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Abstract

Bismuth tungstate with different structures and morphologies show different properties.
The structure and morphology have been proven to be critical factors to tune the
electronic properties to influence photocatalytic performance. Notably, nano-structured
bismuth tungstate were found to exhibit high activity in photocatalytic degradation
process. Controllable fabrication on nano structures with desired morphology is
indispensable to achieve the related properties well. However, a review that declare the
correlation between the property and the fabrication, structure and morphology of
bismuth tungstate is still absent. Therefore, we firstly summarize a series of recent
fabrication methods for various dimensional nano structures of bismuth tungstate. Then
the modification of nano-structured BWO to improve the photocatalytic performance
are presented, including morphological manipulation, doping or substitution, solid
solution fabrication, and compound formation. The mechanism of photocatalytic
oxidation and reduction process over nano-structured bismuth tungstate is also explored,
especially the role of radical species. Additionally, advanced environmental application
are summarized. Finally, unresolved challenges and potential applications of nano-

structured bismuth tungstate are presented for future research directions.
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1. Introduction

Due to the more serious energy and environmental issues, efficient methods for
environmental application are in a great demand [1-8]. Many common technologies
such as biotreatment [9-11], electrochemical process [12], oxidation process [13, 14],
magnetic separation [15], adsorption [16-18], and designed nanotechnology [19-21]
have been used to address these problems but without desired efficiency. In recent years,
photocatalysis has been developed as a highly-efficient solution [22-25]. Some
photocatalytic materials in the past few decades revealed high photocatalytic activity
but only under UV irradiation due to the wide band gap, like titanium dioxide (TiO>)
[26-29]. Afterwards, from the viewpoint of full use in solar energy, considerable
attention has been paid to the exploration of a wider range of light active photocatalysts
[30]. Binary metal oxides composed of metal cations, such as ZnO, Fe.O3 and Ag.0,
are prior visible light-active photocatalysts, but limited by photocorrosion [31-33].
Subsequently, emerging ternary metal oxides as visible light-active photocatalysts have
been developed [34-36].

Bismuth tungstate (BWO), a ternary metal oxide, has been one of the most studied
visible light-driven photocatalysts in recent years owing to its benefits of wide spectrum
light response and no secondary contamination after utilization [37, 38]. BWO shows
visible-light absorption edge around 470 nm with band gap located at ~2.8 eV. BWO is
constructed of perovskite-like [WO4]* layers sandwiched between [Bi»O,]** layers.
Such structure is beneficial for separating photoexcited electron-hole pairs and forming

internal electric fields between the slabs, and then enhancing the photocatalytic



performance (Fig. 1) [39, 40]. Valence band (VB) of BWO is formed by O 2p and Bi
6p with a minor assistance from Bi 6s hybrid orbitals, while conduction band (CB) of
BWO is composed by W 5d with the assistance from Bi 6p orbitals. The hybridization
of Bi 6s and O 2p leads to a largely dispersed VB, accelerating the mobility of

photoexcited holes and enhance the oxidation capability.
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Fig. 1 Composition and band structure of BWO. Reprinted from ref [39] with
permission from The Royal Society of Chemistry.

BWO was first prepared through conventional solid state reaction and used for
oxygen evolution [41]. Up to date, BWO has been synthesized via various ways, such
as sol-gel process, ultrasound induced aggregation, calcination, precipitation,
microemulsion, and hydro-/solvo-thermal process [42-52]. The properties of BWO with
diverse structures and morphologies are substantially different [53]. As a result,
development of controlled structures and morphologies to enhance photocatalytic
performance of BWO has be one of the recent hotspots. Particularly, nano-structured
BWO assemblies are believed to show excellent catalytic performance because of the
large surface area and efficient separation of charge carriers. Previously, Zhang et.al

[54] reviewed the visible-light-driven photocatalytic applications of BWO. Soon after



that, Zhu et.al [55] summarized the controllable synthesis and enhancement of visible-
light-driven photocatalytic performance of BWO nanoplates and highly porous films.
Then in the year 2014, Pagliaro et.al [39] described the progress in selective organic
synthesis and fuel production over BWO. However, for further development, an
updated comprehensive overview on controllable fabrication, modification, and
advanced environmental application of BWO focusing on tuning nano structure and
morphology is urgently needed.

This review aims at declaring the correlation between the property and the
fabrication, structure and morphology of bismuth tungstate. Therefore, we firstly
review the updated fabrication methods for nano structures of BWO, along with
discussing the significant factors that determining the formation of morphology (e.g.
the precursor, temperature, reaction pH and time, solvent or surfactant). Differences in
the photocatalytic performance of different dimensional nano-structured bismuth
tungstate are emphatically discussed. Then the modification of nano-structured BWO
to improve the photocatalytic performance are presented, including morphological
manipulation, doping or substitution, solid solution fabrication, and heterojunction
construction. Advanced environmental application and the comparison in
photocatalytic activity of pure nano-structured BWO and modified BWO composites
are also summarized. Additionally, we explore the mechanism that photocatalytic
activity varies with changed morphology of BWO, especially the role of active species,
such as hydroxyl radicals, superoxide radical, and photoexcited holes. Finally, we

discuss the challenges of nano-structured BWO applied in photocatalysis or even wider



fields, and future research directions.
2. Controllable fabrication of nano-structured BWO
BWO with the same composition but different morphologies could be substantially
different. Both size and morphology have an effect on the photocatalytic performance
of BWO. For example, nano-scale BWO photocatalysts generally perform better than
the bulk owing to the more active sites and separation efficiency of charge carriers; and
hierarchical BWO photocatalysts show several superiorities: (i) micrometer scale that
benefit easy separation and recycle, (ii) special wettability in some cases that is good
for special reaction system, (iii) high photocatalytic activity as nanounits, (iv) quick
transportation of reactants to the surface owing to the abundant interspaces formed
among adjacent nanounits, and (v) efficient light adsorption because of light
multireflection. Moreover, the morphology of nano-structured BWO have a significant
influence in the physical properties. When the radial dimension of nano-structured
BWO belongs to a characteristic size, phonon mean-free path and quantum mechanical
effects will change, which have a significant influence in the photocatalytic
performance.
2.1 Three-dimensional structured BWO

Three-dimensional (3D) nano-structured BWO assemblies have received wide
attention owing to the fascinating architecture and characteristics. And because the
superstructure benefits the photocatalytic process and recycling process of BWO, the
fabrication of 3D nano-scale hierarchical structure is popular. There are various 3D

nano structures of BWO, such as flower-like or flake ball-shaped structure, hierarchical



microsphere, nano-structured particles with porous nanoplates, and porous hollow
structure. Copious synthesis methods for 3D nano-structured BWO have been
developed, like hydro-/solvo-thermal process, mechanical exfoliation, sol-gel process,
chemical vapour deposition (CVD), solid-state reaction, and microwave-assisted
method [46, 56, 57]. Overall, the precursor, reaction temperature, pH, solvent or
surfactant have an impact on the formation of BWO.

(i) Flower-like or flake ball-shaped BWO superstructures. BWO with 3D flower-like
structure can be fabricated via facile hydrothermal process [58]. In our method,
Bi(NO3)3-5H20 and Na;WO4-2H,0 were used as precursors. Generally, Bi(NO3)z-5H,0
was dissolved in 1.0 M HNOgz, and Na;WO4-2H.0O was dissolved in 1.0 M NaOH.
Afterwards, the Na;WO4 solution was added dropwise into the Bi(NOs)s solution, and
adjust the solution pH to 4. Finally, the suspension was heated at 140<C for 20 h. The
obtained 3D flower-like BWO showed high photocatalytic degradation on rhodamine
b (RhB) [58]. A three-step formation mechanism for the flower-like BWO
superstructures has been presented by Zhang et.al [59]: self aggregation, dissolution-
recrystallization process, and self organization (Fig. 2).
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Fig. 2 Three-step formation mechanism for the flower-like BWO superstructures.
Reprinted from ref [59] with permission from The Royal Society of Chemistry.

(if) Hierarchical BWO microspheres. A 3D hierarchical BWO microsphere assembled



by nanoplate alignment was prepared via a mixed sol-gel hydrothermal process [60]:
firstly mix Bi(NOs)s and Na,WO4 EDTA solution, then evaporate at 80 C, finally keep
heating at 200<C for 24 h. Hierarchical BWO microspheres can improve the efficiency
of light absorption because of the increase in the number of active sites caused by the
higher surface areas. According to the photocatalytic degradation experiment, about 80%
of 10 mg L™* MB can be degraded in 100 min over 0.67 g L of 3D hierarchical BWO
microspheres [60].

(iii) Nano-structured BWO nanoparticles. A 3D BWO nanoparticles was prepared
successfully via a microwave-assisted method [61]. The whole microwave-assisted
process includes three steps: firstly mix Bi(NO3)s and Na,WO, water solution, then heat
by a microwave oven for 20 min, lastly keep annealing at 500<C for 5 h in air. The
obtained 3D BWO nanoparticles (~60 nm) show a large surface area (14.6 m? g*) and
a high transportation efficiency of photogenerated charge carriers. Additionally, the
photocatalytic degradation efficiency of 10° M MB achieved 92% in 180 min over 1 g
L of BWO photocatalysts [61].

(iv) Porous hollow structures. A porous hollow BWO nanocage constructed by minor
nanoparticles (50-80 nm) was prepared via a simple refluxing process in ethylene glycol
(EG) [62]. EG was employed to generate the complex of Bi®* or WO4> with hydroxyl
groups via coordination reaction. And then the complex decomposed to release the meal
ions to form BWO grains in the refluxing EG solution with using carbon spheres as the
template. Finally, nanocage BWO built by these BWO grains was formed after a

calcination process. The obtained nanocage BWO exhibit great visible-light-driven



catalytic activity, and the photodegradation of RhB over nanocage BWO achieved
nearly 100% in 50 min. Additionally, it is easy for them to get separation and recycling
owing to the rapid natural subsidence.
2.2 Two-dimensional structured BWO

Compared with 3D nano-structured BWO, two-dimensional (2D) nano-structured
BWO are believed to perform better in photocatalytic process [63, 64]. This is because
the photogenerated electron-hole pairs in 2D structure can come up to the surface more
quickly than that excited deeply in 3D structure, which is conductive to the separation
of electron-hole pairs and enhancement of the photocatalytic performance [65-67]. And
once the thickness of BWO decreases to single unit cell, there is an increased density
of states at CB edge. Moreover, ultrathin BWO layers revealed higher efficiency in light
absorption owing to the remarkable large surface area that allowed quick absorption
[38, 68]. Recently, the various monolayers can be stacked via van der Waals forces
and/or chemical bonds. Notably, chemical bonding can significantly improve charge
separation efficiency, and even induce the production of new energy band. A monolayer
structure is considered as the stack of monolayer BWO constructed via chemical bonds,
and possesses oxygen-depleted surface with abundant active sites [69].
(i) nano-structured BWO nanoplates. The square BWO nanoplates were firstly prepared
via a hydrothermal process, which was presented by Zhu et.al [70].The neutral aqueous
solution consisting of Bi(NO3)s and Na;WO4 was heated at 120-240<C for 20 h. Tiny
crystalline nuclei was firstly formed in a supersaturated medium. Then the crystal grew
at the expense of small irregular nanoparticles owing to the energy difference in
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solubility. As the reaction continued, irregular nanoparticles began to dissolve, and
large BWO nanoplates were formed via anisotropic growth of laminar structure along
(001) plane parallel to the intrinsic layered structure. The obtained BWO nanoplates
showed excellent photocatalytic activity. This is because the large surface area of BWO
nanoplates expand the reaction sites, and the laminar structure benefits the
photogenerated electron-hole separation.

(i) BWO microdiscs. The 2D BWO microdiscs consisting of square nanoplates, which
were stacked together in a side-by-side way. They were prepared through a
hydrothermal process with the assistance of acetic acid: mix Bi(NO3)s acetic acid
solution and Na,WO4 water solution and then keep heating at 180<C for 12 h. The
obtained BWO revealed a high surface area (26.1 m2g?), and show a high
photocatalytic degradation efficiency on RhB owing to the structure built by layer-by-
layer grew nanoplates [71].

(iii) Porous BWO nanoplates. A sol-gel process with egg white proteins (albumin) as
biotemplate was used for the fabrication of porous BWO nanoplates with thickness of
~100 nm [72]. In the sol-gel process, the gelata is a key factor in the mineralization that
determines the structure and diameter size of BWO photocatalysts. Porous structure
reveals higher active surface area and better adsorptivity, and nanoplate-like structure
allowed multiple reflections of irradiation light that improved light absorption
efficiency [72].

(iv) Ultrathin monolayer BWO. Commonly, monolayer BWO can be produced via an
alternative bottom-up approach or liquid exfoliation of the van der Waals layered
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materials. In the fabrication of monolayer structure, the key is to stay monolayers from
stacking together. Recently, a cetyltrimethylammonium bromide (CTAB)-assisted
bottom-up process was developed to prepare ultrathin 2D monolayer BWO (m-BWO)
nanosheets with [BiO]*-[WO4]*-[BiO]* sandwich substructure (Fig. 3) [73]. Br ions
from CTAB were adsorbed on the surface, and then made the monolayers negatively
charge and induced a decrease in the band gap energy of m-BWO nanosheets. The
hydrophobic chains of CTA* ions blocked the stacking of monolayers with the
assistance of Coulomb repulsion forces. Bi atoms on the surface of monolayers were

coordinatively unsaturated, which increased the active sites.
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Fig. 3 (a) Crystal structure of BWO; (b) proposed mechanism of the m-BWO with the
assistance of Brions. Reprinted from ref [73] with permission from Nature.

2.3 One-dimensional structured BWO

Various dimensional nano-structured BWO photocatalysts have been synthesized.
Among them, one-dimensional (1D) nano structures of BWO are promising to play key
roles on the horizon of material science, and be applied in photocatalysis because of the
fascinating geometric characteristics, optical and electronic properties [74, 75].
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Different from 3D and 2D BWO, 1D nano-structured BWO exhibit obvious chemical
and structural behaviour owing to the high length-to-diameter ratio and exclusive two-
dimensional confinement. The high length-to-diameter ratio benefits the transfer of
quantum particles (including photons, phonons and electrons) so that 1D nano
structures can control many different forms of energy transport. 1D nano structures of
BWO photocatalysts have been fabricated successfully.

(i) Thread-like BWO. 1D thread-like BWO was prepared via a hydrothermal process
with NH3-H-O as alkaline source and reaction pH located at 1 [76]. The Bi(NO3)3 5H.O
and Na;WO4 2H20 precursor HNOs solution went through a 24 h of thermal treatment
at 180<C. The obtained thread-like BWO shows high BET surface area (12.16 m? g%).
And the photocatalytic degradation of RhB over the thread-like BWO achieved 78.2%
in 50 min [76].

(if) Hierarchical BWO hollow tubes. 1D hierarchical BWO hollow tubes have been
prepared via a solvothermal process with using Bi>Os rods as both templates and
reactant treated at 120<C for 6 h (Fig. 4) [77]. And an interesting macro-mesoporous
structure was formed by BWO nanoplates stacking in a disordered state. The porous
structure increases the surface areas to show more reaction sites, and supplies more
pathways for molecule diffusion. Additionally, the design of 1D hollow structure can
significantly improve the charge collection because the photogenerated electrons and
holes travel faster along the unique 1D channel [78]. According to the experimental
result, the 1D BWO hollow tubes show high activity on RhB photodegradation of with
the degradation efficiency obtained 99.0% in 90 min [77].

13
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Fig. 4 Formation mechanism of 1D hierarchical BWO hollow tubes. Reprinted from ref
[77] with permission from The Royal Society of Chemistry.

Different dimensional nano-structured BWO can be fabricated via various
methods, which have been summarized in Table 1. In controllable fabrication process
of nano-structured BWO, there are many influencing factors, including pH value of
precursor solution, reaction temperature and time, nature of surfactant, metal precursor,
and alkaline source. Structure and morphology control provides a versatility for
adjusting the optical and electric properties of BWO. For higher photocatalytic
efficiency of BWO in application, the first is to develop applicative methods for the
controllable fabrication of different dimensional nano-structured BWO to tune the
photocatalytic properties.

3. Modification of nano-structured BWO

The photocatalytic performance of nano-structured BWO depends on its intrinsic
properties. Major limitations for pure nano-structured BWO applied in photocatalytic
process are the high recombination of photogenerated electron-hole pairs and limited
photoabsorption range [79]. To enhance the catalytic activity of nano-structured BWO
for environmental pollutant treatment and clean-energy production, there are mainly

four efficient methods.
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(i) Morphological manipulation. Increase the exposure of highly reactive surfaces on
crystals by modifying the physical morphology is an alternative strategy to improve the
photocatalytic performance of nano-structured BWO [80]. The increased exposure of
high-energy facets can improve the photoelectric and optical properties of BWO, which
can also suppress the recombination of charge carriers. Besides, the interaction between
the reactive surfaces and reactant substances and various types of surface defects have
an impact on the photocatalytic performance. A BWO nanobipyramids with high
density of high-energy facets was prepared via a facile solvothermal process, showing
enhanced solar-driven photoactivity compared with flower-like BWO structures (Fig.
5) [80]. The surface defects played as the absorption sites for charge carriers to be
transferred to the adsorbed substances, which improve the separation of charge carriers

and photocatalytic performance.

t!lmlT/'um
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Fig. 5 (a) SEM and (b) HRTEM images of flower-like BWO structures (hydrothermal

synthesis, pH=1); (¢) SEM and (d) HRTEM images of BWO nanobipyramids.
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Reprinted from ref [80] with permission from Wiley.

(if) Doping or substitution. Doping nano-structured BWO with other elements can
affect the optical properties via narrowing the electronic properties. The electronic
properties have a significant influence in the atomic arrangement and physical
dimension for BWO nano structures. So far, much effort has been devoted to BWO
doping or substitution with metal (e.g. Fe, Mn, Ag and Mo) and nonmetal (e.g. F, ClI,
Brand N) elements. Very recently, an iron-doped BWO was presented to show excellent
photocatalytic performance [81]. Appropriate amount of oxygen vacancies in iron-
doped BWO benefits the improvement of photocatalytic performance (Fig. 6) [81]. The
oxygen vacancies can make dopant energy levels close to the CB edge of BWO, which
extend the region of irradiation light photo-response and decrease the recombination of
photogenerated electron-hole pairs. Additionally, the oxygen vacancies can play as

electron-rich centers to enhance the absorption of photodegradation substrates.
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Fig. 6 Energy band structures and charge transfer process of BWO and iron-doped
BWO (Es, Fermi level; Eov, the energy level of oxygen vacancies; Ere, the iron doping
energy level). Reprinted from ref [81] with permission from Wiley.
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(iii) Solid solution fabrication. The solid solution fabrication not only can improve the
visible-light absorption and electron transportation efficiency, but also can precisely
tailor the band gap and optoelectronic properties of BWO to achieve an optimal balance
between the photoabsorption and redox potentials [82] . The ions in host material can
be replaced and the concentration can be controlled for a tunable property [83].
Therefore, the doped element is crucial for desired properties. Solid solution fabrication
of BWO show many superiorities, like large surface area, high quantum confinement
effect and size effect [84, 85]. In the formation of BWO solid solution nanostructure,
three factors merit attention for low formation energy and broad composition tuning:
crystallographic parameters, chemical valance, and radius cations or anions [86]. After
tremendous efforts, BWO solid solution nanostructures with various desired
morphologies have been fabricated successfully, which achieved great progress in
precise regulation of band gap and photoelectrical properties. For example, a
Bi2MoxW1.xOe solid solution with tunable band structure was prepared, and showed
improved catalytic activity (Fig. 7) [85]. WO4? and MoO4? ions firstly absorbed on the
surface of BiOBr, and then replaced the Br™ ions. As the reaction continued, a hollow

structure was formed.

17



I/ W%

=

N " S

WO,%, MoO ‘
BiOBr Bi,Mo,W, O,

8h
y
2um 2um ‘

Fig. 7 Formation process of BioMoxW1.xOe solid solutions from BiOBr. Reprinted from

Br -

2um

ref [85] with permission from Elsevier.

(iv) Compound formation. The formation of compound, like heterojunction, with
expected band potentials and wide photoabsorption range is an efficient method to
enhance the catalytic performance of nano-structured BWO in environmental and
energy fields [50, 87, 88]. Nano-structured BWO can integrate with other substances to
form heterojunction, and novel nanostructures can be obtained to separate the
photogenerated charge carriers [89-91]. Appropriate band positions of two components
are required for the energy level offsets in heterojunction construction, so that the space
charge at the interfaces can accumulate and then enhance the charge separation [92].
Recently, we prepared a visible-light-driven Bi2FesO9/Bi2WOe (BFWQO) composite via
one-step hydrothermal method [93]. The obtained BFWO heterojunctions have an
extraordinary enhancement in photocatalytic performance compared with pure BWO.
In the photocatalytic process, the photogenerated charge carriers transfer process was
fit the Z-scheme charge transfer system (Fig. 8) [93]. Therefore, the photoexcited

18



charge carriers can be efficiently separated and then the photocatalytic activity was

significantly enhanced.
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Fig. 8 Proposed mechanism for charge transfer and photocatalytic reaction of the
BFWO heterojunction photocatalyst under visible light irradiation: (a) traditional mode
and (b) Z-Scheme heterojunction system. Reprinted from ref [93] with permission from
The American Chemical Society.
4. Environmental application of nano-structured BWO

The photocatalytic efficiency over BWO is closely correlated with the generation
of photoexcited electron-hole pairs and the separation of charge carriers [94].

Additionally, controllable morphology has a significant impact on the optical properties
19



owing to the ability to tune the electronic structure [95-97]. In the past decade, great
attention has been paid to tuning the nanostructure of BWO to enhance the
photocatalytic performance. Each structure and morphology has its own characteristic
depending on the applied conditions. For example, 2D monolayer BWO reveals higher
photocatalytic performance if considering the fast migration of charge carriers, while
3D BWO is better for practical application owing to the benefits in efficient separation.
Herein, we mainly review the recent applications of modified nano-structured BWO
photocatalysts (Table 2), along with exploring the role of active radicals play in the
photocatalytic process.
4.1 Application in environmental pollutant treatment

Photoexcited electrons (e”) in CB and holes (h*) in VB of nano-structured BWO
play an important role in photocatalysis for environmental application [98]. CB e can
play a direct role in the reduction of inorganic pollutants like bromate, or react with
dissolved molecular oxygen for the producation of superoxide radical species to take
part in the oxidation of organic pollutants [99, 100]. VB h* possess strong oxidation
characteristics, which can directly participate in the oxidation of environmental
pollutants or react with hydrone for the generation of hydroxyl radical [101-103].
4.1.1 Oxidation of organic pollutants

(1) Colorful dyes. Huge amounts of colourful dyes from dyeing, printing and
some other industries widely exist in water resource, which caused a serious
water pollution and received worldwide attention. Nano-structured BWO
photocatalysts have been proven to reveal excellent catalytic activity in the
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photodegradation of organic dyes [104-106]. And different from colourless
organic and inorganic pollutants, beside photocatalytic process, colourful dyes
can be degraded via photolysis or photosensitization [107]. In the photolysis,
photoexcited e in the dye can react with dissolved oxygen to generate singlet
oxygen atom to participate in the oxidation. As for the photosensitization process,
photo-electrons can be generated on the dye after being simulated by light
irradiation, transferring to CB of nano-structured BWO and then reacting with
oxygen to form *O2" to participate in the oxidation reaction.

A reduced graphene oxide (RGO)/BWO photocatalyst was used for organic dyes
degradation (Fig. 9) [108]. RGO is a strictly zero band gap semi-metal with superior
conductivity and adsorptivity, which have an impact on the electronic properties of
photocatalysts [109]. More important, some peculiar electronic properties, - such as
ambipolar electric field effect, electronic transport via relativistic Dirac fermions and
the quantum Hall effect, - were observed [110]. Therefore, introduction of RGO can
improve the catalytic activity of nano-structured BWO photocatalysts. The enhanced
photoactivity is not directly correlated with the band gap, because the introduction of
RGO cannot change the band gap of BWO. And using graphene oxide as precursors in

the synthesis process might alter the interfacial interactions between RGO and BWO.
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Fig. 9 Proposed mechanism for the transfer of photogenerated charges in the
RGO/BWO composites and the photodegradation efficiency of dyes. Reprinted from
ref [108] with permission from Elsevier.

(if) Colorless organics. A mass of organic pollutants are released daily to
environment, and many of these pollutants are nonbiodegradable, which finally
accumulate in living beings and then cause damages [111-113]. Recently, our team
utilized a 0D/2D interface engineering of carbon quantum dots (CQDs) modified 2D
m-BWO (CBW) to further improve the photocatalytic activity with full spectrum light
utilization [114]. 2D m-BWO shows high oxidation efficiency on organic pollutants
owing to the improved separation efficiency of electron-hole pairs and solar energy
conversion [115]. The as-prepared 0D/2D nano-structured CBW photocatalysts have
several advantages: (i) the accessible area between the CQDs and 2D m-BWO interface
and the pathways for e transfer are well constructed; (ii) wider spectrum of solar can
be utilized; (iii) the interfacial charge transfer process can be accelerated because of the
more close contact between smaller nano structured photocatalysts and organic
pollutants; (iv) the adsorption capacity is enhanced because of the introduction of CQDs

sp? carbon clusters. CQDs firstly absorbed near-infrared light and emit shorter visible
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light, leading to up conversion to turn excited m-BWO (Fig. 10a) [114]. And CQDs
played as electron acceptors for trapping photogenerated e to separate the electron-
hole pairs, and the electrons accumulated at a higher energy level in m-BWO, which
migrated to the CQDs to generate -O, radicals (Fig. 10b) [114]. The results of
photocatalytic degradation experiments showed that CBW revealed excellent
photocatalytic oxidation ability on bisphenol A (BPA) owing to the generated -OH, -O2",

and h* radicals under full spectrum light irradiation.
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Fig. 10 (a) Schematic diagram for up converted PL of CBW heterojunctions; (b)
photocatalytic mechanism scheme of CBW under full spectrum light irradiation.
Reprinted from ref [114] with permission from Elsevier.

Besides, Yao et.al [89] presented a self-assembled perylene diimide (PDI) based
supramolecular heterojunction with BWO for photocatalytic degradation of phenol.
The BWO/PDI heterojunction was fabricated via thermal treatment, simultaneously
PDI self-assembly was finished. The obtained n-n type inorganic-organic
heterojunction benefitted the photocatalytic process, because the e~ in the LUMO orbit
of PDI were transferred to BWO CB to produce superoxide radicals, which inhibited
the recombination of photogenerated charge carriers (Fig. 11) [89]. According to the

experimental results, BWO/PDI heterojunction showed higher photocatalytic
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degradation efficiency on phenol compared with pure BWO.
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Fig. 11 (a) Self-assembled BWO/PDI heterojunction; (b) Possible reaction mechanism
of phenol photodegradation over BWO/PDI heterojunction under visible light.
Reprinted from ref [89] with permission from Elsevier.

And in recent years, selective photocatalytic oxidation of organics has also
attracted wide attention, which is an environmentally benign way for value-added
chemical synthesis [116-120]. BWO was proven to be a highly chemoselective visible
light photocatalyst toward the oxidation of benzylic alcohols [121]. The benzylic
alcohols were selectively oxidized by photogenerated h* and -O, to be corresponding
aldehydes over flower-like BWO. This was mainly contributed to the absence of -OH
radicals, slight oxidation ability and stronger adsorption on benzylic alcohols than
aldehydes [121]. Lately, Chen et.al [122] presented a 3D hierarchical heterostructure of
BWO/CdWO, (BCW) for selective photocatalytic benzene hydroxylation to phenol
with using O as the oxidant. This hierarchical heterostructure showed high
photocatalytic performance owing to the improved photoabsorption and charge carriers
separation. It was found that -OH played a pivotal role in the benzene hydroxylation
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process (Fig. 12) [122].
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Fig. 12 Proposed mechanism of selective photocatalytic benzene hydroxylation to
phenol over BWO/CdWO4. Reprinted from ref [122] with permission from Elsevier.
4.1.2 Treatment of inorganics

Inorganic pollutants are non-biodegradable, like nitric oxides (NOx), bromate and heavy
metal ions, which are dangerous for biological bodies when they accumulate to a certain
amount [123, 124]. Photocatalytic process over nano-structured BWO is alternative for
the treatment of the inorganic pollutants. For example, graphene (GR)/BWO
composites was used for the photocatalytic oxidation of NO because the introduction
of GR contributed to a positive shift of the Fermi level [125]. And very recently, Fan et
al. [126] presented a mesoporous nanoplate multi-directional assembled BWO
architecture (BWO-180-C) for oxidation of NO (Fig. 13). Beside the exposed crystal
faces, crystallinity, photoabsorption and charge carriers separation, mass transfer and

interconnected porous networks with appropriate pores size have a significant impact
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on the optical properties and catalytic performance of hierarchically structured

mesoporous BWO in NO oxidation.

—~=) O NO gas lons Products NO, gas

Fig. 13 Diffusion of NO over mesoporous nanoplate multi-directional assembled BWO.
Reprinted from ref [126] with permission from Elsevier.

Beside photocatalytic oxidation performance, nano-structured BWO shows high
photocatalytic reduction activity for inorganic pollutant, like highly-toxic heavy metal
ions chromium (Cr). Reduction of Cr(VI) to Cr(l1l) is a conventional treatment method,
because the toxicity of Cr(l1l) is found to be much less than that of Cr(\VI1) [127-129].
Guo et al. [130] prepared an oxygen vacant CeO.@BWO hollow magnetic
microcapsule heterostructure for higher photocatalytic activity for Cr(\V1) reduction
(Fig. 14). On the one hand, the oxygen vacancy and heterostructure can enhance the
charge carriers separation and interfacial charge transfer efficiency. On the other hand,
the hollow microcapsule can improve the light efficiency because of the multiple
reflections. The results showed that the obtained CeO.@BWO composites could
completely absorb Cr(ll1), and it is easy for the composites to be recovered and

reutilized owing to the magnetic property [130].
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Fig. 14 The assemble process and photogenerated charge carriers transfer of
CeO@BWO. Reprinted from ref [130] with permission from Elsevier.
4.2 Application in clean-energy production
4.2.1 Fuel energy production

Photocatalytic process is the common method used for CO2 reduction [131]. Many
semiconductor materials have been studied to be electrocatalysts or photocatalysts since
CO, was reduced to methane, formaldehyde, and methyl alcohol via a
photoelectrocatalytic process with photosensitive semiconductors as catalysts [132-
134]. In recent years, BWO has been one of the most widely investigated CO>
photoreduction catalysts [135].And an ultrathin BWO square nanoplate with ~9.5 nm
thickness showed the capacity to utilize solar light energy for reducing CO2 into

hydrocarbon fuel [136]. The ultrathin geometry allows a rapid transportation of
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photogenerated e~ from the interior to the surface and accelerates the separation of
photoexcited e - h* pairs [136].

However, few pure nano-structured BWO semiconductors have the ability to
transfer a single photogenerated electron to carbon dioxide. A proton-assisted transfer
of multiple electrons was used for easier CO photoreduction process. And the
atomically-thin oxide-based semiconductor was an excellent platform for solar CO>
reduction. Therefore, a prototype single-unit-cell BWO layers were prepared
successfully through a lamellar Bi-oleate intermediate [38]. Atomically-thin oxide-
based BWO can provide abundant catalytically active sites, enhanced 2D conductivity,
and remarkable structural stability. Owing to the unique geometric structure, the single-
unit-cell BWO layers revealed high adsorption of CO,. Additionally, the increased
conductivity accelerated carrier transport, leading to the improved separation of e - h*
pairs. And according to the UV/Vis diffuse reflectance spectra analysis, the single-unit-
cell BWO layers showed higher efficiency of light absorption (Fig. 15) [38]. These

accounted for the improved photocatalytic performance on the reduction of CO..
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Fig. 15 (a) CO2 adsorption isotherms, (b) UV/Vis diffuse reflectance spectra, (c)
temperature-dependent resistivity, and (d) fluorescence emission decay spectra of
single-unit-cell BWO layers and bulk BWO; (e) illustration of the photocatalytic
reduction of CO> over single-unit-cell BWO layers. Reprinted from ref [38] with
permission from Wiley.

Besides, graphitic carbon nitride (g-CsNa4) was used to couple with BWO to form
a novel photocatalyst for CO> reduction [137]. 2D g-C3sN4 can absorb visible and near-
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infrared light with a band gap of 2.7 eV. The g-C3N4/BWO composites were synthesized
through a hydrothermal method: (i) thermally decomposing urea at 550 <C for 2 h in
static air to get metal-free g-CsNg; (i) mixing Na,W0QO4-2H,0 and g-CsNa into deionized
water with a ultrasound treatment; (iii) adding Bi(NO3)3-5H20 to HNOs to form a
solution, then dropping the Na,WQO4-2H>0 and g-C3N4 mixture to this solution under
strong stirring; (iv) adding oleyl amine and NHs-H-O into the above mixture; (v) the
final mixture was transferred into a Teflon-lined autoclave with heating at 200 <C for 20
h. The enhanced photoreduction of CO> was contributed to the accelerated transport of
charge carriers and improved separation of photogenerated e - h* pairs (Fig. 16). Under
light irradiation, g-CsN4/BWO produced photoexcited electron-hole pairs with
electrons transferred to CB of BWO and the holes remained in VB of g-C3N4. H20 was
oxidized via holes at VB of g-C3Na to produce O and protons, while CO2 was reduced

to CO via electrons at CB of BWO with the assistance of protons generated at VB of g-

CsNa.
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Fig. 16 (a) Presented mechanism in the heterostructure: electron and hole pairs
generated in g-C3N4 and BWO under visible light irradiation; (b) the electrons in CB of
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g-CaN4 migrate to VB of BWO. Adapted from ref [137] with permission from The
Royal Society of Chemistry.

4.2.2 Hydrogen production

Nano-structured BWO photocatalysts show great potential in hydrogen production via
solar water-splitting process [138-141]. Photoexcited electrons are the major substances
in hydrogen production process, and condcution band energy level of modified nano-
structured BWO is required to be more negative than hydrogen evolution level. Today,
heterojunction construction is an alternative method to enhance the catalytic activity of
nano-structured BWO photocatalysts in hydrogen production. Conventional
heterostructure can improve the sepration of photoexcited e - h* pairs, but the redox
range is still narrow [122]. Therefore, more and more novel heterostructures have been
designed for higher hydrogen production. Recently, a mediator- and co-catalyst-free
direct Z-scheme compsite of BWO-CusP was designed for more efficient photocatalytic
water-splitting to produce hygrogen [142]. The BWO-CusP composite was prepared via
a straightforward ball-milling complexation method. In this Z-scheme system
composed of BWO-CusP, the well-balanced position of energy levels play an improtant
role in the improvement of the photocatalytic activity. A possible mechanism of solar-
water splitting over BWO-CuszP composite were presented based on the energy levels
position of BWO and CusP (Fig. 17) [142]. Compared with conventional
heterostructures, the charge transfer pathway of Z-scheme-based BWO-CusP is

different, and the redox range becomes wider [142].

31



- 0.64V 1-
e { @ --1
ALY MO e 40 =416 =
0.82V O,/H,0 '=-==- T e e
------------ Eg2s ° g uny,
. Iy 27
202v!ve @89 «.0.87CusP 3
x BWO 47
Potential
(vs NHE, pH 7)

Conventional heterostructure

---------------------- s Q99"
_0_4_1_ v H/R,0, rﬂ 55 v 1CB m[_‘; t Eg 1.6 0
10.82V 0,/H,0 } == ‘gg =4~ =3
Eg2.8 '° i e
z—
3.02v!ve 09 CU3P 3
BWO 4
Potential
(vs NHE, pH 7)

Z-scheme based composite

Fig. 17 Charge transfer pathway of (a) conventional heterostructure and (b) Z-scheme-
based BWO-CusP photocatalyst. Reprinted from ref [142] with permission from The
Royal Society of Chemistry.
5. Summary and prospects
5.1 Summary

In this review, we sum up the recent development of nano-structured BWO with
controllable morphology, including fabrication for different dimensional structures,
modification methods of nano-structured BWO to improve the photocatalytic
performance, and advanced application in environmental pollutant treatment and clean-
energy production. Various morphological BWO crystals have been prepared
successfully on a large scale through various methods. The continuing breakthroughs

in the controllable fabrication and modification ways nano-structured BWO
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photocatalysts have brought different size, shapes, surface areas, light absorption ranges,
and energy band structures. Correspondingly, the photocatalytic properties and
performance were different. Nano-structured BWO photocatalysts play a significant
role in addressing the environmental issues, including environmental pollution and
clean-energy shortage.

Since the photocatalytic performances of nano-structured BWO photocatalysts are
mainly affected by their light-responsive range and carrier-separation ability, rational
design on their structure and chemical connection meeting the requirement is important.
For example, 3D nano-scale hierarchical structures of BWO assemblies, - such as
flower-like or flake ball-shaped structure, hierarchical microsphere, nano-structured
particles with porous nanoplates, and porous hollow structure, - merit wide attention
owing to the superstructure benefits the photocatalytic process and recycling process of
BWO. And compared with 3D nano structures, 2D nano-structured BWO are believed
to perform better in photogenerated charge carriers separation. This is because the
photogenerated electron-hole pairs in 2D structure can come up to the surface more
quickly than that produced deeply in 3D structure. Different from 3D and 2D nano
structures, 1D nano-structured BWO exhibit obvious chemical and structural behaviour
owing to the remarkable length-to-diameter ratio and exclusive two-dimensional
confinement.

For pure nano-structured BWO applied in photocatalytic process, high
recombination of photogenerated electron-hole pairs and narrow photoabsorption range
are the major limitations. Hence, modification methods were further explored to enlarge

33



the photocatalytic application of BWO, including morphological manipulation,
structure modification through doping or substitution, solid solution fabrication, and
compound formation. Besides, coating with electroconductive materials (like carbon
materials) [143-145] and synergetic effect via photoelectrocatalytic process [146-148]
are efficient ways to enhance the photocatalytic activity of nano-structured BWO. So
far, much attention has been paid to make full use of the structure- and morphology-
dependent properties of different dimensional BWO. However, research on the
optimization of photocatalytic properties of different dimensional nano-structured
BWO are still in their infancy. A further comprehensive exploration on the factors
governing the photocatalytic activity of nano-structured BWO photocatalysts with
controlled morphology are in demand.

In spite of the young research on the optimization of photocatalytic properties,
nano structures of BWO hold wonderful potential to solve the environmental issues.
Nano-structured BWO with controlled morphology are believed to be more applicable
in environmental pollutant treatment and clean-energy production, eventually being
applied in wider fields. With the development of nanotechnology, multiple
opportunities will emerge to advance nano-structured BWO photocatalysts into a
powerful tool to be applied in environment beyond we have realized to date.

5.2 Challenges and prospects

The promising opportunities provided by controllable fabrication of BWO are brilliant.
Simultaneously, challenges exist together with opportunities, which are waiting to be
resolved.
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(i) In structure fabrication, ordered growth of electroconductive materials on layered
BWO to avoid the loss of active sites and cost reduce in preparation and recycling
process for commercial application are the main challenges.

(i) When nano-structured BWO are applied in our life for pollutant treatment and
clean-energy production, most of them will become deposition into water or soil
environment. Such deposited BWO in water could produce toxicity to living cells via
the generated reactive oxygen and radicals (Fig. 18). Research on the toxicity of nano-

structured BWO on environmental living cells is still absent.
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Fig. 18 Major toxicity mechanism of BWO nanostructures on cells.

(iii) For application in the removal of pollutants over nano-structured BWO, most of
the researchers centred on a simple kind of environmental pollutant and the application
was limited in water environment. But in practical application, numerous pollutants
exist in the total environment. Efficient treatment methods for more complex
environmental matrix with using nano-structured BWO photocatalysts are in their
initial stage.

(iv) For clean-energy production, small reactor is the main limitation, and the output of
clean-energy cannot reach the demand of real application. And generally, special

trapping agent are needed in the reaction, such as h* scavenger or O trapping agent
35



used in hydrogen production, which will increase the cost of whole process.

It is anticipated this review will be a powerful resource to strengthen the efforts to
explore simpler methods for controllable fabrication of BWO nano structures with
showing excellent photocatalytic performance in environmental application.
Reasonable design and full exploration of nano structures and photocatalytic properties
can enrich the application of BWO for the utilization of solar energy. We believe that
this review will open a wider path with summarizing advanced fabrication approaches,
modifications, environmental applications and challenges for further development not
only in the catalytic process over BWO photocatalysts but throughout all the catalytic
systems.
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Table 1 Summary of pure nano-structured BWO and their photocatalytic application.

Dimension  Fabrication Structure and morphology ~ BET /m?g?  Morphology-dependent property Target /BWO dosage Ref
Photocatalytic efficiency

3D Hydrothermal 10.7 Layered flower-like spherical fromed 20 mg L™ 2,4,6-trichlorophenol /1 g L [53]
process by nanoplates. 52% in 120 min
hydrothermal 35.3 Layered flower-like spherical with 20mg L*RhB /0.1 g L* [58]
process larger surface area. 60% in 60 min
Sol-gel 14.2 Hierarchical microspheres with high 10 mg L't MB /0.67 g L* [60]
hydrothermal crystallization. ~80% in 100 min
process
Microwave 14.6 Nanoparticles (~60 nm) showed high 10°M MB /1gL? [61]

transportation efficiency of photo-

generated charges.

~92% in 180 min
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2D

1D

Hydrothermal

process

Sol-gel

process

Bottom-up
hydrothermal

process

Hydrothermal

process

Solvothermal

process

L5 pm

55.1

3.5

43.0

5.6

Single-unit-cell layer established 3D
hierarchical BWO showed high

adsorptivity.

Nanoplate with enhanced multiple

reflections of visible light.

Monolayer nanosheets showed rapid
separation of photoexcited e - h*

pairs.

Ultrathin square nanoplate showed

rapid move of charge carriers.

hollow structure improved the charge

collection.

0.0lmM RhB /1 gL

93.1 % in 60 min

5mgL*RhB/1gL?

91.1% in 120 min

10mgL*MO/1gL?

47.3% in 120 min

Reduction of CO, to CH4

1.1 umol g h't of CH4

10°MRhB/0.5¢gL?

99.0% in 90 min

[69]

[72]

[114]

[136]

[77]
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5

Table 2 Environmental application of modified nano-structured BWO photocatalysts.

Photocatalyst Target Dosage of photocatalyst Photocatalytic The proposed reason for improved performances Ref
Efficiency
Hemin-BWO 10 mg L' RhB 01glL* 99.5% in 60 min Hemin act as an electron shuttle that transferred the photogenerated [58]
electrons of BWO.
BizFesOo/BWO 10 mg L' RhB 03glL? 99.9% in 90 min The formation of Z-scheme heterojunction enhances the separation [93]
of photogenerated charge carriers.
AgzVO./BWO 10 mg Lt MO? 06glL? 84.5% in 60 min The formation of Ags;VO./BWO heterojunction facilitates the [105]
10 mg L' RhB 99.8% in 15 min separation and migration of photogenerated carriers.
10 mg Lt MB? 99.8% in 15 min
RGO/BWO 10 mg L't MO 05gL? 80.1% in 480 min RGO has a positive impact on the electronic properties of BWO. [108]
CBW 10 mg L't MO 1.0gL? 80.2% in 120 min  CQDs act as an electron reservoir for trapping photoexcited electrons  [114]
to separate the electron-hole pairs.
g-CsN4+/BWO 25 uM IBF? 02glL? 96.1% in 60 min The formation of ultrathin heterojunctions enhances the charge [145]

transfer across substantial heterojunction interface.
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BWO/PDI

AgsVO./BWO

CBW

Au(x)Pd(x)-BWO

Flower-like BWO

5 ppm phenol

20 mg LT TC?

10 mg L BPA

Selective oxidation of
0.05 mmol benzylic

alcohols to aldehydes

Selective oxidation of
0.1 mmol benzylic

alcohols to aldehydes

05gL?

0.6gL?

1.0gL?

5.0 mg

8.0 mg

68.2% in 180 min

71.5% in 15 min

99.9% in 60 min

1.5 mmol ht g*

0.6 mmol h't gt

Self-assembled PDI and BWO surface hybridization to promote the
separation of photogenerated carriers, electrons in the LUMO orbit
of PDI are injected into the conduction band of the BWO, produced

a superoxide radical-based visible light degradation activity.

The formation of AgsVO4/BWO heterojunction facilitates the

separation and migration of photogenerated carriers.

CQDs act as an electron reservoir for trapping photoexcited electrons

to separate the electron-hole pairs.

The multi-component interactions between metals and between
metals and semiconductor improved the photoabsorption and charge

carriers separation.

The integrative factors associated with morphology have an effect on
the selective oxidation, including the slight oxidation ability and

stronger adsorption on benzylic alcohols than aldehydes.

[89]

[105]

[114]

[116]

[121]
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BCW

BWO-180-C

Ce0.@BWO

Single unit cell

BWO

BWO HMSs?

g-CsN/BWO

Selective oxidation of
0.5 mmol benzene to
phenol

2 ppm NO

400 mL/min

8 mgL Cr(VI)

4.78 mM cyanide

CH4 production (0.5

mL min?t CO,)

CHs production (0.2

mL min*t CO,)

CO production

50.0 mg

01g

05gL?

0.2¢

02g

0.1g

0.2 mmol ht g*

95.2% in 2 min

99.6% in 60 min

98.3% in 60 min

75.0 umol gt ht

16.3 umol gt h?

5.19 pmol gt h™?

The unique hierarchical  heterostructure  improves the

photoabsorption and charge carriers separation.

Appropriate pores size and the special interconnected porous
networks of hierarchical multi-directional mesoporous structures

improve the photocatalytic efficiency, durability, and reusability.

The oxygen vacancy, heterostructures improved charge separation
and interfacial charge transfer efficiency, and the hollow capsule of

the photocatalyst improve the light efficiency significantly.

Atomic layers afford abundant catalytic sites, increased two-

dimensional conductivity, and superior structural stability.

Hollow microspheres possess large surface area and high CO-

adsorption capacity.

Z-scheme reaction of g-CsN4/BWO significantly promoted
separation of photo-generated carriers under visible light

irradiation.

[122]

[126]

[130]

[38]

[135]

[137]
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Cu,0/BWO H production 0.1 g was added in 450 mL

distilled water

BWO/Cus sSe H3 production 0.1 g was added into 100 mL

CR?solution (100 mg L)

BWO-CusP H> production 0.1 g was added in 80 ml of
0.5 M NaHPO4/NaH;PO4

buffer solution

30.7umol g* h't

30.1umol gt h't

4.8umol gt h?

Heterostructure of Cu;O/BWO enhances light absorption and [138]

effective inhibition of recombination of photogenerated carriers.

Bi,WOs/Cus sSe heterojunction reveals good light absorption, [139]
suitable band gap structure, and effective separation of

photogenerated electron-hole pairs.

Effective solid—solid contact plays an important role in the [142]

improved efficiency.

2 MB, methylene blue; MO, methyl orange; IBF, ibuprofen; TC, tetracycline hydrochloride; BWO HMSs, BWO hollow microspheres; CR, congo red.
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