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The monoclinic and tetragonal phases of bismuth vanadate (BiVO,) have been found to exhibit
significantly different photocatalytic activities for water splitting. To assess a possible surface
effect on the phase-dependent behavior, we calculate and compare the geometries and electronic
structures of the monoclinic and tetragonal BiVO, (001) surfaces using hybrid density functional
theory. The relaxed atomic configurations of these two surfaces are found to be nearly identical,
while an excess hole shows a relatively stronger tendency to localize at the surface than the bulk in
both phases. Possible factors for the phase-dependent photocatalytic activity of BiVO, are
discussed. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4822270]

Bismuth vanadate (BiVO,) has recently been recognized
as a promising visible-light active photocatalyst for water
splitting."™" Interestingly, the photocatalytic activity has
been found to be significantly enhanced in the monoclinic
phase (ms-BiVO,) in comparison to the tetragonal phase
(ts-BiVOy), although the two phases exhibit similar band
structures.' While the underlying mechanisms are uncer-
tain, a recent theoretical study'? has demonstrated that a rela-
tively weakly localized hole in ms-BiVO, may undergo faster
diffusion than a small hole polaron in 7s-BiVO,, which may
in turn facilitate hole transport to the surface and thus water
oxidation reaction. Such hole mobility difference can play a
critical role in the phase-dependent photocatalytic activity of
BiVOy, but other possible factors may also need to be exam-
ined to clarify the intriguing behavior. In particular, it would
be instructive to examine the surface atomic structure and
electronic states of ts-BiVO, and ms-BiVO, and possible sur-
face effects on the photocatalytic activity difference, as pho-
tocatalysis is often sensitive to the surface properties.'*™"”

In this letter, we examine and compare the surface geo-
metries and electronic structures of £s-BiVO, and ms-BiVOy
using hybrid density functional theory (DFT) calculations.
Here, we only consider the (001) surface, which tends to
have the lowest energy'® and has also been shown to be the
most important facet for photocatalysis.'>™'” We also exam-
ine the characteristics of hole trapping in the near-surface
region with comparisons to those in the bulk. Based on the
results, we discuss possible surface effects on the photocata-
lytic activity difference between £s-BiVO, and ms-BiVOy,.

While there is no noticeable difference in the surface
properties, our study shows that the hole formation energy
difference between at the (001) surface and in the bulk is
about 0.1 eV larger in the monoclinic phase compared to the
tetragonal phase due to their distinctly different bulk charac-
teristics. The larger hole formation energy difference, along
with the higher hole mobility as predicted by our previous
study, in the monoclinic phase may contribute to some
degree to facilitating the transport of photogenerated holes to
the surface and thus hole-catalyzed water splitting.
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Spin-polarized DFT calculations were performed using
the Vienna Ab-initio Simulation Package (VASP 5.2.2)." We
used the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
(xc) functional®® with 25% Hartree-Fock (HF) exchange; here,
the slowly decaying long-range part of the HF interaction was
excluded following the Heyd—Scuseria—Ernzerhof (HSE)
screened approach.”' The PBE-HF25% xc functional has been
found to reproduce well the structural properties of bulk
ts-BiVO, and ms-BiVO4;22 the calculated lattice parameters
for ms-BiVO, and s-BiVO, are a=5.183A, h=5.074 A,
c=11711A, and 7=9036° (a=h=5.121A, and
c=11.647 A). Further details can be found in Ref. 22.

The (001) BiVO, surface was modeled using a periodic
slab with a vacuum gap of 10 A in the z direction (to separate
the slab system from its periodic images). The atoms in the
slab were allowed to fully relax until the residual forces on
all the constituent atoms become smaller than 0.02eV/A.
The projected augmented wave method” with a plane-wave
basis set (E.,, =450eV) was employed. The Brillouin zone
of the surface (1 x 1) unit cell was sampled using a gamma-
centered (2 x 2 x 1) Monkhorst-Pack k-point mesh for geom-
etry optimization, and the k-point mesh size was increased to
(4 x4 x 1) in refining the corresponding electronic structure.

For reference, we first briefly review the atomic and elec-
tronic structures of bulk 75-BiVO,4 and ms-BiVQOy. As illus-
trated in Fig. 1(a), the scheelite-type BiVO, structure consists
of isolated VO, tetrahedra (in grey) that are corner-connected
by BiOg dodecahedra (in purple). Figure 1(b) shows orbital-
resolved density of states (DOS); in ts-BiVOy, the top of the
valence band (VB) is mainly composed of the Bi 6s and O 2p
states, whereas there is an additional contribution of the Bi 6p
state in ms-BiVO,. For ms-BiVOy,, due to hybridization
between the Bi 65 and 6p states, each BiOg dodecahedron is
noticeably distorted with four different Bi-O bonds. On the
other hand, a Bi atom in 75s-BiVO, is located at the center
position with two distinct Bi-O bonds [see inset of Fig. 1(b)].
Overall, predicted bulk structures with PBE-HF25% are in
good agreement with experimental data.>*

Next, we calculated the (001) BiVO, surface structures
employing a slab with a lateral size of 1 x 1 unit cell and a
thickness of 16 Bi layers, as illustrated in Fig. 2; the slab thick-
ness was chosen sufficiently large such that the center region

© 2013 AIP Publishing LLC
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FIG. 1. (a) Crystal structure representation of scheelite BiVO, with indica-
tion of BiOg dodecahedra (in purple) and VO, tetrahedra (in gray) and (b)
electron DOS projected onto the Bi 6s (shaded in gray), Bi 6p (red solid
line), and O 2p (blue solid line) states in ts-BiVO, (upper panel) and
ms-BiVO, (lower panel). In the DOS plots, the O 2p state is scaled by 1/6
and the energy zero is set at the Ex which is indicated by the vertical dashed
line. In the insets of (b), the geometries of a BiOg dodecahedron in zs-BiVO,
(upper) and ms-BiVO, (lower) are shown; the arrow in ms-BiVO, represents
a Bi displacement along the c-axis with respect to the corresponding center
position in ts-BiVOy, (indicated by a dotted line). Purple, silver, and red balls
represent Bi, V, and O atoms, respectively.

(Bi8 and Bi8') exhibits the corresponding bulk-like structure.
In the outmost surface layer, O (Bi) atoms have twofold (six
fold) coordination, while bulk O (Bi) atoms are threefold
(eight fold) coordinated; the under coordinated surface atoms
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FIG. 2. (Left panels) DOS projected onto the 6s (shaded in gray) and 6p (red
solid line) states of Bi atoms in the different layers of the ¢s-BiVO, (upper)
and ms-BiVO, (lower) slabs. The energy zero is set at the Er, which is indi-
cated by the vertical dashed line. (Right panel) the geometry of the (001)
BiVO, slab employed; only Bi and O atoms are shown for clarity (see
Figure S1 in supplementary material for the complete slab structure*®). Bin
(or Bin') (n = 1-8) indicates the Bi atom in the nth subsurface Bi layer.
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undergo rearrangements to minimize surface energy. (see
Table S1 in supplementary material for the Bi-O bond lengths
after surface relaxation for ts-BiVO, and ms-BiVOy, together
with the corresponding bulk values for comparison%).

For the #s-BiVO, surface, the outmost Bi atoms (Bil/
Bil’) are found to move inward by —0.13 A along the [001]
direction with respect to the unrelaxed structure, which in
turn increases dg;j.o(1) while significantly reducing dg;.0(2)
and dg;_o(3). Concurrently, the Bi atoms in the second (Bi2/
Bi2") and third (Bi3/Bi3’) subsurface layers are displaced
outward by +0.13 A and inward by —0.08 A, respectively.
As a result, the near-surface Bi atoms are no longer located
at the BiOg polyhedron centers, unlike the bulk zs-BiVO,
case. Further away from the surface, the surface-induced lat-
tice distortions gradually diminish and the center region
(Bi8/Bi8') becomes bulk-like. The relaxed ms-BiVO, surface
shows a nearly identical structure to the zs-BiVO, surface.
This is understandable given that surface relaxation is mainly
driven by undercoordinated surface atoms; note that the two
phases have the same atomic arrangement near surface. It
may also be worth noting that the near-surface lattice relaxa-
tion is stronger than the monoclinic distortion in bulk
ms-BiVO, (see Table S1 in supplementary material®®).

With the optimized structures, we estimated the surface
formation energies by Ey=(Egu, — Epur)/2A, where Egy,
and E,,; are the total energies of the relaxed slab and bulk
structures, respectively, A is the projected surface area, and
the factor of 2 is introduced because the slab has two surfa-
ces. The predicted Ef values for #5-BiVO,4 and ms-BiVO, are
0.30J/m* and 0.25J/m?, respectively. We attribute the
slightly larger Ey of #s-BiVO, to the relatively rigid nature of
ts-BiVO, compared to ms-BiVO,.?” Notice also that the
PBE-HF25% value of E;=0.25 J/m? for ms-BiVOy, is con-
siderably smaller than 0.50J/m* from previous DFT-PBE
calculation.'® This may imply that the BiVO, surface prop-
erty prediction would be sensitive to the choice of xc func-
tional; in fact, our recent studies'>?? have demonstrated the
strong xc functional dependence of monoclinic lattice distor-
tion and charge localization/transport in bulk BiVOj,.

We further examined how the near-surface electronic
structure changes in association with the surface relaxation,
particularly Bi 6s-6p hybridization which is strongly related
to local lattice distortions.'*?*2%2° Figure 2 shows the DOS
projected onto the Bi 6s and 6p orbitals at different subsur-
face layers. The DOS plots for the center region (indicated
as Bi8/Bi8’) are virtually identical to those of the bulk coun-
terparts, reinforcing that the surface effect extends only a
few layers deep. In the Bil layer, the 6p state is substantially
pronounced near the Fermi level (Ep) (—0.5eV<E
— E;<0), indicating strong hybridization with the 6s state;
the enhanced orbital overlap leads to the peak broadening
and downshift. We also notice that there is almost no differ-
ence between the 75-BiVO, and ms-BiVO, cases, suggesting
that the monoclinic and tetragonal phases may have similar
surface electronic properties. The 6s-6p overlap is noticeably
weakened in the Bi2 and Bi3 layers while #s-BiVO, and
ms-BiVOy still show similarity. Below the Bi4 layer, the
electronic structures for both phases become bulk-like.

The electronic structure variations near surface can be
well demonstrated by the band-decomposed charge density
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FIG. 3. Band-decomposed charge density within —0.9eV <E —Ep<0eV
from the total DOS (not shown here) in (010) planes containing Bi atoms for
the 75-BiVO, (a) and ms-BiVOy (b) slabs. Four Bi atoms (Bil, Bi2, Bi5, and
Bi6) are located on (010) plane at y=0.25, while the other four Bi atoms
(Bi3, Bi4, Bi7, and Bi8) are at y=0.75. The unit of the color scale is e/;\3.
See Fig. 2 for the Bi atom labels.

plots shown in Fig. 3. In the near-surface region, the partial
charge on Bi is asymmetrically distributed with a lobe
aligned along the [001] in both phases, which are apparently
attributed to the Bi 6s-6p hybrid state; the asymmetric Bi
lone pair will be stereochemically active. In 7s-BiVOy, the
charge distribution becomes nearly symmetric in the Bi5
layer and below, indicating that the Bi 6s lone pair is spheri-
cally symmetric with no significant interaction with the 6p
state. On the other hand, in ms-BiVO, the Bi 6s lone pair
likely remains stereochemically active in the deep subsurface
layers, although the charge distribution becomes less asym-
metric in comparison to the near-surface case.

Finally, we examined the behavior of an excess hole in
the near-surface region employing a slab that consists of a
2 x 2 surface cell with four Bi layers; the slab’s size turns
out to be sufficiently large for the surface property study.
The hole-doped system was constructed by removing one
electron from the corresponding neutral system, while
including a homogeneous background charge to maintain the
overall charge neutrality of the charged supercell. We first
created a localized (polaronic) hole state in the topmost Bi
layer (by applying a small perturbation around a selected
BiOg polyhedron to break the lattice symmetry prior to struc-
tural relaxation). Figure 4(a) shows the DOS for the polar-
onic hole state at the ms-BiVO, surface which lies about
1.2eV above the top of the VB. The surface hole state tends
to exist far deeper in the gap compared to the bulk hole state
(which was found to lie only 0.6 eV above the top of the VB
in ts-BiVO, or close to the VB edge in ms-BiVO,).'? This
may suggest a relatively stronger tendency for holes to local-
ize at the surface in comparison to the bulk. The hole charge
is found to localize around the selected BiOg polyhedron, as
demonstrated by the band-decomposed charge density plot
in Fig. 4(a). The ts-BiVO, surface shows nearly identical
features for hole localization, as expected; hence, not shown
here. For both phases, about 22% of the hole charge is
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FIG. 4. (Left panels) Orbital projected DOS and (right panels) band-
decomposed charge density for the polaronic (a) and nonpolaronic (b) hole
states in the ms-BiVO, slab (with four Bi-layer thicknesses). In the DOS
plots, the hole states are indicated by the arrows, and grey, red, green, and
blue solid lines represent the Bi 6s, Bi 6p, V 3d, and O 2p states, respec-
tively. The energy zero is set at the Er which is indicated by the vertical
dashed line. In the band-decomposed charge density plots, the isosurface
value is 0.005 e/A3, and purple, silver, and red balls represent Bi, V, and O
atoms, respectively.

predicted to reside on the outmost Bi site, and 49% is on the
surrounding six O atoms; the rest spreads out beyond the
BiOg region. The hole self-trapping is accompanied by local
lattice distortions; there is noticeable shrinkage (by about
0.3 A) in two Bi-O bonds with a minor change in other four
Bi-O bonds, which can be attributed to the reduced Bi-O
antibonding interaction associated with the charge
depletion.'**°

We also assessed the relative stabilities of the polaronic
states with respect to corresponding completely delocalized
(nonpolaronic) states (which were obtained with no local
perturbati0n12). As shown in Fig. 4(b), for the delocalized
model of ms-BiVQy,, the Fermi level is shifted below the top
of the VB, indicating hole creation in the VB. The corre-
sponding band-decomposed charge density isosurface
reveals that the hole spreads over Bi and O atoms in the sub-
surface layers. The nonpolaronic state with no local lattice
distortion, as expected, has the almost same configuration as
the neutral state structure. According to our PBE-HF25%
calculations, the small polaronic state is predicted to be
about 0.26 eV more favorable than the nonpolaronic state for
both ms-BiVO, and ts-BiVO,.

While the nearly identical surface structures of
ms-BiVO, and £s-BiVO, are thought to exhibit similar hole-
trapping characteristics, our previous hybrid DFT calcula-
tions showed distinctly different hole localization behaviors
in the bulk phases.12 That is, an excess hole tends to spread
widely over many lattice sites (large polaron) in bulk
ms-BiVO,, whereas it localizes around a BiOg polyhedron
with local lattice distortions (small polaron) in bulk
ts-BiVOy; the hole formation energy in ts-BiVO, is predicted
to be about 0.1eV lower than that in ms-BiVO,. Such rela-
tively more favorable hole formation in bulk #s-BiVO,4 may
cause retardation in hole transport to the surface and thus
suppression of hole-catalyzed water splitting to a certain
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extent, in comparison to the ms-BiVO, case. As such, we
think that the hole formation energy difference could be
another (perhaps minor) factor that leads to the phase-
dependent photocatalytic activity towards water splitting, in
addition to the hole mobility difference between ms-BiVO,
and ts-BiVOy, as recently proposed.

In summary, DFT calculations using a hybrid (PBE-
HF25%) xc functional were performed to examine BiVO,
(001) surface properties. Upon relaxation, near-surface Bi
atoms undergo displacements along the vertical [001] direc-
tion, while increasing the overlap of Bi 6s and 6p orbitals
compared to the bulk counterparts. The surface relaxation
effect tends to extend down to the third subsurface Bi layer,
after which the bulk-like atomic and electronic structures are
restored. Our hybrid DFT calculations show no noticeable
difference between the reconstructed surface structures of
the ms-BiVO, and ts-BiVO, phases. However, the surface
formation energy of 7s-BiVO, (=0.30J/m?) is predicted to
be slightly larger than that of ms-BiVO, (=0.25 J/m?), due to
the relatively more rigid nature of bulk #s-BiVO, than
ms-BiVO,. An excess hole is found to localize on a surface
Bi atom with local lattice distortions; the hole localization
tendency appears to be stronger at the surface than the bulk.
Although the hole-trapping characteristics at the 7s-BiVOy,
and ms-BiVO, surfaces are nearly identical, in the bulk
phase hole-doped ts-BiVO, tends to be more energetically
favorable than the ms-BiVO, case. As a result, the hole for-
mation energy difference between at the (001) surface and in
the bulk is predicted to be about 0.1 eV larger in ms-BiVO,
compared to £s-BiVOy; the larger hole formation energy dif-
ference in the monoclinic phase may contribute to facilitat-
ing the transport of photogenerated holes to the surface and
thus hole-catalyzed reactions at the surface to a certain
degree. Based on the calculation results, we speculate that
the hole formation energy difference could be another (per-
haps minor) factor for the phase-dependent photocatalytic
activity towards water splitting, in addition to the significant
hole mobility difference between ms-BiVO, and £s-BiVO, as
recently proposed. We would also like to point out that the
degrees of surface relaxation and hole localization in aque-
ous environments would be different from those at the gas-
solid interface; in fact, our preliminary calculations (not
shown here) demonstrate that the presence of water tends to
suppress the surface reconstruction and thus hole trapping,
but not strong enough to alter the conclusions drawn from
the present work.
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