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In recent years, bismuth-based semiconductors have become a research hotspot in the new
semiconductor field due to their unique optical and electronic properties. In addition, due to the simple
fabrication process and controllable shape and size of these materials, they are widely used in the fields
of optoelectronic devices, electrocatalysis, photocatalysis, biomedicine, etc. However, the current review
papers on bismuth-based semiconductors mainly focus on the field of photocatalysis, while the
applications of other fields are rarely reported, and the comprehensive summary of optical and
electronic properties and applications of bismuth-based semiconductors are also lacking. Therefore, in
this review, a variety of typical bismuth-based semiconductor materials are introduced in detail,
including their lattice structures, optical and electronic properties and modification studies. In addition,
the relationship between the bulk composition and photoelectric properties is analyzed, which will
promote the future research on how to systematically control the photoelectric properties of bismuth-
based materials. Secondly, the preparation methods of different bismuth-based semiconductor materials
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and applications in the field of optoelectronics are evaluated. Finally, the challenges faced by bismuth-
based semiconductor materials in academic studies and industrial applications are pointed out, and the
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1. Introduction

Traditional semiconductor materials such as silicon, germanium,
and gallium nitride have ignited an information technology
revolution in integrated circuits and digital communications,
profoundly impacting human society and economic develop-
ment.! However, these conventional semiconductors face issues
such as low photoelectric conversion efficiency, susceptibility to
thermal damage, high production costs, and environmental pollu-
tion, inhibiting their applications in emerging fields like new
energy, environmental protection and biomedicine.* To address
these limitations, much efforts have been exerted on exploring
various new semiconductor materials, such as InSe,* TiO,,” and
Ga,05.° Nonetheless, these alternatives also have inherent draw-
backs that hinder their applications in optoelectronics. For
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example, two-dimensional semiconductor materials often exhibit
unstable lattice structures’ and organic semiconductors suffer
from low crystallinity, making it challenging to control their
morphologies and sizes.® In addition, perovskite materials
with excessively large band gaps result in poor visible light
absorption.’ In contrast, bismuth-based semiconductors offer
several advantages, including facile synthesis, affordability,
environmental compatibility, high stability, and exceptional
visible light activity; therefore, they are gaining much more
attention in the fields of photocatalysis, solar cells, and
photoelectrochemistry.'®™* Especially in the field of photoca-
talysis, bismuth-based semiconductors have been demon-
strated to exhibit promising photocatalytic performance in
many reactions (such as CO, reduction, degradation of organic
pollutants) under visible light because of their unique electro-
nic and optical properties.”*"'> In comparison to typical photo-
catalysts, these bismuth-based materials show appropriate band
gaps or a wide range of visible light response which can promote
the absorption of visible light and separation of photogenerated
electron-hole pairs, ultimately leading to enhanced photocatalytic
efficiency."®"” Besides, some bismuth-based semiconductor
photocatalysts with unique hierarchical porous structures can
increase the diffusion of reactants and provide additional
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reaction sites, resulting in improved photocatalytic performance.
On the other hand, for those typical photocatalysts, due to either
an inappropriate band gap or insufficient response to visible light,
they often encounter low photocatalytic activity or selectivity of
desirable product problems. For example, TiO, as one of the most
commonly utilized photocatalysts is predominantly active in the
ultraviolet light range since its wide band gap restricts its practical
applications under solar light. Although several modification
methods through doping have been employed on TiO, to
enhance its visible light absorption, doped materials are intro-
duced as recombination centres leading to decreased photo-
catalytic activity."® In addition, recently, CdS, WO3, and AgVO,
have also been hotspots in photocatalytic research due to their
narrow band gaps and strong absorption in the visible light
region. However, the rapid radiative recombination of photo-
generated electrons and holes of CdS coupled with the high
kinetic barrier for hydrogen evolution on surface hinders the
direct conversion of solar energy to fuels."® Another example,
WO; with a band gap ranging from 2.4 to 2.8 eV is also a
notable candidate in visible-light-driven photocatalysis, while
its lower conduction band level poses a limitation in the
photocatalytic reduction potential of the electrons, resulting
in a decrease in product selectivity and light-energy conversion
efficiency.”® Moreover, in the case of AgVOj;, the photogener-
ated electrons tend to reduce Ag" to Ag nanoparticles which
introduces a photo-corrosion risk for silver-based catalysts.”"
Hence, bismuth-based photocatalysts with appropriate band
gaps, visible light response, high stability, resistance to photo-
corrosion, and tunable and controllable electronic and optical
properties are explored.

Although the community is continuing to conduct exten-
sive investigations into physical and chemical properties of
bismuth-based semiconductors, their synthesis methodologies
and applications, numerous opportunities and challenges still
need further breakthroughs, especially the in-depth study on
how to control their morphology and crystal structures and
optimize optical and electronic properties. In addition, these
published review papers on bismuth-based semiconductors
mainly concentrate on the area of photocatalysis and there is
a lack of complete picture of the recent advances in the optical
and electronic properties and applications of bismuth-based
semiconductors, as well as the latest developments and break-
throughs in this field."®"®?>73° Therefore, this review will focus
on comprehensive introduction and analysis of these aspects.
As shown in Fig. 1, firstly, we will give discussions of distinctive
characteristics of various types of bismuth-based semiconduc-
tors, including their unique crystal structures and electronic
structures. Then the commonly utilized synthesis techniques
for bismuth-based semiconductor materials will be outlined
with the analysis of effect of material morphology on the
photoelectronic  properties. Additionally, applications of
bismuth-based semiconductors in different fields such as
optoelectronic devices, electrocatalysis, photocatalysis, and
medical applications will be presented. Lastly, the article
provides a summary of the prevailing research challenges
associated with bismuth-based semiconductors in terms of
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Fig. 1 The schematic diagram outlining the main content of this review.

their properties, synthesis methodologies, practical applica-
tions as well as prospects.

2. Classification of bismuth-based
semiconductors
2.1. Bismuth oxide

Bismuth trioxide (Bi,O3) as the simplest and most pivotal type
of bismuth-based compounds (Fig. 2(a)),"”*” shows a relatively
narrow band gap (ranging from 2.2 to 2.8 eV, see Fig. 3(a)) and a
robust capacity for deep valence band oxidation, positioning it
as a potential photocatalyst under visible light. Furthermore,
the cost-effective preparation, commendable oxygen ion con-
ductivity, chemical and biological inertness, resistance to
photo-corrosion, and its ability to absorb visible light all con-
tribute to making Bi,O; a promising optoelectronic material for

> S

BiOX (X=CL, Br,T)  Bi;MoO,

BiVO, i, W0, BiSe,

Fig. 2 The crystal structures of (a) Bi,Os, reproduced from ref. 37 with
permission from Elsevier, copyright 2017. (b) Bi,Ss, reproduced from ref. 55
with permission from Elsevier, copyright 2022. (c) Bi,Ses, reproduced from
ref. 66 with permission from Elsevier, copyright 2023. (d) BiOX (X = Cl, Br,
1), reprinted with permission from ref. 73. Copyright 2014 American
Chemical Society. (e) Bi,MoOg, reproduced from ref. 93 with permission
from Elsevier, copyright 2014. (f) BiVO,, reproduced from ref. 107 with
permission from Royal Society of Chemistry, copyright 2011. (g) Bi,WOs,
reproduced from ref. 119 with permission from Springer Nature, copyright
2020.
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Fig. 3 The energy band structures of (a) Bi,Os, reproduced from ref. 37
with permission from Elsevier, copyright 2017. (b) Bi,Ss, reproduced from
ref. 54 with permission from Elsevier, copyright 2020. (c) Bi,Ses, repro-
duced from ref. 66 with permission from Elsevier, copyright 2023. (d) BiOX
(X = Cl, Br, 1), reproduced from ref. 78 with permission from Elsevier, copyright
2012. (e) Bi,MoOQg, reproduced from ref. 95 with permission from Elsevier,
copyright 2022. (f) BiVOy,, reproduced from ref. 106 with permission from IOP
Publishing Ltd, copyright 2017. (g) Bi,WOs, reproduced from ref. 117 with
permission from Elsevier, copyright 2022.

environmental and energy-related applications.® For example,
Zhang’s group has demonstrated the ability of Bi,O; nano-
particles to generate highly functional free radicals under
exposure to visible light, which enables oxidative degradation
of organic pollutants when they are adsorbed on the surface of
these nanoparticles.*® Other researchers also have reported that
Bi,O; can degrade various substances such as rhodamine B
(RhB), methyl orange (MO), methylene blue, dichlorophenol,
textile printing and dyeing wastewater, nitrite-containing
wastewater, and volatile organic pollutants.*®™*”

However, because of its inherent material properties, Bi,O;
shows ready electron-hole recombination®® and unstable crys-
tal phases,'” which significantly limits its optoelectronic appli-
cations and development. In particular, the chemical instability
of Bi,O; readily causes an o to & phase transition during
heating reactions, and even further to (BiO),COj3, significantly
deactivating relative performances. To address these problems,
researchers have modified Bi,O; through approaches like metal
ion doping, morphology control, and heterostructure construc-
tion to enhance photoelectric performance.**™* For example,
Nd-doped Nd/Bi,O; nanocomposites can change original band
structure of Bi,O; and inhibit internal electron-hole recombi-
nation, leading to improved photocatalytic activity, excellent
catalytic stability and reproducibility for hydrogen production.*’
Moreover, flower-like Bi,O;/TiO, made by Zhu’s group enriched
with Bi,O; quantum dots on the surface enhances light absorp-
tion, photosensitivity, and hydrothermal stability due to its special
morphology, which results in stronger photocatalytic activity
and stability.’® Additionally, heterostructures like Bi,O3/BiOC,**

This journal is © The Royal Society of Chemistry 2024
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Bi,0,/Bi,Si05>* and Bi,03/PbS™ have also been reported which
exhibit higher charge separation and transfer efficiency, improved
photocatalytic activity, and enhanced photoelectrochemical
performance.

2.2. Bismuth chalcogenide

Bismuth sulfide (Bi,S;) is a typical transition metal sulfide
semiconductor (Fig. 2(b)) with a wide visible light response
range (absorption coefficient of 10*~10°> em ™" and around 5%
photoelectric conversion rate), high biocompatibility, and low
toxicity. Additionally, Bi,S; shows a narrow and variable band
gap (1.3-1.7 eV, see Fig. 3(b)) depending on its morphology
(nanoplates, nanorods, nanowires, etc.).">>*** Bao et al. synthe-
sized Bi,S; nanowire arrays hydrothermally, exhibiting non-
linear current-voltage characteristics and good light response.’®
Later, Hu et al. assembled flower-like Bi,S; nanorods and
achieved controlled synthesis of monodispersed nanorods with
excellent electrochemical hydrogen storage.>” Bi,S; nanorods
produced by Zhou’s group can enable sensitive detection of
DNA methylation in novel PEC biosensors.>® Thus, Bi,S; shows
great potential for application in solar cells, hydrogen storage,
photocatalysis, optical detection, and memristors.”® However,
the narrow band gap of Bi,S; leads to fast electron-hole
recombination, reducing response speed and photocatalytic
efficiency.'” To suppress recombination, approaches like element
doping,* conductive material modification,®" and heterojunction
structures®®® have been investigated. For example, modified
SrTiOs/Bi,S; heterojunctions exhibit lower carrier recombination
and electron transfer resistance than pure SrTiO; and Bi,Ss,
promoting UV-driven hydrogen production by effectively separat-
ing photogenerated carriers.*”> Combining Bi,S; with the other
wide-bandgap photocatalysts like TiO,,**** Bi,WQg,°* and Cds®
can also reduce electron-hole recombination and enhance visible
light photocatalytic performance.

Bismuth selenide (Bi,Se;), another noteworthy bismuth
chalcogenide, has been recognized for its remarkable charac-
teristics as a visible-light-responsive semiconductor. As shown
in Fig. 2(c) and 3(c), the layered structure, coupled with a
narrow band gap ranging from 0.35 to 1.2 eV, makes it
attractive for the photocatalytic degradation of organic
pollutants.>**® Additionally, Bi,Se; exhibits an insulating bulk
state and massless Dirac surface states, contributing to its
unique optical and electrical properties. The nanostructure of
Bi,Se; enhances surface state properties, particularly its metal-
lic surface states with a zero band gap, facilitating the presence
of a substantial number of itinerant electrons on its surface—a
feature advantageous for photocatalytic reactions.®””®® For
instance, Lei et al. demonstrated enhanced photodegradative
activity by preparing Bi,Se;-deposited TiO, nanobelts, surpass-
ing the performance of pure TiO,. This improvement was
attributed to the quantum size effect of Bi,Se;.®® Furthermore,
to address the poor redox capacity and rapid carrier recombi-
nation of Bi,Ses, a Bi,Se;/g-C3N, composite photocatalyst with
an S-scheme configuration was prepared to enhance charge
separation. This configuration resulted in a higher photocata-
Iytic activity compared to pristine Bi,Se; and g-C3;N, in the
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removal of phenol.®® In summary, the outstanding light absorp-
tion, metallic surface, and high conduction-band properties of
Bi,Se; are attributed to the growing attention in the field of
photocatalysis,®®°® infrared detection,”® and electrocatalysis.””

2.3. Bismuth-based oxyhalides

BiOX (X = Cl, Br, I) belongs to the V-VI-VIII ternary semicon-
ductor group and has an orthorhombic structure (space group
P4a/nmm) like PbFCI (see Fig. 2(d)).”>”* The BiOX crystal layered
structure contains [Bi,0,]”" layers and double X atom layers
stacked along the C-axis, connected through van der Waals
interactions,”* which generates an internal electrostatic field
along the [001] direction, facilitating photogenerated charge
migration within the crystal and leading to enhanced photo-
catalytic activity and photoconductivity.”> Due to these excellent
photoelectric properties, unique layered structure, good photo-
catalytic activity, and stability, BiOX materials have attracted
much academic community interest.”®

To deeply study photoelectric properties and applications of
BiOX, the band structure and photo-response have been sys-
tematically investigated using density functional theory (DFT).
DFT calculations (see Fig. 3(d)) show an interesting decrease of
the band gap as the atomic number of X increases from CI to I
(2.50, 2.10 and 1.59 eV for BiOCl, BiOBr, and BiOI, respectively)
which is related to their photocatalytic activity.””””® The wide
band gap of BiOCI provides excellent photocatalytic activity
solely under UV irradiation, while the narrowest band gap of
BiOl enables visible and near-infrared activation but with
relatively weak photocatalytic activity due to high electron-hole
recombination. In contrast, BiOBr with moderate band gap
shows potential as a visible light-responsive catalyst for solar
energy conversion.”® DFT results also indicate BiOX (X = Cl, Br,
I) with an indirect band gap where photogenerated electrons
must transit through intermediate k-layers before recombining
with valence band holes can reduce electron-hole recombina-
tion rates.®®

In summary, the unique layered structure and indirect band
gap of BiOX enable high charge transfer rates and low carrier
recombination, which promotes excellent performance for
organic pollutant degradation,®"** alcohol oxidation,** and
water splitting.”® For example, it has been demonstrated that
BiOCl can elevate photocatalytic Hg® oxidation under UV
irradiation,®® while BiOBr can drive degradation of ciprofl-
oxacin (CIP) under visible light.*" Like BiOX, bismuth-rich
oxyhalides Bi,O,X, (e.g. Bi;0,Cl, Bi,O5Br,, Bi;O,I) also possess
layered structures with weak interlayer interactions, attracting
increasing attention for their unique photoelectric properties.®*
Bi,OsBr,, for instance, degrades ciprofloxacin at 91% in
150 minutes, around 1.5 times faster than BiOBr, while extending
visible light absorption from 440 nm to 500 nm.*

2.4. Bismuth-based metal oxides

2.4.1. Bismuth molybdate. Bismuth molybdate (Bi,Mo0Og)
belongs to the Aurivillius oxide family, with the general formula
Bi,05;-nM00;."* When 7 equals 3, 2, and 1, it corresponds
to three phases: o-Bi,M0O301,, B-Bi;MO,04, and y-Bi,M0Os.
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For o-Bi,MO;0;, and B-Bi,MO,0,, the presence of defects
and abundant active sites makes them effective catalysts for
reactions like propylene oxidation to acrolein®®” and 1-butene
conversion to butadiene and 2-butene.’® On the other hand,
y-Bi,M0Qg possesses a layered structure,®® with [Bi,0,]*" layers
alternating with MoOg perovskite layers,’® exhibiting excellent
visible light absorption and charge separation (see Fig. 2(e)).”™>*
This unique property has been confirmed in the DFT study by
Lai’s group that y-Bi,MoOg is a direct band gap (2.5-2.8 eV, see
Fig. 3(e)) semiconductor and enables visible light response.’*®
In addition, people found that y-Bi,M0Os can be applied to
many applications like organic degradation,’® water splitting,””
and CO, reduction.’® For example, Bi,M0oOj can catalyse visible
light-driven phenol degradation,’® but suffers from fast carrier
recombination and insufficient visible light absorption.®’
To address this problem, Li et al. synthesized mesoporous
Bi,Mo0O¢ spheres with increased specific surface area and
charge transfer efficiency.”® Additionally, Phuruangrat et al.
claimed that tungsten-doped Bi,Mo0Os boosted rhodamine B
degradation rates by 1.69 times in comparison to Bi,Mo0Qg."*°
Thus, approaches like morphology control,’® metal doping,'®*
and heterojunction structures'® can effectively improve Bi,M0Og
photoelectric properties.

2.4.2. Bismuth vanadate. As an important bismuth-based
oxide semiconductor, bismuth vanadate (BiVvO,) shows excel-
lent visible light absorption, suitable band edge position,
electrochemical stability, non-toxicity, and resistance to photo-
chemical/chemical corrosion.'®>'%* BiVO, has three crystal
structures: tetragonal scheelite, monoclinic scheelite, and tet-
ragonal zircon.”® The monoclinic scheelite structure (m-BiVOy,
see Fig. 2(f)) exhibits the highest thermodynamic stability
and catalytic activity, making it the most utilized photoelectro-
catalyst.'®>'% Theoretical DFT calculations indicate that m-
BiVO, is an indirect band gap semiconductor with a band gap
of 2.4 eV, as illustrated in Fig. 3(f), which leads to full visible
light absorption and utilization.'’® For m-BiVO,, the conduc-
tion band is mainly derived from the V 3d orbitals, while the
valence band arises from hybridized Bi 6s and O 2p orbitals."**
Two distinct V-O bond lengths (1.77 A and 1.69 A) exist in
m-BiVO,, affected by Bi 6s/O 2p lone pair hybridization at the
valence band maximum, causing distortions in the BiOg dode-
cahedra and VO, octahedra and displacing the positive and
negative charge centres. Thus the resulting internal electric
field promotes separation of photogenerated electrons and holes,
enhancing the photoelectric properties of m-BivO,.'*"'%” An earlier
study by Kudo et al.*°® has shown that BivO, exhibits broad-
spectrum absorption under ultraviolet and visible light, caus-
ing high photocatalytic activity. Since then, significant studies
have been carried out on the unique and excellent photoelectric
properties of BiVO, and suggest a wide range of applications
in fields such as organic pollutant degradation,'®® water split-
ting,"'° CO, reduction,’! and photoanodes."'* In order to
further improve the photocatalytic activity, visible light absorp-
tion intensity, and other photoelectric properties of BiVO,,
researchers have also attempted to improve the high elec-
tron-hole recombination rate and poor electron mobility of

This journal is © The Royal Society of Chemistry 2024
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4 or hetero-

BiVO, by element doping,"™ vacancy introduction,"
structure construction.'*® Furthermore, the low raw material cost
and versatile preparation methods of BiVO,, such as solid-phase
reaction (SSR), high-temperature melting reaction, precipitation,
and hydrothermal methods,"” make it more promising and widely
studied in the field of photocatalysis.

2.4.3. Bismuth tungstate. Bismuth tungstate (Bi,WOs) is
another common bismuth-based oxide semiconductor with
a perovskite layered structure, narrow band gap (2.8 eV, see
Fig. 3(g)), strong visible light harvesting ability, non-toxicity,
and high chemical stability.'*®""” Its crystal structure belongs
to the orthorhombic space group Pca2(1)"” and is formed by the
superposition of [Bi,0,]*" and [WO,]*~ layers,"*®'*° as depicted
in Fig. 2(g). The layered structure of Bi,WOs leads to sufficient
adsorption sites and generates a built-in electric field between
layers, which is beneficial to the separation of photogenerated
electrons and holes."””® According to the DFT calculation
results, the valence band of Bi,WOs is composed of the hybrid
orbitals of Bi 6p and O 2p, while the conduction band is mainly
contributed by the W 5d orbital, with the contribution of Bi 6p
being small."”" This kind of electronic structure brings about a
broad dispersion of the valence bands, which increases the
mobility of photogenerated holes and facilitates the oxidation
reaction."'®

As early as 1999, Akihiko et al. first synthesized Bi,WOg via
traditional solid-state reaction for photocatalytic O, genera-
tion.'®? After that, various methods like solid-state reaction,
liquid-phase precipitation, hydrothermal methods, and sol-
vothermal methods have been developed to produce Bi,WOg.'**
Currently, the application range of Bi,WOg has covered organic
pollutant degradation,’®* selective organic synthesis'* and
bacteria inactivation in aqueous solutions,'”® such as the
photocatalytic degradation of rhodamine B/phenol mix-
tures'®* or Escherichia coli inactivation."*® However, high photo-
generated electron-hole recombination limits its photocatalytic
performance. Strategies to address this include morphology
control,"” doping,'*® and heterojunction construction.'*® For
instance, metal doping (Fe, Zn, and Mo) improves the visible
light absorption and charge transfer of Bi,WO,.'*® Notably, the
photocurrent density of Mo-doped Bi,WOs is 57 times higher
than that of pure Bi,WOg, dramatically enhancing the photo-
electric properties.

3. Synthesis of bismuth-based
materials
3.1. Hydrothermal method

Hydrothermal synthesis involves crystallization of single crystal
materials from high-temperature aqueous solutions™*® and is
commonly used to prepare bismuth-based compounds.'*!
Compared to other methods, hydrothermally prepared nano-
particles often exhibit superior performance for targeted
applications.™" The process is energy-efficient and economical,
yielding appropriately sized and shaped nanoparticles.*®* More-
over, effective control of product crystal phase, particle size,

This journal is © The Royal Society of Chemistry 2024
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and morphology can be achieved by tuning parameters like
solvent, temperature, time, pH, and reactant concentrations.'®
However, specialized autoclave reactors mean longer produc-
tion times and lower efficiency than other methods."?* Still, the
hydrothermal synthesis method is important for bismuth-
based single crystals and nanostructures since particles
synthesized using this method show high crystallization and
well-controlled morphology.

For example, tubular defective bismuth oxide (BiO,) micro-
tubes with a hierarchical hollow structure (see Fig. 4(a) and (b))
were first synthesized by Su et al. via hydrothermal synthesis,"*?
which promotes efficient photogenerated electron-hole separa-
tion, enabling degradation of dyes like methyl orange and
malachite green. Additionally, bismuth-based oxyhalides and
metal oxides with controllable crystal facets and morphologies
were prepared by using hydrothermal methods such that their
optical properties can be systematically manipulated, which
will be beneficial for specific applications in different fields.
Zhang et al. selectively synthesized BiOC1 {001} and {010} single
crystal nanosheets using a 160 °C hydrothermal process.™**
In the case of {001}-exposed nanosheets, it exhibited higher
ultraviolet pollutant degradation, while visible light favoured
{010}-exposed nanosheets for dye degradation. Lin et al. hydro-
thermally synthesized monoclinic BiVO, with diverse morphol-
ogies like hollow spheres, decahedrons, coral-like particles, and
needles (see Fig. 4(c)-(f)) by tuning pH and showed desirable

Fig. 4 (a) and (b) SEM images of the as-prepared BiO, microtubes.
Reproduced from ref. 133 with permission from Elsevier, copyright 2018.
SEM images of BiVO, powder prepared at different pH: (c) 0.5, (d) 2,
(e) 7, and (f) 12. Reproduced from ref. 135 with permission from Elsevier,
copyright 2019.

J. Mater. Chem. C, 2024,12,1609-1624 | 1613


https://doi.org/10.1039/d3tc03329e

Published on 01 1402. Downloaded on 12/11/1404 11:36:33 ..

Review

photocatalytic degradation efficiency toward rhodamine B
solution.”*> Among them, BiVO, synthesized at pH 7 exhibited
the best photocatalytic degradation efficiency under visible
light, which demonstrates that pH can alter the BiVvO, micro-
structure and photocatalytic performance. Furthermore, Zhang
et al. tried microwave-assisted hydrothermal synthesis to
shorten reaction times and reduce energy costs vs. traditional
hydrothermal methods."*® The resulting Bi,CrOg crystals with
exposed {001} planes and regular flake morphologies were
demonstrated to exhibit enhanced photogenerated charge
separation and photocatalytic hydrogen production owing to
their high crystallinity and uniformity. However, hydrothermal
method faces a challenge for the formation of low-dimensional
materials (e.g., 0D nanoparticles, 1D nanorods or nanoribbons,
and 2D nanosheets).

3.2. Solvothermal method

The solvothermal method offers a solution to the challenge
encountered in the hydrothermal method by applying organic
solvents like polyols and citric acid instead of water to induce
directional nucleus growth and nanoparticle assembly into 3D
hierarchical structures. Mixed solvents of ethylene glycol with
water, ethanol, or isopropanol can also increase anionic salt
solubility and adjust ethylene glycol viscosity to improve pro-
duct morphology and crystallinity."*”"*? As a result, solvother-
mal routes are more prevalent for preparing bismuth-based
photocatalysts than the hydrothermal method."*"**°

Solvothermal methods have been conducted to produce
bismuth-based materials like metal-modified bismuth oxy-
halides which exhibit unique electronic and optical properties.
For example, Huang et al. successfully loaded Bi nanoparti-
cles (~4.0 nm diameter) onto BiOBr nanoplates by reducing
Bi(NO3); in ethylene glycol reductant via a solvothermal
approach, as shown in Fig. 5(a)~(c)."** The obtained Bi/BiOBr
Schottky junction promotes interfacial electron transfer and
nitrogen adsorption. Additionally, Chen et al. solvothermally
synthesized Bi-modified Bi,OsI, microspheres in ethylene gly-
col (see Fig. 5(d)),"*> which generates a built-in electric field
between Bi and Bi,Osl, that improves carrier separation effi-
ciency. Owing to the synergistic effects of oxygen vacancies and
this built-in field, the Bi/Bi,OsI, microspheres exhibit excellent
mercury removal, performance stability, and sulfur resistance.
However, like hydrothermal methods, solvothermal approaches
still have long production cycles and lower yields. They also
show the risks of harmful solvent emissions and environmental
pollution.**?

3.3. Chemical reduction method

Chemical reduction is another common synthesis method for
bismuth-based nanomaterials. Similar to hydrothermal appro-
aches, chemical reduction method is relatively inexpensive and
can be operated under mild conditions (low temperature and
pressure), enabling simple and green chemistry.?®'** For example,
Hamza et al. chemically synthesized Bi,(CrO,); spherical nano-
particles with uniform size using a simple template-free and
stabilizer-free chemical reduction at room temperature,'** as
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Fig. 5 (a) Schematics of the preparation of Bi/BiOBr composites. (b) TEM
and (c) SEM image Bi/BiOBr. Reproduced from ref. 141 with permission
from John Wiley and Sons, copyright 2021. (d) The preparation process of
BiOl, Bi4Osl, and Bi/Bi4Osl,. Reproduced from ref. 142 with permission
from Elsevier, copyright 2021. (e) Top-view FESEM of the as-synthesized
Bi>(CrO4)3 nanoparticles. Reproduced from ref. 144 with permission from
Elsevier, copyright 2020. FESEM images of Bi nanostructures synthesized
at different temperatures: (f) 50 °C, (g) 70 °C, and (h) 80 °C. Reproduced
from ref. 145 with permission from Elsevier, copyright 2012.

depicted in Fig. 5(e). Photocatalytic tests revealed these spherical
Bi,(Cr0O,); nanoparticles can enhance hydrogen production activity
in comparison to other reported Bi-based photocatalysts.
However, in chemical reduction methods, many factors
including reducing agents, temperature, time, pH, precursor
concentration, and surfactants can readily influence nanoma-
terial size, morphology, and structure, and therefore careful
control over these parameters is essential.'** For instance, Ma
et al. used NaH,PO, to prepare 1D bismuth nanostructures at
low temperature,'*® but they found the dosage of tartaric acid
(H,C4H,O6) and reaction temperature significantly affected
their morphologies (curled, bundled, and irregular particulate
structures were obtained under different conditions, as shown

in Fig. 5(f)-(h)).

3.4. Solid phase reaction method

Although hydro/solvothermal methods can precisely control
the morphology and size of products, they require substantial
water and expensive organic solvents. In contrast, solid-state
reactions can overcome these issues through direct mechanical
energy absorption during the chemical reaction, also known as
mechanochemical synthesis.™*" In solid-state reactions, ground
reactant powders undergo solid-state reactions during inter-
particle contact, eliminating solvent needs and enabling large-
scale production.'*® However, direct exposure of nanoparticles
to the environment raises safety and environmental concerns
with this method."*® Moreover, uncontrollable preparation condi-
tions lead to relatively broad nanoparticle size distributions.'”
Nevertheless, solid-state reactions have been used for successful
synthesis of bismuth-based semiconductors in recent years."*' For
example, Cuéllar et al. prepared y-Bi,MoOg powder from Bi,Oz; and
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Fig. 6 SEM images of (a) metal films without heat treatment and
(b) v-BixMoOg films formed after heat treatment on a glass substrate.
Reproduced from ref. 148 with permission from Elsevier, copyright 2011.
FESEM images of (c) Sry_,BixTi;_4Fe,Osz, x = 0.1, (d) x = 0.2. Reproduced
from ref. 150 with permission from Elsevier, copyright 2017. (e) and (f)
FESEM images of BiOCl;_,Br, (x = 0.5). Reproduced from ref. 151 with
permission from Elsevier, copyright 2023.

MoO; at 550 °C, and then fabricated y-Bi,M0Og films with
strong photocatalytic performance via thermal decomposition/
evaporation."*® As Fig. 6(a) and (b) show, using this method,
heat treatment can promote a densified film and reduced pore
size. Additionally, Bijanzad et al. used bismuth nitrate and
potassium bromide to produce BiOBr nanosheets.*® With
increased preparation time, morphologies transformed from
irregular chunks to uniform, thin, and separated nanoplates,
which show the ability for photocatalytic rhodamine B and
pentachlorophenol degradation.

Beyond basic bismuth compounds, solid-state reactions like
grinding or grinding-assisted methods can also prepare hetero-
junctions and solid solutions to enhance the photoelectric
properties of materials."”" For instance, as Fig. 6(c) and (d)
shown, the SrTiO;-BiFeO; solid solution synthesized by Lu
et al. via grinding shows high density with 100-1000 nm
particle sizes.">® Compared to SrTiO;, the SrTiO;-BiFeO; solid
solution has a smaller band gap, broader visible light absorp-
tion, and stronger photocatalytic hydrogen production. Simi-
larly, BiOCl, _,Br, nanosheet solid solution synthesized by Thi
et al. via a simple room temperature water vapor solid-state
reaction can significantly improve organic pollutant photoca-
talytic degradation compared with BiOCl and BiOBr (see
Fig. 6(e) and (f)).">" Additionally, Bi and Bi,S; modified semi-
conductors usually require two steps including reduction and
sulfurization to be prepared, but Bi(Bi,S;)/BiOCl heterojunction
photocatalyst was successfully synthesized by Shen et al. using
a one-step room temperature solid-state reaction method and
showed high rhodamine B and malachite green degradation
efficiency under visible light.">*

3.5. Sol-gel method

In addition, the sol-gel method is also commonly utilized to
synthesize various nanostructures, especially metal oxide nano-
particles. In this approach, metal alkoxide molecular precur-
sors are uniformly mixed in water or alcohol, then hydrolyzed/
alcoholized via heating and stirring to form a gel. Subsequent
steps involve drying and calcining the gel powder to produce
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nanostructured materials."”* Compared to other routes, sol-gel
offers many advantages like controllable material structures,
sizes and surface properties, facile implementation, cost-
effectiveness, and high surface areas.’®® In recent years, sol-
gel synthesis has been widely applied to bismuth-based com-
pounds. For instance, Sanchez et al. used sol-gel methods to
prepare BiOCI-TiO, composites, where BiOCl micro-flakes were
irregularly nested on TiO, nanoparticle agglomerates.">® More-
over, Cui et al. recently employed sol-gel spin coating to
fabricate sheet-like Bi Ti;O;, optoelectronic electrodes, which
exhibited high carrier injection efficiency and surface activity
after heat treatment."® Furthermore, processing sol-gel pre-
cursors via methods like electrospinning, template deposition,
heating, and spin coating can produce nanoparticles with
different morphologies such as nanowires, nanotubes, thin
films, and spherical nanoparticles.”® For example, William
et al. employed sol-gel spin coating to fabricate high-purity
(BiFeO;),~(BiCrO;);_, composite films on glass substrates."’
Similarly, Xian et al. used a polyacrylamide gel approach to
synthesize BiFeO,; nanoparticles with varying diameters."*®

4. Optical and electronic properties
and potential applications

of bismuth-based materials

4.1. Optoelectronic devices

Bismuth-based semiconductor materials have received signifi-
cant attention from both academia and industry due to their
unique photoelectric properties, which makes them ideal
for use in manufacturing optoelectronic devices such as field
effect transistors, laser devices, sensors, nanogenerators, and
photodetectors."® Bi,S;, for instance, is widely used in solar
cells, optical detection, memristors, and other fields because of
its direct band gap, wide visible light range response, and high
photoelectric conversion efficiency."” As shown in Fig. 7(a)-(c),
by using pulsed laser deposition (PLD) technology, Bi,S; quan-
tum dots can be directly deposited on TiO, nanorods to prepare
quantum dot-sensitized solar cells (QDSSCs), which show
strong controllability, high energy conversion efficiency, and
excellent stability."®® In addition to Bi,S;, other layered bismuth-
based nanomaterials such as Bi,O,Se have also been extensively
studied in the field of optoelectronics (Fig. 7(d)). Bi,O,Se has high
air stability, a suitable band gap (~0.8 eV), and high carrier
mobility. Photodetectors prepared based on this material show
excellent photoelectric characteristics such as a high sensitivity of
65 AW ! at 1200 nm, ultrafast optical response of approximately
1 ps at room temperature, and an inherent bandwidth limit of up
to 500 GHz. Researchers also designed a flexible two-dimensional
Bi,O,Se photodetector array that showed a consistent photo-
response when the substrate bending strain was as high as 1%,
confirming that 2D Bi,0,Se photodetectors can work on flexible
substrates.'®" 2D Bi,Se; flakes, with a narrow band gap of 0.3 eV,
have been identified as a promising material for infrared tele-
communication photodetectors, as reported by Wang et al. Their
Bi,Se;-based photodetector demonstrates an outstanding on/off
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Fig. 7 (a) Ilustration of charge separation and transport in the Bi,Ss-
QDSSCs. (b) J-V characteristics, and (c) time stability of the normalized
energy conversion efficiency () of QDSSCs assembled with B,S3/TiO,
photoelectrodes. Reproduced from ref. 160 with permission from Royal
Society of Chemistry, copyright 2017. (d) Photograph of 2D Bi,O,Se
photodetector arrays on mica and optical image of 3 x 5 multi-pixel array
of 2D Bi,O,Se photodetectors. Inset shows photo-response of one typical
photodetector when bending the substrate with strain up to 1%. Repro-
duced from ref. 161 with permission from Springer Nature, copyright 2018.
Current—voltage logarithmic plots for (e) set process and (f) reset process;
schematic representation of (g) Ag atom mediated conductive filament
formation and (h) rupturing of the filament. Reproduced from ref. 164 with
permission from Elsevier, copyright 2018.

ratio of 972.5, a high responsivity of 23.8 A W', and an
impressive external quantum efficiency of 2035%. These remark-
able performance metrics suggest that Bi,Se;-based photodetec-
tors hold significant potential in communications, military, and
remote sensing.'®” Ferroelectric materials such as BiFeO, with
spontaneous polarization characteristics allow for various func-
tions to be realized by adjusting the polarization state of ferro-
electric materials through an external electric field. Therefore,
resistive switching devices, ferroelectric diodes, and resistive
random access memory (RRAM) devices based on ferroelectric
materials have been reported.'®® For example, the Ag/BiFeO;/FTO
(FTO, fluorine-doped tin oxide) RRAM device with a low-voltage
bipolar switch (a maximum on-off ratio of 450) exhibits good
reproducibility, robustness, and durability (Fig. 7(e)~(h)),"** thus
resulting in a great potential for storage applications.

4.2. Electrocatalysis

Electrocatalysis is a technology that converts electronic energy

into chemical energy by forming chemical bonds.'®

However,
the current electrocatalysts predominantly rely on noble metal-
based materials like Pt, IrO, and RuO, which hinders their wide-
spread application in the field of electrocatalysis.'®® Fortunately,
bismuth-based materials show the possibility of being promising
alternatives since they are abundant in reserves, easy to synthesize,
and exhibit excellent safety and stability, thus providing an oppor-

tunity to develop efficient and cost-effective electrocatalysts.'®”
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For example, bismuth formate oxide nanowires (BiOCOOH
NWS) were synthesized using a simple solvothermal method
and reconstituted into ultrathin bismuth nanosheets covered
with a thin layer of amorphous oxide (Bi/BiOX NSS) in KHCO;
solution. Compared to rough porous bismuth nanowires
(Bi NWs), there are more active sites in the case of Bi/BiOX
NSS, leading to stronger CO, adsorption and charge transfer
ability; thus excellent activity, selectivity, and stability were
observed in the electrocatalytic reduction reaction of CO, to
formate.'®® However, the high energy consumption limits their
practicality. To address this issue, as shown in Fig. 8(a)—(c),
Bi,0,CO; nanosheets (VO-BOC-NS) with oxygen vacancies
reported by Zhang et al. exhibited a partial current density of
approximately 286 mA cm™ > with an operating potential of
—0.62V (vs. RHE).'®® More importantly, in a two-electrode
electrolyser, only an operating voltage of 2.27 V is required to
obtain a current density of 50 mA cm > and the faradaic
efficiency is greater than 90%. This is better than the indepen-
dent half-reaction and lays the foundation for the practical
application of the two-electrode cell in the industry. Similarly,
the Bi;—Coy-BO;@450 electrocatalyst was produced by Thomas
et al. by doping metallic bismuth into cobalt borate, which
resulted in the formation of a cooperative catalytic active centre
between Bi atoms and Co or B atoms, driving the hydrogen
evolution reaction with a current density of 10 mA em™> and
a minimum overpotential of 318 mV (see Fig. 8(d)-(f))."”°
Additionally, it has been reported that BiFeO; with a twisted
perovskite structure exhibits good catalytic performance for the
production of NH; by nitric acid reduction.'”* The highest
faradaic efficiency of this catalyst is 96.85%, and the NH; yield
is 90.45 mg h™' mg. '. During the nitric acid reduction
reaction, crystalline BiFeO; rapidly transforms into an amor-
phous phase, which remains stable for a long time in the
reaction. In summary, these examples highlight the development
of various bismuth-based electrocatalysts and their applications
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Fig. 8 (a) Schematic diagram of a two-electrode electrolyser. (b) LSV
curve. (c) Efficiency of cathode CO, reduction reaction (CRR) and anode
methanol oxidation reaction (MOR), the inset is the corresponding bias
current density. Reproduced from ref. 169 with permission from John
Wiley and Sons, copyright 2023. (d) LSV curves of OER over Bi;—Cog—
BOz@450, Bi,—Cog—B0Oz@450, and Co-BOz@300 (non-doped) catalysts.
(e) Their corresponding Tafel slopes. (f) The overpotentials needed for
the reaction at 10 mA cm™2 versus RHE (left) on each catalyst and the
corresponding Tafel slopes (right). Reproduced from ref. 170 with permis-
sion from John Wiley and Sons, copyright 2023.
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for specific reactions, primarily in the context of CO, reduction,
the hydrogen evolution reaction, and production of NH;. They
also clearly demonstrated the unique properties of bismuth-based
electrocatalysts and the importance of designing electrocatalysts
with enhanced activity, selectivity, and stability. The established
understanding provides a new approach for designing more active
and durable electrocatalysts.

4.3. Photocatalysis

As human society continues to develop, non-renewable energy
sources such as coal, oil, and natural gas are being rapidly
depleted. Environmental pollution and the shortage of renew-
able energy resources have become two major challenges in the
world. To address these issues, the development of clean,
renewable energy has become a social priority. Solar energy is
one of the most abundant renewable energy sources that can be
converted into electronic and chemical energy. Among the
various solar energy technologies, photocatalysis, which uses
solar energy to drive chemical and energy processes, is a major
advancement.'”>'”® However, common photocatalytic materials
such as TiO, with a large band gap and low utilization of visible
light limit their application in the field of photocatalysis."”* Other
visible light absorbing photocatalysts also face challenges, with
materials like CdS (E; = ~2.4 eV) exhibiting rapid radiative
recombination of photogenerated electrons and holes and inade-
quate photo-corrosion resistance.'” WO; (E; = 2.4-2.8 eV) is
constrained by its lower conduction band level, leading to
diminished light energy conversion efficiency.>® Therefore, in
recent decades, bismuth-based materials have been explored
and have gained popularity in the field of photocatalysis due to
their tunable and controllable electronic and optical properties,
suitable band edge position, high stability, photo-corrosion
resistance, and excellent catalytic performance,'™'”'”* as illu-
strated in Fig. 9. The recent advancements of bismuth-based
photocatalysts are summarized in Table 1 and will be discussed
in detail in the following sections. Also, since the com-
positional space of bismuth-based semiconductors is vast by
selecting constituent elements and adjusting element ratio,
promising semiconductors with appropriate electronic and
optical properties can be explored for specific photocatalytic
reactions.
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Fig. 9 Band diagram of selected bismuth-based semiconductors and
their redox potential of typical reduction reactions. Reproduced from ref.
175 with permission from Royal Society of Chemistry, copyright 2023.
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4.3.1. CO, reduction. Excessive carbon dioxide emissions
and the use of fossil fuels have led to serious environmental
problems and energy crises."' To eliminate excess CO, and
reduce the greenhouse effect, the photocatalytic CO, reduction
technology has emerged,'”® which is a green and efficient way
to convert carbon dioxide into renewable hydrocarbon fuels
and utilize solar energy to cycle carbon resources.'”> However,
low solar energy utilization and catalytic efficiency, as well
as low selectivity of CO, reduction products, are the main
obstacles limiting the development of photocatalytic CO,
reduction technology.""'”®> To overcome these problems, vari-
ous bismuth-based photocatalysts have been developed, and
significant progress has been made in the field of photocata-
lytic CO, reduction.

Sheng et al.'* prepared a series of bismuth halide perovskite
quantum dots Cs;Bi,Xe (X = Cl, Br, I) for the photocatalytic
reduction of CO, to CO at the gas-solid interface. These
bismuth-based quantum dot materials have unique structures
and excellent optical and electronic properties. Under sunlight
irradiation, the CO yield is 134.76 pmol g ', and the selectivity
is as high as 98.7%. Additionally, by controlling the molar ratio
of reactants, ultrathin Bi;OsBr, nanosheets (Bi;O5Br,-UN)
synthesized using the precursor method exhibit as high as
99.5% CO selectivity and 2.3 times higher CO production rate
than bulk Bi,OsBr, under UV-visible light irradiation, as shown
in Fig. 10(a)~(c)."”” Furthermore, another researcher found that
Co-doped BiVO, can produce about 3 times CH, in comparison
to undoped BiVO, because of the new defect levels above the
Fermi level.'”® A similar phenomenon was observed by Wang
et al. in the study of CO, reduction over the BiVO,/Bi Ti;0;,
heterojunction structure. Because the BiVO,/Bi,Ti;O;, hetero-
junction structure effectively improves the charge separation
efficiency and carrier lifetime, a synergistic effect between
water oxidation on Bi,Tiz;O,, and CO, reduction on BiVO, is
introduced, which can promote the reduction of CO, and H,O
to CH;OH and CO.'”°

4.3.2. Degradation of organic pollutants. The problem of
environmental pollution has escalated with the rapid economic
growth along with the industrial emissions of various organic
pollutants, such as phthalates, polycyclic aromatic hydro-
carbons (PAH), phenolic sulfonamides, tetracycline (TC),
methylene blue (MB), and rhodamine B, leading to severe
consequences for human health and the environment."®®
Photocatalytic technology, recognized as an advanced oxidation
process, has emerged as an effective solution for mitigating this
issue by harnessing solar energy to decompose and eliminate
these harmful pollutants.'®!

Many studies have demonstrated the role of bismuth-based
materials in the process of degradation of organic pollutants,
especially bismuth oxyhalides. For instance, Bi;Ool; with a
unique flaky micro-structure conducts remarkable oxidation
capabilities in the degradation of phenol that a 94% removal
rate was achieved after just 4 hours of irradiation.”® Similarly,
ultrathin nanosheets of Bi,OsBr, boast a variable energy band
structure, which facilitates the generation of oxygen anions and
efficient separation of electron-hole pairs. Consequently, these
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Table 1 Summary of the photocatalytic activity of bismuth-based semiconductors

Photocatalytic
applications Photocatalyst Structure or morphology Photocatalytic performance Ref.
CO, reduction Cs;3BiyXq Quantum dots CO yield: 134.76 pmol g, CO selectivity: 98.7% 14
Bi,O5Br, Nanosheets CO yield: 63.13 umol g™, CO selectivity: 99.5% 177
Co-BivVO, Co-doped BiVO, CH, production rate: 23.8 umol g~* h™" 178
BiVO,/Bi, Tiz0, Heterostructure CH;0H and CO production rate: 16.6 and 179
13.29 pmol g ' h™*
Degradation of Bi,Ool; Hierarchical micro- Phenol degradation efficiency: 94% after 4 h 13
organic pollutants architecture
Bi,O5Br, Ultrathin nanosheets CIP degradation efficiency: 75% after 2 h 182
o/B-Bi, 03 Heterostructure RB 198 and RB 5 degradation efficiency: 184
both 90% after 30 min
Bi,M0O Nanosheet CIP and phenol degradation efficiency: 185
99.4% and 78.6% after 2 h
BiFeO;/AgVO; Nanocomposites RhB degradation efficiency: 70% after 90 min 186
Bi;0,Cl Ag-Bi;0,Cl plasmon CIP and TBPA degradation efficiency: 187
93.8% and 94.9% after 2 h
Water splitting Bi,4O5,Bryo Nanoplate H, yield: 133.9 pmol 189
BP/BiVO, Heterostructure H, and O, production rate: 160 and 190
102 umol g * h™*
Bi,0,Se/TiO, Heterostructure H, production rate: 1240.7 pmol h™* g™* 191
Artificial nitrogen Br-BiOCl Br-doped oxygen vacancy-rich NH; production rate: 6.3 pmol h™* 193
fixation BiOCI micro-sheets
Bi,M0O¢/BiOBr Heterostructure NH; yield: 412.18 mol L 194
(Bi0),CO3 Nanosheets with Au nanoparticles NH; production rate: 38.23 pmol (cm > h)™* 195

RB 198 and RB 5: carcinogenic reactive blue 198 and reactive black 5 dyes
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Fig. 10 (a) Rates of CO and CH,4 generation over Bi4OsBr, and BisOsBr»-
UN and (b) under UV-vis light irradiation for 2 h. (c) CO generation and the
selectivity over Bi4OsBro-UN under UV-vis light irradiation for 2 h. Repro-
duced from ref. 177 with permission from Elsevier, copyright 2019.
(d) Photocatalytic degradation of CIP in the presence of BisOsBr, and
BiOBr under visible light irradiation. Reproduced from ref. 182 with
permission from Royal Society of Chemistry, copyright 2015. (e) Mecha-
nism of Ag-BizO4Cl degrading contaminants. Reproduced from ref. 187
with permission from Frontiers, copyright 2023. (f) The scheme of
Bi»0,Se/TiO, for photoreduction of hydrogen evolution. (g) and (h) Rates
of H, evolution reaction by Bi,O,Se, TiO, and various Bi,O,Se/TiO, at
room temperature under UV light with 5 vol% of glycerol as a sacrificial
reagent. Reproduced from ref. 191 with permission from Elsevier, copy-
right 2020. (i) NHz generation by the as-prepared BiOCI-OV and the
Br-BiOCI-OV under Ar and N, atmospheres. (j) Cycling stability of
BiOCI-OV and Br-BiOCL-OV. (k) N fixation by Br-BiOCl-OV under mono-
chromatic light in compared with its light absorption spectrum. Repro-
duced from ref. 193 with permission from Elsevier, copyright 2019.
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nanosheets demonstrate superior photocatalytic performance
compared to BiOBr, particularly in the degradation of the
colourless antibiotic ciprofloxacin under visible light as shown
in Fig. 10(d)."®* Additionally, various other materials, includ-
ing Bi,05,'%*'®" Bi,M00s,'®® and BiFeO;,'*® have also been
investigated for their photocatalytic potential. For instance,
Zhang et al.'® prepared small-sized two-dimensional Bi,M0Og
nanosheets that exhibited excellent photocatalytic activity,
showing a rapid degradation rate for a variety of pollutants
under visible light irradiation. Within just 2 hours, impressive
degradation rates of 99.4% for ciprofloxacin and 78.6% for
phenol were observed with a 20 times higher reaction rate than
that of larger bismuth molybdate nanosheets. Moreover, the
deposition of metallic silver on the surface of BizO,Cl (see
Fig. 10(e)) significantly enhanced the removal efficiencies of
ciprofloxacin and tetrabromobisphenol A (TBPA), reaching
93.8% and 94.9%, respectively. This enhancement can be
attributed to the surface plasmon resonance effect of Ag, which
inhibits the recombination of electron-hole pairs and simulta-
neously promotes photocarrier migration and separation
to improve both light absorption efficiency and catalytic
performance."®”

4.3.3. Water splitting. Hydrogen (H,) stands out as a
promising secondary energy source due to its numerous advan-
tages, including high energy density, zero carbon emissions,
renewability, and the ability to be stored efficiently. Various
methods have been investigated to produce H,, such as steam
reforming, coal gasification, and photocatalytic water splitting.
Among these, photocatalytic water splitting powered by solar
energy is regarded as the greenest and the most efficient
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technique. Notably, it has the capacity to concurrently generate
both H, and O,, underscoring its substantial potential for
industrial applications.'®®

The reason of bismuth-based photocatalysts is promising
for water splitting lies in their unique electronic properties and
band structures. Specifically, the conduction band position of
bismuth-based materials, such as Bi,,O3,Br;,, has been found
to meet the potential requirements for decomposing water into
H, through first-principles calculations by Shang et al.,'®
which agrees well with experimental observations that Biy,O3;-
Bry, has a certain photocatalytic water splitting ability, with
133.9 umol of H, precipitated from Bi,,03,Br;, after 40 hours of
visible light irradiation. In addition, Zhu et al.'®° reported a
new BP/BiVO, two-dimensional heterostructure photocatalyst,
which has a staggered band structure facilitating charge separa-
tion allowing water to be reduced and oxidized on BP and
BivO,, respectively. The optimal H, and O, yields over the
BP/BiVO, catalyst are approximately 160 and 102 pmol g~ h™,
respectively, without using any sacrificial agent or external bias.
To further improve the photocatalytic activity, researchers
deposited bismuth selenide oxide (Bi,O,Se) on TiO, nano-
particles, which significantly suppressed the recombination of
photogenerated electrons and holes in Bi,0,Se/TiO, compared
to pure TiO,. The hydrogen production rate of Bi,O,Se/TiO, is
1240.7 pmol h™" g™, which is about 50 times higher than that
of pure TiO, (see Fig. 10(f)-(h)).***

4.3.4. Artificial nitrogen fixation. Ammonia is a crucial raw
material in the production of fertilizers, chemicals, and energy.
However, the traditional ammonia synthesis process has many
drawbacks, such as high temperature, high pressure, and a
large amount of CO, emissions. As a result, researchers have to
explore new sustainable alternatives and find photocatalytic
nitrogen fixation for ammonia synthesis can be a candidate."

To address the commonly encountered problems of slow
carrier transmission and low surface reaction efficiency in the
photocatalytic synthesis of ammonia, Wu et al. reported that Br-
doped oxygen vacancy-rich BiOCl micro-sheets (Br-BiOCI-OV)
were synthesized using a solvothermal method and ion
exchange treatment, which exhibits a high charge separation
efficiency and ammonia generation rate (6.3 pmol h™') under
visible light irradiation, indicating a stable N, fixation ability,
as illustrated in Fig. 10(i)~(k)."®> Moreover, Zhang et al.***
introduced bismuth vacancies into the surface of BiOBr nano-
spheres with oxygen vacancies and constructed a Bi,MoOg/
BiOBr composite structure. The synergistic effect of bismuth
vacancies and oxygen vacancies significantly improves the
efficiency of photogenerated electron-hole pairs and the light
absorption capability of the composite material. The hierarch-
ical Bi,M0O4/BiOBr nanosheet assembly structure is beneficial
to the surface adsorption and activation of N, on the catalyst
leading to a four times higher yield of NH; under visible
light irradiation than BiOBr with oxygen vacancies. On the
other hand, Xiao et al.'®® found that gold nanoparticles and
(BiO),CO3 nanosheets also have a strong synergistic effect that
can break the strong triple bond of nitrogen to form ammonia.
Because modification of (BiO),CO; nanosheets with gold
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nanoparticles not only generates hot electrons but also signifi-
cantly enhances light capture and charge separation efficiency,
thereby improving the conversion efficiency of photocatalytic
nitrogen oxidation.

4.4. Cancer treatment and diagnostic imaging

In recent years, there has been a surge of interest in the use of
bismuth-based nanomaterials due to their promising applica-
tions and potential for clinical use, such as combined tumour
therapy, multi-modal imaging, antibacterial activities, and
biosensing.'®® For example, Li et al.*®” investigated the use of
bismuth sulfide nanorods (Bi,S; NRs) as contrast agents (CAs)
for dual-energy computed tomography (DECT) (see Fig. 11(a)).
The results showed that the X-ray attenuation characteristics of
Bi,S; NRs in dual-energy imaging were superior to those of
clinically commonly used iohexanol, particularly at higher
energies. Additionally, Bi,S; NRs exhibited a high photother-
mal conversion rate and could be utilized for photothermal
therapy (PTT) under the guidance of DECT imaging to destroy
osteosarcoma cells and inhibit tumour growth. Overall, the
combination of DECT imaging and photothermal therapy
strategies using Bi,S; NRs as contrast agents holds great
potential for the treatment of bone diseases. Bi,Se; also exhi-
bits significant promise in cancer treatment, demonstrated by
the successful development of an efficient colorimetric biosen-
sor utilizing highly catalytic active Bi,Se; nanosheets decorated
with Au nanoparticles (Au/Bi,Se;), as shown in Fig. 11(b). This
innovative approach serves as an alternative method for cancer
diagnosis. The intrinsic low redox potential and distinctive
topological insulating properties of Bi,Se; nanosheets enable
the provision and accumulation of electrons on their surface,

An NPs antibedy antigen

Fig. 11 (a) Schematic diagram of Bi,Sz nanorods for DECT-guided photo-
thermal treatment of osteosarcoma. Reproduced from ref. 197 with
permission from Springer Nature, copyright 2023. (b) Schematic illustra-
tion of a versatile and colorimetric biosensor based on the tunable smart
interface of catalytic Au/Bi,Ses nanosheets. Reprinted with permission
from ref. 198. Copyright 2017 American Chemical Society. (c) Schematic
diagram of iron-doped bismuth chloride nanosheets for enhanced tumour
sonodynamic therapy (SDT). Reproduced from ref. 199 with permission
from John Wiley and Sons, copyright 2023.

J. Mater. Chem. C, 2024, 12,1609-1624 | 1619


https://doi.org/10.1039/d3tc03329e

Published on 01 1402. Downloaded on 12/11/1404 11:36:33 ..

Review

which fosters robust synergistic catalytic effects in conjunction
with Au nanoparticles. The resulting sensor exhibits excep-
tional sensitivity and selectivity for cancer biomarkers.'® In
addition, a novel type of ultrathin iron-doped bismuth chloride
nanosheets (BOC-Fe NSs) was demonstrated to be a highly
efficient sonosensitizer for tumour treatment through sonody-
namic therapy, as shown in Fig. 11(c)."*® The iron-doped bismuth
chloride nanosheets with specific oxygen vacancies can act as
electron capture sites to promote the generation of reactive oxygen
species (ROS) under the influence of ultrasonic waves. The toxic
ROS produced can effectively kill cancer cells. Both vitro and vivo
experimental studies indicate that the prepared BOC-Fe NSs can
effectively inhibit the growth of breast cancer cells. The successful
development of BOC-Fe NSs provides a new nano-sonosensitizer
option for SDT treatment of cancer.

5. Concluding remarks and outlook

Bismuth-based semiconductor materials have attracted signifi-
cant attention from both academia and industry due to their
unique electronic and optical properties. The studies on these
materials are not only the cutting edge of scientific research but
also the hotspot for industrial applications owing to their cost-
effectiveness, environmental friendliness, and sustainability.
To provide an understanding of how to modify and efficiently
utilize these unique bismuth-based materials so that they can
be applied to more fields, a comprehensive introduction to
their crystal structures, electronic structures, photoelectric
characteristics, modification techniques, and commonly employed
synthesis methods as well as potential applications in electro-
catalysis, photocatalysis, and medical fields is given.

Firstly, since bismuth-based semiconductor materials com-
monly encounter several challenges that impact their perfor-
mance (such as high rates of photogenerated electron-hole
recombination, limited capacity to absorb visible light, and
susceptibility to chemical instability), low photoelectric con-
version efficiency quite restricts their practical applications.
Therefore, various modification techniques (including metal
ion doping, morphology regulation, and the construction of
heterostructures) are introduced to overcome these problems.
Through these approaches, it becomes possible to optimize the
band structure, enhance light absorption capabilities, and
improve carrier separation efficiency. Specifically, with regard
to certain bismuth-based semiconductors with layered struc-
tures, it is needful to explore the hierarchical porous structure
concept because this kind of innovative morphology can increase
the diffusion of reactants and provide additional reaction sites,
leading to enhanced absorption of incident light. Ultimately,
these enhancements significantly contribute to improved photo-
electric performance and increased photoelectric conversion effi-
ciency. These refined methodologies offer valuable guidance and
direction for the continued development and practical utilization
of bismuth-based semiconductors.

Secondly, although various synthesis methods have been
developed for bismuth-based semiconductors, these approaches
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still show inherent shortcomings and require further refinement.
For instance, the solid-state reaction method faces challenges
in adjusting the microstructure and morphology of bismuth-
based materials, while the hydrothermal/solvothermal method
suffers from limitations in production efficiency and the inabil-
ity to facilitate large-scale manufacturing. Additionally, during
the design and synthesis of bismuth-based semiconductors, it
is also imperative to consider factors such as safety, environ-
mental sustainability, and economic viability. Particularly in
the industry, the demand to synthesize bismuth-based semi-
conductors with outstanding photoelectric properties using a
straightforward, large-scale, and high-yield approach is still a
substantial challenge.

Moreover, in recent years, remarkable advancements in
bismuth-based semiconductors have been witnessed, particu-
larly in the realm of photocatalysis. However, it is important to
note that despite these achievements, many photocatalytic
technologies are stuck in the experimental investigation section
and fall short of meeting the demands of practical produc-
tion applications. In addition, the complicated photocatalytic
reaction mechanism still needs further deep investigation for
optimization of photocatalysts to achieve excellent perfor-
mance. Therefore, building an understanding of the effect of
electronic structure or bulk composition of materials on their
photocatalytic performance, and unraveling the kinetics of
electron transfer and surface chemistry in photocatalytic reac-
tions, are the critical questions asked in the community. Based
on these studies, expanding beyond photocatalysis, bismuth-
based semiconductors will hold more potential for diverse
applications in biological, medical, and other domains. For
example, since bismuth possesses exceptional antibacterial
properties, bismuth-based compounds will present more
chances in the field of photocatalytic bacterial inactivation
(such as treating ulcers and bacterial infections) compared
with other photocatalysts. They can also be integrated with
electrochemical technology to foster the development of
novel biosensors and detection devices, capable of identifying
cells, organic molecules. Additionally, their utility can also be
extended to the field of thin-film technology for high-efficiency
photoelectric conversion and storage devices or in the field of
biotechnology as promising candidates with a high photother-
mal conversion rate for the applications of photodynamic
therapy and photothermal therapy.
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