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Abstract

Environmental pollution and energy crisis have become major challenges to
sustainable development of human society. Solar-driven photocatalytic tech-
nology is regarded as an extremely attractive solution to environmental reme-
diation and energy conversion. Unfortunately, practical applications of
traditional photocatalysts are restricted owing to the poor absorption of visible
light, insufficient charge separation and undefined reaction mechanism. There-
fore, developing novel visible light photocatalysts and exploring their modifica-
tion strategies are significant in the area of photocatalysis. Bi-based
photocatalysts have attracted wide attention due to unique geometric struc-
tures, tunable electronic structure and decent photocatalytic activity under visi-
ble light. At present, Bi-based photocatalysts can be mainly classified as
bismuth metal, binary oxides, bismuth oxyhalogen, multicomponent oxides
and binary sulfides, and so forth. Although they can be used as independent
photocatalysts for environmental purification and energy development, their
efficiency is not ideal. Therefore, many efforts have been made to enhance
their photocatalytic performance in the past few decades. Significant progresses
in determining the fundamental properties of photocatalysts, improving the
photocatalytic performance and understanding the photocatalytic mechanism
in important reactions have been made benefited from the various new devel-
oped concepts and approaches. This review introduces the structural properties
of Bi-based photocatalysts in detail and summarizes the design and modifica-

tion strategy for improving the photocatalytic performance, including metal/
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1 | INTRODUCTION

With the rapidly developing of agriculture, industry and
social economy, environmental pollution and the
energy crisis have become major challenges to sustain-
able development of human society.'* Solar-driven
photocatalytic technology is an emerging photochemical
technique and has been extensively studied since the
1970s. Photocatalysis can harvest energy directly from
sunlight for water splitting into H, gas, harmful pollut-
ant decomposition, selective organic transformations,
N, fixation and CO, conversion to energy bearing car-
bon fuel sources.”® Therefore, photocatalytic technology
has been an extremely and environmentally friendly
solution to environmental remediation and energy
conversion.

The exploitation of photocatalysts is one of the keys
to realize the high-performance application of photo-
catalytic technology.'®"* Up to now, various semiconduc-
tor photocatalysts have been developed, including metal
oxides (TiO,, Bi,0s, etc),>° metal sulfides (MoS,, Bi,Ss,
etc),’”*' multi-component oxides (Bi,WOg, SrTiOs,
etc metal selenides (MoSe,, CdSe, etc),***° metal
phosphides (Co,P, Ni,P, etc),*®** metal phosphates
(AgsPO,, BiPO,, etc),*>* metal halides (AgBr, etc),*>*’
metal oxyhalides (BiOBr, BiOCI, etc),*** metal-free
materials (SiC, g-C3Ny, etc)*'™* and so on. Among them,
the semiconductor with a band gap of Eg >3 eV are
called wide-band-gap photocatalysts. On the contrary,
those with a band gap of Eg <3 eV are called visible-
light-responsive photocatalysts.** The wide-band-gap
photocatalysts can only be stimulated by high-energy
ultraviolet light that accounts for less than 5% of incident
solar light.*> Nevertheless, the energy of visible light
accounts for 43% in solar energy and thus developing
visible-light-responsive photocatalysts are necessary in
photocatalysis.

Among reported semiconductor photocatalysts, a
variety of visible light active Bi-based photocatalysts has
recently received considerable interests. Researches
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photocatalytic mechanism

nonmetal doping, construction of heterojunctions, regulation of crystal facet
exposure, and structural defects. Furthermore, we discuss the catalysis mecha-
nisms of Bi-based materials in terms of semiconductor photocatalysis and
plasmonic photocatalysis. Finally, the applications, challenges and prospects of
Bi-based photocatalysts are proposed to guide the future work.

Bi-based photocatalysts, energy conversion, environmental remediation, modification strategy,

indicates that the stability of Bi** is better than that of
Bi** and thus Bi’**-containing compounds have been
studied more extensively rather than Bi’*-containing
compounds. In the valence band of Bi’*-containing com-
pounds, overlap of O 2p and Bi 6s orbitals could enhance
the photogenerated charge mobility for improving the
photocatalytic activity. Additionally, the band gaps of
most Bi-based compounds are usually small and can be
excited by visible light except for BiOF, BiOCl or
Bi,0,C0; etc.***® Therefore, Bi-based photocatalysts
have attracted intensive research interests on environ-
mental remediation and energy conversion.

Plentiful Bi-based photocatalysts have recently been
reported including Bi metal, Bi,O;, BiOCl, Bi,Ti O,
Bi,WOg, Bi,0,CO3, Bi,S;, etc. And they can usually be
categorized as bismuth metal, binary oxides, bismuth
oxyhalogen, multi-component oxides and binary sul-
fides. However, the photocatalytic performance of those
individual Bi-based semiconductors is not sufficiently
effective for practical environmental and energy appli-
cations due to the excessive electron-hole recombination
and the limited absorption ability of visible light. Many
attempts have been made to improve the photocatalytic
efficiency of pure Bi-based photocatalysts, which con-
centrated on doping, heterojunction construction, crys-
tal plane regulation and defect structure. Additionally,
the photocatalytic mechanisms of Bi-based photo-
catalysts have not been deeply discussed in environ-
mental remediation and energy conversion. Considering
the rapid development of this important area, a com-
prehensive review is necessary to summarize the recent
advances on Bi-based photocatalysts. In this review
(as shown in Figure 1), the research progress of
bismuth-based nanophotocatalytic materials is intro-
duced in detail based on the structure properties, the
photocatalytic mechanism, and design strategy for
enhancing light-driven Bi-based photocatalytic perfor-
mance. Finally, the developments, challenges and pros-
pects of Bi-based photocatalysts are summarized in
environmental and energy applications.
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Schematic illustration of Bi-based photocatalysts
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FIGURE 2
chemical formulations for Bi-based photocatalysts

Schematic illustration of classify and partial

2 | STRUCTURAL OF BISMUTH-
BASED PHOTOCATALYTIC
MATERIALS

Many Bi-based photocatalysts have recently been devel-
oped as shown in Figure 2. Most of Bi-based photo-
catalysts can be excited via visible light owing to a band
gap of less than 3.0 eV, except for BiOF, BiOCl, and
Bi,0,CO; etc. Additionally, Bi,S;, BiOI, and KBiO; can
absorb visible light with longer wavelengths because of a
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band gap (<2.0 eV). The band gap will affect the light
absorption capacity and also determine the generation of
carriers. Moreover, the photocatalytic activity is also
affected by their electronic structures and band positions,
which will determine the separation and migration of
carriers and the redox reaction. Therefore, the structure
properties of Bi-based photocatalysts have been exten-
sively investigated.

2.1 | Bismuth photocatalyst
The bismuth (Bi) in ground state has a rhombohedral A7
trigonometric symmetric structure (space group No. 166,
R3m). **° That structure comes from the transformation
of simple cubic structure via two separate distortions
including trigonal shear and relative displacement.’’>
Moreover, mosaic structures of Bi consisted of one mono-
clinic (M) and two triclinic structures (T1 and T2).>* They
might be formed through the tiny lattice distortion of A7
structure and they coexist with the A7 structure.”® Wu
et al reported the structures of Bi including A7, M, T1,
and T2 in Figure 3A. The No. 166 (R3m), No. 12 (C2/m),
No. 2 (P1), and No. 2 (P1) in space groups were assigned
to A7, M, T1, and T2 structures, respectively.>*>®>” The
unique electronic band feature of Bi is the existence of a
small overlap between conduction band at the L points of
the Brillouin zone and valence band at the T points (T and
L points would have been equivalent in nondistorted f.c.c
lattice). That overlap is attributed to the semimetallic char-
acter of Bi. Gonze et al developed the band structure of the
A7 structure of Bi.>® Additionally, Wu et al also pointed to
that the M-phase Bi is a semimetal similar to the A7-phase
Bi.***® And some studies have shown the semimetallic
property is existed in T1-phase Bi and also found the band
gap of direct semiconductor T2-phase Bi is narrow
(0.07941eV).* Among them, the T2-phase Bi has better
thermoelectric properties.*” The classification of Bi as a
semimetal is closely related to its unique properties includ-
ing very special electronic structure, small effective
masses, long Fermi wavelength, etc. Additionally, a transi-
tion from semimetal to semiconductor would be happed
in the Bi with diameters of several tens of nanometers due
to the nanoconfinement effects.>

Moreover, Bi has been found to exhibit plasmonic
properties similar to Au and Ag. The collective stimula-
tion of the free electrons in the semimetallic Bi results in
the SPR phenomenon, which leads to the strongly reso-
nant light absorption and the enhancement of near-field
and scattering.®®®” This implies that bismuth has good
absorptivity either as a semimetal with plasma resonance
effect or as a material with semiconductor property, but
how to control the particle size and size of bismuth and
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study the semimetallic properties or plasma resonance
effect of bismuth and its photocatalytic performance rela-
tions need further in-depth study in the same system.

2.2 | Bismuth oxide and sulfides
photocatalyst

Bi,O5 has six crystal forms of o, f, y, 8, &, and ©.°%°° The
typical crystal types are a-, f-, y-, and 6-Bi,O3. Figure 3B
shows the crystal structures of some Bi,O;. Among them,
a-Bi,O5; (monoclinic structure) and &-Bi,O; (face-
centered cubic structure) are respectively the stable
phases of low temperature and high temperature. The
-Bi,O; (tetragonal structure) and y-Bi,Os (body-centered
cubic structure) are metastable phases. Different crystal-
line phases can be transformed into each other at a cer-
tain temperature. Bi,Oz has a phase at room temperature
and its melting point is 824°C. It can be transformed into
8 phase when it is heated to 729°C. In the process of
cooling, the § phase will precipitate to form p phase and
v phase at 650°C and 639°C, respectively.”® Oxygen
vacancies in the structure of 8-Bi,O; are irregularly dis-
tributed. Oxygen ions in the structure have high mobility,
which shows high conductivity of oxygen ions.”' The
arrangement of oxygen vacancies in the structures of
$-Bi,O3 and §-Bi,O; is similar. The band gap of Bi,Os is
widely distributed during 2.1 to 3.96 eV,”>”* the band gap
energy of p-Bi,O; is 2.58 eV and «-Bi,0; is 2.85 eV. Due
to the various crystal types and wide adjustable band gap
width, Bi,O; exhibits high-performance oxygen ion con-
ductivity, excellent dielectric property, high refractive
index, excellent photoconductivity and photo-
luminescence performance depending on their phase
structure. Therefore, Bi,O5 is widely used in optoelec-
tronic materials, sensors, microelectronic components,
catalysis, high temperature superconducting materials
and high refractive index glasses and other fields.”

As a visible-light photocatalyst, Bi,O; shows excellent
photocatalytic performance and has huge potential appli-
cation prospects in the field of photocatalysis. However,
due to its inherent drawbacks such as poor structural sta-
bility, prone to photocorrosion, and high loading rate of
photogenerated electron holes, Bi,O; is not used as a
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catalyst alone to degrade organic pollutants.”>’® There-
fore, the current research focuses on improving the struc-
tural stability of Bi,O;, improving its light corrosion
resistance and enhancing its visible light response. In
addition, the photocatalytic mechanism of Bi,O; hetero-
junction complex, the interfacial properties, loading
properties, recycling, and the combination of different
composite modification methods are still worthy of fur-
ther study.

Besides Bi,O3, bismuth oxides also contain monoclinic
dibismuth tetraoxide (m-Bi,O,) which has recently attracted
the attention of scholars in the field of photocatalysis due to
its excellent visible light absorption and unique electron
band structure.””® Wang et al prepared submicrorods m-
Bi,0, with a narrow band gap (2.0 eV), which wavelength
of light absorption up to 620 nm and also show an excellent
visible-light photocatalytic activity for degradation of
organic pollutants and bacterial inactivation.” Herein, m-
Bi,O, might be a novel and stable photocatalyst with
visible-light response, which will have great application
prospects in the fields of environmental restoration and
energy conversion. However, the current research about
preparation technology, morphology regulation, and elec-
tronic structure adjustment of m-Bi,O, are still insufficient,
so future research work can focus on the above aspects to
further develop and develop advantages of m-Bi,O,.

Bi,S; is a typical A, B;¥' (A = As, Sb, Bi; B = S, Se,
Te) metal chalcogenide compound, which has a narrow
band gap during 1.3 to 1.7 eV. And Bi,S; crystal is usually
orthorhombic phase with a lamellar structure.®"®
Figure 3C shows the crystal structure characteristics of
Bi,S;. Along the b axis, the pseudolayer is weakly con-
nected via Bi2-S1 = 3.31 A interactions. Additionally, each
pseudolayer contains [Bi;S¢]., ribbons that is constructed
by Bi-S bond in 2.58 to 2.74 A. The Bil is 6-fold coordi-
nated with three strong Bi-S bonds and three weak ones.
And Bi, has a 5-fold coordinated square pyramid sphere.®
To date, much effort have been focused on the synthesis of
various Bi,S; nanostructures such as nanorods,
nanoribbons, nanowires, nanoflowers, and nanocabbages
by different methods including template-directed method,
hydro/solvothermal procedure, microwave irradiation,
electrochemical deposition, and sonochemical tech-
niques.®*®> Bi,S; is easily stimulated by visible light to

FIGURE 3 A, Four polytype phases of Bi and their corresponding first Brillouin zones. B, Crystal structure of Bi,O3 crystal form:

a-Bi,03, B-Bi,03, 8-Bi0s. C, Single crystal structure of Bi,S;. D, The BiOX crystal structure. E, Schematic crystal structure of BiVO,,
Bi,WOg, Bi,M0Og, and Bi,0,CO; in the mode: scheelite BiVO,, Aurivillius orthorhombic Bi,WOg, Aurivillius orthorhombic Bi,MoO.
orthorhombic Bi,0,CO;. Source: A, Reproduced with permission: Copyright 2019, Elsevier.** Source: B, Reproduced with permission:

Copyright 2010, Royal Society of Chemistry."'* Source: C, Reproduced with permission: Copyright 2009, American Chemical Society.**

Source: D, Reproduced with permission: Copyright 2016, Royal Society of Chemistry.®® Source: E, Reproduced with permission: Copyright

2014, Royal Society of Chemistry.'®" Copyright 2014, Elsevier'®>
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produce electron-hole pairs, which makes it a potential
material for photocatalytic environmental remediation
and energy conversion. But the practical applications of
Bi,S; as a single catalyst is limited due to its inherent
defects, such as poor structural stability, prone to photo-
etching, and high load rate of photoelectron holes.

2.3 | Bismuth oxyhalogen photocatalyst

2.31 | Crystal structure

The crystal structure of BiOX (X = F, Cl, Br, I) is PbFCI
type with D4h symmetry and P4/nmm space group, and
BiOX belongs to tetragonal system. As shown in
Figure 3D, [Bi,0,]** layer interlaces with double halogen
ions in the crystal structure of BiOX, which makes BiOX
material have strong anisotropy.***® The [X-Bi-O-Bi-X]
layer of BiOX is extended along (001) direction, and the
layer with positive charge and the [X] layer with negative
charge can induce an internal electric field along (001)
direction.”” And BiOX has an asymmetric decahedral
geometry owing to the special coordination around bis-
muth center in each [X-Bi-O-Bi-X] layer.®” Interactions in
the [Bi,0,]*" layer are generated by covalent bonds,
while the [X] layer is superimposed by van der Waals
forces (nonbonding interactions) between X atoms along
the ¢ axis.>® The formation of layered structures can be
induced by covalent bonding in strong layers and van der
Waals interaction between weak layers. Under the action
of internal electric field, the photogenerated electron-hole
pairs produced by photoexcitation can be easily sepa-
rated, which is helpful to the photocatalytic reaction.®®!

2.3.2 | Electronic structure

For BiOX crystal, the composition of O 2p state and X np
state (X = Cl, Br and I are n = 3, 4, and 5 respectively)
constitutes the valence band maximum, and the conduc-
tion band minimum is dominated by Bi 6p state.’***%*
When the atomic numbers of X increases, the band gap
will be narrowed and the dispersive characteristic of band
energy level becomes more obvious due to the signifi-
cantly increasing contribution of X ns states. Obviously,
the composition of the layered structure such as atomic
numbers of X can highly affect the band gap values and
the redox potentials of BiOX. In the BiOX series of semi-
conductors, BiOF is direct bandgap semiconductor with
large band gap and is less studied. BiOCl, BiOBr and BiOI
are all indirect bandgap transitions. The three semicon-
ductors (BiOCl, BiOBr and BiOI) show different advan-
tages and disadvantages in photocatalytic applications.
The band gap of BiOCl is about 3.2 eV, so the absorption

threshold of BiOClI is in the ultraviolet region and the
absorption ability of BiOCl to visible light in sunlight
is weak. The band gap width of BiOBr is about 2.9 eV
and the response range to visible light is relatively
low. The band gap of BiOI is the smallest, showing a
high absorption capacity of visible light. But the redox
ability of BiOI in the photocatalytic process is weak
due to the redox potential position problems of valence
band and conduction band, which limits its photo-
catalytic application. Therefore, BiOX photocatalytic
materials need further modification to achieve higher

photocatalytic activity and expand its practical
application.
2.4 | Multi-component oxides

photocatalyst

Bi-based multi-component oxides contain various
oxysalts including BiVO,, Bi,Ti,O,, Bi,0,CO3, Bi;WO4,
and Bi,MoQOs, etc., usually with a layered Aurivillius
structure, that is, . [Bi,0,]** layers inter-grown along the
c axis. In this section, we focus on the mostly studied
BiVO,, Bi,0,CO3, Bi,WOg, and Bi,MoO¢ materials.

24.1 | Crystal structure
BiVO, mainly has three crystal structures including
tetragonal scheelite structure, monoclinic scheelite struc-
ture and tetragonal zircon structure. Different crystal
forms can be transformed with each other under certain
conditions.”® At high temperature, the tetragonal phase
of BiVO, is a stable phase. In addition, the phase transi-
tion was reversible between monoclinic scheelite BiVO,
and tetragonal scheelite BiVO, at 528 K.”® The band gap
of tetragonal zircon BiVO, is 2.9 eV and the scheelite
BiVO, has a band gap of 2.4 eV. At present, the scheelite
BiVO, is the most widely studied BiVO, photocatalyst.®’
Figure 3E exhibits the crystal structure of scheelite
BiVO,. The Bi-V-0 units stacked to form a layer structure
parallel to the c axis. A VO, tetrahedron is formed via
coordination between one V ion and four oxygen atoms.
Each VO, tetrahedron is not in contact with each other
and each Bi ion interacts with eight oxygen atoms in
eight different VO, tetrahedron.”®

Bi,MO¢ (M = Mo, W) have two crystalline phases in
compounds: orthorhombic and monoclinic structure. At a
low and medium temperatures (T < 960°C), the ortho-
rhombic structures of Bi,MoO4 and Bi,WO4 were mainly
formed while the monoclinic structure existed at a high
temperature (T > 960°C).”>'® The orthorhombic phase of
Bi,MOgs (M = Mo, W) photocatalyst has been studied
widely. Figure 3E exhibits the schematic crystal structure of
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the orthorhombic Bi,WOg and Bi,MoO, respectively. A lay-
ered structure can be observed in Bi,MO; (M = Mo, W)
photocatalysts, which consists of MOg octahedral layers and
Bi-O-Bi layers. Each MOg octahedron is connected to each
other through corner-sharing O atom. The [Bi,O,]** layers
are sandwiched between MOg octahedral layers.'®*'*!
Bi,0,CO; is a typical “Aurivillius” phase in which the
[Bi,O,]** layer and [COs]*~ layer are symbiotic in an
orthogonal manner, forming a two-dimensional structure.
The Bi,0,COj crystallizes in the orthorhombic space group
Imm?2. The crystal structure was shown in the left of
Figure 3E. The segregated “standing-on-end” carbonate
layer can be clearly seen in the crystal structure and the
two kinds of Bi atoms are all eight coordinated.'*>'**

The BiVO,, Bi,MoOg, Bi,WOg, and Bi,0,CO; photo-
catalysts generally have a layer structure with local lattice
distortions that derived from asymmetric coordination
environments drived by Bi 6s lone pair electrons. In addi-
tion, the electronic structure would be affected by the dis-
tortion of the local crystal structure, which would affect
the photocatalytic activity.

2.4.2 | Electronic structure

The BiVO,, Bi,MoO¢, and Bi,WOg4 photocatalysts pos-
sess a direct band gap. According to density functional
theory (DFT) calculations, the O 2p and Bi 6s levels
form the valence band while M nd (V 3d, Mo 4d, W
5d) levels form the conduction band, which demon-
strates that the charge in O 2p + Bi 6s hybrid orbitals
would transfer to the empty M nd orbitals during pho-
toexcitation.'®'®® In addition, the Bi 6s®> lone pair
with spatial activity reduced the oxidation band gap
and improved the hole conductivity, because the Bi 6s
orbital was located in the O 2p orbital and dispersed
the top of the valence band to a large extent.'°® In
combination with the analysis of crystal structure and
electronic structure, M is generally considered to be a
reduction site while oxidation may occur at Bi or O
sites’® Bi,0,CO; has an indirect band gap about
3.1 eV.'""2 The conduction band is mainly composed
of Bi 6p states while the O 2p, C 2p and Bi 6s states
form the valence band, and the band-gap transition
mainly occur between O 2p states and Bi 6p states.
Moreover, the O 2p states form the gap states below
the Fermi level, which is from the [COs]*” units but
not the [Bi,0,]*" layers. Some discrete states composed
of C 2p and O 2s states are also introduced via [COs]?
~ units, which lie below the valence band bottom.
Compared to [COs]*” units, the contribution of O 2p
from [Bi,0,]*" layers to the gap states is little and the
O 2s states of [Bi,0,]*" layers are not discrete.''?

3 | STRUCTURAL TUNING OF
BISMUTH-BASED
PHOTOCATALYTIC MATERIALS

Up to now, the photocatalytic performance of pure Bi-
based semiconductors is not active sufficiently for practical
environmental and energy applications because the lim-
ited absorption ability of visible light and the excessive
recombination of electron-hole pairs. According to the
understanding on structure properties of Bi-based photo-
catalysts in Section 2, the crystal structure and electronic
structure of semiconductors would affect photocatalytic
activity. From the perspective of crystal structure, the
photocatalytic performance is strongly linked to the size,
morphology, and crystal facet of Bi-based photocatalysts.
Therefore, photocatalytic properties could be enhanced by
controlling the photocatalyst microstructure. Additionally,
the electronic structure can control many properties of
photocatalysts including the light absorption properties,
charge separation and transfer, thermodynamic and
kinetic processes of photocatalytic reactions. Recently,
many strategies have been made to regulate electronic
structure to enhance the photocatalytic performance,
which include doping, heterojunction construction, crystal
plane regulation and defect structure. This section will
outline these strategies used to regulate the structures of
Bi-based photocatalysts and discuss how they affect the
photocatalytic performances.

3.1 | Microstructure control

3.1.1 | Size and morphology control

Photocatalysts may exhibit different properties when
reducing the dimension to nanoscale. A significant
increase in the percentage of atoms or ions exposed to
catalyst surface will result in largening specific surface
area, thus promoting the increase number of active sites
for the photocatalytic reactions.''>''” Under light irradia-
tion, average diffusion time of photogenerated carrier
from bulk to surface can be given by z = r*/z’D, where
r is the grain radius and D is the diffusion coefficient of
the carrier."'® Therefore, when particle radius is reduced,
abundant photogenerated carriers would be easily moved
to the surface for photocatalytic reaction. Bismuth as a
plasmonic photocatalyst is generally in the nanoscale
range. Many methods can be used to synthesize
nanospheres, nanorods and nanosheets.'***?! Figure 4A
shows typical synthetic methods of bismuth, which can
be controlled by adding surfactants such as PVP and cit-
ric acid.'®* It was found that Bi nanostructures in various
morphology extended different optical properties. The
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absorption peaks in UV-visible spectra were shifted or
broadened owing to the decreased sizes or the changed
shapes of the synthesized Bi nanostructures. It is reported
that the surface plasmon resonance (SPR) absorption
peaks of bismuth (Bi) are in the range of 230 to 290 nm,
which will change with the size and shape of
Bi. Therefore, the SPR effect can be modulated by
adjusting the size and shape of Bi metal nanoparticles.
The results show that the increase of bismuth particle
size (>100 nm) may lead to new absorption peaks during
300 to 600 nm, which may be attributed to the scattering
of bismuth. In a few studies on bismuth, bismuth is
observed as the absorption edge of semiconductors with
narrow band gap below 2.5 eV. This shows that bismuth
has good absorptivity either as a semimetal with plasma
resonance effect or as a material with semiconductor
property.ug'ul

Additionally, the morphologies of photocatalysts also
affect the catalytic performances. Several BiVO, samples
with peanut-like and needle-like architectures have been
synthesized (Figure 4B)."**> The needle-like BiVO,
showed better photocatalytic performance, which indi-
cates the morphology of prepared BiVO, strongly affected
the photocatalytic activity. In addition, the parameters
such as pH values, surfactants and/or template would
affect the synthesis processes of photocatalyst and thus
determining their morphologies. The different shapes of
Bi,WOg4 samples have been synthesized by tuning above
parameters, which includes nanoplates, nanoparticles,
and  flower/sphere-like,  nest/tyre/helix-like  and
nanocage-like superstructures, summarized in
Figure 4C."**'* The different morphologies of Bi,WOg
have obtained different structure properties related to the
photocatalytic performance. Therefore, when those
Bi,WO4 were applied to degrade the organic pollutant
and disinfect the bacteria, they exhibit structure/compo-
nent-dependent photocatalytic performance.

The above progress has demonstrated that size and mor-
phology of Bi-based photocatalyst plays a crucial role in pho-
tocatalysis. However, it is worth noting that the increased
specific surface area by reducing the size or changing mor-
phology also means that the carrier recombination is more
likely to appear on the surface. When the recombination
plays a major role, the activity will also decrease. Therefore,

_WILEY_L 2

attention should be paid to balance the effect of the struc-
tural properties caused by the size and morphology on the
photocatalytic reactivity in the actual photocatalytic process.
It is a significant direction to improve photocatalytic perfor-
mance of Bi-based photocatalysts by developing precise reg-
ulation means or methods to obtain the best catalytic active
sites and specific surface area, etc.

3.1.2 | Crystal facet regulation

The surface atom arrangement and coordination of semi-
conductor photocatalysts directly determine their adsorp-
tion and desorption performance and the surface
migration of photogenerated carriers, the photocatalytic
efficiency will be affected by the surface state of the cata-
lyst. Surface atom alignment and coordination change is
reflected by the crystal surface of semiconductor with dif-
ferent orientation. Therefore, for a specific semiconductor
photocatalyst, different exposed crystal surfaces strongly
affect its photocatalytic performance.'*% %

Recently, some researchers reveal that a semiconduc-
tor exposed to particular plane has a lower conduction
band and a higher valence band, thereby narrowing the
band gap and facilitating the generation of electron-hole
pairs under light irradiation. For instance, Zhang et al
compared the photocatalytic properties of BiOBr respec-
tively exposed (102) and (001) facets (Figure 4D)."*° The
study found that the BiOBr exposed (102) facet has a
lower minimum value of conduction band and a maxi-
mum value of higher valence band compared with the
BiOBr exposed (001) facet owing to the different surface
states. Therefore, BiOBr with exposing (102) facet has
higher electron injection efficiency, thus having better
photocatalytic performance. In addition, the exposure of
specific crystal surface in the photocatalyst can facilitate
the electron-hole pair charge separation, and thus show-
ing higher photoreactivity. Ye et al reported that the den-
sity of oxygen atoms in {001} crystal surface of BiOCl is
high, so abundant oxygen vacancies will be generated
under ultraviolet irradiation, thus improving the
electron-hole separation efficiency, and enhancing the
photoactivity of BiOCL'** Additionally, the formation
mechanisms of facet-dependent radicals and pollutant

FIGURE 4 Microstructure control. A, The influence of different surfactants on the different morphology preparation of bismuth

monomer. B, Schematic illustration of different morphologies of BiVO,. C, The summary diagram of different morphologies of Bi,WO¢ by

adjusting pH value or adding different surfactants. D, Structures of BiOBr with different facets and illustration of electron injection of the
RhB-BiOBr system. E, The different NO adsorption models on the {110} and {001} surfaces of Bi,0,COs. Source: A, Reproduced with
permission: Copyright 2010, Elsevier.'*? Source: B, Reproduced with permission: Copyright 2012, Elsevier.'** Source: C, Reproduced with

permission: Copyright 2011, Elsevier.'** Source: D, Reproduced with permission: Copyright 2014, American Chemical Society.'** Source: E,

Reproduced with permission: Copyright 2019, Royal Society of Chemistry
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adsorption activation mechanism of different facets,
which could result in enhanced catalytic activities."*!
Chen et al pointed out that the interactions between dif-
ferent crystal surfaces and the adsorption reactants were
different, which leads to the different adsorption and acti-
vation mechanisms of the reactants that would have a
significant impact on the photocatalytic activity and reac-
tion mechanism (Figure 4E). Additionally, activation of
O, and H,O0 molecules on Bi,0,CO; with {001} exposure
(denote as 001-BOC) are stronger, so more active free
radicals are stimulated to promote photocatalytic activity.
Different adsorption and activation behaviors of NO on
{110} and {001} facets, and different photocatalytic reac-
tion pathways for NO removal were induced.*’ Com-
bined above analysis, regulating the facet exposure of
photocatalyst can change the microstructure properties
that affect photocatalytic performance. However,
research about the effect of the crystal facet for photo-
catalytic performance is still insufficient systematic,
which needs to go further study the influence of different
atom arrangement on light catalytic reaction process by
more in situ characterization methods in the future.

3.2 | Electronic structure control

3.21 | Doping

The element doping method is one of commonly used
modification methods to enhance the optoelectronic
properties of Bi-based photocatalyst. Element doping
mainly includes metallic element deposition and doping,
nonmetallic element doping and self-doping.'**'*¢
(1) Metallic element deposition and doping. The deposition
and doping of metallic elements could change the photo-
catalytic properties mainly in the following two aspects.
First, when metal ions enter the lattice, they will change
the crystallinity of the Bi-based photocatalysts or intro-
duce defects, so as to enhance the absorption properties
of light and the separation efficiency of photogenerated
charges.’*”**° For instance, Regmi et al synthesized Fe-
doped BiVO, with the in-gap state between the valence
band and conduction band of BiVO,, resulting in enhanc-
ing electron-hole separation and improving the absorp-
tion capacity of visible light. Therefore, photocatalytic
degradation efficiency of IBP and inactivation of E. coli
were improving under visible light irradiation in
Figure 5A.'*° Second, surface plasmon resonance effect is
generated by metallic element deposition on the semicon-
ductor surface. The introduction of SPR can also expand
the spectral response range of semiconductor and
improve quantum yield. Common deposition and doping
of metallic elements include Au, Ag, Bi, Fe, Ni, Co, Al,

etc.'"*""'** For instance, Huang et al synthesized Bi/B-
i2WO6 with visible light absorption for photocatalytic
decomposition of rhodamine B and 4-Chlorophenol. The
SPR effect of Bi enhanced the electron-hole migration
efficiency and the interfacial interaction between Bi,WOq
and Bi nanoparticles, and thus promoting the photo-
catalytic activity (Figure 5B).'** (2) Nonmetallic element
doping. Doping of nonmetallic elements can generate
doping energy levels between the conduction band and
valence band in Bi-based photocatalysts, which can not
only promote light absorption to boost the utilization rate
of light, but also improve the charge transmission of the
Bi-based photocatalysts to promote the effective electron-
hole separation, and inhibit their recombination. Com-
mon doped nonmetals include N, C, B, S, X (F, Cl, Br, I),
etc.'* %7 Wu et al synthesized boron (B) doped BiOBr
(B-BiOBr) nanosheets for inactivating a typical bacterium,
Escherichia coli K-12. The B dopant would accept extra e
from valence band of BiOBr, resulting in improving sepa-
ration efficiency of charge carrier (Figure 50).1 (3) Self-
doping. Self-doping is a new strategy that aims to intro-
duce some intermediates in the synthesis process into
photocatalysts so as to change energy band structure and
improve the photocatalytic performance. Huang et al
developed CO;* -self-doped Bi,0,CO; by hydrothermal
method. The light response of CO5* -self-doped Bi,0,CO5
was broaden from ultraviolet to visible light by continu-
ously regulating band gap (Figure 5D). The DFT calcula-
tion results show that CO;* -self-doping would lower the
position of conduction band and generate impurity level,
thus narrowing the band gap of Bi,0,C0O;.'*®

Generally, doping level includes deep level and shal-
low level, and the deep level can easily become the combi-
nation center of the carrier and seriously reduce the
photocatalytic activity. Hence, appropriate dopants and
their concentrations will importantly affect the electronic
structure and improve the photocatalytic performance.
The main function of appropriate doping is to enhance the
photogenerated electron-hole separation efficiency and
light absorption ability, thus improving the photocatalytic
efficiency. Depending on the type of impurity (shallow or
deep) and the properties of the valence state of the dopant
(inert lattice mismatch, donor, and recipient), the follow-
ing results are most likely to occur: the improved light
absorption, the enhanced conductivity of charge carriers
(mobility, diffusion or concentration) and the promoted
photoinduced charge separation efficiency.'**"'*

3.2.2 | Heterojunction

Bi-based heterojunction photocatalysts composed of mul-
ticomponent or multiphase materials are very effective
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strategies to design high activity photocatalytic systems.
Heterojunction photocatalyst can combine hetero-
junction and advantages of nanomaterials, promoting the
visible light absorption, charge carrier separation and
charge transfer efficiency by carefully designing two or
more different materials or phase of the semiconductor
materials. Therefore, this strategy has great potential
application prospects in photocatalysis.'*"*** Generally,
the semiconductor-semiconductor heterojunction could
be classified as straddle gap (type I), staggered gap (type
IT), and broken gap (type III) according to the band
arrangement in Figure 6A. Among those heterojunctions,
type II heterojunction has been extensively studied owing
to its excellent photogenerated electron-hole separa-
tion.'>>!°® According to the type of contact semiconduc-
tor and the mechanism of charge transfer and separation
between them, type II heterojunction mainly includes
p-n, n-n (p-p) and Z-scheme heterojunction (Figure 6B).

148

By constructing heterojunction, the electronic structure
of photocatalyst can be regulated to promote absorbing
ability of light and enhance the photogenerated charge
separation and migration. (1) The p-n heterojunction. By
the built-in electric field of interface, photogenerated
holes in n-type semiconductor are migrated to p-type
semiconductor while the photogenerated electrons are
migrated from p-type semiconductor to n-type semicon-
ductor, thus promoting the effective separation and life
extension of photoinduced electron-hole  pairs
(Figure 6B)."*”'°° He et al prepared a BiOCl/BiVO, p-n
heterojunction photocatalyst via hydrothermal method,
which owns visible-light absorption and efficient charge
separation and transfer, promoting the removal of methyl
orange (MO).'** Zou et al synthesized the flower-like
BiPO,/BiOBr p-n heterojunction composites, which
enhanced the separation of photoinduced electron-hole
pairs and thus showed higher photocatalytic degradation
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efficiency of gaseous 1,2-dichlorobenzene (0-DCB) under
visible light.162 (2) The p-p (n-n) heterojunction. The
potential difference between the two semiconductors
drives the photogenerated electron-hole separation with-
out built-in electric field (Figure 6B). Yi et al prepared
Bi,05/Bi;M00¢ heterojunction photocatalysts with n-n
type heterojunction structure, which promoted the
visible-light response and enhanced photogenerated
charge separation, and thus the degrading efficiency of
acid orange 7 (AO7) was improved.'®® (3) The Z-scheme
heterojunction. The Z-scheme heterojunction is a special
kind of heterojunction, which is different from p-n het-
erojunction. For Z-scheme heterojunctions, the direction
of electron flow is transferred from conduction band of
semiconductors with positive conduction band position
to valence band of another semiconductor with negative
conduction band position. The electron transport process
is shown in Figure 6B, which would decrease
photogenerated electron-hole recombination on semicon-
ductors with negative conduction bands and enable
photogenerated electrons to be used for reduction.'®*%’
Wang et al fabricated a BiOBr-Bi,MoOg photocatalyst
with Z-scheme heterojunction, which greatly improved
photocatalytic performance attributing to the efficiently
transferred of carriers in sandwiched layers.'®

By constructing above heterojunctions, Bi-based
photocatalysts can improve absorption of visible light
and obtain efficient electron-hole separation, thus
improving photocatalytic performance. In addition to the
formation of above traditional heterojunctions, the zonal
arrangement of different crystalline surfaces from the
same material can form surface heterojunctions, which
can greatly enhance charge separation.'®® In recent years,
the surface heterojunction as a new concept has brought
about widespread attention. The surface heterojunction
of Bi-based photocatalysts has been developed in
BiVO,.!”® Therefore, it will be a potential opportunity to
develop and study more Bi based surface heterojunction
photocatalysts in the future.

3.2.3 | Defect engineering

The surface defects can determine the electronic structure
and chemical properties of Bi-based photocatalyst,

including light absorption, conductivity, carrier diffusion
dynamics, thermoelectric power.'”**”* The defects are
mainly divided into deep defects and surface defects inside
the crystal. In the crystal, photogenic electrons and holes
are easy to recombine in the deep defect, reducing the
photocatalyst activity, so the formation of deep defect
should be avoided as far as possible in the synthesis pro-
cess. Defects in the surface of the crystal could also trap
charges, but they are released quickly, and the brief capture
could facilitate the electron-hole separation, enhancing
photocatalyst performance. An appropriate amount of sur-
face defects will has important effects on the energy band
structure and excitation process of Bi-based photocatalyst,
and the surface defects will form partial overlap between
the shallow energy level and the state density of the valence
band near the top of the valence band in the forbidden
zone, thus widening the width of the valence band and
reducing the forbidden band width. In Bi-based
photocatalyst, oxygen defect is the most common and
widely studied anionic defect as its formation energy is rel-
atively low. Localized states induced by oxygen vacancy
(OV) can extend the light response range and effectively
capture charge carriers, thus enhancing the mechanism of
influence on dynamics, energetics and further catalytic pro-
cesses. The oxygen defects with abundant local electrons
can enhance the interaction between oxygen and oxide sur-
face and promote charge transfer at the interface.'”>"”®
Recently, Zhang et al found that defects on the surface
of BiOBr will enhance the N, adsorption and activation to
achieve efficient photocatalytic —nitrogen fixation
(Figure 7A)."”° But the effect of OVs on the thermodynam-
ics of photocatalytic nitrogen fixation is not clear at present.
Zhang et al then used BiOCI-OV as a model catalyst to con-
tinue to study the kinetics and thermodynamics of nitrogen
fixation, and to define the control steps of the reaction. As
shown in Figure 7B, H,0, on BiOCI-001-OV can dissociate
spontaneously and one of the —OH groups is fixed at the
defect and the other —OH group is far away from the sur-
face. Similar H,0, dissociation took place on the BiOCI-
010-OV surface while the dissociated —OH group tended to
adsorb on the Bi atom close to OV to form-OH."*® As shown
in Figure 7C, a new plasma photocatalyst was formed by
depositing precious metal Au on {001} of oxygen-deficient
BiOCIl. The results show that oxygen defect can capture hot
electrons while the energy is insufficient to directly go

FIGURE 7 A, Defects enhance the N, adsorption and activation to achieve photocatalytic nitrogen fixation. B, The dissociation of H,0,
on different crystal surfaces of defective BiOCI. C, The morphology of Au-BiOCI-001-OV catalyst and the effect of defects on the thermal
electron transport. D, XPS valence spectra of the obtained samples and schematic band structure of bulk Bi,WO4 and Vg;-rich Bi,WOg. E,

Scheme of synthesizing the V,-rich and V,-poor 0-BiVO, atomic layers. Source: A, Reproduced with permission: Copyright 2015, American

Chemical Society.'”® Source: B, Reproduced with permission: Copyright 2017, American Chemical Society.'®® Source: C, Reproduced with

permission: Copyright 2017, American Chemical Society.'®" Source: D, Reproduced with permission: Copyright 2018, Elsevier.'® Source: E,

Reproduced with permission: Copyright 2017, American Chemical Society
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through the Schottky barrier. Coupled with thermal holes
with mild oxidation ability and OVs with enhanced oxygen
adsorption, Au-BiOCI-001-OV has a great prospect of selec-
tive alcohol oxidation.'®!

Compared with widely studied oxygen vacancies,
there are few reports about the photocatalyst with mental
vacancies and the influence of metal defects on the
photocatalytic properties. Di et al reported a single unit
cell ultrathin Bi,WO, nanosheets with bismuth vacancies
via a template-directed strategy. The bismuth vacancies
increased charge carrier concentration and electronic
conductivity by forming a new defect level to improve
density of states at the valence band maximum. Addition-
ally, the bismuth vacancy structure can enhance adsorp-
tion and activation of H,O molecule, favoring the water
oxidation reactions (Figure 7D). Therefore, the Bi,WOq
with rich bismuth vacancies showed an enhanced photo-
catalytic oxygen evolution activity than Bi,WQ,.'** Xie
et al reported a single-unit-cell 0-BiVO, layers with vana-
dium vacancy as defect level in Figure 7E, and the hole
concentration of 0-BiVO, is higher near Fermi level
Therefore, the light absorption and electronic conductiv-
ity could be enhanced.'®

Although the research of defective nanomaterials in
photocatalysis has become more and more intensive in
recent years, the mechanism of defects in photo-
catalysis is still unclear. On the one hand, defects may
be the photogenerated carrier recombination center,
playing a negative role. On the other hand, defects
may promote the adsorption and activation of sub-
strates, participate in photocatalytic reaction and play
a positive role. To study the mechanism of defects in
photocatalysis, not only advanced characterization
methods, such as EXAFS, XPS and EPR, but also rig-
orous experimental design and profound theoretical
analysis and calculation are needed.

4 | REACTION MECHANISMS OF
BISMUTH-BASED
PHOTOCATALYTIC MATERIALS

4.1 | Bi-based semiconductor
photocatalytic mechanism

Most Bi-based photocatalysts belong to semiconductor
and thus most of them conform to the mechanism of
semiconductor photocatalysis.*****'* Based on the solid
energy band theory, energy band structure of solid mate-
rials can be divided into three parts: valence band, forbid-
den band and conduction band. Figure 8A shows a
schematic of a photoexcited semiconductor. In photo-
catalytic reaction, the generation, separation and redox of

photoinduced electron-hole pairs determine the efficiency
of photocatalytic reaction and are influenced by many
factors. (1) The formation of photogenerated electron-hole
pairs. Electrons in the highest valence band are excited
by a certain energy of light (hv > Eg) to jump to the low-
est unoccupied conduction band, forming a highly reduc-
tive electron (e™) while leaving a strongly oxidized hole
(h*) in valence band, producing electron-hole pairs. This
process is mainly affected by the properties of the semi-
conductor itself, and the size of Eg determines the spec-
tral response range. In order to fully utilize solar light
source, developing photocatalysts with visible light
response is an important development direction in the
future. (2) Photogenerated electron-hole pair separation
and migration. The electron-hole pair migrated to the
photocatalyst surface to participate in the redox reaction.
During the migration, a large number of photogenerated
electrons and holes would recombine while only a small
number of them would take part in the reaction. The
recombination reaction between photogenerated elec-
trons and holes releases energy in the form of light or
heat, which reduces the quantum efficiency of photo-
catalytic materials and is extremely unfavorable to the
photocatalytic performance. Therefore, the occurrence of
this process should be avoided as far as possible. (3) Redox
reaction. These photogenerated electron-hole pairs with
strong redox characteristics migrate and diffuse to the
surface of the photocatalyst to apply in removal of nitro-
gen oxides, degrade organic matter, hydrogen production
and CO, reduction through redox reactions.

4.2 | Bi-metal based plasma
photocatalytic mechanism

Previous studies have shown that bismuth could trans-
form from semimetallic to semiconductor properties
with the decrease of its size, which may lead to the
transition from plasma resonance mechanism to semi-
conductor mechanism in photocatalytic mechanism.
Figure 8B,C are deep level transitions of semimetallic
bismuth and plasmonic resonance photocatalytic mech-
anism of bismuth.®"®> With the light absorption and
SPR excitation of bismuth nanoparticles, plasma decay
may occur through three mechanisms.'®>'®” (a) Elastic
emission of photons that the adsorbed molecules can
get energy by absorbing photons from the strongly
reradiated photon flux of the plasma nanostructure.
(b) The photon energy is converted to single electron-
hole pair excitations, named Nonradiative Landau
damping. (c) The interaction between excited surface
plasmons and adsorbates, inducing directly injecting
electron into the adsorbates.*
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In addition, although theoretical calculations show
that the properties of bismuth will change from semime-
tallic to semiconductive when the particle size of bismuth
is less than 70 nm, the critical size of bismuth transfor-
mation is different and closely related to its morphology
in the actual experimental process. At the same time, the
photocatalytic performance of bismuth as a plasmonic
photocatalytic material is excellent. The plasmon reso-
nance effect varies with the size and morphology. There-
fore, it is very important to explore the effects of the light
absorption for photocatalytic properties of bismuth with
different sizes.

4.3 | Bi-metal based semiconductor/
plasma synergistic mechanism

Recently, Dong et al found that integration of Bi
plasmonic nanoparticles into Bi-based semiconductor
photocatalyst can be utilized as an attractive method to
synthesize  visible-light-induced plasmonic  photo-
catalysts, which are considered as one of the most prom-
ising alternatives to traditional photocatalyst. Compared
with noble metals such as Au or Ag, non-noble metals
such as Bi own significant strengths of easy availability,
low cost and facile synthesis. More importantly, the new
catalytic reaction mechanism was proposed through

bismuth. C, The mechanism of plasma
resonance photocatalysis of bismuth.
Source: B, Reproduced with permission:
Copyright 2014, Royal Society of
Chemistry.®* Source: C, Reproduced
with permission: Copyright 2014, Royal
Society of Chemistry®

systematic research and understanding of semiconduc-
tor/plasmonic Bi co-catalyst system.'**'%192 As shown
in Figure 9A, Dong et al'** developed in situ deposited Bi
co-catalyst on (BiO),CO; microspheres and reported the
photocatalytic mechanism of NO oxidation. The interface
transfer of electrons reduces the electron-hole recombina-
tion (I). First, the SPR effect of Bi propel more absorption
of visible light and enhances the surface electron excita-
tion of Bi particles. Second, the photoinduced electrons
in Bi would transfer to (BiO),CO; owing to higher Fermi
level of metal Bi than (BiO),CO; conduction band. Third,
once electrons are released, Bi would accept electrons
from (BiO),CO; valence band to return to its primal state.
Moreover, SPR mediated local electromagnetic field of Bi
(IT) also promotes electron-hole generation and separa-
tion in (Bi0),CO; (Figure 9A). Then, the separated elec-
trons and holes would participate in redox reaction.
Similar experimental results and mechanisms were fur-
ther proposed in Bi-Bi,M0Og (Figure 9B). But it is noted
that the metal Bi Fermi level is lower that the Bi,MoOg
conduction band,'*® which indicates an opposite electron
transport pathway compared with Bi-(Bi0),CO;
(Figure 9A).

Furthermore, Dong et al in situ constructed Bi meta-
l@defective BiOBr to remove NO in air.'®? The charge
transmission path and photocatalytic mechanism shown
in Figure 9C,D. The DFT calculations about charge
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FIGURE 9 Photocatalytic (A) nueev
mechanism scheme: A, I T s
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The DFT calculates the charge U= oY)
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permission: Copyright 2018,

Elsevier'*?

SPR absorption
Q¢ § visible light

A E~0.17eV

-OH+NO—HNO,/HNO,

(B)
NHE/ eV
t Visible

-0.32

Potential energy / eV

O10)tacet

transfer on Bi/BiOBr indicate Bi metal would affect sepa-
ration and transmission of photogenerated charges on
BiOBr. The synergistic effects of oxygen vacancies and Bi
metal would form a novel charge transferred channel,
which can improve the separation efficiency of electron-
hole pairs and also facilitate the production of reactive
oxygen species (Figure 9D). Therefore, the Bi meta-
l@defective BiOBr exhibited greatly enhanced photo-
catalytic performance. A similar mechanism will be
found in Bi/BiOCl with oxygen vacancies’” and
Bi/Bi,0,C0O; with oxygen vacancies.'”*

5 | APPLICATIONS OF BISMUTH-
BASED PHOTOCATALYTIC
MATERIALS

At present, the Bi based photocatalysts have been widely
used in the fields of energy conversion and environmen-
tal remediation. The main environmental areas are
photocatalytic degradation of pollutants, including sew-
age treatment, air purification, deodorization and sterili-
zation. The energy application focused on photocatalytic
hydrogen production, CO, reduction to small molecule
organic matter (such as methane, methanol, etc.) and N,
fixation >**+8119419¢ In this part, we summarized the
application status of Bi-based photocatalysts in recent
years.

BiOBr layers “ OH-

5.1 | Environmental photocatalysis
5.1.1 | Photocatalytic purification of
typical atmospheric pollutants

With the rapid development of urbanization and econ-
omy, plentiful pollutants were discharged by human
activities and have caused serious atmospheric pollution.
The primary pollutants are discharged into the atmo-
sphere including sulfur compounds, nitrogen com-
pounds, organic pollutants and particulate matter. Many
primary gaseous pollutants can produce many secondary
pollutants (such as secondary fine particles, ozone, etc.)
through complex physical and chemical processes in the
atmosphere.’”” ' The semiconductor photocatalytic
materials could be used in urban construction, road lay-
ing, building decoration materials and air cleaners, the
typical air pollutants nitrogen oxides, carbon monoxide,
VOCs and other substances can be directly converted into
harmless substances under the light.

Recently, Dong et al designed a variety of Bi-based
semiconductor photocatalysts for the purification of nitro-
gen oxides (NO,) and made many important advances.
The introduction of oxygen vacancies (OV) in Bi,0,CO;
can broaden range of light absorption, enhance separation
efficiency of charge, and improve activation of the reac-
tants (Figure 10A).°® Therefore, the photocatalytic NO
removal efficiency was increased significantly. However,
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FIGURE 10 A, Schematic diagram of reactive oxygen generation and band structure on OV-BOC. B, Schematic illustration of charge
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they also found that the surface oxygen vacancies were
unstable over a long period of reaction time. Further,
Dong et al deposited the Bi metal on Bi,0,CO; with oxy-
gen vacancies. It was found that the synergistic effect of Bi
and OVs would highly facilitate the separation of
photogenerated electron-hole pairs to product abundant
active radicals. Additionally, the Bi nanoparticles could
prevent from O, and H,O molecules filling into oxygen
vacancies, which improve the stability of oxygen vacancies
(Figure 10B).'”* In addition, a visible light catalyst
(Bi/Bi,0,Si03) with SPR characteristics indicated the for-
mation of a unique electron transfer channel at interface
of Bi/Bi,0,Si0; in Figure 10C, which exhibited enhanced
performance for photocatalytic atmospheric NO removal
at ppb level.**! In addition, Dong et al revealed the correla-
tion between BiOCl and photocatalytic purification of
formaldehyde (HCHO) by regulating different exposed

crystal surfaces. Combined with in situ FTIR and density
functional theory (DFT) calculation results, the formic
acid (HCOOH) was found to be the most important and
stable intermediate product in photocatalytic degradation
of formaldehyde, and thus oxidation of formic acid
(HCOOH)) is the determining step of the overall degrada-
tion rate of formaldehyde, as shown in Figure 10D.**

5.1.2 | Photocatalytic degradation of
liquid phase pollutants

Compared with the traditional water pollution treatment
method, the photocatalytic method is environmentally
friendly and has no secondary pollution. In addition to com-
mon dyes such as methyl orange (MO), rhodamine B (RhB)
and methylene blue (MB), other colorless pollutants such as
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bisphenol A(BPA), phenol, or various antibiotics and pesti-
cides can be also degraded. In addition, photocatalysis can
also reduce toxic heavy metal ions (such as Cr°") to low-
cost ions in water bodies, which can weaken their toxicity.
Photocatalytic elimination of environmental pollutants
mainly involves the oxidation of organic pollutants by active
ROS such as «0,7, «OOH, «OH, etc and the final goal of
eliminating organic pollutants is achieved through a series
of complex reactions.”**** Xie et al designed and synthe-
sized two-dimensional ultra-thin BiOCl nanostructure with
defect state, thus realizing the high photocatalytic degrada-
tion efficiency of rhodamine B (RhB) and revealing the
structure-performance  relationship, as shown in
Figure 11A.*® In addition, Wang et al selectively deposit
Ag,0 nanoparticles onto BiVO, (040) facet. The
BiV04(040)/Ag,0 heterostructures owns the excellent capa-
bility in light absorption and the efficient charge separation,
which enhanced the photocatalytic methylene blue
(MB) degradation activity and O, evolution in
Figure 11B,% Chatterjee et al synthesized a 3D flower-like
BiOI microspheres with plasmonic Au nanoparticle

decoration, which shows an outstanding photocatalytic
detoxification for organic (methyl orange) as well as inor-
ganic  (hexavalent chromium) water pollutants
(Figure 11C).*” Yu et al simultaneously achieved I~ doping
and plasmonic Bi metal deposition in BiOIOs;. And Bi/I”
co-decorated BiOIOj; exhibits widely strong photo-oxidizing
performance toward multiple pharmaceutical and industrial
contaminant decomposition, including tetracycline hydro-
chloride, dye model Rhodamine (RhB), bisphenol A (BPA),
2,4-Dichlorophenol (2,4-DCP), phenol (Figure 11D).**® For
photocatalytic removal of dyes in water, much attention
should be paid to photosensitization effect of dyes them-
selves under visible light irradiation. Typically, colorless pol-
lutants should be chosen as target pollutants.

5.1.3 | Photocatalytic disinfection and
sterilization

Bacteria and viruses can be treated with a variety of differ-
ent technologies, including heat, ultraviolet radiation,
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antibiotics, and chemical oxidation. However, antibiotics
are selective and slow to kill bacteria and viruses. Chemical
oxidation, while effective in inactivating bacteria and most
viruses, produces unwanted byproducts. Therefore, clean
and effective solar photocatalytic sterilization and disinfec-
tion has gradually attracted researchers’ attention. Xiang
et al prepared p-n heterostructure photocatalyst Bi,WOg/
BiOI by chemical etching, which exhibited great properties
for methyl blue (MB) degradation in visible light and the
sterilization of Pseudomonas aeruginosa, E. coli and
aureus.”® The photocatalytic technology has also been
applied in disinfection and sterilization of air, showing
advantages in comparison with traditional technology.

51.4 | Summary discussion

Based on the above analysis, Bi-based semiconductor
photocatalyst has good application potential in pollutant
purification and sterilization. For photocatalytic purifica-
tion of pollutants or sterilization, semiconductor photo-
catalysts are usually required to have sufficient oxidation
capacity. The semiconductor would be excited via absorb-
ing a certain amount of light absorption to generate elec-
trons and holes, which are then separated and migrated to
the surface to react with the adsorbents to form active free
radicals and participate in the reaction on the catalyst sur-
face, or the holes directly participate in the oxidation reac-
tion. Therefore, sufficient free radicals and appropriate
semiconductor valence band potential after electron and
hole separation are critical for photocatalytic purification
of pollutants and sterilization. In Section 3, the structural
control strategy has been given. The valence band position
of bismuth—based semiconductor can be effectively regu-
lated by elemental doping. The construction of hetero-
junctions and defects can regulate the separation and
transfer of photogenerated electrons and holes. In addi-
tion, the adsorption and activation of reactants in photo-
catalytic reactions are also the key factors determining the
performance of photocatalytic reactions, and the regula-
tion of morphology, size and crystal surface exposure can
effectively realize the regulation of adsorption and activa-
tion performance. Appropriate methods can be adopted to
design and synthesize new Bi-based semiconductor cata-
lysts with appropriate electronic band structures.

5.2 | Energy photocatalysis

5.2.1 | Photocatalytic reduction of CO,

Since the late 19th century, the concentration of atmo-
spheric CO, has increased from 280 ppm to 408 ppm

today. In this context, the exploration of effective reduction
of CO, concentration in the atmosphere has become a key
research direction of governments and scientists.*'**"
Among the available strategies, the photochemical reduc-
tion of CO, and its conversion into a hydrocarbon fuel for
humans is particularly attractive. Because this method can
be carried out under normal temperature and pressure,
the energy required can be directly or indirectly provided
by renewable energy of solar energy, truly realizing the
recycling of carbon. Therefore, the use of photocatalysis to
eliminate excess CO, in the environment while obtaining
clean energy is of great significance to the environment
and energy.'*>*'* However, photocatalytic CO, reduction
is much difficult due to the following reasons: (a) The
O=C=O0 fracture of CO, requires high activation energy.
(b) CO, reduction to methanol and methane is a
6-electron and 8-electron transfer process, respectively.
Compared with the 4-electron transfer process of water
decomposition, CO, reduction is much more difficult.
(c¢) The reduction of CO, to methanol and other fuels
involves not only the reduction process of CO, itself, but
also complex multi-step intermediate processes such as
proton transfer and hydroxylation. (d) Reduction of CO,
in the liquid phase system is usually accompanied by the
competitive reaction (proton reduction). In addition, CO,
reduction often has a variety of products, and the selectiv-
ity of catalyst is particularly important. Therefore, the
design of excellent reduction catalyst is particularly impor-
tant. In recent 10 years, Bi-based photocatalyst has been
considered as excellent new kind of photocatalytic mate-
rial for CO, reduction due to its good bandgap characteris-
tics and unique electronic structure,3*4%:196-214.215

Recently, it was found that the vacancy defects in
bismuth-based photocatalysts could facilitate CO, adsorp-
tion and activation to enhance the efficiency of bismuth-
based photocatalysts in CO, reduction in Figure 12A.%*¢
The Bi4O5Br; photocatalyst was synthesized by molecular
precursor method to enhance photocatalytic activity of
CO, reduction in Figure 12B. The research results indi-
cate that bismuth-rich and ultrathin structures could gen-
erate CH, and CO with high selectivity, respectively.*’
Figure 12C shows the properties of photocatalytic CO,
reduction induced by the regulation of different exposed
crystal faces of BiOL**®

5.2.2 | Photocatalytic decomposition of
water to produce hydrogen

At present, energy consumed by human life mainly
depends on the limited and unsustainable storage of fos-
sil fuels. Therefore, developing sustainable clean energy
is of great significance. The main sources of hydrogen
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Source: B, Reproduced with permission: Copyright 2016, Elsevier.”'” Source: C, Reproduced with permission: Copyright 2016, Elsevier

energy are: electrolysis water to produce hydrogen, solar
energy to decompose water, fossil energy reforming to
produce hydrogen and so on. Among them, the solar
energy decomposition of water to hydrogen has many
advantages, which is also regarded as an ideal method for
hydrogen production.***#196-214215 The decomposition of
water is reaction of increasing the Gibbs free energy, and
energy required for that reaction is obtained from sun-
light. Currently, there are still challenges for photo-
catalysts to realize efficient photocatalytic decomposition
of water: (a) Quantum efficiency is low in visible light;
(b) Photocatalysts with visible light response, such as sul-
fides and nitrogen oxides, have poor photostability, such
as sulfides are often inactivated by photocorrosion; (c) O,
desorption from the surface of photocatalyst is very diffi-
cult, so it is often necessary to add hole (h*) sacrificial
agent in the system to promote the production of H,.
Besides, O, production is a 4-electron process
(2H,0 — 4H* + 0, + 4e7), which is relatively difficult
in kinetics and requires high overpotential. And thus it is
often the speed-controlled step of photocatalytic reaction;
(d) In the actual photocatalytic reaction, the 2-electron
process (2H,0 — H,0, + 2H" + 2e~, competitive reac-
tion) produces the intermediate product H,O, which is

218

difficult to remove from the surface of the catalyst, and
the catalyst would get deactivated due to the occupation
of the surface active site; (e) Some catalysts with high
performance, such as precious metals (Pt, Pd, Au, etc.,
are often co-catalysts), photocatalysts containing Cd, Pb
and other elements (such as CdS), are often expensive
and not environmentally friendly.*****

From the perspective of catalytic reaction kinetics, one
possible method to improve the performance of photo-
catalytic water decomposition is designing photocatalyst to
change the photocatalytic reaction kinetics processes.
Zhang et al reported that the BiOCl with surface/subsur-
face defects could achieve water splitting without any co-
catalysts or sacrificial agent under light irradiation. The
DFT results indicate surface oxygen vacancies can effec-
tively adsorb and dissociate H,O molecules, which can
improve water-splitting performance.”*' Zhang et al com-
bined with experiment and DFT to study the role of oxy-
gen vacancies in photocatalytic water oxidation on CeO,,
which indicates that the oxygen vacancies can lower the
barrier energy for O-O bond formation and restrain the
reverse reaction of O and H, thus the O, generation kinet-
ics on oxygen-defective CeO, are improved significantly
(Figure 13A).*** Sun et al synthesized the quantum-sized



2oy | WL EY_EcoMaf

CHEN ET AL.

FIGURE 13 A, The role of
oxygen vacancies in

photocatalytic water oxidation
on CeO,. B, Schematic of band
structures in nano-BiVO, and
quantum-BiVO,. Source: A,

Reproduced with permission:
Copyright 2018, Elsevier.**
Source: B, Reproduced with
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Nano-BiVO,

BiVO, which can achieve the water decomposition into H,
and O, without any co-catalyst or sacrificial reagent under
the simulated sunlight irradiation (Figure 13B). The
quantum-sized BiVO, has almost the same valence band
edge position as the nanoscale sample, which may have a
similar water oxidation potential. According to the UV-
visible diffuse reflection spectra, the difference value of
band gap between nanoscale BiVO, and quantum-size
BiVO, is about 0.3 eV. Since the valence band position is
almost the same, the negative displacement of conduction
band position of quantum-size BiVO, may be greater than
0.1 eV. But their detailed mechanism for breaking down
water has not been explained.***

5.2.3 | Photocatalytic nitrogen fixation

All organisms need nitrogen to make proteins, nucleic
acids and many other biomolecules. However, N,

Quantum-BiVO,

molecular form in atmosphere is unusable for most organ-
isms due to strong nonpolar N-N covalent bond towards
dissociation, high ionization energy, negative electron
affinity etc.!”®?** Therefore, it is a viable strategy by trans-
forming N, in the atmosphere into the fully reduced form
of ammonia (NH3) that can be used by organisms. Ther-
modynamically, N, fixation is perfectly accessible (N,
@t 3H2(g) — 2NH3(g), AH,o5 x = —92.22 kJ/mol), but it
does not occur spontaneously under ambient conditions.
Which can be explained to some extent via the stubborn
triple bond of N, toward dissociation (944 kJ/mol) while
kinetic inertia of N, might also be more related.*****
According to thermodynamic analyses, the fixation of N,
on NH; does not consume energy itself, but the kinetic
route determines the chemical inertness of N, in essence.
Similar with biological N, fixation, photocatalytic N, fixa-
tion can be carried out under mild conditions through con-
tinuous self-excited electrons and water proton transfer.
Therefore, photocatalytic nitrogen fixation including Bi-
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FIGURE 14 A, (A)

Photocatalytic fixation of N2 on
BiOBr. B, N, adsorption and
fixation on the {001} and {010}
facets of BiOCl, quantitative
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NHj;. Source: A, Reproduced 1
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based photocatalysts has attracted the attention of scholars
in recent years. Zhang et al demonstrate that the BiOBr
nanosheets with oxygen vacancies can achieve efficient
photocatalytic N2 fixation to NH3 without any organic
scavengers and precious-metal cocatalysts under room
temperature (Figure 14A)."” Zhang et al point out that
OVs of BiOCl can be as the active sites to build lower
energy molecular steps, which are amendable for the N-N
triple bond cleavage via a proton-assisted electron transfer
pathway under light irradiation (Figure 14B). Therefore,
that would overcome the kinetic inertia of N,. Addition-
ally, the N, fixation pathways would be determined by the
distinguishing structures on different BiOCl facets with
OVs, which would influence N, adsorption and activation.
For the OVs of BiOCl {001} facets, the fixation of terminal
end on bound N, follows an asymmetric distal pattern by
selectively generating NH; (Figure 14B).>*

5.2.4 | Summary discussion

Based on the researches of Bi-based photocatalysts in the
field of energy catalysis, it can be seen that they have
potential application prospects. In the process of energy
conversion by using photocatalysis, the conductance
potential of semiconductor photocatalysts and highly sep-
arated electrons will play an important role. In general,
the conduction band potential requires a reduction
potential that corresponds to the reduction reaction in
order to facilitate the reaction. Combined with the struc-
tural adjustment strategy in Section 3, the position of the
conduction band in the energy band structure can be
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adjusted by doping specific elements, so as to realize the
matching of the conduction band potential and the reac-
tion potential. In addition, the construction of hetero-
junctions can effectively realize the separation of
photogenerated electrons and holes, thus promoting
more photogenerated electrons to participate in the
reduction reaction. Additionally, the selectivity of the
reduction product may be controlled by adjusting the dif-
ferent conduction band potentials. Of course, the perfor-
mance of photocatalytic reduction is also related to the
adsorption and activation between catalyst and reactant
molecules. Therefore, combined with the modification
strategy in Section 3, the strategies of controlling mor-
phology, crystal surface, metal deposition and design
defects may provide effective adsorption and reaction
sites. Therefore, the structural adjustment of bismuth-
based semiconductors in the field of energy conversion
can effectively improve the reducing properties of cata-
lysts and determine their final reaction performance.

6 | CONCLUSION AND PROSPECTS
Due to its unique geometric structure, tunable electronic
structure and decent visible light photocatalytic activity,
Bi-based photocatalytic materials have broad application
prospects in the field of environmental purification and
clean energy development. At present, Bi-based
nanomaterials are mostly studied as bismuth, bismuth
oxide, bismuth oxyhalogen and bismuthate, which can be
used as independent photocatalysts for environmental
purification and energy development. However, their
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photocatalysis efficiency is not ideal. Therefore, the modi-
fication of Bi-based photocatalyst has become one of the
key directions. This review summarizes recent advances
that researchers at home and abroad have made on the
modification of Bi-based photocatalytic materials for
improved photocatalytic properties. The strategies of
metal/nonmetal doping, construction of heterojunctions,
regulation of crystal facet exposure, and structural defects
engineering have been discussed in detail. The optimized
design of Bi-based photocatalytic materials shows excel-
lent performance in typical applications in purification of
air pollutants, photocatalytic degradation of liquid phase
pollutants, reduction of CO,, splitting of water to hydro-
gen, and demonstrated great potential in solar driven
fields.

However, the optimization and modification of Bi-
based photocatalytic materials are still in the laboratory.
The researchers have not fully understood the structure-
activity relationship among material microstructure,
photocatalytic performance and reaction mechanism.
They still need to further combine experiments and theo-
retical calculation to further explore the reaction mecha-
nisms at the molecular and atomic levels, so as to provide
a solid basis for the design of new Bi-based photocatalytic
materials with specific functions. In addition, the current
research work has not completely solved the problem of
low efficiency on Bi-based photocatalysts in the utiliza-
tion of sunlight. How to expand the range of light absorp-
tion response and improve the photon utilization rate are
the areas that researchers need to study and improve in
the future. Also, some Bi-based photocatalytic materials
are easy to be poisoned and inactivated in practical appli-
cation. So, how to improve the stability of bismuth photo-
catalytic materials, product selectivity and how to inhibit
toxic by-products will be the important research direc-
tions in the development of efficient and stable photo-
catalysts. The challenges of Bi-based photocatalytic
materials also lie in the identification of the active sites
and the dynamic reconstruction of surface structure
under light irradiation. To solve these issues, advanced in
situ technique should be developed and applied to moni-
tor the surface state under working conditions.

While challenges and pitfalls still exist in this impor-
tant area, we are optimistic that with the deep integration
of experimental research, computational investigation,
and in situ characterization technique, novel efficient Bi-
based photocatalytic materials can be developed in the
near future and the new mechanistic understanding of
the reaction mechanism will be advanced. We hope this
review can provide some solid references to the recent
advances and, more importantly, inspire future research
in this emergent field.
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