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ABSTRACT: The search for efficient photoelectrochemically
active materials has led to several studies on BiVO,, which has
shown higher photocurrent than most typical semiconductors
under photoelectrochemical (PEC) operation. BiVO, can be
stabilized in different crystal structures, yet high PEC
efficiency is found only for n-type doped monoclinic phase.
The theoretical description of the monoclinic polymorph is
difficult because of spontaneous transformation to a tetragonal
phase. The cause of such instability of the monoclinic phase
has yet to be resolved. Using first-principles calculations based
on density functional theory, we explore how the concen-
tration of excess electrons in this material affects its phase
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stability. We analyze the unit-cell structure, local bonding, and band structure of BiVO, at different concentrations of excess
electrons. We find that as the concentration of excess electrons increases, the tetragonal phase spontaneously transforms into
the monoclinic phase, suggesting a crucial role of doping in the structure and, thus, the photoelectrochemical performance of

BiVO,.

B INTRODUCTION

Heightened environmental awareness in recent decades has
fueled research on renewable sources to meet the growing
demand for energy. Hydrogen generation has been considered
one of the possible solutions for a low-carbon economy."”
Researchers have proposed that a sustainable hydrogen
producing apparatus in the form of a photoelectrochemical
(PEC) cell can be setup by tapping sunlight to perform
photolysis or water splitting via artificial photosynthesis. This
process was first reported in 1972 by Fujishima and Honda,
who used UV illuminated TiO, electrodes to perform
electrochemical photolysis of water.” PEC cells have since
emerged as monoliths for harvesting sunlight to directly obtain
H, gas.4_6 It has been concluded through extensive studies
that material properties such as visible light absorption,7 charge
carrier separation,” and stability under operation’ are crucial
for efficient solar-to-hydrogen conversion during PEC process.
Although several semiconducting materials are available for use
as photoelectrodes, BiVO,, in particular, has demonstrated
promising behavior as a PEC anode.”” The high performance
of this material has been attributed to the almost ideal position
of the conduction-band minimum and valence-band maximum
with respect to the water oxidation/reduction levels, leading to
enhanced photoabsorption and consequential H, evolu-
tion.'”"* The presence of donor defects such as interstitial
hydrogen or oxygen vacancies was reported to be crucial for
the enhanced PEC performance of the monoclinic phase of
BiVO,,"*™"* the cause of which is yet under debate.

BiVO, is known to exist in four different phases or
polymorphs, namely, orthorhombic, zircon-tetragonal, mono-
clinic (m), and tetragonal (t).'>'° Although the orthorhombic
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phase is the most common phase in which BiVO, occurs in
nature, generally known as the mineral pucherite, it has not
been synthesized in the laboratory.'” Low-temperature syn-
thesis of BiVO, yields the zircon-tetragonal phase, which has a
band gap of 2.9 eV.'® Upon heating the zircon phase to 528
K,'”" BiVO, transforms into the m phase, which can be
reversibly converted to t-BiVO, by tuning of temperature. In
these crystal structures, V is coordinated by four O atoms in a
tetrahedral site and each Bi is coordinated by eight O atoms
from eight different VO, tetrahedral units. The only difference
between t-BiVO, and m-BiVO, is that the VO, and BiO,
polyhedra in t-BiVO, are symmetric, while those in m-BiVO,
are not.””™** The reported band gaps of both t-BiVO, and m-
BiVO, are indirect and lie between 2.3 and 2.4 eV.'"®

In experimental studies, the unit cells of t-BiVO, and m-
BiVO, are often reported in I-centered (body centered) I4,/a
and I2/b space groups, respectively, as are shown in Figure
la,b. In most computational studies, however, a standard
representation of m-BiVO, in the C2/c space group has been
used [Figure 1c,d].'**° The advantage of using the unit cell
of m-BiVO, in the I2/b space group is that it can be easily
compared to the structure of t-BiVO,, except that in the
former, the lattice parameter a slightly differs from b and the
angle y is only sli§htly over 90°, so that it is easy to distinguish
the two phases.”” The standard monoclinic C-centered C2/c
representation of m-BiVO, in Figure lc can be carved out of
the I2/b one, as shown by the shaded region in Figure 1d.
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Figure 1. Polyhedral representation of conventional unit cells of (a) t-
BiVO, and (b) m-BiVO,. The C2/c representation of m-BiVO,
shown in (c) can be carved out from the I2/b m-BiVO,, as shown

in (d).

Despite extensive research on PEC performance of m-
BiVO,, subtle yet significant discrepancies in the theoretical
description of its crystal structure still exist. When optimizing
the lattice parameters and atomic positions of m-BiVO,, using
density functional theory (DFT) calculations within standard
approximations for the exchange and correlation, it sponta-
neously transforms to the ¢ phase, such that many of the
reports on this material end up incorrectly using t-BiVO,
instead of m-BiVO,.'®*" Since most recent computational
studies use the C2/c unit cell, which is difficult to compare
with t-BiVO, because it does not resemble the I4,/a structure,
this transformation has been largely overlooked. Kweon et al.
stabilized the m phase (12/b space group) by tuning the extent
Hartree—Fock mixing (50%) in hybrid density functional
calculation.*®

We note that m-BiVO, can be viewed as a layered structure,
as seen in Figure 1b, compared to the tridimensional structure
of t-BiVO, shown in Figure la. One then expects that adding
electrons to bands derived from V—O antibonding states of t-
BiVO, (i.e., the lowest-energy conduction bands, as discussed
below) may lead to a lengthening of some of the V—O bonds,
and, therefore, to a more asymmetric structure such as that of
m-BiVO,. We, therefore, hypothesize that the stabilization of
m-BiVO, can be enabled by the presence of excess electrons in
the conduction band, which can be accomplished through
doping. These excess electrons tend to elongate bonds, leading
to lower crystal-structure symmetry. Indeed, the reported PEC
activity of m-BiVO, invariably happens to involve an n-type
doped material.”” Motivated by this hypothesis, we use DFT
calculations to study the effects of excess electrons on the
phase stability of BiVO,. We find that t-BiVO, spontaneously
transforms into m-BiVO,, as the carrier density increases.
Without worrying about the specific nature of the shallow
donor defects or impurities, in this work, we will present an
analysis of the effects of adding excess electrons to the
conduction band on the local bonding, crystal structure, and
electronic structure of BiVO,.

B COMPUTATIONAL DETAILS

The calculations are based on DFT,***? as implemented in the

Vienna Ab initio Simulation (VASP) code.’>’' The projector
augmented wave (PAW) method is used to describe the
interaction between the core and valence electrons.”” For the
exchange and correlation term, we test various functionals
including the generalized gradient approximation (GGA) of
Perdew—Burke—Enzerhof (PBE),*> PBE revised for solids
(PBEsol),” the metageneralized gradient approximation based
on the Strongly Constrained and Appropriately Normed
(meta-GGA SCAN) formalism,” and the screened hybrid
functional of Heyd, Scuseria, and Enzerhof (HSE06).%° Self-
consistent total-energy calculations are performed on conven-
tional unit cells consisting of 24 atoms to optimize the
structures of m- and t-BiVO,. All calculations are performed
using a plane-wave basis set with a cutoff of 520 eV and a 12 X
12 X 6 TI'-centered k-point mesh for integrations over the
Brillouin zone.

Doping is simulated by the addition of excess electrons to
the unit cell; we added up to 0.25 electrons per formula unit, in
steps of 0.03125 electrons, which corresponds to adding up to
1 electron per unit cell, in steps of 0.125 electron. This
corresponds to adding up to 3.14 X 10*' electrons/cm’®. A
neutralizing homogeneous background is added to ensure
convergence. All lattice parameters and atomic positions are
allowed to relax until the atomic forces reach a maximum
threshold of 0.01 eV/A. Note that in this way, we avoid the
influence of the chemical nature of the impurity and the results
should, in principle, be valid for any shallow donor impurity or
can represent an electrically charged region near the surface or
interface due to band bending.

In the tests using the HSE functional, we were limited to 2 X
2 X 1 mesh of k-points, making the calculations less accurate,
in particular, those involving a metallic state, i.e., with electrons
in the conduction band. Overall, the results using different
functionals lead essentially to the same conclusions, except that
calculated equilibrium lattice parameters slightly differ for
different functionals.

The nonself consistent calculations (band structure and
density of states) are done on neutrally charged unit cells. The
nature of band gaps remained the same for different
functionals, but the values of band gaps for HSE06 functional
were significantly higher than the experimental values. Thus,
the band gap was not corrected by HSE06, and further
investigation of the correct mixing and screening parameters
for the band gap correction in BiVO, is underway. In the
following, we present the results using meta-GGA SCAN.

B RESULTS

We begin by describing the experimentally reported conven-
tional unit-cell structures of t-BiVO, belonging to the I4,/a
space group, m-BiVO, belonging to the I12/b space group”'
and C2/c space group, as shown in Figure la—c.

Although in t-BiVO,, we have four V—O bonds with equal
length, in m-BiVO,, the V—O bond lengths are separated in
two groups of two, differing by 0.08 A. The eight Bi—O bond
lengths are separated in two groups of four with difference of
only 0.04 A in t-BiVO,, while in m-BiVO,, the Bi—O form a
much less symmetric polyhedral with bond lengths separated
in four groups of two, with differences varying from 0.27, 0.16,
and 0.02 A from the longest to the shortest group, as indicated
in Figure 2.
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Figure 2. Unit cells and local structures of the two different phases, with corresponding Bi(V)—0 bond lengths represented by horizontal lines (not
drawn to scale), both as per experimental reports and after optimization of t-BiVO, and m-BiVO,. Groups of horizontal lines indicate a number of

metal—oxygen bonds with equal length.

Starting from the experimental data for t-BiVO,, m-BiVO, in
the I2/b unit cell, and m-BiVO, in the C2/c unit cell, we
optimized the volume and atomic positions of the three unit
cells and analyzed their structure. The results of the
optimization are illustrated in Figure 2, and the lattice
parameters (both before and after optimization) are also listed
in Table 1. By inspecting the metal—oxygen bond lengths, we

Table 1. Lattice Parameters of t- and m-BiVO,, As Reported
Experimentally,”" and Obtained by Meta-GGA SCAN
Calculations Without and With 0.250 Excess Electron Per
Formula Unit

meta-GGA SCAN

without extra

phase experiment electron with extra electron
a=b=5147 A a=b=5110A a=0b=5113 (A)
t-BiVO, c=11722 A c=11.607 A c=11.605 A
a=p=y=90° a=pf=y=90° a=p=y=90°
a=5194 A a=35123 A a=52414
b=509A b=5107 A b=5135A
m-BiVO, ¢=11.697 A c=11.594 A c=11833 A
7 = 90.4° 7 = 90° 7 = 90.22°
a/b = 1.02 a/b = 1.00 a/b =1.02

observe that the unit cells of m-BiVO, (both 12/b and C2/c)
spontaneously transform to ¢ phase upon optimization. From
the values of bond lengths reported in Figure 2, it is clear that
the unit-cell structure of m-BiVO, becomes more symmetric
compared to the experimental structure, while t-BiVO, retains
its initial 4-fold symmetry after optimization. We also note that
the lattice parameters of the 12/b unit cell (g, b, and y) showed
a significant shift from initial (experimental) values for m-
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BiVO, toward those of t-BiVO,, while it would be difficult to
see such transformation by only inspecting the optimized
lattice parameters for the C2/c unit cell. It is also necessary to
check the changes in its local structure, which are key to
making a clear distinction between m and t phases. These
results lead us to conclude that the C2/c unit cell is not ideal
for studying the structure of m-BiVO,, because by inspecting
only the optimized lattice parameters, it is difficult to
distinguish m-BiVO, from t-BiVO,. In the rest of the paper,
we, therefore, proceeded by studying m-BiVO, using the 12/b
unit cell, and, henceforth, all mention of m-BiVO, shall refer
solely to the I2/b m-BivVO,.

In the following, we study the changes in the crystal
structure of m-BiVO, upon addition of excess electrons in its
conduction band, fully optimizing lattice parameters and
atomic positions.

Effects of Doping on the Local Structure. We
investigate the evolution of the local structure of BiVO, in
the presence of excess electrons by measuring bond lengths in
VO, and BiOg polyhedra and plotting them against the
number of excess electrons. The plots shown in Figure 3
demonstrate an increasing disparity between bond lengths
within the constituent polyhedra, as we move from 0 to 0.250
excess electron per formula unit. Thus, the presence of excess
electrons in the unit cell causes nonuniform stretching and
compressing of the metal—oxygen bonds, consequently leading
to a lower symmetry in the polyhedra. The results in Figure 3
indicate that the local structure of BiVO, shifts from t to m
with increasing concentration of excess electrons. We can see
that two of the Bi—O bonds are elongated by 7%, while two of
the V-0 bonds are elongated by 3% upon addition of 0.250
electrons per formula unit, turning the undoped tridimensional
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Figure 3. Bi—O (top) and V—O (bottom) bond distances in BiVO,
with respect to excess electron concentration. The numbers on the
motifs on the left and right corners of the plots indicate the bond
distances in A for BiVO, optimized without excess electrons and with
0.250 excess electrons per formula unit, respectively. The horizontal
lines indicate pairs of Bi(V)—O bond lengths as per experimental
reports.21

structure into a layered structure, as reported experimentally
for m-BivO,.”"**

Effects of Doping on Lattice Parameters. To quantify
the extent of the resemblance of the optimized unit cell with
m- or t-phase BiVO,, we plot in Figure 4, the values of the

from studying the changes in the local structure of BiVO,.
Thus, we conclude that the concentration of excess electrons in
BiVO, strongly affects its phase as the unit cell transforms from
t to m symmetry.

Band Structures of t-BiVO, and m-BiVO,. It has been
established that both m- and t-BiVO, have indirect band gaps
between 2.3 and 2.4 eV.'"" Although PBE or PBEsol
functionals underestimate the band gap of BiVO, by about
0.7 eV, our calculations using the hybrid functional HSEQ6, i.e.,
with standard mixing and screening parameters & = 0.25 and y
= 0.207 A™!, overestimate the reé)orted band gap by about 0.9
eV. Previous HSE calculations™ show that the experimental
band gap can be reproduced by reducing the mixing parameter
to 0.05 (i.e., 5% of Hartree—Fock exchange mixed with 95% of
PBE exchange). Their reported band gap using standard
mixing and screening parameters amounts to 3.5 eV.>® More
recently, it was reported that the apparent agreement between
semilocal functionals or hybrid functional with a small fraction
of Hartree—Fock exchange is due to error cancellation,®” and
that the calculated absorption spectrum using HSE or the
quasiparticle GW method is in good agreement with the
experiment when excitonic effects, nuclear motion, and finite
temperature vibrations are included.”’

The calculated band structures of undoped m- and t-BiVO,,
using the meta-GGA SCAN functional, are displayed in Figure
Sa,b to show the similarities between the two phases regarding
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Figure 4. Lattice parameters a and b, along with their ratio a/b
(shown in the inset) with respect to increasing concentration of
excess free electrons in the BiVO, unit cell. The horizontal lines
indicate lattice parameters (a and b) as per experimental reports.21

lattice parameters a and b and the ratio a/b with respect to the
concentration of excess electrons. At the low concentration of
excess electrons (between 0 and 0.0625 electrons per formula
unit), symmetry of the unit cell of t-BiVO, remains intact (i.e.,
a=b,a/b=1), but after sufficient excess electrons are added
(approximately 0.094 per formula unit), the structure
spontaneously transforms to m-BiVO, (a # b, a/b > 1). At
0.25 excess electron per formula unit, the ratio a/b is
approximately equal to the experimental value, as shown in
the inset of Figure 3. This is in line with our initial observation
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Figure S. Calculated electronic band structure and density of states of
(a, ¢) monoclinic and (b, d) tetragonal phases of BiVO,. The zero in
the energy axis was set to the valence-band maximum in both cases.

their electronic structure. As pointed out above, the lowest-
energy conduction-band states are the antibonding combina-
tion of V 3d and O 2p orbitals. Adding electrons to these
conduction-band states leads to an elongation of some of the
V-0 bonds, which, in turn, also results in an elongation of a
pair of Bi—O bonds, lowering the symmetry and driving the
transformation to the monoclinic crystal structure of BiVO,.
Despite the significant differences in lattice parameters and
local structure between t-BiVO, and m-BiVO,, their band
structures look rather similar. For both structures, the top of
the valence band occurs along the line between M and T,
whereas the bottom of the conduction band occurs in the line
between X and M. Using the SCAN functional, the calculated
indirect band gaps are 2.29 eV for t-BiVO, and 2.28 eV for m-
BiVO,, while the lowest direct band gaps are 2.40 and 2.39 eV,
respectively.
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Energetics of m-BiVO, vs. t-BiVO, upon Doping. We
calculated the total energy difference between t-BiVO, and m-
BiVO, for the undoped and doped (0.25 electrons per formula
unit) cases, [i.e, AE(n) = E.[t-BiVO,(n)] — E.(m-
BivO,(n))], where n = 0 and 0.25. To simulate undoped m-
BiVO,, we took the doped structure (n = 0.25), removed the
excess electrons, and calculated the total energy without letting
the system to relax. To simulate the doped t-BiVO,, we added
0.25 electron per formula unit to the optimized undoped t-
BiVO,, also without letting the system to relax. As a result, we
obtained AE(0) = —0.81 meV per formula unit and AE(0.25)
= 60 meV per formula unit, confirming that t-BiVO, becomes
unstable with respect to m-BiVO, upon doping. The
magnitude and similarity of the absolute value of these energy
differences also indicate a certain symmetry in the stability of t-
and m-BiVO, phases with respect to doping.

B DISCUSSION

Considering the similarities of their electronic band structures
in Figure S, it is rather unclear why m-BiVO, would show
higher efficiency than m-BiVO, in the photoelectrochemical
activity. A recent report suggests that the observed difference
in efficiency could arise from the different grain sizes of the ¢
and m-BiVO, samples used during experiments.”® Here, we
speculate that the difference in the photoelectrochemical
activity might be related to surface or interface states. Since m-
BiVO, is a layered structure, we expect that the (001) plane be
a natural cleavage plane, where surface states do not play an
important role in carrier recombination. On the other hand, in
the tridimensional crystal structure of m-BiVO,, such a
cleavage plane would involve surface states that would enhance
carrier recombination, leading to decreased efficiency in the
photoelectrochemical activity. In this case, the effect of excess
electrons would be to stabilize the (layered) monoclinic crystal
structure of BiVO, with its favorable surface electronic
structure. We note that this is only speculative at this point,
and that detailed calculations for the surface electronic
structure are in progress and will be subject of a separate
report.

We should note that small polarons were predicted to form
in BiVO,” through the localization of an excess electron on
individual V atoms, changing its oxidation state from +5 to +4.
Such phenomena were also predicted to occur in titanates,
such as TiO,"*" and SrTiOs,*" still free electrons that contribute
to conductivity with mobilities that are much higher than that
given by hopging of small polarons are also observed in these
materials.**** Therefore, we suppose that free excess electrons
could, in principle, co-exist with small polarons, and that these
free electrons would induce the transformation from t- to m-
BiVO,, as described above. Or it could happen that the
presence of small polarons would also lead to such trans-
formation. Studies on the impact of small polarons on the
stability of t- vs m-BiVO,, however, are underway and are
beyond the scope of this study in part due to the high
computational cost involved.

Regarding the nature of the dopants, from a series of
possible impurities, it has been found that m-BiVO, shows
high PEC efficiency particularly for samples doped with the
shallow donors Mo®" and W®*.">***> 1t has also been argued
that the incorporation of interstitial hydrogen or oxygen
vacancies also leads to high PEC efficiencies. ™' Although
the reported Mo and W concentrations reported to give
enhanced photocurrent were about 3-5%, i.e., less than the

electron concentration required for full transformation of t-
into m-BiVO,, as discussed above, the concentrations of
interstitial H or oxygen vacancies that give high PEC
efficiencies are difficult to determine. It is likely that the
presence of the impurities themselves, i.e., not only the excess
electrons, also helps break the symmetry, perhaps lowering the
required excess electron concentration. The effects of specific
impurities on the phase transformation of BiVO, are also a
subject of future study.

B CONCLUSIONS

We show that excess electrons play an important role in
determining the phase of BiVO,. The electrochemically active
monoclinic m-BiVO,, is unstable when undoped, spontane-
ously transforming to the tetragonal phase t-BiVO,. Adding
electrons to the conduction band of t-BiVO,, we see it
transforming to m-BiVO,, where pairs of V—O bonds and Bi—
O bonds become elongated, thus lowering the symmetry of the
VO, and BiOg polyhedra. Despite the differences in lattice
parameters and the local structure of the VO, and BiOg
polyhedra, we find that t-BiVO, and m-BiVO, have rather
similar band structures, leading us to speculate that the
differences between the electrochemical activity of these two
phases must be related to carrier recombination at surfaces or
interfaces. The layered structure of m-BiVO, would lead to
rather ineffective recombination channels at the surface of
natural cleavage, as opposed to the tridimensional structure of
t-BiVO,, whose surface states would lead to higher carrier
recombination, hindering its photoelectrochemical activity.
Doping would then be crucial for stabilizing m-BiVO,, which is
the one related to the higher photoelectrochemical activity.
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