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Since the discovery of graphene, two-dimensional (2D) materials have been established as a vibrant
research topic in the fields of energy and catalysis. Among them, 2D mono-elemental bismuthene has
attracted interest from researchers owing to its unique electrical, mechanical, optical and chemical
properties. In addition, low toxicity and biocompatibility make it a promising material for various
applications, such as energy, optoelectronics, catalysis and biomedical sciences. 2D bismuthene with a
large bulk gap is a good candidate as a room-temperature topological insulator, and it also exhibits high
cyclability in battery application and displays air stability. Furthermore, its high surface area and excellent
electrochemical activity make it a potential electrocatalyst for energy conversion. Thus, considering
all the fascinating aspects of bismuthene, our aim is to exclusively review the recent advances in 2D
monoelemental bismuthene, its properties, synthesis techniques and applications in energy, catalysis
and biomedical sciences. This study initially gives an overview of its properties, such as structural,
topological, conducting, chemical, carrier mobility, ferroelectric and thermal. Subsequently, we discuss

Received 16th February 2023, the facile synthesis of bismuthene through chemical vapour deposition, physical vapour deposition,

Accepted 26th April 2023 chemical exfoliation, mechanical exfoliation and liquid-phase exfoliation. Further, we present its
DOI: 10.1039/d3tc00587a applications in electrochemical and photocatalytic processes, such as hydrogen evolution reaction,
sensing and CO, reduction, then in optoelectronics, supercapacitors, and batteries, and finally in

rsc.li/materials-c biomedical applications.

1. Introduction

Comprehensive research has been directed towards the devel-
opment of sustainable and efficient catalysts for energy and
environmental applications. Two-dimensional (2D) materials
have attracted significant attention from the scientific commu-
nity for over a decade to address many issues in energy,
electronics and health care™? owing to their unique properties,
such as high charge carrier mobility, excellent flexibility and
large mechanical robustness."”* Studies on 2D materials
have been significantly influenced by graphene, which has
been extensively studied over the years.>® 2D nanostructured
materials consist of a nano-size planar crystal structure with
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monolayer or few-layer assemblies. Presently, research is focused
on developing various types of graphene-like 2D materials,” such
as transition metal dichalcogenides (TMDs), mixed metal carbides
(MXenes), layered oxides and mono-elemental materials (Xenes).?
Among them, Xenes, which include group IVA and group VA’
elements, such as carbon, silicon, germanium, tin, phosphorene,
arsenene, bismuthene, and antimonene with fascinating features,
such as high carrier mobility, superior specific surface area, low
carrier density and in-plane anisotropy, make them a topic of
interest.'® Arsenene, bismuthene and antimonene were synthe-
sized earlier; however, their research applications have only been
explored recently. Group VA elements, which are known as
pnictogens, show toxicity with arsenene being extremely toxic.
Notably, bismuthene display lower toxicity compared to other
conventional graphene and phosphorus derivatives'' and bio-
compatibility based on the clinical biosafety data of bismuth-
based drugs and its high stability under ambient conditions.
Furthermore, bismuthene is an environmentally friendly
material, which can be used in biomedical applications, besides
the energy and catalysis fields. Importantly, bismuthene can be
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extended to large-scale production and real-time applications
owing to its low toxicity, high stability and environmental
compatibility. Few-layered bismuthene (Bi) belongs to group
VA, has a controlled energy band gap of almost 0 eV to 0.55 €V,
manifests an excellent solar response, and its adjustable
band gap has made it an appropriate candidate for various
applications; thus it has been applied in biosensing, catalysis,
gas sensing and biomedicine."”** Bismuthene has a large
atomic weight with strong spin orbit coupling and owns
remarkable topological and metallic properties such as quick
carrier mobility and durable light material interactions.*">"®
Studies have shown that the 2D form of bismuthene acts as a
2D topological insulator but this topic still under debate."”
Bismuthene was discovered in 1997 on a Bi(111) surface and
bismuth can form bismuthene with a planar or sp> honeycomb
lattice.”® Bismuthene tends to form a rhombohedral structure
(B-phase), which is thermodynamically stable according to a
DFT study. Bismuthene nanosheets possess a hexagonal
buckled 2D structure with an improved lattice constant of
a = 4.357 A and bond distance between the Bi-Bi atoms in the
Bi nanosheet of 3.04 A.°° Also, the bond angle and buckling
height of the Bi nanosheet were found to be about 93.27° and
1.73 A, respectively. The buckled structure of the Bi nanosheet
stabilizes the layered nanostructure. An image of a bismuthene
nanosheet is shown in Fig. 1."*

Bismuthene has attracted attention in a wide range of
applications in various fields'®"'® (Fig. 2). Recently, the number
of applications of bismuthene has expanded exponentially in
terms of catalysis (water splitting, degradation, hydrogenation,
and CO, reduction), biomedicine, polarized photodetection,
neutral networks, electrochemistry and energy, electronics,
photonics and logic transistors.'”?° The enlarged surface and
excellent electrochemical behavior of 2D bismuthene make it a
good catalyst for CO, reduction and N, fixation. Furthermore,
the air stability and low toxicity of bismuthene enable large
scale/industrial applications. In this review, we present the
properties, synthesis and applications of bismuthene in detail.
Herein, initially, we present an overview on the properties of

1.73 A

Fig. 1 Schematic of bismuthene nanosheet. Reprinted with permission
from Elsevier.*®
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Fig. 2 Bar graph representing the number of publications versus year.
Web of Science search data with the keyword “bismuthene”.

bismuthene including its structural, topological, conducting,
chemical, carrier mobility, ferroelectric and thermal properties.
Then, we discuss the facile synthesis of bismuthene through
chemical vapour deposition, physical vapour deposition, chemical
exfoliation, mechanical exfoliation and liquid phase exfoliation.>**
Further, we discuss its applications in electrochemical and
photocatalytic processes such as hydrogen evolution reaction,
sensing and CO, reduction, then in optoelectronics, super-
capacitors, and batteries, and finally in biomedical applications.
The future scope of nanoengineered 2D monoelemental bis-
muthene is also highlighted.

2. Properties

Bi, which is present in Group V, is the most metallic element in
this group with a high mass fraction, making it unique. Density
functional theory (DFT) calculation suggested that the rhombo-
hedral structure of bismuthene is the only stable structure. The
literature suggests that bismuthene may behave as an insulator
with a 2D topological structure with spin-orbit monolayer
and predicted bandgap of ~0.3 eV and measured band gap
of 0.67 eV, which disappear in multilayer bismuthene given
that it becomes metallic; however this is still under debate. The
conversion of semi-metal/metal through exfoliation into a
semiconductor is associated with electron transfer and band
gap transitions. Interestingly, a reduction in the thickness of Bi
may lead to exceptional properties such as 2D topological
insulation, which is not present in bulk Bi. Furthermore, the
metallic and conductivity properties of bismuthene are depen-
dent on its number of layers. In terms of chemical properties,
the unpaired electron present in bismuthene is easily accessi-
ble compared to arsenene and antimonene, making it more
suitable for sensing NH;, NO and NO, through the formation
of a strong metal-nitrogen covalent bond. The exfoliation of
bismuthene consumes less energy than other Xenes due to its
metallic nature and Bi has prominent spin-orbit coupling in its
structure.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Top and side views of Bi(111), showing its buckled honeycomb structure. (b) Top and side views of Bi(110), showing puckered the black-

phosphorus-style allotrope. Reprinted with permission from RSC.2*

Bismuthene has a direct tunable band gap with high carrier
mobility, similar to black phosphorus, and also exhibits high
intrinsic stability in the ambient environment. Theoretical
calculations suggest that the band gap of bismuthene is in
the range of 0 to 0.55 €V, indicating its potential applications
in the mid infrared (MIR) and infrared (IR) regions. Addition-
ally, the buckled Bi(111) and puckered Bi(110) phases exhibit
high air stability. The puckered structure (Fig. 3) of bismuthene
exhibits ferroelectric and even antiferroelectric property with a
Curie temperature above room temperature. The carrier trans-
port properties of bismuthene determined through the defor-
mation potential technique exhibited high values, reaching up
to thousands of cm® V™' s, The effect of temperature on the
armchair and zigzag structures of bismuthene suggests a sig-
nificant reduction in these properties with an increase in
temperature. The zigzag orientation exhibits excellent resis-
tance, while the armchair exhibits shows better elasticity. Wang
et al.** combined acid interaction and liquid separation and
converted bulk bismuth into a multilayer semiconductor,
which exhibited invisible optoelectronic properties (non-
linear response up to near IR). Bismuthene has been used in
optical logic gates, fibre optics and laser material processing
(Fig. 4). The thermal properties of bismuthene are influenced
by temperature and presence of vacancies, where an increase in
temperature and vacancies results in a decrease in thermal
properties.” The interlayer spacing of monolayer bismuthene is
3.9 A and exhibits reversible ion insertion and extraction.?®
Employing first principal calculations, Hong et al.>® studied the
ferroelectric polarization in monoelemental bismuthene nano-
ribbons and explained that their width size-limiting effect is
due to edge stress effects. The decrease in width led to the
spontaneous exchange of zigzag and armchair bismuthene to
symmetric nonpolarized nanoribbons. To improve the various
applications of 2D-based materials, altering their surface struc-
ture by anchoring or doping single-atom impurities has
recently become a topic of research. Bismuthene may be doped
with non-metal atoms, endowing it with a variety of electrical
and magnetic properties, which can be used in spintronic
devices. Recently, Nguyen et al. systematically examined the

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (A) Hexagonal unit cell of bulk Bi structure, (B) related structure of
Bi crystal, (C) single-layer of buckled honeycomb structure of Bi, b-Bi and
(D) phonon dispersion curves calculated with and without spin—orbit
coupling. Reprinted with permission from ACS.*?

impact of group IVA atom (C, Si and Ge) doping on the
structural, electrical, and magnetic characteristics of mono-
layer bismuthene using first-principles simulations. Due to
the notable size difference between the dopant and host Bi
atoms, their integration results in local structural deformation.
This effect was observed to diminish as the number of atoms in
the IVA group increases. Accordingly, the decrease in doping
energy suggested that the doping process may require less
energy and it has potential to marginally improve the existing
electrical and magnetic properties of 2D bismuthene.”” In a
related study, Lopes and group compared transition metal-
doped bulk and nanoribbon bismuthene using first-principles
and a Hamiltonian model. To test the implications of the
topological states on the magnetic interactions, they performed
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simulations using the vanadium ion as a model of 3D transi-
tion metal-doped bismuthene. According to their findings,
anti-ferromagnetism is dominant and is supported by the
topological states, while spin-locked Dirac crossing states are
preserved as a result of the general preservation of time-reversal
symmetry. The spin diffusion length can be increased by the
prolonged magnetic contacts, which are mostly mediated by
massless electrons, which is encouraging for quick dissipation-
free spintronic devices.?® The properties of bismuthene
nanosheets such as tunable bandgap, stability, and elasticity
make it a unique amongst the two-dimensional materials.
Thus, many researchers are using few-layer bismuthene
nanosheets in various applications.

Overall, the crystal structure, lattice parameters, band structure,
thickness, surface energy and strain of bismuthene contribute
to its unique structural properties and make it a promising
material for electronic and optoelectronic applications. However,
the structural regulation of bismuthene materials is still in
its infancy. One important aspect of the structural regulation
of bismuthene materials is the control of their thickness and
crystal orientation. This can be achieved through various pre-
paration methods, which will be discussed in the following
section, such as epitaxial growth on suitable substrates or
chemical vapor deposition (CVD) technique. The resulting
films can have different thicknesses and crystallographic orien-
tations, which can affect their electronic and optical properties.
Another important consideration in the structural regulation
of bismuthene materials is the control of their defects and
impurities, which can arise during the growth process or
exposure to the environment and can significantly affect the
electronic properties of the material. Therefore, it is important
to develop methods for the controlled introduction of defects or
the removal of impurities to optimize the properties of these
materials. Further, the structural regulation of bismuthene
can also involve the design of heterostructures and interfaces
with other materials. By combining bismuthene with other
materials, it is possible to create hybrid materials with unique
properties that can be tailored based on the requirement.>®

The structural regulation of 2D bismuthene can be achieved
through various methods, as follows:

(i) Substrate engineering: bismuthene can be grown on
different substrates, which can influence its structural properties.
For example, the growth of bismuthene on a substrate with a
mismatched lattice constant can induce strain, which can modify
its electronic properties.

(if) Doping: doping bismuthene with foreign atoms can alter
its structural properties. For example, doping with carbon
atoms can introduce defects in its lattice, which can modify
its electronic and mechanical properties.

(iii) Chemical functionalization: bismuthene can be chemi-
cally functionalized with different molecules, which can modify
its surface properties. For example, functionalizing bismuthene
with halogens can passivate its surface, making it more stable
and less prone to oxidation.

(iv) Mechanical deformation: bismuthene is highly sus-
ceptible to mechanical deformation, which can modify its
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structural and electronic properties. For example, applying
strain can tune its bandgap and carrier mobility.

(v) Stacking: stacking multiple layers of bismuthene can
create van der Waals heterostructures with unique structural
properties.

Further, the method employed for the preparation of 2D
bismuthene can have a significant influence on its structure,
including its crystal structure, morphology, thickness, and
defect density. The various methods for its preparation are
discussed in the next section. The choice of method should
be carefully considered based on the desired properties of
bismuthene for a particular application.??°?

3. Preparation methods

The preparation of 2D bismuthene can follow the top-down or
bottom-up approach. However, the former is more popular and
involves exfoliating the bulk material, where the layers overlap
with weak van der Waals interactions. This is carried out
based on mechanical effects such as liquid-phase exfoliation,
mechanical cleavage and etching. Among them, liquid-phase
exfoliation is one of the most promising and popular techni-
ques because of its potential to produce high yields of multi-
layer 2D-bismuthene. Alternatively, bottom-up methods convert
ions, particles, or atoms directly into 2D-materials and involve
methods such as thermal, vapor and plasma-assisted deposi-
tion and chemical synthesis. The vapour deposition methods
for the growth of bismuthene are currently limited to pnictogens,
and thus efforts are required to develop suitable procedures to
enhance its efficacy. The choice of the optimal method to
synthesize 2D bismuthene for energy applications depends on
several factors such as the desired properties of the material,
scalability, and cost-effectiveness of the synthesis method.
Hence, some of the commonly used methods for the synthesis
of 2D bismuthene with potential energy applications are
briefly discussed in this section. The different methods
reported for the experimental synthesis of bismuthene include
various exfoliation, deposition, hot-pressing and wet-chemical
methods.'”**%®

3.1. Mechanical and liquid-phase exfoliation

Mechanical exfoliation to fabricate 2D materials is well known
due to its simple principle, wherein the van der Waals forces
between the layers are broken by the adhesive force of a tape.
This method follows a simple approach and the properties of
the layered material are retained to a great extent. However, the
underlying assumption of the mechanical exfoliation method
is that the target layered semiconductor has good quality and
weak van der Waals force, which has made the preparation
of bismuthene challenging thus far. Furthermore, because
the size, morphology, and other parameters of the samples
obtained by mechanical exfoliation are not controllable, this
approach is limited to research at the laboratory level.***°
Liquid-phase exfoliation has evolved as the most significant
top-down technique to prepare 2D bismuthene, given that it

This journal is © The Royal Society of Chemistry 2023
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overcomes the challenges of low yield and has better control
of the growth than the mechanical exfoliation method. This
approach has the merits of being cost-effective, highly efficient
and operationally simple.'®** However, its drawbacks include
low sample quality and difficulties in scaling up to industrial
levels. The typical synthesis method involves the use of ultra-
sonic technology, such as ion intercalation, ion replacement,
bath sonication, and tip sonication. The exfoliation of bulk
bismuth into 2D-nanosheets involves initially placing the bulk
materials in certain organic solvents under ultrasonic treat-
ment, followed by centrifugation of the obtained dispersion
several times to get a supernatant containing bismuthene.
Given that this method includes molecular sizes smaller than
0.5 nm, H,SO, is added to bismuthene with optimal geome-
trical factors and chemical affinities, leading to its exfoliation
into ultrathin sheets. Reports revealed that the exfoliation effect
is associated with the surface energy of the solvent, and thus it
becomes important to choose a suitable organic solvent to
achieve a stable dispersion of the obtained 2D materials in
organic solution for an overall efficient exfoliation.?*>334°
Chen et al. modified this simple method by using a pre-
grinding liquid sonication exfoliation technique, and interest-
ingly achieved better results. In their typical synthesis, prior to
sonication, the Bi powder was placed in an agate mortar, the
required amount of solvent added, and the sample ground for
one hour. This pre-grinding produced shearing force along the
layer surface, which promoted the generation of large and thin
bismuth plates with a smooth surface. Further, a suspension
was made by dispersing the mixture in the solvent and a
surfactant (oleic acid) was added with subsequent sonication
and centrifugation.*’ A similar strategy involving a two-step
aqueous shear force exfoliation method was followed by Lazanas
et al, where the authors performed the shear dispersion and
exfoliation of the bulk crystals in an aqueous sodium surfactant
using a kitchen blender.** Other researchers have also reported
this strategy to prepare 2D bismuthene for various applica-
tions.”®™*> Together with 2D-bismuthene nanosheets, bis-
muthene quantum dots are attracting interest from researchers
due to their rich and fascinating properties owing to the
quantum confinement effect. The liquid-phase exfoliation
route has also been employed to synthesis BiQDs with a size
of about 4 nm.**™*® The exfoliation synthesis method can yield
bismuthene with good properties but with little control of the
size and number of layers, making it difficult to reproduce on a
large scale. Thus, exfoliation may not be a suitable method to
synthesize highly controlled bismuthene samples.

3.2. Hot-pressing method

The hot-pressing technique involves the simultaneous applica-
tion of heat and pressure. This technique is versatile and
has been also employed for the synthesis of bismuthene, as
reported by Hussein et al. for the first time. According to
researchers, it is a novel, facile, and cost-effective mechanical
route employing large thermo-compression to prepare ultrathin
bismuthene. In general, bismuth nanoparticles were com-
pacted using an appropriate press, and simultaneously heated

This journal is © The Royal Society of Chemistry 2023
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at a particular temperature.*>*° However, it is difficult to
determine the effectiveness of this synthesis technique, and
thus more studies are required to explore its efficiency for the
synthesis of bismuthene.

3.3. Molecular beam epitaxy method

Molecular beam epitaxy is a robust bottom-up approach, which
has been widely applied to grow 2D materials. It is a simple
method to achieve the high-quality, uniform and controlled
growth of 2D Bi(110) and Bi(111) on a substrate. This method
works under ultrahigh vacuum and relatively low temperatures
compared to vapour-phase deposition.’® Given that the topo-
logical quantum properties in 2D materials are greatly
influenced by the film-substrate interactions and growth tem-
peratures, it is important to symmetrically match the film and
substrate during the epitaxial growth process. In this case,
matching the index of monoelemental 2D bismuthene with
the lattice substrate results in strong interfacial interactions,
and consequently breaks the intrinsic topological properties by
strong orbital hybridization with the substrate.>® It has been
established that metals on semiconductors and oxides prefer
3D growth modes rather than 2D films, which are known to be
atomically smoother. However, deposition at low temperatures
or surfactant-mediated growth can overcome this problem by
modifying the kinetics of the film.>" To control and monitor
these parameters, in situ characterization methods, such as
angle-resolved photoemission spectroscopy (ARPES), surface
X-ray diffraction (SXRD), low-energy electron diffraction (LEED),
and atomic force microscopy (AFM) measurements, are usually
built-in in the vacuum chamber for time-on-stream analysis of the
growth of 2D bismuthene. In 2005, Nagao et al. experimentally
elucidated the mechanism of the structural transition of bis-
muthene layers during their epitaxial growth considering both
size and interface effects. According to them, Bi(111) is the
favoured plane for thicker films because of the higher cohesive
energy compared to Bi(110), which is the opposite for small
thicknesses.**>* Accordingly, high-quality bismuthene materials
with great control of their size and thickness can be synthesized
via molecular beam epitaxy. This presents an easy option for the
synthesis of less defective few-layer bismuthene sheets for various
applications.

3.4. Thermal vapour deposition

Thermal vapour deposition is considered to be a cost-effective
process for the synthesis of high-quality 2D bismuthene films.
Further, considering the low melting point of bismuth (271 °C),
this method becomes even more straightforward to prepare 2D
bismuthene.> In a typical synthesis, the bulk bismuth powder
is heated in a furnace under vacuum conditions up to 10 Pa.
According to the literature, 2D bismuth with a thickness of
13 nm was prepared by heating Bi powder in a quartz tube
furnace at 510 °C with N, as the carrier gas at ~1 Pa, leading to
continuous large-area Bi(110)-oriented films.”> However, the
large surface roughness of the films, which is highly undesir-
able, remains the drawback of this method. This can be
minimised by oblique angle deposition, which reduces the

J. Mater. Chem. C, 2023, 11, 6777-6799 | 6781
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Fig. 5 (a) TEM image, (b) HRTEM image and (c) Raman spectra of bismuthene nanosheets. Reprinted with permission from Wiley.>”

crystallite size.>® The sheet-like morphology of bismuthene is
shown in Fig. 5 and the peaks in the Raman spectrum of bulk
bismuthene shift to a lower value when it converted to
nanosheets. The favorable synthesis parameters such as tem-
perature and pressure with high-quality bismuthene sheet yield
show that the thermal vapour deposition method can be
utilized for the large-scale synthesis of bismuthene sheets for
applications in the fields of energy and optoelectronics.

3.5. Magnetron sputtering

The magnetron sputtering process can attain a high deposition
rate under a base pressure of 10 *~10° Pa for the deposition of
bismuth thin films with a thickness of hundreds to thousands
of nanometers.>"*®>® This technique produces films with a
high surface roughness and is similar to the 2D bismuthene
obtained by evaporation and sputtering methods, thus requires
optimizations. Recently, Sui et al. reported the preparation of
bismuth thin films via the magnetron sputtering method. In
their study on the influence of deposition temperature (from
room temperature to near the melting point) on the morphol-
ogy and structure, they determined that 160 °C is the best
temperature to achieve the desired morphology and growth
mechanism of bismuthene thin films.>® Also, compared to the
previously reported bismuthene film deposited by magnetron
sputtering, segregation was not observed in the films at a
substrate temperatures of up to 160 °C, and the authors
claimed that it may appear at higher temperatures, such as
over 170 °C, as also experimented by Sui and group.®® However,
although magnetron sputtering is a promising method for the
synthesis of bismuthene sheets with control of their thickness,
the surface roughness and optimization hinder its ability for
large-scale synthesis.

3.6. Pulsed laser deposition

This deposition method uses a high energy laser to vaporize
and dissociate the material under vacuum, and therefore over-
comes the drawbacks of surface roughness obtained via the
thermal evaporation and sputtering methods by fast moving
6051 pyrther, compared with the molecular beam epitaxy
method, pulsed laser deposition has the advantages of high
deposition rates, low temperature and low cost. However, the

ions.
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synthesis of few-layer or even bilayer 2D-bismuthene has not
been reported using this method, limiting its use compared to
the epitaxy method.> Similar to other deposition methods, the
substrate temperature together with the laser (source) energy
influences the roughness, grain size and orientation of 2D
bismuthene.®® It has been reported that with a decrease in
the substrate temperature, both the grain size and the film
roughness also decrease. Thus, by optimizing the deposition
parameters, substrate and source energy, 2D bismuthene can
be readily deposited in a controlled and desirable manner.**
However, although the pulsed laser deposition synthesis tech-
nique has highly favorable synthesis parameters, it is limited to
the synthesis of multilayer bismuth nanosheets, which may not
be suitable for several applications.

3.7. Wet-chemical method

Due to its good controllability and high-yield production, wet
chemical synthesis is considered to be one of the most
potential methods for the preparation of 2D nanomaterials.®>
The synthesis follows simple steps, where initially, the chosen
precursor is dissolved in a suitable solvent and treated with
reducing agents, followed by the collection of bismuthene
by centrifugation, and finally washing. The suitable solvents
mostly used are water, glycol, chloroform, thiourea, and ethy-
lenediamine tetraacetic acid disodium."***** In most of the
reported chemical synthesis methods, the precursors are
Bi(NOs);5-5H,0 and BiCl;. Between them, the nitrate precursor
is believed to be a better precursor owing to its high stability
under ambient conditions, which also eliminates the undesir-
able decomposition/degradation. The most popular reported
reducing agent is sodium borohydride (NaBH,), which has a
few drawbacks, such as its sensitivity to moisture and easy self-
hydrolysis. Alternatively, hydrazine has been recently reported
to overcome these shortcomings given that it is more stable,
water-soluble and can be used in either acidic or basic media.®
To regulate the growth, shape, and size of the particles and
prevent their aggregation, surfactants are added as stabilizing
agents. The preparation of bismuthene via a surfactant-assisted
chemical reduction method was reported, in which the pre-
cursor was reduced with a borane-tert-butylamine complex in
oleylamine (OAm) at 120 °C. In this procedure, OAm acted as

This journal is © The Royal Society of Chemistry 2023
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both the surfactant and solvent. Later, the bulk bismuth was
exfoliated in various solvents with an ultrasonic probe homo-
genizer for 1 h to obtain a dark gray suspension of bismuthene
nanosheets.®® In a recent publication, Stefanos et al. performed
the autoclave-based hydrothermal synthesis of 2D bismuthene
with diverse morphologies through the reduction of Bi(NOj3);-5H,0
by hydrazine at high temperatures and pressure using poly(sodium
4-styrenesulfonate) (PSS) as the surfactant. Using this method, it
was reported that at relatively high pressure, the physicochemical
properties of the solvents could be controlled by monitoring the
solubility and reactivity of the precursors. The autoclave-assisted
chemical method also facilitates the production of nanoparticles
with the zero-valent state.®” The reduction of bismuth salt in a
solvent using an autoclave is the easiest approach to synthesize
bismuthene sheets. The facile synthesis steps make the synthesis of
bismuthene easy with great control over the sheet thickness.

3.8. Electrochemical

In almost all the previously reported methods, the scalability of
the product remains a major concern. In this case, Osama et al.,
in their recent work, claimed that the exfoliation of the layered
material by the electrochemical method can overcome this
drawback.®” Electrochemical exfoliation is considered a simple
and robust technique to efficiently synthesize 2-D nanomater-
ials with high mass production. Few-layered bismuthene can be
prepared using a three-electrode potentiostatic electrochemical
station together with cyclic voltammetry (CV) measurements.
In a typical experiment, firstly, the bismuth needle is connected
to the electrochemical system as the working electrode, and
partially placed in the aqueous electrolyte of choice to avoid
the contamination of the exfoliated materials, while Pt is used
as the counter electrode. The other half cell is made using
Ag/AgCl, which acts as the reference electrode to determine the
potential of the other half cell. At different applied voltages,
exfoliation is performed followed by centrifugation of the
electrolyte containing bismuthene as the product (Fig. 6).%
In a recent publication, Fan et al., for the first time, reported
the synthesis of bismuthene nanosheet arrays via galvanic
replacement reaction. It involves a redox process and the
difference in the redox potentials of two metals, leading to
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the oxidation and dissolution of the metal, and concurrently
the reduction and deposition of metal ions from solution.
Specifically, the galvanic replacement reaction between metal-
lic Cu and Bi*" ions was performed for the development of
densely and vertically aligned bismuthene nanosheet arrays on
Cu substrates.®® Further, recently, 2D mosaic Bi nanosheets
with a mosaic morphology were created by electrochemically
reducing bismuth oxyiodide (BiOI) nanosheets in situ. Nano-
flakes with a size of about 10 nm developed and were distri-
buted throughout the matrix of the Bi nanosheets.®® The results
show that electrochemical exfoliation is a facile and reliable
technique for the synthesis of few-layer bismuthene, which can
be implemented in various applications, as explained in the
next section.

The large-scale synthesis of defect-free few layer bismuthene
nanosheets is still a challenge due to their susceptibility to
oxidation, sensitivity to impurities, and limited availability of
starting materials. Moreover, the methods for the synthesis of
other 2D materials cannot be directly applied to bismuthene
due to its unique structure and properties. Thus, researchers
are still exploring the possibility of realizing the large-scale
synthesis of bismuthene.”® Although the synthesis of bis-
muthene is challenging, other analogues of bismuth such as
three-dimensional bismuth nanoparticles and bismuth nanorods
are easy t