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ABSTRACT: Monoclinic scheelite bismuth vanadate (mBiVO,) has gradually been in
the limelight in recent years because of its great potential in energy conversion and
environmental remediation. However, the rapid recombination of photogenerated
electron—hole pairs in mBiVO, have impeded the improvement of its photocatalytic
performance and stability. Therefore, important issues are increasingly focused on fine-
tuning the physicochemical properties of mBiVO, at the atomic level based on facet-
engineered surface and interface design to optimize its selectivity and activity. Herein, the
review begins with the fundamental aspects of mBiVO, semiconductor, including crystal
structure, optical properties, electronic structure, and photocatalytic principles. Then the
synthetic methods based on surface and interface design that develop to tailor the facet of
mBiVO,, along with the discussion of the mechanisms for facet-dependent photocatalytic
performance, are presented. Most importantly, the latest advances in facet engineering
that have been performed to regulate the surface of single mBiVO, and to design the
interface structures that are directly involved in the photocatalytic reaction for mBiVO,-

based composites are encompassed. Moreover, the photocatalytic application achievements with mBiVO, as photocatalysts in
energy conversion and environmental remediation are also summarized. Finally, perspectives on the existing challenges and
future research directions for this emerging frontier are discussed.
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1. INTRODUCTION

Environmental pollution and energy shortage, as a byproduct
of industrialization and rapid population growth, have attracted
an increasing attention around the world."” For sustainable
development, the development of nonpolluting technologies
for environmental restoration and energy conversion is one of
the top priorities for the moment. Conventional physical and
biological treatment techniques, such as adsorption,” > ultra-
filtration,® bioflocculation,”® and phy‘corernediation,g’10 are
limited by the inability to perform advanced processing, high
cost, and secondary pollution. Therefore, our goal should be to
promote the exploitation of environmentally friendly, ecolog-
ically harmonious, sustainable, and high-energy chemical
technologies, which is the most pressing challenge the scientific
community faces. Photocatalysis, a process to convert solar
energy into chemical energy, is regarded as a promising
direction to alleviate the increasingly serious environmental
and issues and energy crisis.'' "

Semiconductor photocatalysis is a process in which the
energy generated by electron photoexcitation across semi-
conductors’ bandgaps participates in the surface reaction of
chemical compounds, wherein a semiconductor is an
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important factor for evaluating photocatalytic performance.
Among various semiconductors, TiO, with high photo-
reactivity, excellent stability, and low toxicity has gathered
the most extensive research interest in the scientific
community,'*™'® ever since the landmark work reported by
Fujishima and Honda of photoelectrochemical water splitting
using TiO, photoelectrode under ultraviolet light irradiation in
1972."" Thereafter, Frank and Bard employed TiO, as a
photocatalyst to achieve photocatalytic reduction of CN™ in
1977 and obtained excellent remediation efficiency.'® Since
then, the application of semiconductor photocatalytic technol-
ogy has attracted extensive attention, and significant progress
has been made in photocatalytic degradation of hazardous
substances,'””" photocatalytic water splitting,”"** artificial
photosynthesis,”>~>° and photoelectrochemical conver-
sion.”*** Nevertheless, the relatively wide band gap (3.2
eV) caused by its inherent high-positive valence band (VB)
limits its absorption to ultraviolet light accounting for only 5%
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energy distribution of solar energy, resulting in poor
photocatalytic performance. Given that, the development of
high quality, efficient, and stable visible-light-response semi-
conductors for environmental remediation and energy
conversion remains a challenging research direction.

Among numerous visible-light-response materials, bismuth
vanadate especially the monoclinic scheelite structure herein-
after referred to mBiVO,, has stood out as a frontier
photocatalyst for various important reactions since Kudo et
al. used mBiVO, as a photocatalyst to achieve photocatalytic
water oxidation with Ag" ions as an electron scavenger under
visible light irradiation.” In addition, there is a hybrid orbital
of Bi 6s and O 2p in the electronic structure of mBiVO,
compared with TiO, whose electronic structure consists only
of O 2p orbitals and can only respond to ultraviolet light
(Figure 1). The existence of additional Bi 6s orbitals results in

Figure 1. Energy and band structure diagram of tetragonal zircon and
monoclinic scheelite BiVO, (mBiVO,) in comparison to TiO, at pH
0

a short transfer distance for the excited electrons in the VB of
mBiVO, to the V 3d state in the conduction band (CB) of
VO,*”, which leads to a decrease in bandgap energy, thereby
significantly expanding the light absorption region to visible
light.”® More importantly, mBiVO, with controllable crystal
facets greatly affects the charge separation and transfer process
due to the different atomic coordination and configurations in
different facets that determines the electronic structure and
optical properties of mBiVO,.”"

The unique facet structure of mBiVO, endows it great
potential as an excellent photocatalyst, and extensive research
has been conducted on this attractive semiconductor. Example
such as a comprehensive review outlining the prospective
progress of mBiVO,-based photocatalyst in photocatalytic
water treatment was reported by Samsudin.”> Nevertheless, the
wide application of mBiVO, is still limited by its low electron
transfer efficiency,” slow water oxidation kinetics,”* poor
charge carrier mobility,”® and weak surface adsorption
capacity.”® Subsequently, various modification strategies such
as morphological modification,”” element dopin °% semi-
conductor coupling,””*’ deposition of cocatalysts,""** defect
formation (oxygen vacancy generation),” and crystal facet
control** have been developed to achieve enhanced photo-
catalytic performance. In view of this popular topic, several
excellent reviews with respect to the feasible strategies for
improving the photocatalytic and/or photoelectrochemical
performance of mBiVO, have been reported.*** Nevertheless,
the synthesis of effective and commercially viable mBiVO,
and/or mBiVO,-based materials for various photocatalytic
applications are yet to be realized.
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More recently, an increasing exploration has focused on the
surface and interface engineering of materials because the
surface as the adsorption and activation sites of the reactive
species has a significant impact on the efficiency of surface
redox reactions involving photogenerated electrons and/or
holes, and the interface created between two adjacent
components plays an important role in the interfacial charge
transfer from light-harvesting centers to the surface reaction
sites.”** This importance to the improvement of photo-
catalytic performance has been gradually projected onto
mBiVO,. Since the facets forming the surface and interface
are key factors to consider, the current research focus has
shifted to designing the surface structure of mBiVO, from the
atomic level to achieve morphological control of the crystal
facets on the micro and nanoscales. Moreover, the daily
published reports on the facet control of mBiVO, to further
explore its potential applications in photocatalysis indicates
that the relevant exploration on such topic is growing at an
increasing speed. However, as far as we can identify from the
literature, no review on this subject has been published so far;
therefore, a timely and comprehensive review about the surface
and interface design of mBiVO, based on facet engineering is
highly desirable to promote the latest developments in this
field of research.

Herein, we will focus on the facet-engineered surface and
interface design of mBiVO, in photocatalysis, including
controlled synthesis, rational design, and further behavior
evaluation of novel photocatalysts for environmental restora-
tion and energy conversion. Specifically, this Review starts by
briefly introducing the fundamental aspects of mBiVO,
semiconductor, including crystal structure, optical properties,
electronic structure, and photocatalytic principles. As a
bridging section, the common methods for the synthesis of
mBiVO, with specific facet exposure are presented, accom-
panied by the discussion of facet-dependent performance in
various photocatalytic reactions. Especially, facet engineering
that attempts to regulate the surface of single mBiVO, and to
combine with other strategies for the modification of charge
carrier behavior in mBiVO,-based photocatalytic system is
discussed in detail. Moreover, the design is not the end of facet
engineering, which has to be evaluated by various photo-
catalytic reactions. Therefore, the photocatalytic application
achievements of mBiVO, photocatalytic system in energy
conversion and environmental remediation are also summar-
ized. Finally, perspectives and future research directions on this
emerging frontier are discussed, with the aim to take advantage
of the outstanding structure and electronic properties of facet-
controlled mBiVO, for various energy and environment-related
applications.

2. FUNDAMENTAL ASPECTS OF MBIVO,
SEMICONDUCTOR

Natural BiVO, exists as a mineral pucherite with orthogonal
structure, while BiVO, synthesized in the laboratory mainly
exists in three forms, namely, tetragonal zircon, tetragonal
scheelite, and monoclinic scheelite, of which only thermody-
namically stable monoclinic scheelite mBiVO, exhibits
excellent Ehotocatalytic performance under visible light
irradiation.”” This relatively high photocatalytic performance
of mBiVO, is largely determined by its crystal structures.
Therefore, a brief overview of the crystal structures available
for mBiVO, and its corresponding electronic structures and
optical properties are paramount for well understanding the
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Figure 2. (a) Crystal structure of mBiVO,. The corresponding polyhedron structure is represented in (b) (VO, tetrahedron in blue, and BiOj
dodecahedron in purple). The top view (c) and side view (d) of the structure are also given. Reproduced with permission from ref 50. Copyright

2011 Royal Society of Chemistry.

relationship between structure and photocatalytic performance,
which will be elaborated in detail in this section.

2.1. Crystal Structures. The basic structural unit of
mBiVO, is composed of VO, tetrahedron and BiOj
dodecahedron, in which the V site coordinates with four
oxygen atoms and the Bi site is surrounded by eight oxygen
atoms, as displayed in Figure 2.°° Moreover, the alternating
arrangement of Bi and V atoms along the crystallographic axis
endows mBiVO, layered structural characteristics, with the
difference that the —Bi—V— configuration is along the a (or c)
axis while the —Bi—V-V-Bi- configuration is along the b-
axis SU52

The structure determines performance, as demonstrated by
Tokunaga et al.; for example, mBiVO, exhibited relatively high
photocatalytic performance for oxygen evolution compared to
tetragonal scheelite BiVO, regardless of exposure to visible
light or UV light, in spite of their comparable band gap
energies.”> An excellent explanation for this different photo-
catalytic performance based on surface energy calculations is
that the local environment at the V and Bi site in mBiVO,
exhibits more significant deformation, as opposed to the
tetragonal and zircon-type forms with symmetric structures.”*
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The distortion of BiOg results in an improved lone-pair effect
of the Bi 6s,” and the VO, tetrahedral distortion can induce an
internal electric field, which not only promotes the separation
of photogenerated electron—hole pairs but also endows it
anisotropic optical properties.54

2.2. Optical Properties and Electronic Structures of
mBiVO, Semiconductor. In terms of the optical anisotropy
of mBiVO,, density functional theory (DFT) calculation
showed that the presence of well-dispersed Bi 6 s orbitals in
VB maximum (VBM) can influence the optical anisotropy near
the absorption edge and accelerate the charge mobility, thereby
resulting in optimal photocatalytic performance.”” More
importantly, Zhang et al. reported that mBiVO, nanosheets
with an exposed {010} facet exhibited better spectral selectivity
and improved color properties than the corresponding bulk
materials.”® An excellent explanation for this improved
photocatalytic activity and selectivity is the optical anisotropy
of mBiVO,, that is, the visible-light absorption mainly arises
from the photon incident along the direction of a- and ¢- axis.
This optical anisotropy can provide guidance for the
preparation of mBiVO, with better light absorption ability by
increasing the exposure ratio of {100} or {001} facet, which
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also demonstrates the importance of surface and interface
design based on facet engineering for improving the photo-
catalytic activity of mBiVO,.

In addition to optical anisotropy, the slight distortion of
crystal structure in mBiVO, also determines its electronic
structure, and many investigations on this structure have been
performed. For instance, Walsh et al. reported that hybrid-
ization between the Bi 6s and O 2p states at the top of the VB
is responsible for the smaller band gap of the mBiVO,, while
the CB is composed of O 2p and Bi 6p orbitals,”” which is in
agreement with the model proposed by Payne et al.>® That an
interaction between the O 2p and Bi 6s at the VBM as well as
the Bi 6p result in electron asymmetry around the Bi atom,
which greatly improves the stability of mBiVO,. However,
Zhao et al. proposed a different structure on the basis of their
DFT calculations; that is, mBiVO, is an indirect bandgap
semiconductor.”® The VBM is predominated by the non-
bonding O 2p, and Bi 6s orbitals, while the bottom of the CB
is mainly the nonbonding V 3d. The relatively narrow band
gap of mBiVO, is attributed to the lone-pair distortion in Bi 6s,
resulting in the upshift of the O 2p states to lower energy level.

More recently, Cooper and his co-worker gave a
comprehensive research based on experiment and DFT
calculations, which provided insight into the electronic
structure, including the orbital character of CB and VB of
mBiVO, (Figure 3).”” According to the DFT and partial

Figure 3. Energy level diagram representing the electronic structure of
mBiVO, based on DFT calculations and experimental spectra. The
dominant orbital character in each region is represented with respect
to the vacuum level. Reproduced with permission from ref 59.
Copyright 2014 American Chemical Society.

densities of states (DOS) results, the VB is mainly O 2p state,
wherein VBM consists of the contributions of nonbonding O
2p, and Bi 6s The CB is determined by the V 3d states with
primarily dxz-y2 and d,” character at the lowest energy edge, but
contains Bi 6p character at the upper region. Additionally, the
band gap is determined to be 2.48 eV by combining X-ray
absorption spectrum (XAS) and X-ray emission spectroscopy
measurements (XES), resulting in good absorption capacity in
the visible light region, which can well explain the enhance
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photocatalytic performance for water oxidation in mBiVO,
compared with zircon-based BiVO, under visible light
irradiation.

In summary, the theoretical investigation on the crystal
structure, optical properties, and electronic structures of
mBiVO, can provide excellent guidance for further exploring
the potential of mBiVO,. Previous studies have demonstrated
that the photocatalytic performance of mBiVO, is largely
dependent on its exposed facets, and the exposed facets can be
obtained by selectively controlling the nucleation and growth
rates of mBiVO, in different directions during crystal growth.
In this regard, the crystal structure investigation facilitates the
precise control of parameters in the facet synthesis process.
Moreover, since the differences in optical properties and
electronic structures of different facets result in facet-
dependent photocatalytic performance, the optimal photo-
catalytic performance can be achieved by facet engineering to
increase the exposed area of the favorable crystal facets. The
following content is a good proof of the above.

2.3. Photocatalytic Principles over mBiVO, Semi-
conductor. Given that environmental restoration and energy
conversion are the biggest bottlenecks at present, photo-
catalytic organic pollutants degradation and water splitting are
two of the most challenging and important applications. In the
case of Gibbs free energy, the organic degradation involving
oxygen molecules is a photoinduced downhill reaction, the
core of which lies in the generation of reactive oxygen species
through the redox reaction between the photogenerated charge
carriers and the water molecule or dissolved oxygen.
Conversely, photocatalytic water splitting involves the
conversion of photon energy into chemical energy with a
large positive change in Gibbs free energy, which is a typical
uphill reaction. Despite the above differences, they follow the
same principle of photocatalysis, the conversion efficiency of
solar energy to chemical energy is codetermined by light
capturing efficiency, charge separation efficiency and charge
utilizations’ efficiency (Figure 4).°° In general, under light

Figure 4. Schematic illustration for energetics and primary reaction
mechanism of mBiVO, photocatalyst.
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irradiation, mBiVO, absorbs photons higher than or equal to
its band gap energy to generate photogenerated charge carriers,
followed by the transfer of excited electrons from the VB to the
corresponding CB, leaving positive holes in the VB.
Subsequently, the excited electrons and holes migrate to the
surface of mBiVO, to participate in the redox reaction therein
for solar energy conversion and mineralization of chemisorbed
species. Note that mBiVO, exhibits chemical activity only
when excited electrons and holes are consumed for the surface
redox reactions. However, in fact, the chemical reaction
between mBiVO, and the adsorbed pollutants is completed in
107% to 1073 seconds, which is far longer than the time of
recombination of electron—hole pairs, within a fraction of
nanoseconds.’® Therefore, the fast recombination of photo-
generated electrons and holes is the main limiting step in
evaluating the photocatalytic performance of mBiVO,.

As mentioned before, optimal solar-to-chemical energy
conversion is obtained only when photogenerated electrons
and/or holes are effectively consumed by the surface reaction
species. To improve the consumption efficiency of photo-
generated charge carriers, the surface structure that is related to
the adsorption and activation abilities of reaction species is a
key factor to consider. Besides, in order to promote the
separation and transfer of photogenerated charge carriers,
research with respect to mBiVO, has developed from
optimizing single mBiVO, to designing mBiVO,-based
composites. For mBiVO,-based hybrid photocatalysts, the
structure and quality of the interface plays an important role
toward the charge transfer from light-harvesting component to
reaction sites, which also need to be rationally designed.

Moreover, for semiconductors with crystal facet character-
istics, the facets that make up the surface and interface are key
parameters to consider when optimizing surface and interface
properties.””*> Researches on semiconductor crystal facet
engineering have shown that photogenerated electrons and
holes can be transferred to different crystal facets due to the
self-induced internal electric fields.”>** Similar characteristics
also exist in mBiVO,, as demonstrated by Li and his group.”®
With HAuCl,, H,PtClg and AgNO; as precursors, the metallic
Ag, Au, and Pt were selectively deposited on the {010} facet,
while PbO, and MnO,, particles were inclined to deposit on
the {110} facet, indicating that photogenerated electrons and
holes can participate in photocatalytic reduction on {010}
facets and photocatalytic oxidation on {110} facets,
respectively. A similar phenomenon also occurred in the
deposition of dual precursors with simultaneous photo-
reduction and photooxidation. An eflicient charge separation
on adjacent crystal facets, {110} and {010} facet, resulted in
more available photogenerated electrons and holes respectively
participating in the redox reaction on different facets of
mBiVO,, thereby significantly improving the photocatalytic
performance. Given that, the desired photocatalytic perform-
ance can be obtained by directionally designing the exposed
facets of mBiVO,, which can be achieved by controlling the
process of crystal synthesis, as described below.

3. SYNTHETIC METHODS FOR FACET TAILOR OF
MBIVO, BASED ON SURFACE AND INTERFACE
DESIGN

It is well-known that crystal facet tailoring is an effective
method for tuning/optimizing the photocatalytic performance
of semiconductor materials. Adjusting the specific surface
configuration and atomic structure enables effective regulations
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of the photocatalytic performance of different exposed facets.
Research on the investigation of the relationship between the
photocatalytic performance of mBiVO, and the crystal facets
was first reported by Li and his research group.”® With
mBiVO, as a model catalyst, they confirmed that photo-
generated electrons and holes can be effectively separated into
the {010} and {110} facets of mBiVO,, respectively.’’
Furthermore, on the basis of DFT calculation, they
demonstrated that the {010} facet of mBiVO, exhibited higher
activity owing to its higher charge carrier mobility, better water
adsorption capacity, and lower overall energy potential for
oxygen evolution. This landmark discovery provides new
insights into the synthesis of highly efficient mBiVO, materials
based on facet engineering for converting solar energy into
chemical energy in the field of semiconductor physics and
chemistry.

3.1. Facet Tailor on the Surface of mBiVO,. For single
mBiVO,, the facet engineering mainly focuses on its surface. In
general, exposed facets can be obtained in a semiconductor by
selectively controlling the nucleation and growth rates in
different directions during crystal growth, which is also referred
to as the bottom-up route. In theory, a crystal preferentially
maintains its lowest total surface energy. According to the
Gibbs—Wulff theorem, the facets with higher surface energy
grow rapidly and eventually vanish from the final crystals in the
growth process, whereas the facets with lower surface energy
grow slowly and are preserved to form the final crystal shape.”!
As a result, mBiVO, prepared under natural or equilibrium
conditions normally exposes thermodynamically more stable
facet rather than the highly active facet, which is detrimental to
the conversion of solar energy. Therefore, facet engineering for
the synthesis of mBiVO, with highly active facet exposure is
still limited.

At present, the wet-chemistry routes (primarily solvothermal
and hydrothermal) with the addition of solvent, capping agents
or structure directing agents, are the most widely used
methods for manipulating the nucleation and growth behaviors
of mBiVO,, especially growth rates along different orienta-
tions.”*®” During solvothermal synthesis, the surface atomic
arrangement and surface affinity of each orientation of the
crystal for the solvent are different, the growth rates of the
individual crystal facets are inconsistent and ultimately affect
the final shape of the crystal. For instance, mBiVO, with a
hierarchical structure oriented along the {040} facet was
prepared through a template-free solvothermal route in an
ethylene glycol (EG)/water mixed solution by adjusting the
pH value of the precursor solution.”” The formed BiVO,
nanoparticles (NPs) were initially assembled into building
blocks, followed by self-assembly through the Ostwald ripening
process to form mBiVO, crystals oriented along the {040}
facets. In this process, the adsorbed EG molecules acted as
capping agent to decrease the growth rate and induced the
oriented aggregation of the crystals.”' The mBiVO, sample
prepared at pH 5 with the highest intensity of highly active
{040} facet exhibited the optimal photocatalytic performance
for MB degradation due to more efficient charge separation
and faster charge transfer. Likewise, nanostructured mBiVO,
sheets with a highly exposed {010} facet were obtained
through a solvothermal process using 15% glycerol as solvent
and directing agent at pH 6.”*

As mentioned before, the key to achieving selective exposure
of the active facets is to change the relative stability of each
facet during crystal growth. Some organic or inorganic
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Figure 5. (a) Correlations of the Ti/Bi molar ratio with the intensity ratios of (040)/(110) and (121)/(110) in the XRD patterns of the
corresponding BiVO, samples, and the intensity was normalized using the (110) diffraction peak as an internal standard. SEM images of samples of
(b) BiVO, prepared without using the directing agent and (c) BiVO, prepared by the addition of the TiCly directing agent. Reproduced with
permission from ref 68. Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Effect of CI™ coverage on the surface energies of
{010} and {110} surfaces. SEM images: (e) BiVO,—HT-23%, (f) BiVO,—HT-39%, (g) BiVO,—HT-50%, (h) BiVvO,—HT-62%, (i) BivO,—HT-
75%, (j) TEM image of BiVO,—HT-50% and SAED patterns of its {110} and {010} facets (HT represents hydrothermal treatment). Reproduced
with permission from ref 75. Copyright 2017 Royal Society of Chemistry.

additives can be used as capping agents to selectively cover the
facets with higher surface energies, which reduces the surface
energy of materials with more active sites, thereby inhibiting
the crystal growth along the corresponding direction. There-
fore, the selective exposure of active facets can be delicately
tailored by introducing the additives in the reaction medium.
Up to now, an organic capping agent takes a dominant role in
controlling the selective exposure of active facets of mBiVO,
due to the diversity of organic molecules. For instance, Zhang
et al. synthesized mBiVO, nanosheets that possessed a high
percentage of individual facet on their top and bottom flat
surfaces through hydrothermal method using sodium dodecyl
benzenesulfonate (SDBS) as a facet-capping agent.”” The
{010} facet of mBiVO, with larger atom density than any other
facets can provide more chances for sulfonic radicals
absorption, which resulted in the preferred adsorption of
SDBS on {010} facets, ultimately allowing the aggregation of
the tetragonal BiVO, NPs to form mBiVO, nanosheets with
exposed {010} facets. The electron diffraction pattern
corresponding to the diffraction pattern of {010} zone axis,
HR-TEM image, and the fast Fourier transform images all
indicated the prepared mBiVO, with a preferred {010} surface
facet. Meng et al. fabricated mBiVO, with well-defined
morphologies by using triblock copolymer Pluronic P123 as
surfactant and various bases as pH adjustor. The selective
adsorption of P123 on the surface of the BiVO, nuclei reduced
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the surface energy, which decreased the growth rate of the
crystal facets adsorbed with P123, thereby inducing compres-
sion along the axis perpendicular to these facets.””
Nonetheless, the photocatalytic performance of mBiVO,
with selective exposure facets prepared by surfactant-assisted
hydrothermal methods is still limited, as it is difficult to remove
the surfactant molecules attached to the crystal structure of the
mBiVO, photocatalyst during the synthesis, which is not
conducive to the adsorption and activation of target reactant
molecules, resulting in a failure to reliably evaluate the
relationship between crystal facet and photocatalytic perform-
ance. In addition, such surfactant-assisted hydrothermal
methods also increase the cost of material synthesis. On
account of this, small inorganic ions, alternative to organic
surfactants and ligands, can be used as facet-selective directing
agent that not only allows the mBiVO, crystal to preferentially
grow along the certain facet, but also is easier to be removed.”*
For instance, Wang et al. synthesized mBiVO, crystals
preferential exposed to the (040) surface corresponding to
{010} facet by adding trace amounts of TiCl; as a directing
agent in an inorganic solution under hydrothermal treatment
for 24 h and then calcined at 673 K for 2 h.°® The X-ray
diffraction (XRD) pattern of the as-prepared mBiVO, sample
showed that the intensity of (040) diffraction peak became
stronger with the increase of the directing agent TiCl;,
suggesting that TiCl; can induce the orientation growth of
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Figure 6. (a) SEM images of different shaped BiVO, hierarchical structures obtained at pH values of 1.7, 4.9, 6.01, 6.26, 6.45, 6.72, 7, 7.38, and
7.98, respectively. Reproduced with permission from ref 79. Copyright 2014 Elsevier. (b) SEM images of the mBiVO,, prepared by hydrothermal
method under pH = 0.25, 0.5, 0.75, 1.0, 1.5, 2.5, 3.0, 3.5, 4.0. Reproduced with permission from ref 81. Copyright 2017 American Chemical Society.

mBiVO, crystal preferentially along the {010} facet (Figure
Sa). Scanning electron microscopy (SEM) images of mBiVO,
showed that single mBiVO, had a smooth surface and was a
regular decagon with high crystallization, with less {010} facet
exposure in the absence of a directing agent (Figure Sb).
Whereas the sheet-like morphology with the average thickness
of 260 nm was obtained in the presence of a directing agent,
which possessed a higher percentage of {010} facet on their
top and bottom flat surfaces (Figure Sc). Further research on
the synthesis mBiVO, using NaCl as directing agents further
demonstrated that CI™ played a critical role in controlling the
exposure ratio of {010} to {110} facets.”> They found that the
use of KCl, CaCl,, ZnCl,, and AICl; instead of NaCl as an
additive also resulted in a uniform truncated tetragonal
bipyramidal morphology, the employment of NaF, NaBr,
Nal, and Na,SO, to replace NaCl led to the generation of an
irregular morphology of BiVO, particles. DFT calculation
showed that the addition of CI” would result in a more
significant decrease in the surface energy of the {010} facet as
compared to that of the {110} facet (Figure Sd). As a result,
the exposure area of {010} facet increased as the concentration
of Cl” increased (Figure Se—j). In addition, Thalluri et al.
prepared mBiVO, with the {040} facet preferential orientation
through hydrothermal reaction using ammonium carbonate as
a structure directing agent at 180 °C.”° The XRD pattern of
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mBiVO, demonstrated that the addition of ammonium
carbonate facilitated the exposure of the {040} facet at high
pH, which increased the percentage of V**. More recently,
amino acids have been employed as inducers to induce and
regulate the growth of some materials due to their effective
influence on the size and shape of inorganic materials.”’
Inspired by this, Wang et al. prepared mBiVO, with a
preferential {040} facet orientation through hydrothermal
process using amino acids as morphology-directing agents, the
highest peak intensity corresponding to the {040} facet was
presented at the hydrothermal temperature of 180 °C.”*
However, for thermodynamically disfavored surface facets,
kinetic control is another universal approach that takes into
account the stability and the relative growth rate of the facet.””
These methods are mainly the assembly of atoms into crystals,
representing a bottom-up approach to facet engineering. For
instance, various mBiVO, samples with {001} facet exposure
were prepared by Xi and Ye through a facial hydrothermal
route without adding surfactant at pH values ranging from 1.0
to 7.0, in which the pH played a significant role to the
formation of mBiVO, samples.”” An increased pH accelerated
the hydrolysis of BiCl; to poorly soluble BiOCI, resulting in a
low concentration of the free Bi** ions in the solution, which
slowed the nucleation of mBiVO, crystals and eventually
formed a series of products deviating from the thermodynamic
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Figure 7. (a) Equilibrium shape of a BiVO, crystal in the monoclinic clinobisvanite phase, according to the Wulff construction and the calculated
surface energy: Top view, and perspective view. Reproduced with permission from ref 83. Copyright 2011 Royal Society of Chemistry. Equilibrium
morphology of m-BiVO, (b) The SEM image, (c) prediction. Reproduced with permission from ref 84. Copyright 2017 Royal Society of
Chemistry. (d) Electron (or hole) transfer paths along the crystal axis [hkl] and the corresponding facet (hkl). Reproduced with permission from
ref 66. Copyright 2015 Royal Society of Chemistry. (e) SEM images of CoO,, deposited on {110} facets of BiVO, by photo-oxidation deposition.
(f) SEM image of Pt as the reduction cocatalyst deposited on {010} facets of BiVO,. Reproduced with permission from ref 85. Copyright 2014

Royal Society of Chemistry.

shape. Therefore, mBiVO, nanoplates with highly anisotropic
structures can only be synthesized by carefully controlling
nucleation kinetics, and a relative strong 004 diffraction peak
indicated a preferred orientation along the {001} facet. Based
on a similar pH-dependent crystal growth mechanism, Dong et
al. reported that the dominated facet of the prepared mBiVO,
evolved from {040} to {110} with the decrease of the acidity of
the precursor (Figure 6a).”” As a result, the samples obtained
at pH 6.26 with highly anisotropic particle growth and optimal
hierarchical structure exhibited the highest photocatalytic
performance for RhB degradation. Moreover, Zhao et al.
prepared mBiVO, catalysts with different facet exposure by
controlling the pH values of the solution during hydrothermal
treatment (Figure 6b).%" These various morphologies were
attributed to the fact that the pH of the solution can influence
the kinetics of the recrystallization reaction by controlling the
saturation of the reactants and the structure of the growth
units, thereby further determining the morphology of the
crystal. Moreover, mBiVO, with different relative exposure
ratio of {010} to {110} facet was prepared by adjusting the
concentration of nitric acid.*” The results showed that the
exposure ratio of {010} to {110} facet increased with the
decrease of nitric acid concentration.

To sum up, different facets of mBiVO, have varied electronic
structures due to distinct atomic arrangements and termi-
nations, which results in the different properties of crystal
facets in the adsorption of reactant molecules, the transfer of
the photogenerated carriers, and the desorption of product
molecules in the photocatalytic reaction process. Therefore,
the reactive performance of a given photocatalyst sensitively
varies on the exposed crystal facets. Of note, despite many
reports of successful synthesis and some quantitative efforts to
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understand them, current studies have neither determined
whether the active crystal facet is highly exposed nor clarified
the mechanism by which high active crystal facet preferentially
grow. Therefore, it is still a challenge to predict the outcome of
the chemical synthesis of mBiVO,. Major challenges include
understanding the complex chemistry involved in the
reduction of metal salt, how metal atoms and ions nucleate
seeds, and how seeds grow into well-defined shapes, possibly
with the help of solution-phase additives called capping agents
or structure-directing agents. Given that, the theoretical
prediction on the exposed facets of mBiVO,, especially those
related to photocatalytic performance, are critical to the
microscopic mechanism of experimental observation.

One of the early theoretical investigations with respect to the
surface energy of several low-index by DFT calculation showed
that only three facets with lower surface energies, ({010},
{110}, and {111} facet), were exposed to the vacuum, which
resulted in the prepared mBiVO, exhibited a truncated regular
octahedron (Figure 7a).” This calculated result was in
agreement with the SEM image of the experimentally
synthesized mBiVO, (Figure 5b,c).® Li et al. predicted the
equilibrium morphology of mBiVO,, a corner-cut truncated
bipyramid with {001}, {101}, {011}, and {111} facet exposed,
based on the surface energies calculation by Wulff construction
(Figure 7c). This model prediction was almost identical to the
experimental results (Figure 7b),** and the existence of {111}
facet for real crystals of mBiVO, was demonstrated compared
with the morphology predicted by Zhao and co-worker.
Moreover, Yang et al. applied the GGA-PBE to calculate the
band structures of {010} and {110} facet according to the
orbital curvature of the CB minimum (CBM) and VBM, and
the results showed that the {010} facet exhibited a higher
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Figure 8. (a) Schematic illustration of the synthetic process for the BiVO,-based heterostructures. (b) SEM images of the as-synthesized
BiVO,{010}-Au and BiVO,{110}-Au. Reproduced with permission from ref 90. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (c) Schematic diagram for the formation process of Ag;PO,/BiVO, heterojunction photocatalyst with Ag;PO, nanoparticles selectively
deposited on BiVO, facets. (d) FE-SEM image of Ag;PO,/BiVO,. (¢) HR-TEM image of the Ag;PO,/BiVO, photocatalyst. Reproduced with
permission from ref 91. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) Schematic illustration of the process to prepare
BiVO,-010-TiO, heterojunction (1) and BiVO,-110-TiO, heterojunction (2). (g) SEM images of BiVO,-010-TiO, heterojunction (TiO, grown
on the {010} facet of BiVO,). (h) SEM images of BiVO,-110-TiO, heterojunction (TiO, grown on the {110} facet of BiVO,). Reproduced with
permission from ref 92. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. SEM images of Pt/MnO,/BiVO, and Pt/Co0;0,/
BiVO, dual-cocatalyst systems prepared by photodeposition and impregnation methods: (i) Pt (P.D.)/MnO, (P.D.)/BiVO,; (j) Pt (P.D.)/Co;0,
(P.D.)/BiVO,; (k) Pt (imp)/MnO, (imp)/BiVO, and (1) Pt (imp)/Co;0, (imp)/BiVO,. Reproduced with permission from ref 85. Copyright
2014 Royal Society of Chemistry.

charge carriers mobility.”” Based on Marcus-EHAM theory, for improving charge transfer efficiency and for reducing
Liu et al. combined DFT+U method with a small polaron recombination loss.
model to calculate the carrier mobility and hopping activation In terms of interface engineering, selective growth or
energy in seven low-index facets of mBiVO,. They proposed deposition are rather important, which can make use of
that the electron/hole mobility along the crystal axis [hkl] different wetting abilities of new components on the surface of
could essentially determine the ability of gathering electron/ existing components. The interfacial wetting of components is
hole for the corresponding crystal facet {hkl}(Figure 7d).°° an important factor that has to be taken into account. In
This prediction was validated by Li et al.,, in which metals as general, to minimize interfacial energy, the newly formed
reduction cocatalysts tended to deposition on the {010} facet materials tend to deposit on better wetted surface, such as the
of mBiVO,, while metal oxides as oxidation cocatalysts tend to surface with the same crystalline phase, small lattice mismatch,
deposition on the {110} facet (Figure 7¢,f).5° similar composition, and/or consistent hydrophilicity/hydro-
3.2. Facet Tailor at the Interface of mBiVO,-Based phobicity, as well as that having strong chemical interactions or
Composites. For mBiVO,-based composites, the facet chemical bonding with the new component.*® The wetting
engineering with respect to tailor the exposed facets of process is typically controlled by two growth models, namely,
mBiVO, is more complicated because of the complexity of epitaxial growth and nonepitaxial growth, and self-assembly
hybrid structures. The coupling of different components to methods.
form a hybrid structure necessarily results in the generation of In the epitaxial growth model, the surface of the existing
an interface that is the location for charge carriers pass component provides sites for the growth of the new
through, and a high efficiency of charge carriers across the component, and the formation of the new component will
interface can greatly prevent the charge recombination. minimize the lattice mismatch with the existing component to
Therefore, the focus of interface design of mBiVO,-based reduce the interfacial energy, which greatly lowers the
composites is to adjust the facets through controlled synthesis flexibility in changing the interfacial facets."” Therefore, the
1032 DOI: 10.1021/acscatal.9b03411
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control of the interfacial facet is mainly achieved on some
facets of semiconductor by self-assembly or nonepitaxial
methods. Example such as the pear-shaped mBiVO,/BiPO,
composite was successfully fabricated by an oriented self-
assembly process, followed by Ostwald ripening.** Bi** ions
tend to precipitate with VO,*~ and PO,* in the precipitation
process, followed by mBiVO, and BiPO, assembled themselves
into loose pear-shaped structure in order to reduce the high
surface energy originated from undesired bonds. The mBiVO,/
BiPO, composite with oriented exposed {040} facet provided
more multiatomic BiV, centers, which were the origin of
multielectron transfer and functioned as active sites in the
subsequent photocatalytic reactions. Additionally, the neg-
atively charged PO,’~ was more likely to trap holes but repel
electrons, which significantly facilitated the separation of
photogenerated electrons and holes, thereby resulting in
improved photocatalytic performance. Likewise, mBiVO,
with high activity {040} facet exposure was completely covered
by the thin rGO sheets by an evaporation-induced self-
assembly method.” The exposed high-active {040} facets
maximizing the coupling interface between mBiVO, and rGO
also promoted the electrons transfer across the contact
interface, thereby enhancing the photocatalytic efliciency for
MB degradation.

Similar to surface design, the use of capping agents is also
applied to engineer interface structures. The capping agents are
selectively adsorbed to the specific facets, which prevents the
further growth of a second component on the capped facets. As
a result, an interface is selectively generated between the newly
formed component and the uncovered facets. For example, Au
NPs was reduced on the electron-deficient {110} facet of
truncated octahedron mBiVO, crystals with polyvinylpyrroli-
done (PVP) as a capping agent (Figure 8a).”’ The PVP
preferentially adsorbed to the {010} facet of mBiVO,, which
effectively inhibited the nucleation of Au NPs on the {010}
facet, thus forming the mBiVO,{110}-Au interface. Whereas in
the absence of PVP, Au NPs were selectively deposited on the
{010} facet with HAuCl,-4H,0 as a precursor due to the
accumulation of photogenerated electrons on the {010} facet
(Figure 8b). Likewise, Ag;PO, NPs were selectively deposited
on the {040} facet of truncated bipyramid mBiVO, semi-
conductors using sodium dodecyl sulfate (SDS) as a capping
agent (Figure 8c).”’ The preferential adsorption of SDS to
{110} facet occupies the adsorption sites of Ag* species, while
{110} facet with low-coordinated oxygen atoms provides
sufficient binding sites to anchor Ag®, and as such, a
mBiV0,{040}-Ag;PO, interface was rationally formed (Figure
8d,e). Based on a similar mechanism, the TiO, crystal prepared
with TiF, as a precursor was preferentially grown on the {010}
facet of mBiVO, since {010} facet can provide enough binding
sites to anchor Ti*" (Figure 8f,g).”> Conversely, the nucleation
of TiO, crystal on the {110} facet of mBiVO, was hampered
due to a relatively large d-value mismatch. Therefore, a seeding
process for first oxidizing Ti** to Ti*" on the {110} facet of
mBiVO, and then calcining at 500 °C to form TiO, seeds was
proposed prior to followed treatment similar to the preparation
of mBiVO,-010-TiO, (Figure 8fh).

Given the adverse effects of the capping agent remaining on
the surface of catalyst on the photocatalytic performance, facet-
dependent photodeposition, an alternative method to the
formation of facet-selective interface, has been extensively
investigated. As demonstrated by Li and his group, the
difference in energy band between adjacent facets of mBiVO,
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semiconductor caused photogenerated electrons and holes to
accumulate on different facets, respectively, which provides a
driving force for selective deposition of new components on
the facets through reduction or oxidation reactions. For
example, Pt NPs and MnO,, (Co;0,) species can be selectively
deposited on the surface of mBiVO, through a photo-
deposition approach.®> As both the CB and VB edges potential
of mBiVO,{010} facet were more negative than that of {110}
facet, the photogenerated electrons and holes were accumu-
lated on the {010} and {110} facet, respectively. The
photoreduction of PtCly~ occurred on the {010} facet of
mBiVO, to generate a mBiVO,{010}-Pt interface (Figure 8i),
while the oxidation occurred on the {110} facet to form a
mBivVO,{110}-MnO, (Co;0,) interface (Figure 8j) in the
photodeposition process. Conversely, Pt NPs and MnO,
(Co30,) species loaded by the impregnation method were
randomly deposited on all facets of mBiVO, (Figure 8k,l).
Likewise, Chen et al. prepared the Ag@AgBr/BiVO,/Co;0,
composite by sequential deposition of Ag@AgBr and Co;0,
on the {010} and {110} facet of mBiVO,.”

On the basis of the above analysis, the advanced synthesis
methods for micro and nanomaterials with well-defined facets
have greatly advanced the process of surface as well as interface
control of mBiVO, based on facet engineering. However, in
order to precisely control the exposed facet of mBiVO, to
accurately evaluate facet-dependent photocatalytic perform-
ance and investigate catalytic mechanisms, both the intrinsic
correlation between surface and interface, and the relationship
between structural features and functions should also be highly
reasonable.

4. FACET ENGINEERING ON THE SURFCAE OF
MBIVO,

For monocomponent semiconductor photocatalyst, the facets
that make up the surface of the semiconductor are key
parameters that should be rationally designed, which mainly
influences the photocatalytic performance of the materials
from the following three mechanisms. First of all, the atomic
arrangements occurring on the surface of the catalyst directly
determine the amount of adsorption and activation of the
reactants, thereby affecting the photocatalytic activity and
selectivity. Moreover, the surface electronic band structures
determined by the surface facets can provide redox reaction
sites for photogenerated charge carriers. Finally, crystal
orientation growth determines the efficiency of charge
separation and transfer, which further affects the density of
available photogenerated electrons and holes that directly
participate in the redox reactions occurring at the surface of the
catalyst. Furthermore, photogenerated electrons and holes can
spontaneously accumulate on different facets of semiconductor
due to the existence of thermodynamically favorable spatial
charge separation and then participate in the surface redox
reaction therein. On the grounds of above analysis, the target
of the facet engineering of single mBiVO, is to rationally tailor
the surface facets by various approaches to obtain an optimal
photocatalytic performance.

4.1. Selective Exposure of Surface Facets with High
Photocatalytic Activity. Because of the difference in
electronic structure and surface energy, the ability of different
facets to the adsorption and activation of reactant molecules is
different. Fully investigating the surface activity of different
facets helps to selectively promote the growth of highly active
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Figure 9. (a) Formation mechanism of the {111} facets of OD-BiVO,. (b) SEM images of OD-BiVO,-X (X denotes the amount of urea used): X =
0.5, 1, 1.5, 2, 2.5, 3. Reproduced with permission from ref 94. 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Relationship between
the addition amount of EDTA and the morphology, I(44)/1(121) intensity ratio, and photocatalytic performance (k) of different BiVO, samples. (d)
Photocatalytic degradation of MB without photocatalysts and using the BiVO, samples obtained by a solvothermal process with the addition of
EDTA as photocatalysts. Reproduced from ref 96. 2018 Royal Society of Chemistry. (e) FE-SEM images and the corresponding schematic
illustration of the 30-faceted BiVO, polyhedra. (f) Time courses of photocatalytic O, generation over the decahedron, truncated decahedron, and
30-faceted BiVO, polyhedron. Reproduced with permission from ref 98. 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (g) SEM image
of the obtained BiVO, microcrystals enclosed with many facets and simulated BiVO4 crystals with the facet indexes labeled. (h) Photo degradation
of RhB with the roughly 1 ym sized octahedral-shaped (black) and 42-faceted (red) BiVO, crystals as photocatalysts. Reproduced with permission

from ref 100. Copyright 2019 Elsevier.

facets while suppressing undesired facet exposure by
controlling the crystal growth environment.

In terms of material synthesis, some inorganic ions or
organic molecules tend to selectively adsorb on the high-
energy facets of the semiconductor to lower the surface energy,
and these molecules can act as director to induce the growth of
the semiconductor along a particular crystal facet. For instance,
the surface facet exposure of octadecahedron-BiVO, (OD-
BiVO,) can be precisely controlled through altering the
amount of added urea.”* The urea molecules preferentially
adsorbed on the {111} facet, which suppressed the growth of
other facets (Figure 9a). As a result, the prepared mBiVO,
catalyst exhibited a typical decahedron shape with {010},
{011}, and {110} facets exposure in the absence of urea, while
a new {111} facet was gradually generated in the presence of
urea, and the areas of {111} facet showed a slight increase as
the amount of urea increased (Figure 9b). The photocatalytic
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performance for RhB degradation showed that the degradation
efficiency decreased with the increase of urea, suggesting that
the {111} facet was not conducive to the improvement of
photocatalytic activity. In view of this, by controlling the added
urea at a low level, the optimal photocatalytic performance can
be obtained. Another example, the H* preferentially adsorbed
on {010} facets of mBiVO, to reduce the surface energy, which
reduce the reactivity and growth rate of the high-energy {010}
facet, remaining the {010} facet as the final morphology.95
Since the BiV, multiatomic center in the {010} facet of
mBiVO, makes it easier to interact with the electron donor, the
oxygen atom in the hydroxyl group of Gly was more likely to
adsorb on the {010} facet, thereby directionally inducing the
growth of mBiVO, along the {010} facet.”® Likewise, the
—COOH (or —NH,) of the amino acids adsorbed on the
surface of mBiVO, would induce the crystal growth along the
{040} facet.”
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Figure 10. (a) Scheme of the top-viewed FESEM images and XRD pattern of the SL-BVO, PF-BVO and (040)-BVO. PEC characteristics and H,/
O, evolution measurement as a function of bias: (b) I=V curves, (c) IPCE of the SL-BVO (black), PF-BVO (blue), and (040)-BVO (red). (d)
EXAFS of a single individual plate of the (040) facet engineered BiVO, film (dark condition; black, illumination, red). (¢) TRPL of the BiVO, seed
layer (black), BiVO, plate film (blue), and (040) facet engineered BiVO, film (red). Transient emission observed at 406, 550, and 600 nm at an
excitation of 375 nm at room temperature. Reproduced with permission from ref 101. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.

In terms of photocatalytic reaction, the adsorption efficiency
of the reactant molecules on the surface of the catalyst
determines the amount of molecules available for subsequent
participation in the surface redox reaction. Hence, the efficient
adsorption of reactant molecules on the surface facilitates the
enhancement of photocatalytic activity. For instance, Ravidhas
et al. reported the highly oriented {040} facet had a relatively
high specific surface area and a larger atom density to adsorb
more dye molecules on the surface of mBiVO,, resulting in an
enhanced photocatalytic performance for RhB degradation.”
Thalluri et al. reported that the highly exposed {040} facet
increased the O—H species that directly participated in the
adsorption of ethylene on the surface of mBiVO, catalyst as
well as the generation of hydroxyl radicals, thereby significantly
improving the photocatalytic performance.”®
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In addition to the difference in molecular adsorption
associated with surface facets, the separation and transfer of
photogenerated charge carriers is also related to the
physicochemical properties and surface states of the faceted
semiconductors, which is another factor that can affect the
photocatalytic activity. Since only when photogenerated
carriers are transferred to the surface of the catalyst to
participate in the surface reaction before recombination can
lead to an increase in photocatalytic activity, a short charge
transfer distance is favorable. Hence, the construction of
nanostructured mBiVO, with optimized microtopography,
especially two-dimensional (2D) laminar structured to shorten
the transfer distance of photogenerated charge carriers to the
surface, and preferential exposure to highly active facets would
be an effective way to promote the charge separation. Example
such as shuriken-like mBiVO, with exposed {010} facet were
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Figure 11. (a) High magnification images of BiVO, (1) bipyramid, (2) thick platelets, (3) thin platelets. (b) Mass activity for the conversion of
CH, to CH;0H and CO, measured for different BiVO, morphologies after 60 min of reaction, the specific activity for the same samples using the
BET method to measure the surface area for powders of each sample, and the selectivity for producing CH;0H and CO, after 60 min of reaction
for the same samples. Reproduced with permission from ref 104. Copyright 2018 American Chemical Society. (c) SEM images of the decahedron
BiVO, prepared by high-temperature hydrothermal procedure, the dodecahedron Biy3Y,,VO, prepared by low-temperature hydrothermal method.
Reproduced with permission from ref 10S. Copyright 2017 Elsevier. (d) The relationship between morphology and surface OVs and corresponding
photocatalytic performance for tBV200 and hBV200. Reproduced with permission from ref 106. Copyright 2018 Elsevier. (e) SEM images of
BiVO, prepared using different concentrations of nitric acid as the reaction medium: (a) 1.00 M, (b) 0.75S M, and (c) 0.50 M. The insets present
the schematic morphology of each BiVO, with the assigned {010} and {110} facets. Reproduced with permission from ref 82. Copyright 2016
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) TEM image of ultrathin 2D BiVO, NSs. (g) O, generation rates of BiVO, NSs, BiVO,
NPs, and BiVO, NSs after annealed at different temperatures in air in AgNOj; aqueous solution (50 mM). Reproduced with permission from ref
110. Copyright 2018 American Chemical Society.

prepared using ethylenediamine tetraacetic acid disodium transfer rate. Therefore, mBiVO, samples with the highest
(EDTA) as a structure-directing agent.”® When the amount exposed degree of {040} facet and shuriken-like shape at the
of EDTA added was in the range of 0.2 to 0.4 mmol, the optimum addition amount of EDTA exhibited the best

aggregation of mBiVO, nanocrystals simultaneously occurred photocatalytic performance for MB degradation (Figure 9d).
along two axes perpendicular to each other, and finally large After the available photogenerated electrons and/or holes
number of swords with a 2D layered morphology were formed reach the surface of the catalyst, the final step in determining
by self-assembly (Figure 9c). Such inorganic superstructure the photocatalytic activity is the surface reaction efliciency.
agglomerates not only retain the advantages of building blocks Since high-index facets have a high density of low-coordinated
with shorter charge transport paths but also obtain photo- atoms, including steps, edges, and kinks that can be used as
generated electrons and holes with long lifetime and high highly active catalytic sites, semiconductors with exposure of
1036 DOI: 10.1021/acscatal.9b03411
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high-index facets can obtain more highly active sites for
chemical reactions. Inspired by this, the synthesis of mBiVO,
with high-index facets exposure is a fantastic method to obtain
improved photocatalytic performance. For instance, with the
photocatalytic oxygen evolution as a reaction model, the
photocatalytic performance of 30-faceted BiVO, polyhedron
enclosed by high-index {132}, {321}, and {121} facets was
much higher than that of decahedral BiVO, and truncated
decahedral BiVO, (Figure 9¢,f).”® This enhanced photo-
catalytic performance was attributed to the fact that the
overpotential for oxygen evolution reaction on high-index
facets was about 0.77—1.14 V less than that of on the low-
index surfaces, and the high-index facets were energetically
favorable for water dissociation. Likewise, 24-faceted concave
BiVO, with exposed multiple high-index {012}, {210}, {115},
and {S11} facets were prepared by Zou et al., which exhibited
an excellent photocatalytic performance, with 2 orders of
magnitude larger oxygen production rate than that of the bulk
BiVO,.”” Interestingly, Zhai et al. reported that the BiVO,
polyhedron surrounded by 42 low- and high- index facets
showed improved photocatalytic performance for RhB
degradation compared to the BiVO, octahedral crystals
without truncation (Figure 9gh).'” This enhanced photo-
catalytic performance was attributed to a higher charge
separation efficiency on the coexposed low- and high- index
facets, as demonstrated by the facet-dependent photo-
deposition of Au and MnO, NPs on the electron- and hole-
accumulated facets, respectively.

However, it should be noted that the facet-dependent
performance of mBiVO, is affected by a mix of different
catalytic mechanisms, such as charge separation efficiency, light
absorption capacity, band structure, and so on. For instance,
mBiVO, plate with {040} facet exposed was hydrothermally
synthesized through a seed layer method using TiCl; as
structure directing agent.'’" Various samples, BiVO, seed layer
(SL-BVO), BiVO, plate film (PF-BVO), and {040} facet
BiVO, film ({040}-BVO), were prepared by controlling the
amount of added TiCl; (Figure 10a). Compared with PF-
BVO, {040}-BVO showed a relatively high photocurrent
density (Figure 10b) and incident photon to current
conversion efficiency (Figure 10c), indicating a faster charge
separation efficiency and higher solar light absorption,
respectively. In addition, extended X-ray absorption fine
structures (EXAFS) analysis showed that two major peaks
appearing at 1.60 and 3.07 A in dark were slightly shifted to
1.63 A and to 3.10 A during the water oxidation, suggesting an
increase in the distance of Bi—O and Bi—V in {040}-BVO
sample, which provided more favorable local bonding
geometry for water molecules adsorption (Figure 10d).
Time-resolved photoluminescence (TRPL) calculation showed
that the {040}-BVO had a longer average decay time of the
charge carriers at the emitted 406, 550, and 600 nm compared
with SL-BVO and PF-BVO, which suggested a long-lived
charge accumulation at the interface between {040} facet and
water molecules, thereby greatly improving the photocatalytic
performance of water oxidation (Figure 10e).

To sum up, facet-dependent adsorption can provide
guidance for improving the selectivity of photocatalytic
reactions, and facet-dependent photocatalytic reaction facili-
tates the design of bifunctional photocatalysts. Selective
exposure of certain facets will result in different photocatalytic
activities, and in general, semiconductors with high active facet
exposure will result in high photocatalytic activity. In order to
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take advantage of the positive effects of high activity facet on
overall photocatalytic activity, the next challenge in the surface
facet design of single mBiVO, is how to increase the
proportion of these highly active facets.

4.2, Large Proportion of Surface Facets with High
Photocatalytic Activity. On the one hand, the surface of
mBiVO, covered by one facet as much as possible facilitates
the investigation of the underling mechanisms of facet-
dependent performance. On the other hand, the understanding
obtained from the mechanism investigation can give guidance
for tailoring the facets to obtain an improved photocatalytic
performance. In order to increase the percentage of highly
active facets, an ideal strategy is to prepare symmetric
polyhedral photocatalysts surrounded by highly active facets,
such as Ag;PO, rhombohedral dodecahedron composed of
{110} facets and CoO octahedrons surrounded by polar {111}
facets.'’”'** Similarly, bipyramidal BiVO, microcrystals
enclosed with {102} and {012} facets were prepared, which
exhibited higher activity and selectivity in the conversion of
methane to methanol compared to BiVO, platelet with
exposed {001} facet at the top and bottom (Figure
11a,b).'"* This excellent performance was attributed to the
fact that the surface energy of {001} facet (0.349 ] m™) was
much lower than that of {102} (0.662 J m™2) and {012} facets
(0.660 J m™?), and the extraction efficiency of photoexcited
holes from the surface was much higher in bipyramidal than
that in platelet sample. In addition, Fang et al. successfully
prepared dodecahedron BiVO,:YVO, solid solution with only
two facets exposure, {101} and {100}."> SEM images showed
that the crystal system of decahedron BiVO, was changed to
dodecahedron Bi,Y,_,VO, after doping with Y (Figure 11c).
Due to the different surface energy of (100), (010), and (001)
facets, only two facets, {010} and {110}, were exposed in
decahedron BiVO,. However, doping with Y greatly improved
the symmetry of the crystal, making the (010) and (100) faces
identical, resulting in four facets, that were (100), (—100),
(010) and (0—10), were exposed in dodecahedron Bi,Y,_, VO,
and an increased percentage of reactive surface. Moreover, a
surface heterojunction was formed between {100} and {101}
facet owing to the slight inconsistency in their band energy,
resulting in an efficient spatial charge separation on adjacent
exposed facets. With the photocatalytic overall water splitting
as a reaction model, a high production of hydrogen and oxygen
with a stoichiometric ratio was obtained.

Compared with a symmetrical structure, more research
interest and efforts are focused on design 2D mBiVO, to
expose its flat surface to highly active facets. For instance, with
the photocatalytic degradation of oxytetracycline (OTC) as a
reaction model, the degradation efficiency decreased from
62.33% to 10.39% when the exposure ratio of {001} facet of
mBiVO, decreased from 89.28% in the 10 nm (tBV160) to
84.21% in the 100 nm (hBV160) composite (Figure 11d).'%
This drop in photocatalytic performance was attributed to a
decreased exposed proportion of {001} facet, resulting in a
relatively poor internal electric field, which in turn reduced the
charge separation efficiency. Similarly, different morphology
and size samples having various exposure extension of {040}
facets were obtained with a h?rdrothermal method by adjusting
the molar ratios of Br to V.'”” The sample with Br:V molar
ratio of 3:1 exhibited the optimal photocatalytic performance
for RhB degradation, with a degradation efficiency of 98.9%
within 30 min, which was attributed to a higher exposure ratio
of high-active {040} facets and a larger specific surface area.
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Figure 12. (a) SEM images of the untreated BiVO, and Ar-treated BiVO, samples prepared at 300, S00, and 700 °C. (b) photocatalytic O,
evolution from BiVO, samples annealed at 300, S00, and 700 °C under Ar atmosphere in comparison to the untreated sample. (c) SEM images of
the Pt-loaded untreated BiVO,, Pt-loaded Ar 700 and Pt/MnO,-loaded untreated BiVO,, Pt/MnOx-loaded Ar 700. Reproduced with permission
from ref 116. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) SEM micrographs of bare truncated bipyramid and plate-
like BiVO, (obtained using 1.0 and 0.5 M of nitric acid, respectively). (e) Photocatalytic O, evolution from aqueous AgNOj solution and pseudo-
first-order-fitted 2,4-D decay curves of the initial 30 min illumination of truncated bipyramid (red) and platelike BiVO, (black) under visible light.
(f) Steady-state fluorescence spectra of truncated bipyramid and platelike BiVO,,. Inset displays the mechanism of photoluminescence. Reproduced
with permission from ref 117. Copyright 2016 American Chemical Society. (g) The relationship between photocatalytic activities of O, evolution
and ratio of {010} facet for mBiVO, samples. (h) The reaction rate of O, evolution. Reproduced with permission from ref 118. Copyright 2019

Elsevier.

Moreover, Tan et al. found that a higher exposed area of {010}
facet resulted in a greater enhancement in photocurrent in
GO/BiVO,, which was attributed to the fact that the Schottky
barrier at GO/BiVO,{010} interface was smaller than GO/
BivO,{110} interface (Figure 11e).** Therefore, the optimal
photocatalytic performance was obtained by increasing the
exposure ratio of {010} to {110} facet.

More recently, ultrathin 2D materials with the thickness less
than 5 nm have attracted an increasing attention due to their
relatively high specific surface area, vast number of unsaturated
coordinated surface atoms, and short transfer distance for
charge carriers.'”® Previous studies have demonstrated that the
{010} facet of mBiVO, mainly undergoes the reduction;
however, the {110} facet prefers an oxidation reaction, and the
photocatalytic performance of mBiVO, is mainly dependent on
the exposure ratio of the high-active {010} facet.'”” Therefore,
it is rational to construct ultrathin mBiVO, with exposed {010}
facet to optimize the adsorption of reactant molecule, the
separation efficiency of photogenerated charge carriers and the
reaction processes. As a typical example, ultrathin 2D mBiVO,
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nanosheets with the thickness of no more than 3 nm and the
diameter greater than 1.2 ym was prepared by a colloidal two-
phase method (Figure 11f), which exhibited an excellent
photocatalytic performance for water oxidation with the
oxygen evolution rate of 107.4 ymol h=1.""° This enhancement
in photocatalytic performance was attributed to the fact that
the ultrathin 2D mBiVO, nanosheets with increased specific
surface area could increase the number of surface atoms as
active sites to accelerate the progress of the reaction. The
thickness at the atomic scale shortened the transfer distance of
photogenerated electrons from the bulk to the {010} facet of
mBiVO, (Figure 11f inset), and the spatial separation of
photogenerated charge between the {010} and {110} facet
resulted in more available electrons accumulation on the {010}
facet (Figure 11g). Also, the dissociation energies of H,O into
H and O atoms were remarkably deduced from 4.562 to 2.455
eV due to the existence of surface oxygen vacancies (V,) on
the {010} facet, and the electronic DOS at CBM and VBM
were increased, which promoted the photon conversion and
the photogenerated charge separation, leading to an improved
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the photocatalytic performance. Similarly, Zhu et al. reported
that the thin mBiVO, platelets with exposed {001} facet as
their top and bottom surface exhibited higher photocatalytic
CH, conversion efficiency compared with the thick platelets
surrounded by {102} and {012} facets with a thickness about 1
um, which was due to the different distance for electrons
transfer.'>* That was, the distance required for electrons
transfer to the surface in thin platelets was relatively short
compared to thick platelets, which resulted in more available
photoexcited electrons for surface reactions.

As mentioned above, it is widely accepted that the
photogenerated holes are preferentially accumulated on the
{110} facet while electrons on the {010} facet within mBiVO,
semiconductor, which caused the {110} facet to function as the
active oxidation site. However, many previously reported
studies have proposed a contradicting conclusion that mBiVO,
exhibited {010} facet-dependent performance in photocatalytic
organic degradation and oxygen evolution.’***** A further
theoretical investigation performance by Yang et al. reported
that the {010} facet of mBiVO, was more favorable for the
water oxidation reaction than the {110} facet because the
former had higher carrier mobility, easier water adsorption and
lower energy barrier.”” These contradictory conclusions may
be due to the fact that the influence of facets on the separation
and migration of photogenerated charge carriers is only one of
the factors of facet-dependent photocatalytic performance,
which motivates researchers to project the focus to the
exposure ratio of different facets.

4.3. Synergism between Different Surface Facets
with Optimal Ratios. As demonstrated above, increasing the
proportion of highly active facet on the surface of mBiVO, can
significantly improve its photocatalytic performance. Never-
theless, previous works showed that TiO, and CeO,
photocatalysts with two facets coexisting in an appropriate
ratio exhibited improved photocatalytic performance for CO,
reduction.'""""* In the case of mBiVO,, the spatial separation
of charge carriers on different facets of mBiVO, results in the
accumulation of photogenerated electrons and holes in the
{010} and {110} facet of mBiVO,, respectively. Therefore, the
coexistence of {010} and {110} facets with rational exposure
ratio is expected to be beneficial to the separation of
photogenerated electrons and holes. An excellent evidence
was that mBiVO, with an equal fraction of exposed {010} and
{110} facets exhibited highest charge separation efficiency and
C2-compound yield (mainly ethylene glycol and glycolalde-
hyde).”” It was found that the photocatalytic performance
increased as the fraction of the {010} facet increased from 25%
to 50%, and a further increase would result in a decrease in the
yield of C2-compound. More importantly, all mBiVO, with
different fraction of {010} facet exhibited higher photocatalytic
performance for HCHO conversion than BiVO,-010 and
BiVO,-110 samples with predominantly exposed {010} and
{110} facet, respectively, demonstrating that both {010} and
{110} facet are required for obtaining a high activity. Likewise,
Yuan et al. reported that mBiVO, with almost a 1:1 ratio of
{040}to {110} facet exhibited the hi§hest activity in the amine
photooxidation with 94% selectivity.'> Another example, Tan
et al. applied annealing, a postsynthesis method that adjusts the
crystal morphological through minimizing the surface free
energy,' """ to synthesize dual-faceted mBiVO, under Ar
atmosphere at different temperatures ranging from 300 to 700
°C."'° It was found that the well-defined crystal facet of
mBiVO, was gradually diminished as the temperatures
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increased (Figure 12a). Despite that mBiVO, annealed at
700 °C exhibited better crystallinity, greater orbital overlap,
and smaller bandgap, the photocatalytic performance for
oxygen evolution was lower than other samples owing to the
destruction of the active crystal facets (Figure 12b). Photo-
deposition experiments showed that Pt particles and MnO,,
were selectively deposited on the {010} and {110} facet of the
well-defined mBiVO,, respectively. While the surface of
mBiVO, annealed at 700 °C was completely covered by
spongy-like MnO, and agglomerated Pt particles, indicating
poor charge separation efficiency (Figure 12c). Therefore, the
presence of well-developed {010} and {110} facet is essential
for efficient charge separation.

Because the transfer efficiency of photogenerated electrons
and holes to the corresponding electron acceptors and donors
is an important indicator for evaluating photocatalytic activity,
the accumulation of either photogenerated electrons or holes
will lead to an increase in the probability of charge
recombination and a decrease in quantum yield, thereby
resulting in poor photocatalytic performance. Given the
importance of efficient charge transfer in photocatalysis, the
investigation on the relationship between the relative exposure
extent of redox functional facets and the charge transfer
kinetics of the photocatalyst is critical for designing highly
efficient photocatalysts. For example, Tan et al. prepared a
thickness-controlled decahedron mBiVO, samples by varying
the concentrations of nitric acid during the synthesis.''” A
relatively low concentration of nitric acid resulted in a
markedly thinner mBiVO, with a higher ratio of {010} to
{110} facet, denoted as plate-like mBiVO,. Whereas a thick
mBiVO, with a relatively small ratio of {010} to {110} facet,
denoted as truncated bipyramid mBiVO, (Figure 12d). With
photocatalytic water oxidation and 2,4-dichlorophenoxyacetic
acid degradation as a model reaction, it demonstrated that the
photocatalytic performance of plate-like mBiVO, was higher
than that of truncated bipyramid mBiVO, (Figure 12e). This
phenomenon was mainly ascribed to the fact that plate-like
mBiVO, with relatively large {010} facet exposed endowed it
with more available photogenerated electrons on the surface, as
demonstrated by photoluminescence (PL) quenching effect
(Figure 12f). Conversely, the greater thickness resulted in
longer transfer distance for photogenerated electrons and holes
from bulk to the surface in the truncated bipyramid mBiVO,,
which increased the possibility that photogenerated electrons
would encounter and be captured by crystal defects, resulting
in limited electrons available on the {010} facet. In addition,
compared to plate-like mBiVO,, truncated bipyramid mBiVO,
exhibited a better electron trapping capacity due to the shorter
fluorescence lifetime, the trapped electrons would recombine
with the holes, leading to fewer holes available for oxidation
reactions. Overall, a relatively large exposure ratio of {010} to
{110} facet endowed plate-like mBiVO, a superior photo-
oxidation activities than truncated bipyramid mBiVO,. Similar
conclusions were also revealed by Shan et al,, that is, a positive
relationship between the photocatalytic activity for oxygen
evolution and the exposure ratio of {010} and {110} facets in
mBivO, (Figure 12g,h).118 This difference in oxygen evolution
rate was attributed to the fact that {110} facet with high energy
level had a highly tight-binding effect for photogenerated
carrier, which may increase the possibility of carrier
recombination. Furthermore, mBiVO, with different propor-
tions of {101} to {010} facet was precisely synthesized and the
morphology of mBiVO, varied from decahedron crystals to
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Figure 13. (a) SEM image of pure BiVO, and N-doped BiVO, nanoplates. Reproduced with permission from ref 134. Copyright 2014 Elsevier. (b)
DOS of W-doped BiVO,, W-doped BiVO, with oxygen vacancy (O,) on V atom, and W-doped BiVO, with oxygen vacancy (O,) on W atom. (c)
Calculated charge separation efficiency and water oxidation charge transfer efficiency of pristine and W-doped BiVO, annealed in air and O, gas
respectively at 1.23 V vs RHE. Reproduced with permission from ref 135. Copyright 2018 American Chemical Society. (d) PDOS plots of Ce-
BiVO, calculated using U(Ce) = 6 eV. Reproduced with permission from ref 140. Copyright 2016 American Chemical Society. (e) Formation
energy of doping ions in the BiVO, crystal lattice. The photocurrent from the front side before and after the pretreatment of (f) pure, (g) Mo®, (h)
W, (i) Sn*-doped BiVO,. Reproduced with permission from ref 142. Copyright 2013 Elsevier. (j) OVs EPR signal of tBV200, hBV200 and
bBV200. (k) LSV curves (under the irradiation of one SOOW Xe lamp) of tBV200, tBV160, hBV200, and hBV160, respectively. Reproduced with

permission from ref 106. Copyright 2018 Elsevier.

short-rod like particles with the increasing pH.”' The
decahedron BiVO, sample exhibited the best photocatalytic
oxygen evolution performance, with S0 times oxygen evolution
rate oxygen evolution rate that of tetragonal BiVO, particles,
which was ascribed to the optimized reduction and oxidation
reaction rates by controlling the exposure ratio of {010} to
{011} facets.

It is worth mentioning that another contribution of the
coexposure of adjacent facets is the formation of homo-
junctions in the same mBiVO, semiconductor, which results in
the photogenerated holes and electrons diffusing from the
inside of mBiVO, toward the opposite direction, thereby being
captured by the topmost exposed atoms. Additionally, the
photoexcited electrons and holes can be separated at two
adjacent facets, which greatly lower the possibility of bulk
recombination of photogenerated electrons and holes. In this
regard, Wang et al. applied an additive-free low-temperature
aqueous method to synthesize mBiVO, with {010} and {110}
coexposed which underwent the nucleation and Ostwald
growth process.”” The growth rate of the high-energy {010}
facet determined by the pH values, a relatively low H' resulted
in a lower concentration of the free BiO* ions in the solution,
which slowed the nucleation rate of mBiVO, crystals and
promoted the formation of the highly active crystal facets.
Moreover, the surface free energy through Ostwald ripening of
the {010} facet of mBiVO, was reduced after adsorption with
appropriate H*, which also facilitated the formation of {010}
facet. In contrast, a lower or higher H' concentration would
destroy the {010} crystal facets. DFT calculation showed that a
surface heterojunction was generated between {010} and
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{110} facet due to energy level mismatch, resulting in the
transfer of photogenerated electrons and holes to the {010}
and {110} facet, respectively. Therefore, mBiVO, with the
optimized exposure ratio of {010} to {110} facet exhibited the
optimal photocatalytic performance for RhB and MB
degradation among all the samples. In a similar case, Yu et
al. synthesized mBiVO, with {010} facet orientation growth
through two methods, aqueous process (AP-BVO), and one-
step hydrothermal method (HT-BVO).""” The XRD pattern
showed that the HT-BVO had relatively high crystallinity and
peak intensity corresponding to {040} facet compared with
AP-BVO, indicating the preferential crystal growth along the
{010} facet in HT-BVO samples, resulting in the photo-
catalytic performance of HT-BVO of 1.75 times that of AP-
BVO in the coexistence system of Cr(VI) and phenol. This
enhancement was related to the generation of surface
heterojunction in HT-BVO, which improved the charge
separation efficiency between adjacent {010} and {110}
facet, leaving strong reduction electrons to participate in
Cr(VI) reduction on {010} facets and the strong oxidation
holes to oxidize phenol on {110} facets.

In summary, increasing the exposure ratio of highly active
facet is a feasible measure to design highly efficient mBiVO,
catalysts, which requires the fundamental investigation on
facet-dependent photocatalytic performance and related
mechanism. Typically, designing mBiVO, semiconductor
with most of the highly reactive surface covered can be done
from two perspectives. One is to synthesize symmetrical
polyhedral mBiVO, crystals surrounded by highly active crystal
facets, whereas there are few reports in this direction currently.
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The other and currently the most widely studied is the
synthesis of 2D ultrathin mBiVO, nanosheets whose flat
surfaces are designed as highly active crystal facets. Moreover,
when mBiVO, is surrounded by multiple crystal facets, the
exposure ratio of different surface facets is another significant
parameter that needs to be considered. Not only the high-
active facets but also the electronic band structures of surface
facets should be rationally designed.

5. FACET ENGINEERING FOR MODIFICATION OF
CHARGE CARRIER BEHAVIOR IN MBIVO,-BASED
PHOTOCATALYTIC SYSTEM

Although the facet engineering with respect to surface design
of single mBiVO, do achieve improved photocatalytic
performance to a certain extent, the obtained photocatalytic
performance of mBiVO, is still far below its theoretical
maximum, which is mainly limited by poor electron transport
and slow hole transfer. Therefore, taking into account the
unique crystal structure of mBiVO,, the modification of
mBiVO, based on facet engineering is desirable to solve the
above-mentioned two limitations.

5.1. Heteroatom Doping for Improved Electron
Transport. The poor electron transport performance may
be attributed to the unconnected VO, tetrahedral unit in the
crystal structure of mBiVO,, which indicated that the
photoexcited electrons in the V 3d CB have to hop between
the VO, tetrahedra.®> As demonstrated by Rettie and co-
worker, the charge transfer in mBiVO, from 250 to 400 K was
governed by a small polaron hopping mechanism associated
with low electron mobility."”’ In theory, low wave function
overlap between V 3d and Bi 6p orbitals in the CB of mBiVO,
results in electron localization.”® Given that, efforts with
respect to electron transport have demonstrated that doping
heteroatom into the lattice or lattice gap of semiconductor can
change the geometry and electronic structure of the intrinsic
matrix, as well as the carrier density, which is a highly feasible
strategy to enhance the photocatalytic performance.'”’

At present, the most widelzr studied on this subject are
nonmetal dopin% such as N,'*% (1237126 p 1277129 g 130,131
F,"**"% and P,* which can not only introduce an impurity
level in the unaltered band gap by replacing the O site in the
crystal lattice but also narrow the forbidden bandwidth by the
hybridization of the p-orbital in nonmetallic elements with the
O 2p orbital in mBiVO,. For instance, the polyhedrons BiVO,
with smooth surface and long sharp edges was transferred into
plate-like structure with relative short length after doping with
nitrogen (Figure 13a), and this decrease in the particle size
remarkably shortened the charge transfer distance.** Most
importantly, plate-like mBiVO, with high {040} facet exposure
ratio provided more multiatomic BiV,, centers for multielectron
transfer. The surface V,, originated from the incorporation of
nitrogen in N-doped mBiVO, can trap the holes, which
remarkably promoted the separation of photogenerated
electrons and holes. Moreover, the band gap of pure
mBiVO, was reduced from 2.2 to 2.0 eV after doping with
nitrogen, which greatly improved the light absorption ability.
Therefore, the photocatalytic performance of N-doped
mBiVO, for RhB degradation was much higher than that of
pure mBiVO,.

In terms of substituted sites, V, Bi, and O atoms are all
possible substitution sites in mBiVO,. Among them, the
substitution of doping agent for V-sites is the most common
case. For instance, Zhao and his co-workers introduced W% to
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substitute V-sites, accompanying with the introduction of V,
on V-sites of {010} facet in mBiVO,."**> As W had relatively
higher valence states compared with V°*, the phase transition
from the monoclinic to tetragonal was greatly suppressed,
resulting in less distortion in the [VO,] tetrahedron chains.
Moreover, DFT calculations demonstrated that there were two
different states in the bandgap with the V, on V-sites, while
only one different state presented for V, on W-sites or without
V,, indicating more active sites formed in W-doped {010}-
mBiVO, with V, on V-sites, thereby increasing the number of
surface reaction sites (Figure 13b). The generated V, on the
surface can serve as the recombination center for undesired
photogenerated electrons and holes to promote the charge
separation and also facilitate the charge transfer (Figure 13c),
leaving the highly reductive electrons and oxidized holes to
participate in the redox reaction on the surface of
catalysts.'**"'* Therefore, W-doped {010}-mBiVO, exhibited
an improved photocatalytic performance for water splitting
compared with that of nondoping samples.

However, the substitution of V-sites still easily causes the
distortion of [VO,] tetrahedral chains, which have negative
effects on photocatalytic water splitting. In view of that, the
Bi**-sites substitution is another effective method to protect
the [VO,] tetrahedral chains from distortion. For instance,
trivalent cation Ce** with the similar ionic radius to that of Bi*"
was used to substitute Bi**-sites in mBiVO, by Jiang et al."*’
GGA+U calculation of Ce-BiVO, exhibited that the values of
U(Ce) was 6 eV, indicating that the up-spin f' level of Ce?*
slightly lay above the VBM of mBiVO, (Figure 13d).
Therefore, Ce® ions as holes traps not only maintained
complete [VO,] tetrahedron but also prolonged the lifetime of
photogenerated holes, eventually resulting in an enhanced
photocatalytic performance for water oxidation. Also, Wang et
al. applied In** ions to substituted Bi**-sites in mBiVO, to
evaluate the influences of In*" ions on the morphology and
photocatalytic performance.'*' XRD pattern showed that the
peak intensity corresponding to {121} facet gradually
decreased with the increase of In** content because of the
distortion of the {121} facet. Further Raman analysis
confirmed that the V—O stretching mode exhibited a slight
shift to higher wavenumber, suggesting that the bond length of
the V—O was decreased resulting from the {121} facet
distortion. Hence, a short distance for photogenerated
electrons and holes to active sites was favorable for the
improvement of photocatalytic performance.

As above, doping mBiVO, with higher valence metal ions
can remarkably increase the carrier density. However, the
difference in photocatalytic performance between the V-sites
and Bi**-sites is still ambiguous. With that in mind, Luo et al.
used high-valence ions (Mo®, W*) and relatively low-valence
ion (Sn™) to respectively substitute V>*-sites and Bi**-sites to
investigate the doping effect at these two sites.”” The
formation energy of Mo/W-BiVO, samples was similar,
which was much lower than that of Sn-BiVO, owing to a
larger radius mismatch between Sn*' and Bi** than that of
Mo® /W® and V°* as well as a different outer shell electron
distribution (Figure 13e). In addition, the photocurrent
potential curves exhibited an obvious increase for Mo/W-
BiVO, while just a slight enhancement for Sn-BiVO,, which
was attributed to the serious surface segregation of SnO,
(Figure 13f—i). Therefore, only doping mBiVO, with suitable
high-valence metal ions can significantly improve the photo-
catalytic performance.
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Figure 14. (a) Schematic illustration for preparation of BiVO,—Au@CdS. SEM images of (b) BiVO,—Au, (c) BiVO,—Au@CdS, (d) c-BiVO,—Au,
(e) c-BiVO,—Au@CdS. Reproduced with permission from ref 158. Copyright 2017 Elsevier. (f) Concentration of 4-NP versus time plots and
degradation kinetics of 4-NP during the photocatalytic process on different photocatalysts under visible light irradiation (4 > 420 nm). SEM image
of (g) Au-BivO,, (h) In,S;—Au-BiVO, and (i) HR-TEM image of In,S;—Au-BiVO,. Reproduced with permission from ref 159. Copyright 2018

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Certainly, it cannot be ignored that there are O-sites
consisting of [VO,] and [BiOg] in mBiVO,. Given that the
mBiVO, matrix has highly or even preferentially exposed {010}
facet and the introduction of V, can increase the electron
density, the composite materials constructed by element
doping and V, decorated on the highly active {010} facet
exhibited a more excellent photocatalytic performance than
those composites based on randomly oriented mBiVO,. A
typical example, as the surface oxygen atom of {001} faceted-
BiVO, had a strong hydrogen bonding with the hydrogen
atoms of adsorbed water molecules, taking this advantage,
Ullah et al. prepared {001} faceted-BiVO, film with oxygen
defective and Se-doped to investigate the photocatalytic
performance for water splitting.'* The electronic band
structure and the partial density of states plot of mBiVO,-
{001}@H,O demonstrated that the band gap of BiVO,-{001}
was reduced from 224 to 1.74 eV, suggesting that water
molecules were preferentially adsorbed on the surface of {001}
facets, thereby promoting the efficiency of photocatalytic water
splitting.

Similar to heteroatom doping, the self-doping is considered
as an effective strategy to finely tune the energy band structure
and electronic structures of the semiconductors, as it can
eliminate the recombination effect from doped impurities
defects energy level and simultaneously enhance the redox
reactivity of semiconductors. Simultaneously, the self-doped
strategy can introduce oxygen vacancy defects on the surface/
bulk of oxygen-containing semiconductors. For instance, the
V* self-doped mBiVO, samples with a specific growth and
self-assemble direction of [010] were successfully prepared by
a one-step hydrothermal route,'** which exhibited a high
charge separation efficiency by accumulating electrons on
{010} facet. However, an improved photocatalytic activity with
a decreased adsorption ability was obtained after further low-
temperature treatment, which was attributed to elevated
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crystallinity and decreased V,. As demonstrated by the
Gaussian—Lorentzian fitting results, the doping amount of
the V** species was decreased from 31 at% to less than 10 at%.
Therefore, V, is a double-edged sword, only appropriate V,
can serve as an electron capture center to effectively promote
charge separation, resulting in improved photocatalytic
performance. An excellent example is that the mBiVO,
nanosheet with reduced thickness, enlarged dominant {001}
facet, and enhanced V, was prepared through hydrothermal
method.'”® By increasing the synthesis temperature of mBiVO,
with exposed {001} facet, the V, peaks and the exposure ratio
of {001} facet of mBiVO, (160 °C) were obviously increased
compared with those of their counterparts (160 °C) (Figure
13j), which increased the photocurrent density by approx-
imately 1.33 times compared to its counterpart treated by 160
°C (Figure 13k). The use of V, as photoinduced electron
trapping sites can inhibit the recombination of electrons and
holes and provide more active sites for photocatalytic
reactions, thereby resulting in an improved photocatalytic
performance toward OTC degradation.

5.2. Heterojunction Construction for Improved
Interfacial Charge Separation and Transfer. Apart from
poor electron transport, another limiting factor for the
photocatalytic performance of mBiVO, is slow hole transfer
(slow water oxidation kinetics), as demonstrated by about 3-
fold enhancement of the photocurrent density of mBiVO, in
the presence of H,0, #1460 A large number of studies have
shown that the modification of mBiVO, with an oxidation
cocatalyst such as IrO,, RuO,, and Co;0, can promote the
hole transfer."*’~"** However, follow-up studies reported by
Zhong et al. proposed that the primary bottleneck limiting the
photocatalytic performance of mBiVO, was bulk charge carrier
recombination.'* Therefore, further research with respect to
developing highly efficient mBiVO, catalysts should focus on
how to promote charge separation and transfer. In view of the
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synergy between the different components can enlarge the light
absorption range, decrease the charge recombination possi-
bility, or improve the adsorption and activation of the
reactants, coupling mBiVO, with other components to form
hybrid structures is an effective apgroach to promoting the
charge transfer and separation.'*"~">" It is worth noting that in
the hybrid structure, in addition to the properties of the
coupled materials, the facet of mBiVO, used to form the
interfaces in the heterojunction also needs to be rationally
designed as the interface properties directly determine the
charge separation and transfer.">> Given that, the main mission
for facet-engineered modification of mBiVO, is to select
suitable facets to form favorable interfaces with the coupling
materials, with the aim to promote the charge separation and
transfer across the interface.

In general, interface charge transfer efficiency is affected by a
number of factors, the first of which is the ability to accept
photogenerated electrons or holes associated with mBiVO,
facets. This correlation is resulted from the spatial charge
separation between adjacent facets or the internal electronic
field along a particular crystal orientation. Moreover, the
cocatalysts not only further promote the spatial charge
separation between adjacent facets but also prevent the back
reactions, and the interface between cocatalysts and mBiVO,
provides a channel for charge transfer from mBiVO, to
cocatalysts. Therefore, the selective deposition of reduction
and/or oxidation cocatalysts on the electron- and/or hole-
accumulated facets is expected to improve photocatalytic
performance. Of the cocatalysts, plasmonic NPs are the most
widely used reduction cocatalysts, which can achieve eflicient
charge transfer and separation because of their ability to
confine light in the vicinity of their surface and strong surface
plasmon resonance (SPR).I‘%’157 For instance, Cao et al
reported that the photocatalytic performance of mBiVO, was
greatly improved after in situ growth of Au NPs on the surface
of mBiVO,, which was attributed to the enhanced charge
separation efficiency due to electron sinks and SPR-effect of Au
NPs.*! Interestingly, recent work showed that cocatalysts with
core—shell structure can further improve the charge separation
efficiency. For example, Ye et al.">® prepared BiVO,—Au@CdS
ternary composite with Au@CdS selectively deposited on the
{010} facet through a two-step photoreduction method
(Figure 14a,c). With the photocatalytic degradation of RhB
as a reaction model, the optimal BiVO,—Au@CdS exhibited
6.11, 3.03, and 2.95 times higher photocatalytic performance to
those of mBiVO,, BiVO,—Au, and BiVO,—CdS, which was
attributed to the fact that more available Au NPs deposited on
the {010} facets of mBiVO, (Figure 14b) were used to transfer
the photogenerated electrons from mBiVO, to CdS, leading to
an eflicient charge separation. In contrast, BiVO4-Au@CdS
with the randomly deposited Au (Figure 14d) and Au@CdS
NPs (Figure 14e) on both {010} and {110} facet prepared by
the chemical reduction method exhibited a relatively poor
photocatalytic performance for 4-nonylphenol degradation
compared with the selectively prepared BiVO4-Au@CdS,
demonstrating the important role of facet-induced carrier
separation in achieving excellent photocatalytic activity (Figure
14f). Likewise, as reported by Wu et al,*” Au®* ions were
deposited on the electron-rich BiVO,{010} facets through a
photoreduction process (Figure 14g), followed by the
deposition of In,S; on Au NPs to form In,S;—Au-BiVO,
(Figure 14h,i). In this ternary system, Au NPs severed as the
recombination center of photogenerated electrons from the
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CB of {010}-BiVO, and the holes from the VB of In,S;, which
not only greatly facilitated the charge separation of individuals
but also remained the strongly reductive electrons in the CB of
In,S; and strongly oxidized holes in the VB of {110} facet
mBiVO,, leading to the optimal photocatalytic performance for
RhB and phenol degradation.

For practical applications, Ag NPs is another alternative to
Au plasmonic metal that can improve the photocatalytic
performance of mBiVO,. Example such as Ag NPs were
selectively deposited on the surface of mBiVO, by photo-
reduction with AgNOj; as the precursor,"”” accompanied by
the formation of Schottky barrier at the interface of Ag NPs
and BiVO,{010} facet. As a result, the photogenerated
electrons in the CB of BiVO,{010} facet would be naturally
transferred to the Ag NPs because the work function of metal
was much higher than that of semiconductors, leading to an
efficient charge separation in the photocatalytic process.
Hence, the photocatalytic disinfection performance of
mBiVO, was greatly enhanced after loading with Ag NPs.
Furthermore, Ag,0—Ag/BiVO, photocatalyst with Ag,O—Ag
as an electron cocatalyst selectively deposited on the {010}
facet of mBiVO, was prepared by photodepositing metallic Ag
and then partially oxidizing Ag to Ag,O under low-temperature
calcination, which showed a comparable photocatalytic
performance with Pt/BiVO, but was significantly higher than
that of Ag/BiVO, or mBiVO,.""" In Ag,0—Ag/BiVO, hybrid
structure, Ag can extract the photogenerated electrons of
mBiVO, and then acted as an electron transporter to transfer
electrons to Ag,0, which can provide an active site for surface
reaction.

Moreover, taking advantage of the anisotropic facets of
mBiVO,, the simultaneous deposition of reduction and
reduction cocatalysts on the electron- and/or hole-accumu-
lated facets is expected to further promote the separation of
photogenerated electron—hole pairs. For example, metal Pt
NPs and Co;0, species were selectively deposited on the
{010} and {110} facets of mBiVO, by the photodeposition
method, denoted as Pt(P.D.)/BiVO, and Co;0,(P.D.)/
BiVO,, respectively.*> For comparison, Pt(imp)/BiVO, and
Co;0,(imp)/BiVO, photocatalysts were prepared by the
impregnation of Pt NPs or Co;0, species on the surface of
mBiVO,. With the photocatalytic oxygen evolution as a
reaction model, Pt(P.D.)/BiVO, or Co,0,(P.D.)/BiVO,
photocatalysts exhibited the optimal photocatalytic perform-
ance in all catalysts, especially far exceeding the composites
where the cocatalysts were randomly distributed throughout
the surface of mBiVO, by impregnation method. This
improved photocatalytic performance was attributed to the
fact that the photogenerated electrons and holes can be
trapped by cocatalysts first and then used for the subsequent
redox reaction. Further investigation on the deposition of dual
cocatalysts also obtained the similar results, that is, Pt/MnO,
and Pt/Co;0,, were selectively deposited on {010} and {110}
facets of mBiVO, by respective photooxidation of Mn>* and
photooxidation of Co?*, followed by the photoreduction of
PtCl*>". For comparison, Pt/MnO,/BiVO, and Pt/Co;0,/
BiVO, photocatalysts were also synthesized through impreg-
nation methods. As expected, Pt/MnO,/BiVO, and Pt/
Co0;0,/BiVO, with dual-cocatalysts selective deposition
showed the highest photocatalytic performance for organic
degradation and oxygen evolution among all the catalysts.
More importantly, it was also confirmed that the photocatalytic
performance was greatly enhanced only via depositing the
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Figure 15. (a) Schematic of the anisotropic charge distributions on a single BiVO, photocatalyst with different morphologies. (b) Spatially resolved
SPV spectra obtained at different locations on BV02 (inset of topology image of BV02 and schematic of the anisotropic charge distributions on a
single BiVO, photocatalyst with different morphologies). (c) Schematic of the built-in electric field with relative strength in the SCR of different
facets. Reproduced with permission from ref 162. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Spatial distribution of
the SPV signals. Pink and green colors correspond to holes and electrons separated toward the external surface, respectively. Schematic band
diagrams across the border between the {011} and {010} facets of (e) a bare single BiVO, photocatalyst particle and of (f) a single BiVO,
photocatalyst particle with MnO, cocatalyst selectively deposited at {011} facets (green line) and with MnO, and Pt nanoparticles selectively
deposited at {011} and {010} facets, respectively (dashed pink line). Reproduced with permission from ref 163. 2017 American Chemical Society.

reduction and oxidation cocatalysts on the designated facets of
the semiconductor.

Although charge separation on different facets of semi-
conductors can be inferred according to selective photo-
deposition of metals and metal oxides as well as DFT
calculations, there is still no direct evidence to demonstrate
anisotropic charge transfer and separation on the surface of
semiconductors. In this regard, Zhu et al. applied spatially
resolved surface photovoltage spectroscopy (SRSPS) to
investigate the surface charge dynamics of single mBiVO,,
and the results showed that the surface photovoltage (SPV)
signals of the {011} facet was much stronger than that of the
{010} facet, suggesting the difference in the surface band
bending in the space char%e region between the {011} and
{010} facet (Figure 15a,b)."®* As a result, the built-in electric
fields caused by the band bending between these facets was
different (Figure 15¢), thereby leading to the spatial transfer of
photogenerated electrons and holes to a different facet of
mBiVO,. By increasing the exposure ratio of the {010} to the
{011} facet, the {011} facet exhibited 70 times stronger SPS
signal compared with that of the {010} facet. Further studies
on mBiVO, with selective deposition of MnO,, and Pt NPs on
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{011} and {010} facets confirmed that cocatalysts can greatly
increase the upward band bending and increase the downward
band bending, providing an additional driving force as the
same direction of the built-in fields for charge transfer to active
surface sites beyond their diffusion lengths (Figure 15d,e).'%
More importantly, an additional strong driving force of about
174 mV was obtained after further depositing Pt on the {010}
facet, which was much higher than the 3.8 mV of the single
mBiVO, (Figure 15f), suggesting that the selective deposition
of dual cocatalysts can obtain a significantly increased driving
force for charge separation and transfer. The above results can
theoretically explain experimental phenomena,””*">89310%
Another critical factor that affects the charge transfer
efficiency across the interface is the electronic band structure
since coupling the two components to generate the interface is
accompanied by energy band alignment. For instance, BiVO,-
TiO, heterojunctions were prepared by selectively growing
TiO, on the {110} and {010} facet of mBiVO,, denoted as
BiVO,-010-TiO, and BiVO,-110-TiO,, respectively.”* Accord-
ing to the calculation results reported by Hu and his co-worker,
the CBM and VBM of BiVO, {010} facet was lower than that
of BivO,{110} facet.'®* Therefore, the interfacial CB energy
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Figure 16. (a) Relative energy band levels of TiO,, BiVO,{010}facet, BiVO,{110}facet, and two kinds of BiVO,—TiO, heterojunctions by
different contact facets. Photoreduction deposition of Pt on (b) BiVO,-110-TiO, heterojunction and (c) BiVO,-010-TiO, heterojunction under
visible light irradiation; the inset image in panel a is the lattice spacing of Pt on TiO, surface by HRTEM. Reproduced with permission from ref 92.
2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Calculated band structure of (d) mBiVO,(010) and (e) MoS,/m-BivO,(010).
Reproduced with permission from ref 165. Copyright 2017 Royal Society of Chemistry and the Centre National de la Recherche Scientifique. SEM
images of (f) BiVO, and (g) g-C;N,/{010} BiVO,. (h) the surface heterojunction formed by {010} and {110} facets of BiVO,. Reproduced with

permission from ref 166. Copyright 2018 Elsevier.

barrier at BiVO,{010}-TiO, interface was much higher than
that of BiVO,{110}-TiO, interface, which greatly hindered the
electron transfer from BiVO,{110} to TiO, (Figure 16a). As a
result, the photocatalytic performance for RhB and 4-
nonylphenol degradation in BiVO,-110-TiO, was 4.09 and
1.33 times higher than that in mBiVO, and BiVO,-010-TiO,.
More surprisingly, metallic Pt was preferentially deposited on
the TiO, surface instead of the {110} facet of mBiVO, for
BiVO,-110-TiO, (Figure 16b), while in contrast for BiVO,-
010-TiO,, Pt particles tended to deposit on the {010} facet
rather than TiO, surface (Figure 16c), which further proved
that a lower-energy barrier height facilitated the interfacial
charge transfer. Furthermore, a larger contact surfaces on the
interface provide more channels for the separation and transfer
of photogenerated charge carriers. In order to achieve optimal
contact, 2D material with excellent carrier mobility, special
surface area, good stability, and controllable interfaces might
be an ideal candidate. For example, 2D MoS, monolayer was
covered on the {010} facets of mBiVO, to form the MoS,/
BiVO, hybrid.'®® Because of the introduced interface of the
MoS,(001), the band gap of MoS,/BiVO, (010) was narrowed
to 2.0S eV, and the direct band gap of mBiVO, turned into
indirect band gaps (Figure 16d,e); therefore, the former greatly
improved the visible light adsorption, and the latter resulted in
a wave function overlap to transfer the electrons form the CB
of MoS, to the surface of mBiVO,. Work function calculation
showed a similar result—that the photogenerated electrons of
MoS, with a relative low work function of 5.79 eV can be
transferred to the {010}BiVO, surface with a relative high
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work function of 525 eV, resulting in the formation of
Schottky barrier and a built-in potential with the direction
from the layered MoS, to the {010}BiVO, surface. Moreover,
the charge redistribution occurred at the interface between
MoS, and BiVO,{010} facet, causing the photogenerated
electrons and holes to accumulate in the BiVO,{010} facet and
monolayered MoS,, respectively. Therefore, an optimal
photocatalytic performance for hydrogen evolution and
degradation of pollutants was obtained after the introduction
of the MoS, monolayer.

It is worth noting that the band alignment occurs not only at
the interface formed between different semiconductors but also
at the interface between different facets of mBiVO, because of
its anisotropic surface band edge position. Herein, mBiVO,
acts as a preseparation channel to achieve the spatial charge
separation, which promotes the charge transfer from mBiVO,
to another semiconductor. For instance, based on DFT
calculation, Wang et al,'®¢ reported that the difference in
energy levels between {010} and {110} facet induced the
transfer of bulk photogenerated electrons and holes to {010}
and {110} facets of mBiVO,, respectively (Figure 16h). The
layered g-C;N, with positive charge can be anchored on the
{010} facet of mBiVO, through an electrostatic self-assembly
process (Figure 16fg), resulting in a built-in electric field
formed between {010} facet and g-C;N, with the direction
from g-C;N, to {010} facet of mBiVO, because the work
function of the former was lower than that of the latter, which
promoted the electron transfer from the CB of {010} facet to
VB of g-C;N, and then combined with the holes therein.
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Figure 17. (a) Degree of photocurrent enhancement by coupling RGO with the three BiVO, samples, determined using three applied biases,
namely 0, 0.50, and 0.75 V. (b) The band positions of graphene, {010} and {110} facets of BiVO, with respect to vacuum (graphene/BivVO,{010}
and graphene/BiVO,{110} interfaces showing the optimized separations along with the DOS). Reproduced with permission from ref 82. Copyright
2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c,d) SEM image of ZnO/BiVO,. (e) Spatially resolved surface photovoltage spectra
obtained at different locations on a single BiVO, crystal (inset is KPFM image of a single BiVO, crystal). SEM images of (f) Ag-BiVO, and Ag-ZnO
nanorods (g) Co;0,—BiVO, and Co;0,—ZnO nanorods. (h) TRPL of BiVO,, ZnO/BiVO, and V,-ZnO/BiVO, (inset of the PL emission spectra
with excited at 400 nm). Reproduced with permission from 169. Copyright 2018 Elsevier.

Therefore, the strongly reductive photogenerated electrons and
strongly oxidized holes were respectively accumulated in the
CB of g-C;N, and the VB of {010} facet to participate in the
surface redox reaction. The hybrid structure between layered g-
C;N, and the {010} facet of mBiVO, exhibited an optimal
photocatalytic degradation efficiency and mineralization
capacity compared with single g-C;N, and mBiVO,. Similar
work was also reported by Li et al.'®” A homojunction was
formed between the {040} and {110} facet of mBiVO, based
on the driving force of a built-in electric field, followed by
coupling mBiVO,, with Bi,WO4 NPs to form a heterojunction.
The photogenerated electrons on the {040} facet with
relatively negative potential were transferred to the CB of
Bi;WOy, and the photogenerated holes in the VB of Bi;WOjq
were transferred to the {110} facet, which greatly promoted
the charge separation, leading to an enhanced photocatalytic
performance.

More recently, conductive materials with excellent electron
transfer ability have been shown to play an important role in
promoting charge transfer and separation. Of these conductive
materials, graphene with 7—7 conjugation structure is regarded
as a good electron acceptor and transporter, showing great
potential for suppressing the undesirable charge recombination
in a semiconductor. For instance, Tan et al. found that the
improvement degree of electron transfer efficiency in RGO/
BiVO, was highly dependent on the exposure ratio of the
{010} to {110} facet (Figure 17a).%* A reliable explanation
based on DFT calculation was the different electronic
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structures of GO/BiVO,{010} and GO/BiVO,{110} interface.
Specifically, a relatively small Schottky barrier and high binding
energy at GO/BiVO,{010} interface than that of GO/
BiVO,{110} interface promoted the electron transfer from
{010} facet to RGO sheet (Figure 17b), thereby resulting in an
improved photocatalytic performance. Wang et al. reported
that the photocatalytic performance of mBiVO, with exposed
{040} facets was greatly improved after covering by thin RGO
sheets,® which was attributed to the fact that RGO with high
electrical conductivity can be served as an electron acceptor to
capture the photogenerated electrons in the CB of mBiVO,,
thereby promoting the charge separation. Based on similar
interface fine-tuning between mBiVO, and RGO, thin RGO
sheets were covered on the specific facets of mBiVO,, which
was an electron-rich {010} facet.'®® During the photocatalytic
reaction, the excited electrons in the CB of {010}-BiVO, can
be effectively trapped by RGO, leaving more available holes in
the VB of {110}-BiVO, to participate in the oxygen evolution
reaction.

In addition, since the anisotropic built-in electric fields on
different facets of mBiVO, can provide an intrinsic driving
force for charge separation and transfer and the facet-
dependent dipolar field can cause band bending to improve
charge separation performance, it might be a feasible method
to construct multielectric field to induce an additional driving
force for charge transfer and separation. For example, 3D
nanoarchitectures ZnO/BiVO, composite with mBiVO, as
substrates for the heteroepitaxial growth of oriented ZnO
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Figure 18. (a) Closed cycle of solar energy storage by conversion of H,0 and CO, into chemical fuels. The energy can be released on demand by a
reverse reaction. Reproduced with permission from ref 170. Copyright 2018 American Chemical Society. (b) Time course of H, and O, production
using Pt (3%)/CdysZn,S-CoO, (0.5%)/BiVO, under visible light illumination. (c) Schematic illustration of photocatalytic water splitting for
core—satellite structured Z-scheme CZS-BiVO,. Reproduced from ref 172. Copyright 2018 Royal Society of Chemistry. (d) Schematic illustration
of CO, photoreduction on a semiconductor. Reproduced with permission from ref 176. Copyright 2019 American Chemical Society. (e) Scheme
to describe the carrier migration behavior from BiVO, to Cu,O with and without Au particles deposited on the different facets of BiVO,.
Reproduced with permission from ref 90. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) The proposed mechanism of
photocatalytic coupling of formaldehyde to ethylene glycol and glycolaldehyde over BiVO, with controllable facets and cocatalysts. Reproduced
with permission from ref 75. Copyright 2017 Royal Society of Chemistry. (g) The proposed mechanism of photooxidation of amine catalyzed by
BiVO,. Reproduced with permission from ref 113. Copyright 2014 Royal Society of Chemistry.

nanorods on the {010} facet was prepared by Wei et al
(Figure 17¢,d)."® The Kelvin Probe Force Microscopy
(KPFM) measurements demonstrated that the thermodynami-
cally spontaneous built-in electric field drove the bulk
photogenerated charge carriers to different facet, with the
electrons and holes accumulated on the {010} and {110}
facets of mBiVO,, respectively (Figure 17e). The alternate
stacking of positively charged cations and negatively charged
anions along the ¢ axis in wurtzite ZnO also led to the
formation of internal electric field, resulting in the accumu-
lation of photogenerated electrons and holes on the polar
facets and nonpolar facets, respectively. Moreover, the
formation energy calculation of V, showed that the interfacial
V, were generated in the ZnO top layer when the bottom of
ZnO nanorods were coupled with {110} facet of mBiVO,,
while they were in the top layer of {010} facet when ZnO
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nanorods grew on the {010} facet of mBiVO,. Hence, the
electrons in the bottom of ZnO would combine with the holes
in {110} facet of mBiVO, following a Z-scheme mechanism.
Such spontaneous charge separation in the interface of
mBiVO, and ZnO can be demonstrated by the selective
photoreduction of AgNO; and photooxidation of Co(NOj;),.
For pure mBiVO,, the reduction product Ag NPs and
oxidation product Co;O, were selectively deposited on the
{010} and {110} facets, respectively. While for ZnO/BiVO,
hybrid, the Ag NPs were generated on the top of ZnO
nanorods (Figure 17f), and the Co;0, NPs were selectively
grown on the lateral {010} facets (Figure 17g). The formation
of dual built-in electric field greatly promoted the separation of
photogenerated charge carriers, as confirmed by the TRPL and
surface photovoltage spectroscopies (Figure 17h), eventually
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resulting in an optimal photocatalytic performance for oxygen
evolution.

In general, the design of the surface and interface of mBiVO,
based on facet engineering represents a guiding and significant
development direction in the improvement of photocatalytic
performance. The major task is to facilitate the charge
separation in mBiVO, and improve the charge transfer
efficiency across the contact interface, whereas there is still a
long way to go. First, the synthesis methods should be further
optimized to achieve high controllability of the secondary
parameters that might interfere with the control of the facets.
Second, the contact interface formed between the new
component and the existing mBiVO, is derived from the
surface of mBiVO,, the surface design of mBiVO, not only
determines the facet structure of interface but also guides the
growth of new component, which should be precisely
controlled using theoretical calculations and model predictions.
Finally, in mBiVO,-based composites, some surfaces that are
not used as active sites and interfaces that do not contribute to
charge carrier transfer channels may not promote the dynamic
migration of charge carriers, so the facet-engineered should be
performed on a suitable surface and interface.

6. ENERGY AND ENVIRONMENTAL APPLICATIONS
OF MBIVO,-BASED PHOTOCATALYTIC SYSTEM

The adsorption and activation of reactant molecules as well as
the charge separation and transfer efficiency depend on the
arrangement of surface atoms and the crystal orientation. The
surface facets determine the electronic band structures and the
surface states, which offers photogenerated charge carriers with
adjustable redox capabilities for photocatalytic reactions. Given
that, the photocatalytic performance of the mBiVO, photo-
catalytic system can be improved by rationally designing the
surface and interface structure, and significant progress has
been made. Nevertheless, the design is not the end of facet
engineering, which has to be evaluated by various photo-
catalytic reactions. In this section, the facet-dependent
photocatalytic performance of mBiVO,-based photocatalytic
system for energy and environment application, and the
relationship between their structures and properties will be
presented.

6.1. Energy Conversion. Compared to batteries, chemical
fuels with high specific energy are considered to be very
promising energy storage media. Solar energy, an inexhaustible
energy, has attracted an increasing attention, especially the use
of this energy to induce the energetically uphill reactions to
produce fuels (Figure 18a)."”® Of these reactions, the two most
prominent reactions are photocatalytic water splitting and CO,
reduction under light irradiation. In this section, we will focus
on the practical application of faceted mBiVO, photocatalysts
in photocatalytic hydrogen/oxygen evolution and CO,
reaction, as well as directional synthesis of high-value-added
products.

6.1.1. Photocatalytic Hydrogen Evolution. Hydrogen is
recognized as a great alternative for future energy sustainability
because of its high energy capacity and environmental
friendliness. Photocatalytic hydrogen evolution has shown
great potential for alleviating the energy crisis by converting
solar energy to hydrogen. Because of coupling between V 3d,
Bi 6p, and O 2p orbitals, the CB edge is also lowered (around
0 V vs NHE at pH 0), borderline for water reduction.’
Therefore, mBiVO, cannot simultaneously reduce water and
needs to operate with an electron scavenger or as part of a
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larger structure where the reduction proceeds elsewhere.
However, the use of a scavenger will result in a decrease in
the energetic benefit of the reaction, and the transfer of charge
carrier to the scavenger may be prevented if their surface is
occupied by large molecules as an obstacle.

Fortunately, this limitation can be ameliorated by construct-
ing Z-scheme photocatalytic system, in which charge carriers
are transferred to the second semiconductor rather than being
wasted by the scavenger. Most importantly, the Z-scheme
photocatalytic system is suitable for the semiconductor that
can only be used for one-half-reaction. Given that, most
investigation on the photocatalytic hydrogen evolution using
mBiVO, is focused on the construction of Z-scheme
photocatalytic system. As reported by Dong et al,'' the Z-
scheme photocatalytic system with mBiVO,, Ru-SrTiO;:Rh
and Fe*/Fe?* as oxidation side, reduction side, and redox
mediator was successfully constructed to achieve overall water
splitting, with hydrogen and oxygen evolution rate of 16.7 and
8.0 umol h™, respectively. To circumvent the limitation of
liquid phase redox pairs, solid-state Z-scheme photocatalytic
system exhibits more excellent potential. For instance,
La;Ti,CuS;O- as hydrogen photocatalyst and mBiVO, as the
oxygen evolution photocatalyst were used to construct Z-
scheme photocatalytic system without redox mediator for
water splitting, with a solar to hydrogen energy conversion
efficiency of 0.11% and apparent quantum yield of 4.9% at 420
nm."”" In this system, the photogenerated electrons in the CB
of mBiVO, were transferred to VB of La;Ti,CuS;O; and
combined with the holes therein with Au layer as an electron
transporter. Subsequently, a direct Z-scheme photocatalyst
CdysZnyS-BiVO, with in situ crystallized CdysZnysS nano-
spheres on the surface of mBiVO, was constructed by charge
induction assembly, which exhibited a 7.13 times higher
hydrogen evolution rate than that of CdysZnysS (Figure
18b)."”> This enhanced photocatalytic performance was
attributed to the Z-scheme charge transfer mechanism between
CdysZnysS and BiVO, (Figure 18c). More importantly, with
Co0, as oxygen evolution cocatalyst, an overall water splitting
was achieved without addition of any sacrificial agent.

6.1.2. Photocatalytic Oxygen Evolution. Although hydro-
gen evolution is the main focus of photocatalytic water
splitting, the oxygen evolution half-reaction plays an equally
important role in determining the efficiency of the water
splitting reaction because it provides the electrons required for
the hydrogen evolution reaction. However, because of the
complex redox process involving four electrons, the oxygen
evolution reaction is the bottleneck of photocatalytic water
splitting. Surprisingly, the VB edge of mBiVO, is located at a
more positive position than the potential of the oxidation half
reaction and the oxygen evolution reaction is an absolute hole-
involved reaction; therefore, mBiVO, exhibited an excellent
potential for oxygen production from water. In addition,
previous theoretical research has demonstrated that the
photocatalytic performance on different facets is different
because of the difference in light absorption, charge mobility,
energy barrier, and water absorption.”” Given that, facet
engineering with respect to improve the utilization of favorable
facet of mBiVO, is expected to obtain more excellent
photocatalytic performance for oxygen evolution. For instance,
Li et al. prepared Pt/Co;0,/BiVO, photocatalysts by selective
deposition of Pt and Co;0, on the {010} and {110} facet of
mBiVO, for photocatalytic oxygen evolution under 300 W Xe
lamp irradiation with 105~ as electron acceptors.”> Due to the

DOI: 10.1021/acscatal.9b03411
ACS Catal. 2020, 10, 1024—1059


http://dx.doi.org/10.1021/acscatal.9b03411

ACS Catalysis

Table 1. List of Facet-Dependent Photocatalytic Performance of mBiVO,-Based Photocatalysts for Oxygen Evolution

performance
(umol h™")
photocatalyst reaction condition (light source, sacrificial agent, concentration of photocatalyst) AQY ref
Pt/MnO,/BiVO, 300 W Xe lamp (4 > 420 nm); 0.02 M NalOy; 1 g L™ 97.5 65
BiVO, with different exposure ratio of 300 W Xe lamp (1 > 420 nm); 0.05 M AgNO;; 1.5 g L™! 310 68
{040} to {110} facets
BiVO, with exposed {001} facets 300 W Xe lamp (4 > 420 nm); 0.05 M AgNO;; 0.37 g L™ 559 80
BiVO, with different {010}/{011} ratio ~ 300 W Xe lamp (4 > 420 nm); 10 mM Fe(NO,)3; 0.67 g L™" 280 81
Pt/Co,0,/BiVO, 300 W Xe lamp (1 > 420 nm); 0.02 M NalOy; 1 g L™! 160.3 85
30-faceted BiVO, 300 W Xe lamp (4 > 420 nm); 0.02 M NalOj; 0.625 g L™ 57.0 98
18.3% at 430 nm
Bi,Y,_ . VO, 300 W Xe lamp (4 > 400 nm);1 M NaNO,; 2.5 g L™! 0.6 105
2D BiVO, 300 W Xe lamp (4 > 420 nm); 0.05 M AgNO3; 0.4 g L™ 107.4 110
26.1% at 420 nm
BiVO, 300 W Xe lamp (4 > 420 nm); 0.05 M AgNOs; 2 g L™ 162.5 116
BiVO, with different {010} and {110} 300 W Xe lamp; 0.02 M AgNO;; 0.33 g L' 0,: 2.333 118
facets ratio
{040}BivVO,/Ag,0 UV: 500 W Hg lamp, vis: 350 W Xe lamp (420 < 4 < 780 nm), vis: 71.47 161
NIR: 300 W Xe lamp (4 > 800 nm); 0.01 M AgNO5; 0.5 g L™ solar light: 7.76
ZnO/BivVO, 300 W Xe lamp (4 > 420 nm); 0.05 M AgNO3; 0.5 g L™ 68 169
5.0% at 450 nm
g-C;N,@Ag/{040}BiVO, 350 W Xe lamp (4>420 nm); 0.2 M NalOy; 1 g L™ 14.68 173
W- and Mo-doped BiVO, oriented along plasma lamp (100 mW cm™2); 50 mM AgNO;; 091 g L™ W-BiVO,: 0.686 174
{040} facet Mo-BiVO,: 0.942
FeO,/{110}BiVO, LED light source (1 > 460 nm);10.0 mM NalOs; 5 g L™ 3.1 175

synergistic utilization of Schottky junctions on {010} facets of
mBiVO, to facilitate the charge separation and the hole
trapping of Co;0,4 on {110} facets, the oxygen evolution rate
was dramatically improved than that with randomly deposited
cocatalysts, with an oxygen production rate of more than 160
umol h™'. Wei et al. prepared ZnO/BiVO, hierarchical
nanoarchitectures for photocatalytic oxygen evolution under
a 300 W Xe lamp irradiation with AgNO; solution as the
electron sacrificial agent.'® Because of the facet-dependent
multielectric field effect between ZnO nanorods and BiVO,-
{010} facets, a remarkable oxygen evolution rate of 68 ymol-
h™' was achieved, corresponding to more than 1 order of
magnitude improved apparent quantum yield (AQY, 5.0% at
450 nm) compared with single mBiVO,. Moreover, 30-faceted
BiVO, composed of {132}, {321}, and {121} high-index facets
exhibited a 3—5 fold improvement in oxygen production
compared with its low-index counterparts, and the AQY
without an external electron supply (18.3% at 430 nm) was an
order of magnitude higher than that of the catalysts reported
hitherto.”® This excellent photocatalytic oxygen evolution
performance was attributed to the energetically favorable
water dissociation on the high-index surfaces and the notable
reduction in the overpotential of oxygen evolution reaction
relative to that of the low-index surfaces. Furthermore, other
investigation on facet-dependent photocatalytic performance
of mBiVO-based photocatalysts for oxygen evolution are listed
in Table 1.

6.1.3. Photocatalytic CO, Reduction. Photocatalytic CO,
reduction into carbon-containing fuels based on semi-
conductor photocatalysts, a multielectron transfer process, is
regarded as a sustainable, economical technique for settling the
global energy crisis and reducing the greenhouse effect.
Whether the reduction product is CO, CH,, HCHO,
CH,OH, or HCOOH depends on the reduction potentials
(Figure 18d)."7° Example such as the minimum reduction
potentials of —0.24 is required for the photocatalytic CO,

1049

reduction into CH,, while —0.38, —0.48, —0.53, and —0.61 V
are needed for the generation of CH;OH, CH,, CO, and
HCOOH, respectively. Although the CB potential of mBiVO,
is too low to reduce CO, under light irradiation, the
preparation of mBiVO, with a suitable nanosized structure
has proven to be a highly selective photocatalyst for
photocatalytic CO, reduction as the CB potential can be
effectively upshifted due to quantum size effects. A good
demonstration was the selective production of ethanol by
photocatalytic reduction of CO, in water in the presence of
mBiVO, photocatalyst. The conversion of CO, to CO;*~
results in a lower potential of about 0.7 eV, which makes it
possible to anchor CO;*~ on the surface of Bi’* sites by
forming Bi—O bond."”” Therefore, these CO;*~ adsorbed on
the surface can efficiently receive photogenerated electrons
from the V 3d-block bands of mBiVO,, eventually leading to
the generation of ethanol. Based on a similar mechanism, Mao
et al. reported the selective generation of methanol by
photocatalytic reduction of CO, with lamellar BiVO, as a
photocatalyst under visible light irradiation.'” Interestingly,
the methanol yield was greatly increased after adding NaOH
solution in the photocatalytic system, which was attributed to
the fact that the solubility of CO, in caustic solution was
significantly higher than in water, and OH™ can be used as a
stronger hole scavenger.

However, the efliciency of photocatalytic CO, reduction by
single mBiVO, is still relatively poor, which has spurred more
research to focus on the development of mBiVO,-based
composites. Similar to photocatalytic hydrogen evolution, the
Z-scheme photocatalytic system is also widely used to enhance
the photocatalytic performance of CO, reduction. For
instance, Zhou and co-worker reported that the BiVO,—Au-
Cu,O composites prepared by anchoring the Au—Cu,O
composite onto the {010} facet of mBiVO, exhibited an
excellent photocatalytic performance toward CO, reduction,
with 3 and S times greater CH, production rate than that of
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Figure 19. (a) Schematic illustration of the proposed formation mechanism of 3D flower-like mBiVO,/reduced graphene oxide nanosheets
superstructure. Reproduced with permission from ref 183. Copyright 2016 Elsevier. (b) Schematic illustration of the formation process of the Z-
scheme g-C;N,@Ag/BiVO, photocatalysts, typical SEM images of the as-synthesized g-C;N,@Ag/BiVO, photocatalysts, and energy band
diagrams and proposed Z-scheme schematic descriptions of the mechanisms of the g-C;N,@Ag/BiVO, photocatalyst for the photocatalytic
oxidation of (left) water and (right) NO under visible light irradiation. Reproduced with permission from ref 173. Copyright 2018 Elsevier. (c) The
schematic diagram illustration of Ag@AgCl decorated on the {040} crystal facet of BiVO, and the proposed Z-scheme mechanism
photodegradation of RhB dye over Ag@AgCl/BiVO, heterostructure photocatalyst under visible light irradiation. Reproduced with permission
from ref 27. Copyright 2015 Elsevier. (d) Schematic drawing illustrating the possible photocatalytic mechanism of Ag,0—Ag/BiVO, photocatalyst:
(1) orientation transport of photogenerated carriers; (2) interfacial transfer and (3) interfacial catalytic reaction of photogenerated electrons.
Reproduced with permission from ref 187. 2018 Royal Society of Chemistry.

BivO,{110}—Au-Cu,0 and BivO,{010}-Cu,0O, respec-
tively.”” This enhanced photocatalytic performance was
attributed to the efficient charge separation and transfer, as
shown in Figure 18e. In BiVO,{010}—Au-Cu,O, the Schottky
junction at the interface of BiVO,{010} and Au accelerated the
electrons transfer from BiVO,{010} to Cu,O, resulting in the
photogenerated electrons and holes with prolonged lifetime
were accumulated in the CB of Cu,O and the VB of BiVO,,
respectively. While there is an electron diffusion layer instead
of Schottky junction was formed in BiVO,{110}-Au-Cu,O and
Biv0,{010}-Cu,0, which resulted in slow and inefficient
electron transfer at the interface. Interestingly, Iwase and co-
workers constructed a RGO-bridged Z-scheme photocatalytic
system to achieve photocatalytic overall water splitting and
CO, reduction, in which CoO,-loaded mBiVO, was used as
oxygen evolution photocatalyst and metal sulfides were used to
induce the hydrogen evolution and CO, reduction reaction.'””

In theory, the band structure of semiconductor needs to
have two characteristics in order to achieve photocatalytic CO,
reduction by water: (i) the CB potential must be much higher
than the proton-assisted multielectron reduction potential of
CO,, (ii) the VB edge should be much more positive than the
four-electron water oxidation potentials. Compared with two
electron-involved water reduction reactions, CO, reduction
reactions involving multielectrons and protons are more
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favorable because of the lower thermodynamic barriers,
especially CO, reduction to methanol and methane because
their reduction potentials are even lower than that of
photocatalytic hydrogen evolution.'®" In principle, all photo-
catalysts used for photocatalytic hydrogen evolution should be
suitable for photocatalytic reduction of CO, to methanol and
methane. However, since the thermodynamic potentials of the
products of photocatalytic CO, reduction are very similar, one
difficulty is how to obtain a target product with high selectivity.
To overcome the above limitations, the two-electron
participating H* reduction reaction as a main hydrogen
evolution reaction pathway must be suppressed, which can
be achieved by using a multifunctional cocatalyst and selecting
a multiple electron reduction pathway instead of a single
electron process.'®!

Apart from above energy application, mBiVO, is also
regarded as a promising photocatalyst in the conversion of
low value-added products into high value-added products. For
instance, Zhu et al. investigated the selective conversion of
methane to methanol using two BiVO, microcrystals,
bipyramidal BiVO, composed of {102} and {012} facets and
platelet BiVO, with exposed {001} facets as top and
bottom.'”* The bipyramidal samples exhibited higher activity
for CH, to CH;0H compared with BiVO, platelets, with a
mass activity 100 ymol h™ g™" and a selectivity above 80%,
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Table 2. List of Facet-Dependent Photocatalytic Performance of mBiVO,-Based Photocatalysts for Organic Degradation

pollutants, (photocatalytic degradation

reaction condition (light source, concentration of pollutants and efficiency, (reaction time) kinetic rate
photocatalyst photocatalyst) constant ref
Ag@AgCl/{040}BiVO, 500 W Xe lamp (4 > 420 nm); 10 mg L™} 2 g L™! RhB: 100% (35 min) 27
0.12 min™*
BiVO, nanosheets with exposed sunlight; 2.09 X 1074 M; 5 g Lt N,N,N’,N’-tetraethylated 56

{010} facets

rhodamine: 100% (3 h)

BiVO, oriented along {040} facets 500 W Xe lamp (4>420 nm); 10 mg L™ 1 g L™ MB: 96.97% (3 h) 70
BiVO, with exposed {040} facets 300 W Xe lamp (420<1<800 nm); 3.1 X 107° M; 1 g L™ MB: 100% (1 h) 78
Pt/Co;0,/BiVO, 300 W Xe lamp (4>420 nm); 10 mg L% 0.5 g L™! RhB: 0.0631 min™! 85
MO: 0.0462 min™"
{040}BivVO,/BiPO, 500 W Xe lamp (4>420 nm); RhB:10 mg L™'; MNZ:5 mg L™"; 0.5g RhB: 85.5% (6 h) 88
L 0.2981 h™!
MNZ: 75.5% (2 h)
0.062 h™!
rGO/{040}BiVO, 300 W Xe lamp (4>420 nm); 10 mg L™'; 0.5 g L™ MB: 94% (2 h) 89
0.021 min~!
Ag,PO,/{040}BiVO, 300 W Xe lamp (4>420 nm); 10 mg L™%; 0.5 g L™ MB: 75% (0.5 h) 91
0.269 min~!
BiVO,-110-TiO, 500 W Xe lamp (4 > 422 nm); RhB:10 mg L™, 3 g L™'; 4- RhB: 1.19 h™! 92
nonylphenol:1 X 107* M, 1.5 g L™ 4-nonylphenol: 3.07 h™!
Ag@AgBr/Biv0O,/Co,0, 350 W Xe lamp (4>420 nm); 10 mg L™} 1 g L™ RhB: 0.1112 min™" 93
BiVO, with exposed {111} facets 300 W Xe lamp (4 > 420 nm); 1 X 107> M; 0.1 g L™ RhB: 55.1% (75 min) 94

10.75 X 1073 min~!

BiVO, with coexposed {010} and 500 W Xe lamp (1>420 nm); RhB:S mg L™'; MB:10 mg L™%; RhB: 53.8% (3 h) 95

{110} facets

BiVO, with exposed {010} facets 300 W Xe lamp; 10 mg L™; 1 g L™*

0.00376 min~!

MB: 70.2% (3 h)

0.00561 min~!

MB: 97.13% (4h) 96
2301 X 107* 57!

{040}BivV0O,/{001}BiOBr 500 W Xe lamp (4>420 nm); 10 mg L™ 0.01 g L™! RhB: 98.9% (0.5 h) 107
BiVO, with {010}-dominant 300 W Xe lamp (4>420 nm); 0.065 mM; 1 g L™! 2,4-D: 0.021 min™" 117
BiVO, with different {010} and 500 W Xe lamp; 4.29 X 107° M; 0.3 g L™! Thymol blue: 0.394 min™" 118
{110} facets ratio
N-doped BiVO, with exposed 350 W Xe lamp; 2 X 107° M; 1 g L™! RhB: 97% (4 h) 134
{040} facets
BiVO, nanorods grown along 350 W Xe lamp (4>420 nm); 10 mg L™; 3.89 g L™! (12 mM) RhB: 0.141 min~! 144
{010} direction
BiVO, with exposed {001} facets 500 W Xe lamp; 20 g L™} 1 g L™ OTC: 95.83% (0.5 h) 145
{040}BivO,/Ag,PO,/PANI 300 W Xe lamp (4>420 nm), 10 mg L™'; 1 g L™ CIP: 85.92% (1 h) 150
0.00894 L mg’l min~!
BiVO,—Au@CdS 500 W Xe lamp (4>420 nm); RhB (S mg L™'); 1 g L™! RhB: 0.0130 min™" 158
4-NP (2 x 107* M); 0.5 g L™ 4-NP: 0.0430 min™"
{040}BivVO,/Ag,0 UV: 500 W Hg lamp, vis: 350 W Xe lamp (420<A<780 nm), vis: 94% (40 min) 161
NIR: 300 W Xe lamp (4>800 nm); MB: 10 mg L™'; 0.625 g L™! NIR: 91% (80 min)
g-C3N,/{010} BiVO, 500 W Xe lamp (1>420 nm); 5 X 10°* M; 1 g L™! RhB: 96.03% (0.5 h) 166
0.0673 min™"
BiVO,/BiOI 500 W Xe lamp (4>420 nm); 0.02 mM; 0.6 g L™ RhB: 97% (3 h) 188
1.104 h!
BiVO,/Bi,WOy 500 W Xe lamp (4>270 nm); 10 mg L™'; 1 g L™" MO: 87% (2 h) 189
0.0046 min~!
Ag,PO,/Ag/BiV0O,{040} 300 W Xe lamp (4>420 nm); 10 mg L™%; 0.5 g L™! TC: 94.96% (1 h) 190
{010}BivO,/Ag/CdS 500 W Xe lamp (4>420 nm); Smg L™'; 1 g L™ RhB: 90% (2.5 h) 191
0.0145 min™"
Ag-RGO@{010}BivVO,/ UV: 500 W Xe lamp, Vis: 300 W Xe lamp (420<A<780 nm), NIR:  vis: 98.3% (1.5 h) 192
RGO@{110} BiVO, 300 W Xe lamp (4>800 nm); RhB (10 mg L™"); 1 g L™ 0.02409 min-!

NIR: 66.1% (3 h)
0.00524 min~*

which was attributed to the fact that bipyramidal BiVO, with
well-defined facets can provide a larger surface to extract holes
for CH, oxidation. Interestingly, BiVO, platelets showed the
highest activity for total oxidation activity, the CO, yield was
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higher than that of bipyramidal BiVO,, but CH;0H yield was
lower, owing to more efficient collection of electrons by the
{001} facets in BiVO, platelets. The facet-dependent photo-
catalytic activity of mBiVO, was also been reported by Xie et
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al,” and BiVO, with an equal fraction of {010} and {110}
facets showed the highest performance for photocatalytic
coupling of formaldehyde to ethylene glycol and glycoaldehyde
(Figure 18f). Likewise, Yuan et al. reported that the
photocatalytic performance of mBiVO, for oxidation of amines
was highly dependent on the exposure ratio of {040} to {110}
facet, of which BiVO, with aliquots of {040} and {110} facet
showed the highest activity and selectivity for the oxidation of
amines to imines (Figure ISg).113

6.2. Environmental Restoration. The task of applying
photocatalysis for environmental remediation is to achieve air
purification and wastewater decontamination. In terms of air
purification, mBiVO, with strong photo-oxidation ability have
been demonstrated to exhibit great performance for high
concentration NO oxidation with the help of H,0, under
visible light irradiation (Figure 19a)."%%"®* The excellent
performance promoted Ou and co-worker to use mBiVO, to
investigate the oxidation of water to produce oxygen and NO
in flue gas to NO;~ under visible light irradiation, making the
material possess versatility.'”” They prepared g-C;N,@Ag/
BiVO, photocatalyst by selectively depositing Ag on the {040}
facet of mBiVO, and then covering it with g-C;N, (Figure
19b). The prepared sample exhibited an improved photo-
catalytic performance for water and NO oxidation, with the
oxygen evolution rate of 14.68 ymol h™' and NO removal ratio
of 83% after 150 min light irradiation, respectively. More
importantly, no NO, was detected in the photocatalytic
process. In addition, the removal of another type of
atmospheric environmental pollutants, volatile organic com-
pounds, can also be achieved by photocatalysis with mBiVO,
or mBiVO,-based composites as photocatalyst. Recent work
reported by Chen et al. demonstrated that gaseous benzene
can be efficiently degraded by mBiVO,/a-Fe,0; photocatalyst,
with the degradation and the mineralization rate of 66.87% and
76.5%, respectively.'® Sun et al. reported that coral-like
mBiVO,/g-C3N, composite exhibited improved photocatalytic
performance for toluene removal under visible light, with a 3.2
and 4.5 times greater degradation rate constant and
mineralization rate than g-C;N,, respectively.'® To solve the
limitation of reutilization of powder photocatalyst, BiVO,
quantum tubes/reduced graphene oxide aerogel with BiVO,
quantum tubes loaded on reduced graphene oxide (RGO)
aerogel was prepared, which showed excellent photocatalytic
performance for formaldehyde degradation.'®

Apart from air purification, photocatalysis is also recognized
as a promising technology for organic removal in water since
the functional groups of organic compounds may be oxidized,
allowing transformation or degradation of the organic
pollutants into less harmful substances. mBiVO, with a lower
VB potential of +2.5 eV due to the hybridization of Bi 6s—0O
2p orbitals can provide sufficient potential not only to water
oxidization but also to various organic compounds degrada-
tion.® Most importantly, faceted mBiVO, can act as
preseparation channel to achieve spatial separation of photo-
generated charge carriers, which can increase the number of
available photogenerated carriers to directly oxidize the organic
or participate in the generation of reactive oxygen species such
as superoxide (-O,”) and hydroxyl (-OH) radicals, thereby
improving the photocatalytic performance. For example, Li et
al. prepared Ag@AgCl/BiVO, composites with Ag@AgCl
decorated on {040} facet of mBiVO,, which exhibited a 300
times higher photocatalytic performance for RhB degradation
compared with single mBiVO,.”” This improved performance
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was attributed to the synergistic effect of the active facets and
the Z-scheme heterojunction as well as the SPR-effect of Ag
NPs (Figure 19c). Likewise, Wang et al. reported that the
photocatalytic performance of mBiVO, was greatly improved
after selective deposition of Ag,O—Ag on the {010} facet of
mBiVO,.'"®” In this hybrid structure, Ag NPs can effectively
extract the photogenerated electrons from the {010} facet of
mBiVO, and then transfer to Ag,0O, while the holes in the
{110} facet of mBiVO, can directly oxidize the organics,
thereby resulting in an optimal photocatalytic performance
(Figure 19d). Furthermore, other investigation on facet-
dependent photocatalytic performance of mBiVO,-based
photocatalysts for organic removal are listed in Table 2.

Opverall, both air purification and wastewater decontamina-
tion can be achieved by semiconductor photocatalysis, but the
following considerations remain. Although organic can be
efficiently degraded by photocatalysis, incomplete mineraliza-
tion of organic leads to the production of various byproducts,
and one problem that should be paid attention to is the
ecotoxicity of these byproducts. To lower the environmental
risks of byproducts, the following two aspects should be
considered: first, the degree of oxidation of byproducts
gradually increases as the reactions proceeds, it is best to
determine whether these byproducts can be oxidized by
radicals in the photocatalytic system according to the oxidation
potential of the pollutants; next, the possible attack sites of
radicals should be determined on the basis of the molecular
structure of the target pollutants, and the mineralization
pathway should be analyzed to assess the toxicity of
byproducts. What’s more, in term of applicability of water
decontamination by photocatalysis, several factors should be
considered, such as the real water environment, the activity
and recyclability of photocatalyst, operation costs, and
technological process.

7. CONCLUSIONS AND PERSPECTIVES

In the past few decades, an increasing number of studies with
respect to the mBiVO, semiconductor have laid a rich
theoretical foundation for its design, development, and
application. The continuous breakthrough in the synthesis
and modification of mBiVO, photocatalysts has undoubtedly
brought about more optimized design and enhanced photo-
catalytic performance, of which surface and interface design of
mBiVO, based on facet engineering is a promising and
instructive development direction toward the enhancement of
photocatalytic performance. In this Review, some of latest
advances in facet engineering that have been performed to
control the surface of single mBiVO, semiconductor systems
and to design the surface/interface structures of mBiVO,-based
composites, including element doping and heterojunction
construction, are systematically elaborated, which facilitates an
in-depth understanding of the underlying relationship between
facet-dependent semiconductors and photocatalytic perform-
ance. Moreover, the design is not the end of facet engineering,
which has to be evaluated by various photocatalytic reactions.
Therefore, the photocatalytic application achievements of
mBiVO, photocatalytic system in energy conversion and
environmental remediation are also summarized. We hope
that this comprehensive Review with respect to the facet
engineering of mBiVO, can provide guidance for further
exploring the great potential of mBiVO,-based photocatalytic
system in energy and environment-related applications.
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Since the photocatalytic reaction is a process in which
photogenerated electron and holes participate in the oxidation
and reduction reactions on the catalyst surface. The facets
forming the surface of single mBiVO, is a key parameter that
should be considered because the surface facet affects the
adsorption and activation of reactants, and the redox ability of
photogenerated carriers is largely determined by the electronic
band structure of facets. When single mBiVO, is coupled with
another component such as a semiconductor, metal, or carbon
material, the situation becomes complicated as the existence of
coexisting component. In such hybrid structure, the excited
electrons and holes will be transferred from the bulk to the
interface and accumulate therein, which further determines the
charge transfer across the interface. More importantly, since
the driving force of the interface charge transfer is derived from
the potential difference of the contact facets, the compatibility
of contact facet determines the degree of interface electronic
coupling associated with charge transfer efficiency. Therefore,
based on the complexity of the case, it is not enough to just
expatiate into being advanced synthesis methods, facet-
engineered surface, and interface design. As for single
mBiVO,, the photocatalytic performance can be remarkably
improved by selectively exposing high-active facet, enlarging
the proportion of highly active facet or optimizing the ratio of
adjacent facet. While for the modification of single mBiVO,
semiconductor, the major target of facet engineering is to
facilitate the charge transfer across the interface. In addition to
rationally exposing the crystal facets with the optimal
photocatalytic performance on the surface of mBiVO,,
selecting suitable crystal facets to form an interface with
other components to promote charge transfer across the
interface is another promising and important development
direction. However, the current research in this direction is still
immature, mainly because the mechanism of interface charge
transfer and the specific role of exposed crystal faces cannot be
clearly explained at the atomic level.

Although theoretical design and experimental studies based
on facet-dependent mBiVO, have evolved considerably, studies
in this field are still in tehir infancy, giving full play to the role
of facet engineering in the field of photocatalysis remains a
problem that overwhelming the scientific community. For one
thing, the narrow visible light response region and low charge
separation efliciency are always the primary factors limiting
photocatalytic performance. In order to achieve extensive
breakthrough in photocatalytic performance for practical
environmental and energy application, element doping along
the oriented facet and constructing heterojunction provide
promising directions to solve the aforementioned problems.
Additionally, element doping can improve the absorption
region of visible light by altering the surface atomic structure of
mBiVO,, and previous studies have demonstrated that the
photogenerated electrons and holes are transferred to the
{010} and {110} facets, respectively. Therefore, element
doping along the oriented facet can not only reduce the
band gap but also maximize oxidation ability of holes or
reduction ability of electrons based on facet engineering. For
another thing, constructing heterojunction is favorable for the
efficient charge transfer through forming an interface between
different facets to prolong the lifetime of photogenerated
electrons and holes, resulting in more available electrons and
holes participating in the surface redox reaction. To achieve
the above goal, advanced synthesis techniques that take into
account secondary factors affecting the surface facet exposure
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of mBiVO, are paramount. It is important to note that the new
component should be coupled to the suitable surface facet of
mBiVO, to form a rational interface.

The major challenge that advanced synthesis techniques
need to overcome is the lattice mismatch in the interface
formation process because the interface determines the
interfacial structure and electronic coupling. Nonepitaxial
growth method involving both nucleation and growth
processes is a development direction worthy of further
exploration because these two processes require existing
components to provide strong binding sites to form new
components, which greatly decreases the possibility of lattice
mismatch. In the next place, the current synthetic approaches
are limited by the morphology-controlling agents, up to now,
the use of capping agents on some facets of mBiVO, is still a
conventional method to achieve selective exposure of facets.
However, the capping agent remaining on the surface of
mBiVO, will inevitably affect the interface structure. In
addition, current studies have neither determined whether
the active crystal facet is highly exposed nor clarified the
mechanism by which high active crystal facet preferentially
grow. It is still a challenge to predict the outcome of the
chemical synthesis of mBiVO,. Given that, the theoretical
prediction on the exposed facets of mBiVO,, especially those
related to photocatalytic performance, are critical to the
microscopic mechanism of experimental observation.

Once more, the fundamental understanding of the transfer
process of photogenerated carriers across the interface in the
heterostructure is the most important, in order to maximize the
reducing ability of photogenerated electrons and the oxidizing
ability of holes. In situ observation is critical for investigating
interfacial charge kinetics on surface faceted photocatalyst,
which requires the characterization techniques with high
spatial, spectral, and temporal resolutions. Moreover, the
combination of theoretical simulation and calculation can
analyze various factors affecting photocatalytic performance,
which provides important guidance for the design of faceted-
materials and greatly improve the efficiency in the design and
synthesis of photocatalyst. At length, given the multi-
disciplinary nature of research in this area, collaborative
research across different disciplines, namely materials science,
physical chemistry, and surface science, is also critical to
transcending its knowledge boundaries to develop efficient and
sustainable photocatalytic systems.
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