adding the work function of the reference sample
(HOPG) to the CPD. A representative KPFM measurement is
shown in Figure 2b. The bottom panel shows the topographic
image of the area under investigation, whereas the top panel
shows the lateral distribution of the surface potential at the
same location. Topography and surface potentials were
measured in parallel. Deep trenches in the sample increase
the surface area surrounding the tip and thus the measured
capacitance, creating an undesired morphology-dependent
measurement and motivating the use of plateaus to measure
and compare surface potential across the 11 structures. For
each structure, the topography map was analyzed to extract the
portions of the image within the top 30% of the maximum
height, which mark the top plateaus of the topmost crystal
particles. The mean and standard deviation of the correspond-

ing set of KPFM measurements served as the value and
uncertainty of the surface potential, respectively.
To approximate the energy of the CBM, the band gap

determined by UV−vis spectroscopy (estimated uncertainty of
∼0.1 eV) was added to the experimentally obtained VBM
position:

= +E E ECBM,E VBM,E gap,opticalF F (4)

Here, we neglect any contribution from exciton binding
energies to the optical gap, expected to be of the order of 0.1
eV or less.54−56 The subscript EF implies that these values are
references against the Fermi energy. Adding CPDsample‑HOPG to
these values produces band energies with respect to vacuum up
to a constant offset. The vacuum-referenced VBM and CBM
versus Evac (EVBM, Evac

and ECBM, Evac
) can be modeled by

subtracting the work function of HOPG (ϕHOPG = 4.6 eV).40

The obtained EVBM, Evac
and ECBM, Evac

values could then be
compared against predicted values obtained from DFT to
establish the semiquantitative agreement among the ternary
vanadates.
Figure 3a compares the calculated DFT-HSE band gaps with

experimentally obtained optical band gaps. The values given
here are in both cases the smallest calculated or measured gap,
whether it is direct or indirect. In Figure 3b, a similar

Figure 3. (a) Comparison of the experimental optical band gap to the band gap obtained from DFT-HSE calculation considering indirect-allowed
(top) and direct-allowed (bottom) transitions. The correlation between both values (experiment and theory) is given by the slope (m = 0.21 for the
indirect band gap and m = 0.38 for the direct band gap) of a least squares regression linear fit to the data (dashed line). (b) Comparison of
experimental EVBM, Evac

to predicted EVBM, DFT position (DFT-PBE + U). The dashed line is a least squares regression linear fit with a slope of m =
0.29, illustrating the correlation between experiment and theory.

Figure 4. (a) Dependence of the experimental EVBM, Evac
position on the VBM O 2p character determined from our DFT calculations. The dashed

line is linear fit to data with slope of m = −0.88 eV. (b) Dependence of the experimentally determined ECBM, Evac
position on the CBM V 3d

character determined from our DFT calculations. The dashed line is linear fit to the data with a slope of m = 0.54 eV. The minimum optical band
gap (indirect or direct absorption) was used in the calculation of the experimental CBM.
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comparison is shown for calculated and experimentally
determined positions of the VBM.
The mean absolute error for the indirect band gap trendline

is 0.07 eV (Figure 3a top), for the direct band gap trendline, it
is 0.11 eV (Figure 3a bottom), and for the VBM trendline, it is
0.19 eV (Figure 3b), each well within the expected accuracy of
DFT calculations for these quantities for such systems. The
qualitative trends are experimentally confirmed for both the
band gap and VBM position. Quantitatively, the calculated
variation in each band energy is larger than that observed
experimentally, with linear regression between experimental
and theoretical values indicating slopes of 0.21 for the indirect
band gap, 0.38 for the direct band gap, and 0.29 for the VBM,
each of which represents the fraction of the predicted variation
that was experimentally realized.
To directly compare the influence of band edge tuning

depending on the states introduced near the band edges by M
in the M-V-O compounds, we compare experimental valence
and conduction edge positions to the change in the O 2p or V
3d character of the respective band, as per the original
hypothesis that these band character parameters would be key
descriptors for the influence of M on the electronic structure.
Figure 4 compares the measured EVBM, Evac

and ECBM, Evac

energies to the VBM O 2p and CBM V 3d character
computed with DFT, respectively. The qualitative trends of
increasing VBM energy with increasing O 2p character and of
decreasing CBM energy with increasing V 3d affirm the
hypothesis of band edge character-based tuning of band
energetics. To quantitatively characterize these relationships,
we summarize the comparison of experiment and theory using:
(i) the slope of the least squares regression fit to the data, (ii)
the Pearson correlation coefficient, and (iii) the confidence
that the correlation has the respective sign. Regarding (i), the
slopes of −0.88 and 0.54 eV per unit of band character,
respectively, suggest that the band edges for ternary vanadates
can be considerably tuned upon realization of phases that
support a range of band characters. With the additional
deviations of experimental VBM energies with respect to the
trend line, EVBM, Evac

can be tuned from −6.43 eV ± 0.11 eV to
−7.31 eV ± 0.16 eV. To our knowledge, this dynamic range in
band edge tuning has been neither proposed nor realized for a
given class of materials of comparable scope as ternary metal
vanadates with VO4 structural motifs.
Descriptors (ii) and (iii) provide context for the substantial

experimental uncertainty in the band edge energies. Regarding
descriptor (ii), the correlation coefficients of −0.46 and 0.29,
respectively, are consistent with the predictions that decreasing
the O 2p band character will increase VBM energy and
decreasing the V 3d band character will decrease CBM energy.
Regarding descriptor (iii), the confidence of the negativity of
the correlation between the O 2p band character and VBM
energy is 89%, demonstrating high confidence in experimental
validation of the theory-based hypothesis of VBM tuning via
electronic hybridization. The corresponding confidence for
positivity of the V 3d and CBM relationship is 65%. The lower
absolute slope and correlation coefficient for this relationship
compared to O 2p with the VBM are intuitive given that both
the V 3d states and the states introduced by the M atom are d-
electron states whose hybridization may be less consequential
as the CBM has a predominant metal d character. The lower
confidence in the existence of the predicted correlation for
CBM position tuning is compounded by the propagation of

error from three sources (XPS, KPFM, and UV−vis spectros-
copy) for the CBM against two sources (XPS and XPFM) for
the VBM in the experimental values.

3.2. Characterization of Defect States. Verification of
the broad tunability of band edge positions sets the stage for
identification of the optimal VB energy for visible-gap
photoanodes to provide sufficiently energetic photogenerated
holes for driving the OER while maintaining a sufficiently high
photovoltage to couple with a visible-gap photocathode to
drive solar fuel synthesis. A minimum requirement for
developing a compatible photocathode and photoanode is
that the turn-on potential for the photoanode must be lower
than that of the photocathode so that in combination they can
perform the anodic and cathodic reactions, respectively,
without external bias. A primary hurdle to realize the low
turn-on potential that is sought from band edge tuning is the
presence of midgap states that limit quasi-Fermi level splitting
by pinning the Fermi level over a range of potential and/or
introducing carrier recombination pathways.57,58 These un-
desirable states are often introduced by point defects, whose
prevalence can vary considerably with synthesis conditions,
motivating the study of defects and their electronic structure
contributions to guide further material development.
To identify a representative system for the study of defects

in ternary vanadates with extensive electronic hybridization, Cr
and Co ternary vanadates are of interest because they exhibit
the lowest O 2p VB character and thus highest VBM positions.
Of these, V4Cr2O13 exhibited the highest photocurrent in
initial screening experiments (Figure S4),35 motivating its
selection for study herein.
Figure 5 shows the toggled-illumination cyclic voltammo-

grams for V4Cr2O13 photoanodes synthesized by different

routes. While synthesis was conducted with 610 °C annealing
in air for both samples, one electrode was sputter-deposited as
a metal alloy (“metal-deposited)” while the other was the result
of reactive sputtering to incorporate oxygen throughout the
film prior to annealing (“oxide-deposited)”. The oxide-
deposited sample exhibits no photoactivity, whereas the
metal-deposited film exhibits anodic photocurrent down to
its terminal potential of 0.73 V versus RHE, 0.5 V below the
OER Nernstian potential. Near this potential, a dark cathodic

Figure 5. Toggled illumination cyclic voltammograms in pH 9
electrolyte for a pair of V4Cr2O13 thin films deposited as Cr-V metal
and then oxidized in air (“metal-deposited)” and deposited as an
oxide thin film with subsequent annealing in air (“oxide-deposited)”.
The metal-deposited film exhibits anodic photocurrent in each
illumination cycle across the entire potential range, whereas the oxide-
deposited sample, whose current is scaled 10× in the figure, shows
miniscule current transients upon illumination but otherwise is
apparently an insulating film with negligible dark and photocurrents.
The illumination is from a 385 nm light-emitting diode, and the
illumination area is approximately 1 mm2.
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reaction, likely electrochemical reduction of Cr+3 and/or V+5,
obscures characterization of the photoanodic turn-on potential.
Assuming that the overpotential for the OER is in excess of 0.3
V, these results suggest a quasi-Fermi level splitting in excess of
0.8 V but well below the 2.3 eV band gap. Given that the
synthesis from a metal film may result in incomplete oxidation,
oxygen vacancies are a likely source of point defects,
motivating a computational study of such defects followed
by experimental characterization of both electrodes from
Figure 5.
With oxygen vacancies (VO) comprising the most ubiquitous

point defect for metal oxides,59 and to assess whether such
point defects would introduce midgap states, we consider a
V4Cr2O13 unit cell with a neutral oxygen vacancy concentration
of 1.3 FU% or 1.9% of the defect-free O sites. The unit cell of
V4Cr2O13 is particularly large (76 atoms) and can accom-
modate a defect without the need for a larger supercell. The
oxygen vacancy is selected to neighbor a Cr atom, and this
choice of vacancy location is reasonable given the dominance
of defect-related Cr d-d transitions over the respective V and O
transitions in the RiXS data (intensity normalized to the elastic
channel). The calculated PBE + U magnetic moments of Cr, V,
and O in the pristine unit cell are 2.8, 0.1, and 0.03 μB,
respectively. Upon introducing a neutral oxygen vacancy, the
magnetic moment of the Cr and V nearest to the vacancy is
modified to 3.4 and −0.8 μB, respectively, indicating both
vacancy-induced alterations to the charge states and charge
localization. The DFT-PBE formation energy of neutral oxygen
vacancies at the experimental temperatures and partial
pressures is shown in Figure S5. For annealing at 610 °C in
air, we find 2.38 eV per 75 atom unit cell containing a single
oxygen vacancy or 0.596 eV/FU. Charged oxygen vacancies
can occur with lower formation energies in metal oxides as
well, especially when the Fermi energy is closer to the
VBM.60−63 In our sample, we observed slight n-type behavior
indicating that the Fermi energy is more likely to be closer to
the CBM where neutral oxygen vacancies tend to be more
stable. While we do not know for certain whether oxygen
vacancies in our sample would be charged, we can say that the
calculated defect formation energy sets an upper bound on the
formation of either charged or neutral oxygen vacancies in this
material.
The formation energy of both charged and neutral defects

depends on the chemical potential of the added/removed
species.64 For ZnO, the absolute formation energy is 3.72 eV
(0.08 eV/FU) for a neutral VO,

65 1.94−3.84 eV (0.12−0.24
eV/FU) for FeWO4,

66 2.02−4.9 eV (0.12−0.31 eV/FU) for
MnWO4,

66 6.72 eV (0.09 eV/FU) for SiO2,
67 and 5.2−6.6 eV

(0.08−0.83 eV/FU) for TiO2.
68

To assess the electronic structure of neutral oxygen
vacancies, the DOS of a unit cell (see the Supporting
Information for details) with an oxygen vacancy from our
DFT-HSE calculations was compared to the DOS of a defect-
free structure, as shown in Figure 6a. To compare with the
computed electronic structures, Figure 6b contains XPS VB
spectra for V4Cr2O13 synthesized by two routes: [i] deposited
in an oxygen atmosphere and [ii] without oxygen present
during deposition, both followed by reactive annealing in air.
We hypothesize that the latter synthesis route is more
susceptible to oxygen vacancies because oxygen diffusion
throughout the thin film may be kinetically limited during the
air annealing, as we have documented for other ternary
oxides.69 The difference in the XPS spectra from the two

synthesis routes indicates a higher level of midgap states near
the VBM for the metal-deposited sample. The difference in the
XPS spectra from the two synthesis routes indicates a higher
level of midgap states near the VBM for the metal-deposited
sample. To estimate the defect concentration in the V4Cr2O13
film, we compare the density of midgap states between
computation and experiment. We calculate the ratio of the
number of occupied midgap states to the number of states
within 0.5 eV of the VBM and find that the ratio is 0.2 from
DFT and 0.3 from XPS, indicating that the oxygen vacancy
concentration may be on the order of the 1.3 FU% used in the
DFT model.
Characterization of the metal-deposited sample proceeded

using RiXS to probe unoccupied states and transitions in the
band gap region (Figure 6c−e). In Figure 6, the XPS binding
energy versus Fermi energy was chosen as the common energy
scale for all three characterization techniques. The DFT-HSE
pDOS spectra were rigidly shifted to align the EVBM,DFT with
EVBM,XPS. The positions of ECBM and Evac were approximated by
adding the direct optical absorption of 2.52 eV and ϕ from
KPFM measurement of 5.31 eV to EVBM,XPS, respectively. For

Figure 6. Direct comparison of defect states from DFT-HSE
calculations and RiXS experiments. (a) pDOS from DFT-HSE [i]
w/o oxygen vacancies and [ii] with oxygen vacancies, with pDOS
associated with Cr (red), V (blue), and O (yellow) atoms indicated.
(b) XPS ([i] oxide-deposited and [ii] metal-deposited) VB spectra
with the inset showing the difference spectrum between the [ii] metal-
deposited and [i] oxide-deposited V4Cr2O13. Two gap states are
evident in the difference spectra with a binding energy of −0.79 eV for
EB,gs1 (red) and −1.38 eV for EB,gs2 (green). In the RiXS spectra for
(c) Cr, (d) V, and (e) O, d-d transitions are visible for all three
elements, demonstrating strong electronic hybridization. The Cr
signals show two distinct transitions (Egs1 and Egs2). The elastic
channel for RiXS was aligned with the CBM. The position of EVBM,
ECBM, and Evac is indicated by vertical dotted red lines. The photon
energy for each RiXS spectrum is given by the color-coded legend.
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RiXS energy loss spectra, the energy adjustment was performed
by aligning the elastic channel with ECBM.
Comparing the pDOS in Figure 6a between the structures

with and without oxygen vacancies shows two distinct
differences: (i) a shift of the distribution of V 3d states in
the VB and (ii) the appearance of two midgap states (GS). Our
DFT results on the V4Cr2O13 unit cell with a single neutral
oxygen vacancy (VO = 8 × 1020 cm−3) show a slight absolute
reduction of the DFT band gap by 0.14 eV (5% band gap
reduction). The unit cell used for our DFT calculations is
constructed so that neighboring oxygen vacancies are at least
∼10 Å apart from each other to minimize interactions between
periodic images and thereby to minimize dispersion in the
midgap states. Prior literature has indicated that 10 Å of
separation is generally sufficient for this purpose.64 The
sharpness of the midgap peaks indicates that this separation
distance is sufficient for our discussion. In our calculations, we
find that the vanadium VB states move closer to the VBM,
although the average orbital contributions within 0.5 eV of the
VBM and within 0.5 eV of the CBM are also not altered by the
oxygen vacancy defect. Our DFT-HSE calculations suggest that
oxygen vacancy defects introduce midgap states, whose relative
energies with respect to EVBM are computed to be 0.28 eV for
GS2 and 1.25 eV for GS1 (Table S1). Both these values are
larger than room-temperature thermal energy (0.026 eV),
indicating that they likely do not act as donor or acceptor
states impacting carrier concentration.
In both cases, the orbital character of the defect states is 70−

80% Cr d and 15% O p, similar to that of the VB. The XPS
spectra of Figure 6b are consistent with the presence of two
primary types of midgap states in the metal-deposited
V4Cr2O13, as shown by the two-Gaussian fit to the difference
spectrum. This fitting procedure indicates that the positions
relative to EVBM are 0.22 eV for GS2 and 0.81 eV for GS1
(Table S1), which are closer to the VBM than those predicted
by DFT-HSE but in excellent qualitative agreement. Midgap
states and charge carrier traps can be a result of surface
hydroxide,70 relative diffusion of the metal and oxygen
atoms,71 interstitials,72 surface defects,73 and reactivity of the
material.22 Although their absolute energy position can be
different, the exact type of gap state is in several cases difficult
to identify. While DFT-HSE provides an appropriate
compromise of computational efficiency with adequate
accuracy, the absolute defect energy level position in DFT
will not only depend on the accuracy of the Kohn-Sham
orbitals but also on the defect type, both of which could be
explored further in future theoretical and experimental
studies.74,72

XPS itself cannot reveal the elemental character of the VB or
even the gap states. For this purpose, we employed resonant
spectroscopy (RiXS) to obtain the required sensitivity. In
particular, we used RiXS to investigate the presence and
electronic character of gap states. The initial X-ray excitation of
a Cr 2p or V 2p core level electron into an empty 3d CB state
(eg or t2g in a crystal field) will create an excited electron
(3dn + 1), which is strongly bound to the core hole and will not
easily delocalize. A subsequent de-excitation process can occur
via a decay of an electron from a 3d VB state (t2g or eg) into the
core hole of the same atom. The final state will be an excited
electron in a 3d CB state and a hole in a 3d VB state of the
same transition metal element, that is, a d-d transition.
Consequently, d-d transitions can only occur when 3d states
are available in both the VB and CB, as has been extensively

studied for early transition metals.75−79 For pure 3d0 systems,
defects among other things can facilitate local occupied 3d VB
states allowing the observation of d-d transitions.22 The
process is depicted in Figure S6. Hybridization of O 2p and Cr
3d/V 3d states in the CB and VB excitation from the O 1 s
core level into these hybridized states can also result in weak d-
d transitions. The binding energy of O 1 s (EB = −530.5 eV) is
higher than that of V 2p3/2 (EB = −517.4 eV) but lower than
that of Cr 2p3/2 (EB = −577.6 eV). Accordingly, only d-d
transitions involving V are expected to result in substantial
intensity in RiXS at the O K edge.
The RiXS spectra of metal-deposited V4Cr2O13 in the

vicinity of the elastic peak are shown in Figure 6c−e for Cr
(L2/3 edge), V (L2/3 edge), and O (K edge), respectively. The
elastic peak was aligned with ECBM to account for the direction
of the d-d transition (loss features). Comparing the spectra, we
can observe that the intensity ratio of d-d transition to elastic
peak is the highest for Cr and has a similar intensity and shape
for V and O. This is in good agreement with HSE with a
prediction of 70−80% Cr character. In the RiXS spectra for Cr
(Figure 6c), two d-d transitions can be observed (labeled as
Egs1 and Egs2). The respective loss energy is 1.8 eV for Egs1,CBM
and 2.4 eV for Egs2,CBM (energy with respect to the elastic peak,
which is assumed to be the CBM). Using the optical band gap,
we can then adjust the energy with respect to EVBM and
compare the values with the energy difference obtained by
XPS. We obtain Egs1,VBM = 0.72 eV and Egs2,VBM = 0.12 eV,
which is in good agreement with the energy difference
obtained by XPS (0.81 and 0.22 eV, respectively, in Table
S1). The complementary measurement of the energetic
position of the midgap states by XPS and RiXS is in excellent
agreement when using the direct optical absorption measured
by UV−vis spectroscopy. The indirect gap is estimated to be
0.2 eV lower by UV−vis spectroscopy, which is within the
uncertainty of the measurement because the indirect and direct
absorption signals are not well separated. The calculated PBE +
U values for the magnetic moment of Cr are 2.8 μB, close to
the 3 μB that would be expected for octahedral crystal field
splitting for Cr3+.
This interpretation of the electronic structure and limiting

photovoltage is consistent with all existing data, although as
noted above, the electrochemical reduction of the metal oxide
surface provides an additional limitation that may necessitate
epitaxial films, or some other control of the spatial distribution
of the surface, to accurately measure the flat band potential and
more precisely compare the PEC attributes to the model of the
defect electronic structure.
Collectively, this work demonstrates the utility of combined

theory-experiment characterization of the electronic contribu-
tions of point defects to understand limitations and guide
further material optimization of nascent metal oxide photo-
anodes. However, we conclude with evidence that the situation
is even more complex than that indicated by Figure 6 and the
ensuing comparison to experimental results. As noted above,
the oxide-deposited sample exhibits a lower concentration of
midgap states, which creates an expectation that its photo-
voltage may not be limited in the same manner as the metal-
deposited sample. However, the oxide-deposited sample
exhibits practically no photoresponse, creating a new question
of whether the introduction of oxygen vacancies is somehow a
prerequisite for photoactivity in which case one would
conclude that this material is not amenable to development
into a high-photovoltage semiconductor.
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As the VB edge is dominated by states of localized Cr 3d
character, small polarons may form and dominate carrier
transport, limiting carrier mobilities.80 Given the remarkably
low dark current over the entire potential range in Figure 5, it
appears that electronic conductivity may limit the performance
of the oxide-deposited photoelectrode, which motivates future
study of whether dopants, or defects other than oxygen
vacancies, provide the mobile carriers that enable the
photocurrent in the metal-deposited sample. In this case,
photoanode optimization should proceed by developing a
synthesis that results in the formation of those beneficial
defects while mitigating oxygen vacancies.
The oxide-deposited and metal-deposited samples in Figures

5 and 6 were measured to have V cation concentration (see
Figure 1a) of close to phase purity 0.66 using bulk-sensitive
XRF. XPS showed a slightly V-rich surface composition with
0.75 and 0.7 for oxide- and metal-deposited V4Cr2O13. While
both values are within uncertainty of the FU composition, their
differential composition indicates that the metal-deposited film
has a higher concentration of V at the surface, although XRD
characterization (Figure S3) indicates the presence of a small
amount of the more Cr-rich phase, monoclinic VCrO4.
Although VCrO4 can exhibit a 1 eV more positive VBM
(DFT-HSE, Table S2), smaller band gap, and similar
photoanodic performance,35 a 10% impurity phase does not
directly explain this performance difference between oxide and
metal-deposited films, bringing into question whether cation
substitutional or interstitial defects play a role in the electronic
conductivity and/or doping level. A more detailed study on
electronic transport as well as carrier dynamics and lifetime will
be necessary to ascertain any positive influence of the oxygen
vacancy-induced gap states on minority carrier transport
properties. Additionally, fundamental understanding of charge
carrier dynamics and limiting factors of these materials will
lead to the development of new concepts to further improve
their practical application as photoanodes, as has been shown
for other ternary metal vanadates.81,82

4. CONCLUSIONS

XPS and Kelvin probe microscopy experiments for 11 ternary
vanadate photoanodes provided characterization of the
variation in band edge energetics with cation selection and
crystal structure. The ternary vanadates collectively span seven
different cations in structures that share a common VO4
structural motif, which had been predicted to provide broad
tunability of the VBM position via electronic hybridization of
O 2p valence states and cationic valence states for metal oxide
photoanodes. While the experimentally observed dynamic
range of band positions was lower than that predicted, the
qualitative trend was verified, providing the largest band edge
tuning demonstrated to date for any analogous class of metal
oxide semiconductors. The visible-gap photoanodes with a
relatively high energy VB comprise the most promising
electronic structures for a high-efficiency solar-driven OER,
prompting further detailed characterization of the representa-
tive photoanode V4Cr2O13. Our DFT-based predictions of
midgap states arising from oxygen vacancy defects were
supported by XPS and RiXS characterization, demonstrating
that avoidance of these defects will be important for increasing
the realizable photovoltage and ultimately high solar
conversion efficiency.
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