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ABSTRACT: We study the native defects in bismuth vanadate
using hybrid density functional theory. We pay special attention to
where excess charges localize by considering different polaronic
distortions and find that charge localization has a profound effect on
the local chemical environment around certain defects. In particular,
oxygen dimerization may occur in the presence of acceptor defects.
On the basis of Fermi level pinning due to compensation between
donors and acceptors we additionally find that intrinsic p-type
conductivity is difficult to achieve in BiVO,, in good agreement with
experimental observations. Our results give new insights into the
defect chemistry of bismuth vanadate and act as a guide for future
studies on defects in complex metal oxides.

B INTRODUCTION

Large parts of our society are currently transitioning away from
fossil fuels and pivoting toward more sustainable energy
sources. Photo-electrocatalytic (PEC) water splitting, the
production of hydrogen gas from water through solar
irradiation, could become a promising alternative source of
clean and sustainable fuel. In this context, large efforts have
been put into the investigation of potential materials that could
be used as catalysts."” However, many promising candidates
are still marred by problems such as insufficient efficiency, poor
reaction kinetics, and unacceptable degradation over time.”"
These issues must be overcome in order for PEC water
splitting to become a solid pillar of the energy economy, and
their solution requires an improved understanding of the
relationship between the structure and functionality of these
materials. The monoclinic scheelite phase of bismuth vanadate,
BiVO,, is one of the most promising materials for facilitating
PEC water splitting due to its favorable band alignment with
the water oxidation potential and moderate band gap of ~2.4
eV.> As a consequence, it has been the subject of extensive
research during the past decade and has been proposed as a
good platform for understanding mechanisms in other complex
transition-metal oxides.’ Despite its valuable properties, the
PEC efficiency of BiVO, is still limited by a high charge
recombination rate, low conductivity, and slow hole transfer.’
Much experimental effort has been put toward circumventing
or solving these issues through synthesis and postsynthesis
procedures.””"” In fact, synthesis conditions directly affect the
concentration and nature of defects within the material, while
postsynthetic treatments can modify the defect chemistry of
the material.'"* Within this framework, understanding the
energetics and the defect chemistry of native defects in BiVO,
can aid in the endeavor of improving its PEC efficiency.
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However, unravelling their effects through experiments is often
nontrivial.

Among the native defects, oxygen vacancies have been
studied most extensively. Their abundance has been reported
to increase the majority charge carrier conduct1v1ty as well as
the overall PEC efficiency of bismuth vanadate.'®'” Their role
is not entirely without controversy, however, as they have also
been reported to be detrimental to the charge-transfer
properties of the material."® Unfortunately, the experimental
literature is sparser concerning the effects of the other native
defects. Similarly, theoretical papers have mainly focused on
oxygen vacancies,'” "> though studies on the other defects
have been published. In particular, Yin et al.”* and Zhang et
al*® presented formation energies calculated using density
functional theory (DFT). The former used a semilocal
exchange-correlation functional for both geometry relaxation
and total energy calculations. The latter performed total energy
calculations using DFT+U and hybrid DFT, based on the
geometries found at the semilocal level of theory. Both studies
predict a strong p-type conductivity for samples synthesized in
oxygen-rich conditions, a finding that is in stark contrast with
experimental measurements indicating that BiVO, is an n-type
semiconductor.” While examples of undoped p-type BiVO, are
documented in the literature*** the extreme p-type character
predicted by Yin et al. and Zhang et al. indicates that it should
be far more prevalent. Cooper et al. highlight this discrepancy
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between theory and experiment and suggest that hydrogen
impurities may play a key role in the n-type conductivity
generally observed in BiVO, samples.”® However, this was
based on the prediction by Yin et al., whose calculations fail to
take charge localization into account.

Excess charges are known to preferentially localize and form
polarons in many transition-metal oxides including
BiVO,.””~** Semilocal exchange-correlation functionals fail to
capture this phenomenon, tending to instead delocalize
charges, due to electron self-interaction errors.”>** While
Zhang et al. performed calculations using DFT+U and hybrid
functionals, both of which can overcome this limitation,*>™>°
the geometries of their atomistic models were optimized using
a semilocal functional, which could lead to erroneous charge
delocalization for some of the defects.

In this work, we study the native defects of BiVO, and
calculate their formation energies, carefully taking polaronic
distortions and charge localization into account through the
use of hybrid density functionals. We show that this yields
Fermi levels pinned at energies more in line with experiments
than previous theoretical studies. In particular, we show that p-
type conductivity is difficult to achieve. We focus on the
geometry and charge localization of the defective structures
and show that oxygen dimers tend to form for acceptor defects.

B COMPUTATIONAL DETAILS

The calculations were performed using the Gaussian Plane
Waves method of density functional theory as implemented in

Apg;

(-11.31 eV, 0) 0, 0)

Arly

(0,-11.31 eV)

Figure 1. Phase diagram of BiVO, and competing phases. The shaded
area represents the stability region of BiVO,, i.e., where eqs 4—9 are
fulfilled. The values (in eV) of (Aug, Auy, Apg) at points A, B, and
C are approximately (0.0, —4.14, —1.79), (—2.72, —8.59, 0), and
(—1.36, —6.37, —0.90), respectively.

the CP2K code.”” Goedecker-Teter-Hutter pseudopotentials
were used to describe core—valence interactions.”® Wave
functions were expanded using double-{ polarized MOLOPT
basis sets”” along with an auxiliary plane-wave basis set defined
up to an energy cutoff of 600 Ry. We emoployed the PBEO-TC-
LRC exchange-correlation functional’™*' with 22% exact
exchange along with the auxiliary density matrix method"” to
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speed up calculations. The Brillouin zone was sampled at the I
point.

We considered the monoclinic scheelite phase using a 2 X 2
X 2 repetition of the experimental unit cell reported by Sleight
et al,* that is, a structure of space group I2/b exhibiting lattice
parameters of a = 5.1935 A, b = 5.0898 A, c = 11.6972 A, and y
= 90.387, yielding a pristine supercell consisting of 192 atoms.
We relaxed the atomic positions of all structures until the
residual forces on all atoms were less than 10 meV/A.

Formation Energies and Chemical Potentials. To
assess the stability of various defects, we calculate their
formation energies. The formation energy E'[X7] of a defect of
type X in charge state ¢ may be expressed as™*

E'[X'] = E[X%] — B, — ). un; + q(e, + &) + E

corr
1

(1)
where E[X?] is the total energy of the supercell containing the
defect, E, is the total energy of the pristine material, y; is the
chemical potential of defect i, n; is the number of defect atoms
added of type i, &, is the location of the valence band
maximum, &g is the Fermi energy, and E_,, is a correction term
added to compensate for electrostatic interactions between
periodic repetitions of the charged defect. To this end, we
employ the correction scheme of Freysoldt, Neugebauer, and
Van de Walle, neglecting the alignment factor.®®

The chemical potentials of the constituent elements of
BiVO, are subject to thermodynamic constraints, which may
be used to model experimental growth conditions."* The
growth of BiVO, under equilibrium conditions is subject to the
constraint

'uBi + ﬂV + 4:“0 = EBiVO4 (2)

where ; is the chemical potential of the compound i. To
directly include the choice of references for chemical
potentials, the constraint is rewritten in terms of the formation
energy AH{BiVO,), which may be expressed as

AHf(BiVO4) = EBiVO4 — Ep — Ey — 4Eq

3)

Here E, is the total energy per formula unit of compound i.
Bismuth and vanadium are referred to the pure metallic phase,
while oxygen is referred to half of the energy of an isolated
oxygen molecule. Combining eqs 2 and 3 and rearranging

yields

AHf(BIVO4) = (ﬂBi - EBi) + (ﬂv - EV) + 4(#0 - EO)
(4)

(5)

where Ay; = pi; — E; is the chemical potential change of species
i referenced to a pure phase specified above.

Additionally, the formation of bulk metal and gaseous
oxygen must be prevented, limiting the chemical potentials to

Afty <0, Bty < 0, Aty <0 (6)

To avoid the formation of secondary phases, we have the
additional constraints

=Apy, + Apy, + 4Ap,

AH{(V,05) > 2Ap,, + SAu, ?7)
AH{(VO,) > Ap, + 24pu, (8)
AH((Bi,0;) > 2Au, + 3Au, (9)

https://doi.org/10.1021/acs.jpcc.1c09990
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Figure 2. Defect formation energies calculated according to eq 1 at different conditions. V, denotes a vacancy on the site of an A atom, A; denotes
an interstitial A atom, and Ag denotes a substitutional A atom on a B site. Shading indicates band edge shifts due to spin—orbit coupling,
thermalization, and nuclear quantum motion as previously calculated by Ambrosio et al.*®

where formation energies are calculated analogously to eq 3.
The resulting phase diagram is shown in Figure 1, where the
shaded area represents the BiVO, region of stability taking the
restrictions above into account.

The chemical potential calculations are based on exper-
imental unit cells, with lattice parameters and space groups
listed in Table S1 of the Supporting Information.

B RESULTS

Defect Formation Energies. We first determine for-
mation energies of various defects as a function of growth
conditions by varying the chemical potentials of eq 1. A
diagram of allowed chemical potentials is calculated according
to the procedure described above and is presented in Figure 1.
The labeled points indicate the conditions we calculate
formation energies for: bismuth-rich/oxygen-poor conditions
(A), oxygen-rich/bismuth-poor conditions (B), and bismuth/
oxygen-moderate conditions at the midpoint between the
former two (C).
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Defect formation energies at the chosen conditions are
plotted in Figure 2, and charge transition levels are shown in
Figure 3, where the latter is defined as the Fermi level at which
the formation energies of a particular defect in two different
charge states are equal. We note that charge transition levels
are independent of the chemical potentials. The calculated
band gap is ~3.95 eV, significantly larger than the experimental
room-temperature value of ~2.4 eV.” This discrepancy
primarily stems from significant band gap renormalization
and band-edge shifts that occur in BiVO, due to spin—orbit
coupling, thermalization, and nuclear quantum motion that are
not explicitly considered in our calculations. To account for
this, we correct the band edges using values reported by
Ambrosio et al.** The valence band maximum is shifted
upward by 0.54 eV, and the conduction band minimum shifts
downward by 0.51 eV, reducing the calculated band gap from
3.95 to 2.9 eV. This brings it into closer alignment with the
experimental band gap of 2.4 eV. The corrected band edges are
indicated by shading in Figures 2 and 3.

https://doi.org/10.1021/acs.jpcc.1c09990
J. Phys. Chem. C 2022, 126, 2960—2970
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Figure 3. Defect charge transition levels. Shading indicates band edge
shifts due to spin—orbit coupling, thermalization, and nuclear
quantum motion as previously calculated by Ambrosio et al.*®

(a) Neutral charge state.

(d) -3 charge state.

(c) -2 charge state.

Figure 4. Lowest-energy configurations for the bismuth vacancy. The
approximate location of the removed atom is shown in black.
Isosurfaces represent the square modulus of orbitals associated with
localized charges and are shown at 5% of their maximum values.
Holes are shown in cyan, and electron states related to dimer
formation are shown in magenta.

The Fermi level is pinned at the lowest-energy intersection
between donor and acceptor formation energies. This is
marked by vertical lines in Figure 2. At this point, the
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formation of further acceptor defects would be compensated
by the formation of donors, and vice versa. For conditions A
and C (see Figure 1) this phenomenon pins the Fermi level
above the band gap middle, implying n-type conductivity, with
oxygen vacancies as the dominant donor defect. The formation
energy of oxygen vacancies at an oxygen-rich condition is in
excellent agreement with the calculations of Seo et al.*’ For
condition B, the Fermi level is pinned just below the band gap
middle, implying a weak p-type conductivity with bismuth
vacancies and oxygen interstitials being the dominant acceptor
defects. Charge transition levels are plotted in Figure 3. Bi] is
the only unstable electron donor, while Vg, Vi, Vi, V5,
V¥, and O are unstable acceptors. Additionally, Biy is stable
only for a Fermi energy range spanning less than 0.1 eV.

In the following, we inspect the considered defects in
different charge states starting from the case with excess
electrons and holes removed. We successively add the charges
one by one until charge neutrality is reached, investigating how
the charges localize and how defect geometries are affected.

Bismuth Vacancy. The bismuth vacancy acts as an
electron acceptor, contributing three excess holes at charge
neutrality. Its structure and charge localization at different
charge states is shown in Figure 4. In the absence of excess
charges, that is, at the —3 charge state, the vacancy induces
slight lattice distortions immediately surrounding the defect.
The eight closest oxygen atoms are pushed away by an average
of ~0.16 A, and the four closest Bi atoms are pulled 0.2 A
closer to the vacant site. Adding one excess hole results in the
formation of a polaron next to the defect, centered on a
bismuth atom, similar to that previously observed in the
pristine bulk.’’ The Bi—O bond lengths formed by the
bismuth atom trapping the charge and the eight surrounding
oxygen atoms are shortened by ~0.03—0.1 A. Upon the
addition of a second hole, two oxygen atoms of a VO,
neighboring the vacancy are pushed together, forming a
dimer onto which the two holes localize. The dimer has an O—
O bond length of 1.44 A, close to that of the O, species and
in good agreement with previous observations for double-hole
induced oxygen dimerization in pristine BiVO,* and other
metal oxides.** ™" It remains bound to its host vanadium with
V-0 bond lengths of 1.82 and 1.87 A. The host vanadium is
displaced from its pristine lattice position by 0.72 A and forms
a bond with an oxygen atom of a neighboring VO,. A third
hole localizes onto the oxygen dimer, reducing its O—O bond
length to 1.31 A, consistent with what is expected for the O,'~
species. Furthermore, the V=0 bonds to the host vanadium
are elongated to 1.92 and 1.95 A.

The formation of the oxygen dimer pushes the state
associated with its two holes far into the conduction band,
where hybridization with cation states occurs.”® For this
reason, it is impossible to isolate these two holes for
visualization. The oxygen dimerization is additionally asso-
ciated with the localization of several electronic states similar
to O, molecular orbitals; for illustrative purposes, we thus use
the highest-lying of these states in Figure 4b.

Vanadium Vacancy. Removing a vanadium atom frees up
the four oxygen atoms coordinated to it and yields five excess
holes under charge neutral conditions. Figure S shows the
structure of the defect in different charge states as well as the
location of excess charges. In the —5 charge state, the four
oxygen atoms bind to two bismuth atoms each with Bi—O
bond lengths of ~2.1 A. Neither the bismuth nor oxygen atoms

https://doi.org/10.1021/acs.jpcc.1c09990
J. Phys. Chem. C 2022, 126, 2960—2970
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Figure . Stable configurations for the vanadium vacancy. The approximate location of the removed atom is shown in black. Isosurfaces represent
the square modulus of orbitals associated with localized charges and are shown at 5% of their maximum values. Holes are shown in cyan, and
electron states related to dimer formation are shown in magenta.

oW o F o ple ‘x “J'f 'X'
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) Neutral charge state. ) +1 charge state. (¢) +2 charge state.

Figure 6. Lowest-energy configurations for the oxygen vacancy. The approximate location of the removed atom is shown in black. Isosurfaces
represent the square modulus of orbitals associated with localized electrons and are shown at 5% of their maximum values.

deviate from their positions in the pristine lattice by more than The addition of a fourth hole further reduces the dimer O—O
0.4 A in this process. Localization occurs upon the addition of bond to 1.2 A, which is close to the bond length of the O,
a hole, centered on one of the bismuth-bonded oxygen atoms.
The associated Bi—O bonds elongate to ~2.3 A. Additionally,
the Bi—O bonds of another bismuth-bonded oxygen atom
increase to ~2.2 A. Adding a second hole causes the formation
of an oxygen dimer with an O—O bond length of 1.44 A, again

molecule. A fifth hole localizes onto one of the remaining
bismuth-bonded oxygen atoms as observed for the —4 charge
state.

The hole states associated with dimer formation are

in line with the O, species. Similarly, a third hole shortens impossible to isolate due to hybridization, just like in the
the dimer O—O bond length to 1.3 A, as in the O,'~ species. case of the bismuth vacancy above. Therefore, we again show
2964 https://doi.org/10.1021/acs.jpcc.1¢09990
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(b) +1 charge state.
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Figure 7. Stable configurations for interstitial bismuth. The defect is
highlighted in blue. Isosurfaces represent the square modulus of
orbitals associated with localized electrons and are shown at 5% of
their maximum values.

the highest-lying electron state associated with the dimer in
Figure 5d.

Oxygen Vacancy. Oxygen vacancies in BiVO, are donors,
contributing two electrons in the case of charge neutrality. The
defect’s structure, along with the localization of excess charges,
is shown in Figure 6 for different charge states. When an
oxygen vacancy is introduced, the undercoordinated vanadium
atom (VVacancy) is found to move toward a neighboring VO, in
order to form a bond with one of its oxygen atoms and regain
its fourfold coordination. Without any excess charges, that is,
in the +2 charge state, the Vy,.,,, atom is displaced from its
pristine lattice position by 0.9 A toward the vanadium atom it
shares an oxygen with (VNeighbor). The shared oxygen is pulled
03 A dloser to Vvacaney With a VVacancy—Oﬂ bond length of 1.84
A and a Vygghpor—O bond length of 1.82 A. The addition of an
excess electron induces charge localization onto Vyeighbor
elongating the Vygnpor—O bonds of the unshared oxygen
atoms to ~2 A. A second excess electron forms a polaron on a
VO, in the bulk region of the material, elongating its V—O
bonds to ~1.8 A. The bridged structure remains unperturbed.

Interstitial Bismuth. The bismuth interstitial, a donor
yielding three excess electrons in the neutral charge state,
resides in between two bismuth atoms in the lattice, shifted
slightly toward a VO, in a neighboring plane. The structure
and charge localization of the defect in different charge states is
shown in Figure 7. This defect causes significant displacements
of the atoms in its immediate vicinity. In the +3 charge state,
that is, without excess charges, the bismuth atoms surrounding
the defect are pushed away, ending up between 0.2 and 0.8 A
from their positions in the pristine lattice. Most of the
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surrounding vanadium atoms are displaced by up to 0.3 A
compared to their positions in the pristine lattice, though the
vanadium lying above the interstitial in Figure 7d is pushed
away by 0.64 A and its V—O bonds are significantly distorted
compared to the tetrahedral shape taken in the bulk.
Localization onto the distorted VO, above the interstitial
occurs upon the insertion of an excess electron, elongating the
V-0 bonds pointing away from the defect by less than 0.1 A
and the V—O bonds closest to the defect by ~0.15 A. Inserting
a second electron results in the formation of a polaron on a
VO, in close vicinity of the interstitial, causing its V—O bonds
to elongate slightly. Two nearby bismuth atoms are also pulled
~0.2 A toward the localized charge. Adding a third electron
forms another polaron on a VO, in the bulk-like region far
away from the defect causing its V—O bonds to elongate by
~0.8 A as expected in the bulk of BiVO,.*!

Interstitial Vanadium. The vanadium interstitial acts as a
donor, contributing five excess electrons in the charge neutral
state. It preferentially resides in the void between two layers of
the BiVO, structure and induces strong lattice deformations in
its neighborhood, giving rise to a complex bond arrangement.
Figure 8 shows the structure of the defect in different charge
states as well as the location of excess charges. In the +5 charge
state, the interstitial coordinates six oxygen atoms. Five of
these are shared with neighboring vanadium atoms, while one
is found to dissociate from its previous host, as shown in
Figure 8f. Furthermore, each of the oxygen-sharing neighbors
forms bonds to oxygen atoms in adjacent layers, with the
vanadium to the left and right of the defect in Figure 8f
coordinating to five oxygen atoms each. An excess electron is
found to localize onto the defect, elongating the V—O bond to
one of its shared oxygen atoms. This also breaks the interlayer
V—0-V bond between two vanadium atoms (left of the
interstitial in Figure 8e). Localization onto the vanadium atom
above the interstitial in Figure 8d occurs upon the addition of a
second electron, shifting it ~0.1 A closer to the defect. A third
electron localizes onto the vanadium to the right of the defect
in Figure 8¢, slightly perturbing its V—O bonds. A fourth
electron localizes onto the interstitial itself, which now traps
two electrons, elongating the V,(—O bonds by an average of
~0.06 A. Finally, a fifth electron localizes onto the vanadium
atom to the left of the interstitial in Figure 8a, elongating its
V-0 bonds by an average of ~0.08 A.

Interstitial Oxygen. The oxygen interstitial acts as an
electron acceptor, donating two excess holes to the lattice at
neutral charge. Its structure and charge localization in different
charge states are shown in Figure 9. In the absence of excess
charges, that is, in the —2 charge state, the interstitial forms V—
O bonds with the vanadium atoms of two neighboring VO,
lying in different planes, forming a bridge as seen in Figure 9a.
This distorts the unshared V—O bonds: three of them are
elongated while one is reduced with respect to the bulk value
of ~1.7 A. The vanadium atoms are displaced by 0.15 and 0.3
A toward the interstitial. The V—O; bond lengths are both ~2
A. Charge localization onto the interstitial and another nearby
oxygen atom occurs upon the addition of a hole. The V-0
bond lengths to the host vanadium are 1.86 and 1.93 A for
these oxygen atoms, and the O—O distance between the two is
2.01 A. Additionally, the bond from the interstitial to the other
VO, is elongated to 2.16 A. A second excess hole localizes onto
the two hole-trapping oxygen atoms, forming a dimer with an
0-0 distance of 1.45 A, similar to that of the O,>” species.
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(d) +3 charge state.

(e) +4 charge state.

(f) +5 charge state.

Figure 8. Lowest-energy configurations for interstitial vanadium. The defect is highlighted in blue. Isosurfaces represent the square modulus of
orbitals associated with localized electrons and are shown at 5% of their maximum values.
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Figure 9. Lowest-energy configurations for interstitial oxygen. The defect is highlighted in blue. Isosurfaces represent the square modulus of
orbitals associated with localized charges and are shown at 5% of their maximum values. Holes are shown in cyan, and electron states related to

dimer formation are shown in magenta.

As previously observed for cation vacancies, the hole state
associated with dimer formation is impossible to isolate.
Therefore, Figure 9a shows the highest-lying localized electron
state associated with the formation of the dimer for illustrative
purposes.

Bismuth Antisite. Replacing a vanadium atom with a
bismuth atom, thus creating a bismuth antisite (Biy), retains
the tetrahedral structure of oxygen atoms surrounding the
central cation. The defect is an electron acceptor, yielding two
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excess holes in the neutral charge state. The structure and
charge localization in different charge states are shown in
Figure 10. In the —2 charge state, the Biy—O bond lengths are
~2.2 A. Charge localization onto the defect and surrounding
oxygen atoms occurs upon the insertion of a hole, shortening
the Bi,—O bonds to ~2.1 A. A second hole localizes in a similar
fashion, further shortening the Biy,—O bonds to ~2 A.
Vanadium Antisite. The Vj; antisite acts as a donor,
contributing two excess electrons to the lattice in the neutral

https://doi.org/10.1021/acs.jpcc.1c09990
J. Phys. Chem. C 2022, 126, 2960—2970
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(a) Neutral charge state.

(b) -1 charge state.

(¢) -2 charge state.

Figure 10. Lowest-energy configurations for the bismuth antisite Biy. The defect is highlighted in yellow. Isosurfaces represent the square modulus
of orbitals associated with localized holes and are shown at 5% of their maximum values.
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Figure 11. Lowest-energy configurations for the vanadium antisite Vy;. The defect is highlighted in yellow. Isosurfaces represent the square
modulus of orbitals associated with localized electrons and are shown at 5% of their maximum values.

charge state. Its introduction results in significant lattice
distortions around the defect, with the vanadium forming
asymmetric bonds with five nearby oxygen atoms. The local
structure resembles that of crystalline V,0;, with the oxygen
atoms forming a distorted square pyramid. The defect’s
structure in different charge states, along with the localization
of excess charges, is shown in Figure 11. In the absence of
excess holes, that is, the +2 charge state, the V,—O bond
lengths vary between 1.65 and 2.12 A. Additionally, the oxygen
atom with the shortest V5;—O bond nearly dissociates from its
original host vanadium, with the V—O bond elongating to 2.12
A. To compensate, another oxygen atom from a neighboring
VO, is brought closer. Adding an excess electron leads to
charge localization onto the antisite, causing all but one of the
Vg;—O bonds to elongate. A second electron also localizes onto
the antisite, further elongating four of the five V,—O bonds,
while one retains its length.

B DISCUSSION

We note that the potential energy landscape of the defects we
studied is quite complex. Only the lowest-energy, that is, the
most stable, configurations are shown above. For instance, an
oxygen dimer may form in the presence of the Biy antisite, but
the dimerless configuration in Figure 10a is more stable, and
the precise location of excess charges within the unit cell has a
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significant effect on the energetics of the oxygen vacancy.”"*’

The excess charges stemming from the defects under
consideration preferentially localize in the vicinity of the
defect. Two notable exceptions are the oxygen vacancy and the
bismuth interstitial: in the neutral charge state, that is, with all
excess charges present in the simulation, one electron localizes
far away from the defects. It is important to note that the
situation may be different close to the surface, though.

An important observation we make is that the formation of
oxygen dimers is favorable in the presence of cation vacancies
and oxygen interstitials. The oxygen dimerization phenomenon
has previously been predicted to occur upon the insertion of
excess holes in BiVO4,3’2 TiO,,*® and SrTiO349 as well as other
transition-metal oxides when subjected to extrinsic doping.®"**
Ambrosio and Wiktor found that the presence of such dimers
at the surface of bismuth vanadate leads to a more favorable
energy alignment to the redox level associated with oxidation
of hydroxyl ions, a crucial step of the water-splitting reaction,
and stabilizes the surface in alkaline conditions.”> While the
effect of the defects in the vicinity of the dimer remains to be
seen, treating BiVO, to favor the formation of cation vacancies
or oxygen interstitials and, thereby, oxygen dimer formation
could be a new avenue for improving the PEC efliciency and
stability of the material.
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As mentioned in the Introduction, two studies similar to
ours have been previously published. Yin et al.”* studied the
native defects of bismuth vanadate using a semilocal exchange-
correlation functional, while Zhang et al.*’ additionally
performed total energy calculations using DFT+U and hybrid
DFT based on geometries optimized using a semilocal
functional. While their formation energy plots exhibit super-
ficial agreement with those in Figure 2, such as the Fermi level
being pinned by oxygen and bismuth vacancies, there are also
important discrepancies. In particular, the formation energy of
defect charge states where charge localization takes place is
significantly lower in our work. This is to be expected,
however, since neither of those studies were able to capture
this phenomenon.

Another difference is related to the pinning of Fermi levels
and the type of majority charge carriers. Monoclinic BiVO, is
generally considered to be an n-type semiconductor, though
there are examples of p-type tetragonal zircon BiVO, being
synthesized without extrinsic doping in the literature.”"*
Wang et al. attribute the p-type conductivity to bismuth
vacancies and oxygen interstitials,”* which we predict should
be the dominant electron acceptor defects at conditions
favoring p-type conductivity. The scarcity of examples of
undoped p-type monoclinic scheelite BiVO, in the literature
suggests that it is difficult to synthesize, in good agreement
with our results. At oxygen-rich conditions, that is, point B of
Figure 1, the Fermi level is pinned at ~0.15 eV below the band
gap middle. Adjusting the chemical potentials along the yg =0
line to the vanadium-rich/bismuth-poor stability limit shifts
the pinning level to ~0.23 eV below the band gap middle.
Producing p-type BiVO, thus requires very precise control of
synthesis conditions and should result in a sample with poor
conductivity. This is in stark contrast to the results of Yin et al.
and Zhang et al., who predict Fermi levels pinned much closer
to the valence band maximum. Their findings imply that p-type
conductivity should be achievable over a larger range of
conditions and with high conductivity, a result that does not
agree with the available experimental literature. Therefore,
charge localization must be taken into account during
geometry optimization for even qualitatively correct results.

B CONCLUSIONS

In conclusion, we have studied the stability and structure of the
native defects in the monoclinic scheelite phase of bismuth
vanadate using hybrid density functional theory. We began by
investigating the stability of these defects under realistic growth
conditions. On the basis of Fermi-level pinning, our results
indicate that intrinsic p-type conductivity is very difficult to
achieve in the material, in agreement with experimental
literature. We then perform a detailed analysis of the local
chemical environment around the defects and find that charge
localization may have a profound effect on the defect physics.
In particular, oxygen dimers may form close to cation vacancies
and oxygen interstitials, mediated by the localization of two
holes onto two oxygen atoms. Furthermore, we find that one
or two additional holes may localize onto these dimers,
shortening the O—O bonds to values close to those of the O,'~
and O, species, respectively. The presence of these dimers has
previously been predicted to have a favorable effect on the
water-splitting reaction. Our results thus suggest that treating
the material to favor the formation of dimer-forming acceptor
defects is a potential new avenue for improving the efficiency
of BiVO, photoanodes. This scheme could be useful for other
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complex transition-metal oxides as well, though studies need to
be conducted to elucidate whether the trends we observe are
general or not.
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