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ABSTRACT: Bismuth vanadate (BiVO,) is one of the most promising photoanode
materials for water oxidation. However, the water oxidation mechanism and
selectivity on the different surfaces of BiVO, are still not well understood, partly
because of the structural complexity introduced by the presence of oxygen vacancies
in the material. Using density functional theory, we show that the (001) surface of
BiVO, with subsurface vacancies is the most suitable for the oxygen evolution
reaction, whereas the pristine (011) surface favors the hydrogen peroxide evolution
reaction. A mechanism by which the vacancies can be removed from the surface,
thereby influencing the water oxidation selectivity, is also described. Our results thus
emphasize the crucial impact of the local structure on the catalytic selectivity in

ternary oxides.

KEYWORDS: bismuth vanadate, density functional theory, water oxidation, oxygen vacancies, selectivity, oxygen evolution reaction,

hydrogen peroxide evolution

In recent years, bismuth vanadate (BiVO,) has become one
of the most promising catalysts for photoelectrochemical
water splitting.' > It is a ternary oxide and an n-type
semiconductor, which makes it suitable as a photoanode
material for the oxygen evolution reaction (OER). BiVO, has a
relatively low band gap of 2.4 eV and is inexpensive, nontoxic,
and stable in aqueous solution.* In its monoclinic scheelite
form, BiVO, has a remarkable half-cell solar-to-hydrogen
theoretical efficiency of 8.1%.° However, its poor electron
conductivity and slow water oxidation kinetics limit the use of
nonmodified BiVO, as a practical OER catalyst.' In order to
overcome these issues, various strategies to modify BiVO,
photoanodes have been proposed.“"* Apart from OER, BiVO,
also catalyzes the hydrogen peroxide evolution reaction
(HPER)™'" in the presence of bicarbonate electrolyte or
modified with different materials."'~"> HPER has a standard
electrode potential of 1.78 V vs standard hydrogen electrode
(SHE),"* and consumes water to produce H,0,. Current large-
scale hydrogen peroxide production uses the anthraquinone
oxidation process, which involves toxic precursors and various
organic solvents.”” An alternative means of production is
highly desired,'® as H,0, has numerous applications: it is used
as a bleaching agent or an oxidant and has various applications
in the chemical industry, water treatment, metal processing,
etc.'™"” For photocatalytic HPER on BiVO, to be industrially
viable, it needs to be better understood, particularly its
selectivity with respect to the competitive OER.

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

One of the parameters important for the water oxidation
performance on BiVO, is the exposed surface facet.'® A
nanocrystal of monoclinic scheelite BiVO, contains different
surface facets, of which the (001) and (011)" surfaces
comprise 99.3% of the nanocrystal’s surface area (see
Supporting Information for the detailed explanation).”!
These two facets were shown to lead to large anisotropies,
and their influence on the water oxidation mechanisms is
considered in the present work.

On a different note, the BiVO, surfaces are not always
pristine—they usually contain structural defects.”® The most
common type of defect in ternary oxide semiconductors are

22-24

oxygen vacancies ((VO).26 Vacancies can improve a semi-
conductor’s conductivity and charge separation efficiency by
acting as shallow n-type donors.””*® They may also improve
visible light absorption by reducing the band gap and improve
the charge transfer between the material and the electrolyte
(water).”” Nonetheless, the Vs in semiconductors may be
counterproductive for OER efficiency by acting as electron—
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hole recombination centers’”*" or by trapping photogenerated

charge carriers or polarons and inhibiting charge transfer.*”**
Several studies suggest that these disadvantageous effects arise
from the oxygen vacancies formed in the bulk, while the
advantageous effects arise from the vacancies formed on the
surface of a semiconductor.”**® In BiVO,, Vs significantly
alter the geometric’” and electronic’®~*" structure and thereby
the water oxidation mechanism. However, their exact influence
on water oxidation is not fully understood because studies are
still limited and inconclusive.*”*' Even though the vacancies
may not be thermodynamically stable at the potentials
necessary for water oxidation (see Supporting Information
section 2.8 for analysis of the V) formation energies and
Pourbaix diagram), they are kinetically trapped, as exper-
imental evidence shows,”™** and present in the material at
high potentials. It was shown that the BiVO,-based material
with an exposed vacancy-rich (001) surface significantly
improves photocatalytic water oxidation.”> A theoretical
study on this surface suggested that the surface oxygen
vacancies increase the number of water splitting active sites
and enhance hole transfer from the photoanode surface to the
electrolyte.”” In addition to that, it was shown that the
vacancies lower the selectivity toward H,O,, therefore shifting
the equilibrium toward OER.** The vacancies examined in
these works arise when an oxygen atom from a VO,’~ unit is
removed and the two excess electrons remain in the cavity left
by that atom, with no significant changes to the local structure.
In this type of defect, the vacancy is effectively localized on a
single vanadium atom, which is why we label it localized

vacancy (V). The two additional electrons created by
removing an O atom also remain localized at the vacancy site.
This doubly occupied defect state is also called F-center.*®
Recently, however, we have shown that another, distinct type

of oxygen vacancy (known as split vacancy, V™) could exist
in the bulk and on the (001) surface of BiVO,,*® which was
later also found by Wang et al.>” In this type of defect, the local
structure changes after the O atom is removed—atoms move
in such a way that an oxygen atom from a neighboring VO,*~
unit increases its coordination number by forming an oxo-
bridge with the vanadium that lost an O atom. The vacancy is
therefore divided (split) between two neighboring vanadium

atoms, unlike (VLOC. In the bulk, the two types of vacancies have
similar formation energies. However, on the (001) surface,

VI in the subsurface layer was found to be ~1 eV more

stable than (VLOC, with a quasi-barrierless transition to (Vipht
(the energy barrier being 0.1 eV or less).”® The two vacancy

types also have distinct electronic structures. (VLOC has a single,
two-electron intragap state that lies deep within the band gap.
The electrons are localized between the bismuth and vanadium
atoms that share the vacancy, where the missing oxygen atom
would be, reducing both Bi and V. V¥ has two single-
electron intragap states, one of which is deep and localized on
a vanadium atom sharing the vacancy, while the other one is
shallow (close to the conduction band) and may be delocalized
over different V atoms. The vanadium atoms sharing the
vacancy are reduced. As the electronic structure greatly affects
catalytic mechanisms and selectivity by influencing the
material’s conductivity and charge separation efficiency, it is
important to investigate the influence of these different kinds
of vacancies on the water oxidation reaction.

We first studied the oxygen vacancy formation on the (011)
surface and observed that, similarly to the (001) surface, a V—

O—V bridge-forming V¥ it s preferred over (VLOC. Then, we
modeled the OER and HPER reactions on the (001) and the

(011) surfaces with and without a V™ in the subsurface,
where the vacancy is the most stable. With these results, we
obtained a complete picture of water oxidation on BiVO,,
elucidating its activity and selectivity with respect to different
surface facets and the presence of oxygen vacancies on these
surfaces. This allows for a better understanding of the
fundamental nature of the water oxidation mechanisms on
BiVO,, which can guide the optimization and design of more
efficient and selective photoanodes.

B COMPUTATIONAL METHODS

Density functional theory (DFT) simulations were performed
using the Vienna Ab initio Simulation Package (VASP)**¢
and the PBEsol"’ exchange-correlation functional, as described
in the Supporting Information. To calculate the electronic
energy as a function of applied potential on selected systems,
we carried out calculations with an implicit solvent model and
a modified electrochemical potential by a surface-charging
method based on the linearized Poisson—Boltzmann equation,
as implemented in VASPsol.**~*° This approach is also known
as grand canonical DFT (GC-DFT), due to its grand canonical
description of the electrons. We also carried out calculations
with the PBEO”' functional with 10% of exact exchange as a
benchmark (see Supporting Information).”® All of the
structures are uploaded to the ioChem-BD database,>>*
where they are openly accessible. Both (001) and (011)
surfaces were modeled with similar, converged layer thick-
nesses, as shown in Figure 1. First, we modeled different types

Figure 1. (a) Six-layered (001) surface slab and (b) three-layered
(011) surface slab, as used in the calculations. One layer includes four
BiVO, units for the (001) and eight BiVO, units for the (011)
surface. Color code: Bi, V, and O are represented in green, yellow, and
red, respectively (rendered with VESTA).>*

of oxygen vacancies on the (011) surface, in order to find the
most stable one. For this, we considered vacancies localized on
12 different positions in the slab, as well as two systems with a
VP a5 shown in the Supporting Information (Figure S1b).

Next, we investigated three distinct oxygen evolution
reaction mechanistic pathways, as well as the pathway for
H,0, production, for the (001) and (011) surfaces, both
pristine and with the most common vacancy type. The
feasibility of the mechanisms was evaluated using the

https://doi.org/10.1021/acscatal.1c03256
ACS Catal. 2021, 11, 13416—13422


https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c03256/suppl_file/cs1c03256_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c03256/suppl_file/cs1c03256_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c03256/suppl_file/cs1c03256_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c03256/suppl_file/cs1c03256_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03256?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03256?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03256?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03256?fig=fig1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c03256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

computational hydrogen electrode (CHE) approach, at the
electrolyte pH 0 and 1 bar of H, in the gas phase at 298 K.>
The CHE description accuracy of the most optimal
mechanisms was confirmed at the GC-DFT level. Two
pathways were found in the literature®**® as the most likely
mechanisms on the pristine (001) and (011) surfaces (Figure
2a). The first pathway (referred to as OER pathway A, shown

a)
4a 3a 2a
+H,0
A — 3
\ Pl HL-E v AN P
OER pathway A T_H+ "
+H,0 START 1
-H+, '9-, -02 9. B ‘
+H,0 "%?‘k Pl TH e °;T4L W
+ -
-H, -e, -0, " OT o “—Ht <
OER pathway B 2 22 HPER pathway
4b 3b 2b
) +H0
- - - ——————
:;*a—t,’ H.e » ‘;7‘* L
b)

Split vacancy

Hydrated vacancy

Figure 2. (a) Water oxidation mechanistic pathways on BiVO,: OER
pathway A, OER pathway B, and HPER pathway; (b) vacancy
hydration.

with blue arrows) was expected for the pristine (001) surface.
Another mechanism (referred to as OER pathway B, shown
with red arrows) was expected to happen on the pristine (011)
surface. The main difference between these mechanisms is the
peroxo-bridge between Bi and V atoms (intermediates 2a—4a)
that is present in pathway A, whereas pathway B includes an
OOH group adsorbed to the surface (intermediates 3b and
4b).

With the systems containing oxygen vacancies, the vacancy
creation/annihilation can be directly involved in the water
oxidation mechanism.”’ ™ This leads to the third OER
mechanistic pathway, in which the vacancy is effectively filled
by an oxygen atom coming from an adsorbed water molecule
(Figure 2b). The resulting system is similar to the pristine
surface, but it has two extra hydrogen atoms adsorbed, so it
keeps the reduced oxidation state of the system with a vacancy;
that is, it has two additional electrons. Such a system therefore
contains a hydrated vacancy, which leads to a modified OER
mechanism, referred to as OER pathway HV (see Supporting
Information, section 2). Starting from a hydrated vacancy, the
pristine surface is recovered after two hydrogen removals, and
then, by evolving O,, the vacancy is reintroduced (Figure S8).

The hydrogen peroxide evolution pathway (shown with
green arrows in Figure 2a) starts in the same way as OER

pathway B. Intermediate 3b, included in both of these
mechanisms, contains an OOH group in the proximity of a
hydrogen atom. Instead of oxidizing this system to form the
intermediate 4b, hydrogen peroxide can be evolved from the
system. Another possible HPER mechanism includes oxidation
of a different water molecule of intermediate 1 and forming
another OH group instead of the oxo group as in the
intermediate 2b. Two OH groups then combine directly into
hydrogen peroxide. This mechanism is not considered here, as
it is less efficient than the other pathway (see Supporting
Information).

B RESULTS
Regarding vacancies on the (011) surface of BiVO,, we found

loc
o

vacancy, (Vipht, as on the (001) surface.” (ijpht was ~0.6 eV

more stable than "VL"C, and both systems have an analogous
electronic structure to their (001) surface counterparts (see

two stable vacancy types: a localized vacancy, V., and a split

Supporting Information, section 2). Systems with (VLOC have a
deep intragap state with the extra electrons being paired and,

therefore, no net magnetization. In the systems with V i the
electrons are no longer paired, and the system has a net
magnetization of two.

We first analyzed the OER on the (001) surface with a (V(S)Pht
between the first two layers (Figure Sla), along with the
pristine surface for comparison. The efficiency of different
mechanisms can be evaluated by comparing their thermody-
namic overpotentials (7rp). The overpotential is calculated
from the energy of the reaction step with the highest energy,
namely the potential-determining step (PDS) and the
equilibrium potential of the reaction. Steps that do not include
transfer of charged particles are grouped together with the
appropriate proton-coupled electron transfer (PCET), so that
four PCET steps are obtained as in the CHE formalism.>> The
energy differences for each reaction step are presented in the
Supporting Information (section 3). From these data, the
reaction profiles are plotted (Figures 3 and S10). The
mechanism proposed in the literature for the pristine (001)
surface (OER pathway A, in blue) is significantly less efficient
(nrp = 1.2 V) than the mechanism happening on the (001)
surface with V¥ lt (following OER pathway B, in red, 7p =
0.4 V). The oxygen vacancy particularly impacts the first PCET
step, which is the PDS for the pristine system, lowering its
energy by almost 2 eV. This step consists of a hydrogen
removal, which is more efficient in all of the reaction steps
happening on a surface with a vacancy (see Supporting
Information, section 3). The subsurface vacancy introduces
additional electrons which lie in high-energy states within the
band gap and which are easily removed,* therefore facilitating
the PCET. Hence, the subsurface split vacancies enhance OER
efficiency on the (001) surface, similarly to what was found for
vacancies localized in the surface layer.”” This is also in
agreement with recent experimental data, showing that
vacancy-rich (001) surfaces significantly improve OER
efficiency®™ and favor oxygen evolution kinetics.”’ As the
adsorption of water enables vacancy hydration, a system with
such a vacancy was also considered. Such a system was 0.09 eV

more stable than the system with a nonhydrated, (Vipht. From

this energy difference, it can be calculated that 97% of the
vacancies on the (001) surface are hydrated (see Supporting
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Figure 3. Gibbs free energy profile of water oxidation on BiVO, (some steps are merged so that the resulting steps all include a PCET). Blue, OER
pathway A; red, OER pathway B; brown, OER pathway HV; green, HPER pathway. The most optimal mechanism for each case (the lowest PDS)

is represented with a thicker line.

Information). This implies that most of the subsurface
vacancies tend to become hydrated when the BiVO, electrode
is immersed in water. The OER mechanism with a hydrated
vacancy, pathway HV (shown in brown), is not efficient on this
surface because of its last two reaction steps, which correspond
to a single PCET step (#p = 2.0 V). In this step, the vacancy
is reintroduced into the surface, which has a high cost in
energy (Figure S8). However, the first two PCET steps of
these pathways (oxidation of the hydrated vacancy) are
thermodynamically favorable.

For OER on the (011) surface, an analogous set of
calculations was performed, and energy differences for each
reaction step are presented in the Supporting Information
(section 3). The corresponding reaction profiles are shown in
Figures 3 and S11. The mechanism proposed in the literature
for the pristine (011) surface (OER pathway B, shown in red)
is the most efficient, with the second step being potential
determining (71p = 0.9 V). With respect to the pristine surface,
the OER efliciency is reduced when the vacancy is introduced
(shown in blue, 777p = 2.2 V), in contrast to what was found for
the (001) surface. Again, we considered the possibility of
vacancy hydration. The system containing a hydrated vacancy
was 0.20 eV less stable than the system with a nonhydrated
(split) vacancy. From this difference, it can be estimated that
the amount of hydrated vacancies on the (011) surface is
approximately 0.05%, which is negligible compared to their
amount on the (001) surface (97%), where vacancy hydration
was found to be thermodynamically favored. Analogously to
what was found for the (001) surface, OER on the (011)
surface with hydrated vacancy, pathway HV (shown in brown),
is inefficient because of its last PCET step (%p = 2.8 V), while
the first two steps (i.e., the oxidation of the hydrated vacancy)
are thermodynamically favorable.

For the HPER, there are four systems in total to consider:

the (001) and (011) surfaces, both pristine and with a (Vipm

(Figures 3 and S12). For the (011) surface with a V™) the
relevant intermediate (2b) could not be stabilized, and the
HPER on this system is considered in the Supporting
Information (section 3). Out of the remaining three systems,
the preferred mechanism takes place on the pristine (011)
surface, with the first step being the PDS. Its overpotential 7
is equal to 0.4 V. We would like to note that Siahrostami et al.
found a favorable #p of 0.2 V for HPER on the (111)
surface,”’ where we would expect a higher HPER activity.
However, if we consider the equilibrium nanoparticle shape

coming from the Wulff construction, the (111) surface
represents a minor fraction of the total area (less than 1%,
see Supporting Information, section 2.1).>" Therefore, we kept
the two most stable surfaces in our analysis.

For completeness, to confirm the accuracy of the used CHE
approach and the PBEsol functional, we also performed
calculations with GC-DFT at constant applied potentials and
with a modified PBEO functional with 10% exact exchange,
respectively (see Supporting Information, sections 3.5 and
3.6). For the surface-charging method (GC-DFT), we took
into account only the PDS of the two favored reactions (OER
on the (001) surface with vacancy and HPER on the pristine
(011) surface) at an applied potential of 1.6 V (vs SHE). This
is the equilibrium potential of the former reaction at the CHE
level. The energy of the PDS changes by less than 0.2 eV
compared to the CHE approach at constant charge (Figure
S16), therefore supporting the adequacy of our method.
Similarly, using a hybrid functional for OER on the (001)
surface with vacancy did not significantly alter the water
oxidation energies (Figure S17).

So far, we have compared different mechanisms on the same
surface; now, we compare the most suitable reaction
mechanisms between different surfaces (Figure 4). In order

(001) (011)
1.6 eV " 3.4eV
O, < 1,102
Hz(ealcancy(‘ﬁO _ ; “H0
2.4 eI_\i/ o % 2 21eV
2 2‘“\ H.0;

‘\ o1 O
H,O /o | H,0

pristine

Figure 4. Most advantageous water oxidation reactions on BiVO,
with the energies of their respective potential-determining steps. Two
favorable processes are represented with a thicker arrow.
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to elucidate the water oxidation selectivity, we compare the
PDS energies directly instead of the overpotentials, as OER
and HPER have different equilibrium potentials. Comparing
OER on the (001) and (011) surfaces, we see that OER
happens more easily on the (001) surface, as the PDS is lower
in energy (1.6 eV, surface with vacancy) than on the (011)
surface (2.1 eV, pristine surface). Both of these reactions
follow the pathway B, so we conclude that the pathway A does
not happen on BiVO, in the presence of oxygen vacancies. The

OER on the (001) surface with V™ is also the overall most
favorable water oxidation reaction on all of the systems
considered, increasing by less than 0.2 eV at an applied
potential of 1.6 V (Figure S16a). The second most
energetically favorable reaction is HPER on the pristine
(011) surface with the PDS of 2.1 eV (which decreased by
only ~0.1 eV at an applied potential of 1.6 V, Figure S16b).
This reaction has the equivalent PDS as the OER on the same
surface. However, the second PCET step that ultimately
produces hydrogen peroxide (1.4 €V) is lower in energy than
the second PCET step of the OER reaction, which stops at the
intermediate 2b formation (2.0 eV). This implies that the
(011) surface is more favorable for HPER than for OER. The
results also suggest that oxygen vacancies in the subsurface
favor oxygen evolution, whereas HPER is more favorable on
the pristine material. Our theoretical prediction explains recent
experiments,** showing that V,O;-treated BiVO,, which has a
lower amount of oxygen vacancies than the pristine material,
favors HPER over OER.

It is known that bicarbonate is needed as the electrolyte for
an efficient H,O, evolution reaction on BiVO,”'"'* We
propose that the bicarbonate ions may have a role in
detrapping vacancies by lowering the barrier for vacancy
hydration, as the oxygen vacancies are not thermodynamically
stable at the potentials needed for water oxidation (they are
only present because they are kinetically trapped). Con-
sequently, removing the vacancies from the surface would shift
the selectivity toward H,0O,. However, this hypothesis would
need to be tested by further calculations and experiments.

In conclusion, by modeling all of the reaction intermediates
for different water oxidation mechanisms, we have shown that
the most favorable electrochemical process on BiVO, is the

OER on the (001) surface with a subsurface V™, The most
energetically demanding proton-coupled electron transfer step
for this reaction has an energy of 1.6 eV (#rp = 0.4 V). The
second most favorable process is hydrogen peroxide evolution
reaction on the pristine (011) surface, with the most
energetically demanding PCET step being 2.1 eV (5jrp = 0.4
V). Therefore, if no oxygen vacancies are present in the
material, HPER on the (011) surface becomes the most
favorable reaction. We have also shown that it is
thermodynamically favored to fill oxygen vacancies on the
(001) surface with a water molecule (vacancy hydration),
which can further influence the photocatalytic activity of
BiVO, by changing the number of split vacancies on its surface.
Our results highlight the crucial impact of oxygen vacancies,
not only on the catalytic activity but also on the water
oxidation selectivity on ternary metal oxides. By controlling the
exposed surface facet and the vacancy content, selectivity can
be driven toward either OER or HPER, which is important for
the design of novel photoelectrodes.
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