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INTRODUCTION

Graphene is the first two-dimensional substance identified
[1]. The remarkable features of graphene have given rise to a
new class of materials known as “2D materials” [2-5]. For many
applications, 2D forms are a relatively fascinating and fresh
topic [6]. 2D materials often offer a variety of physical features
that make them attractive for electronic devices, photonics,
energy conversion and nanoengineering [7-10]. 2D materials
such as phosphorene, boron nitride, germanene, antimonene,
silicene, arsenene and transition metal dichalcogenides have
recently attracted a lot of attention due to the rapid growth of
graphene. The mass of atom-thick materials has been predicted
or produced theoretically [11-15]. Surprisingly, due of the
various out-of-plane buckling degrees, they have distinct
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structures than graphene [16]. Some 2D materials, such as the
combination of 2D flat boron, 2D gallium nitride (GaN) and
hafenene [17], may be created from bulk materials without
layered form in addition to exfoliated 2D materials from their
layered bulk counterparts.

Graphene is regarded as a miraculous substance. It is made
out of a one-atom thick sheet of carbon that is extremely strong,
conducts electricity and can be shaped into any shape. The
European Union has put one billion Euros towards launching
a graphene sector and the material has been utilized in every-
thing from apparel to condoms to paint. So, what is it about
graphene that makes us want to mass-produce it so badly?
Graphene is known as a “wonder material” for a reason: it
possesses a number of exceptional features that scientists have
linked to a variety of possible uses [18,19]. It’s thin and flexible,
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but it’s also stronger than diamond and it’s one of the strongest
materials known, with strength of roughly 200 times stronger
than steel. This is despite the fact that it is extremely thin and
light, weighing just 0.77 mg/m2. It is also a better conductor
of electricity and heat than copper. It may be coiled into balls,
rolled into tubes, or piled to produce graphite once again.

Graphene’s position as a “wonder substance” is being
questioned more than a decade after its discovery. Not everyone
believes that a ‘killer’ application would ever offset the expen-
ditures of its development. The total expenditure in graphene
research is now expected to be US $ 2.4 billion; yet, only US
$ 12 million worth of graphene was sold in 2013. Many have
referred to carbon nanotubes, which had a slew of potential
applications when they were discovered, but failed to live up
to much of the hype. While graphene hasn’t yet realized its full
potential, there’s still time and with the amount of current
research being done, it’s certainly feasible.

Hexagonal boron-nitride, graphitic carbon nitride, silicene
and germanene, as well as dichalcogenides like molybdenum
disulfide, all follow graphene in close succession. Borophene
is one of the most recent breakthroughs. It is the most recent
substance to challenge graphene’s claim to the kingdom. One
layer of boron atoms forms numerous crystalline shapes in
this material. Borophene is a relatively new compound. The
material was initially predicted using computer models in the
1990s, but it wasn’t synthesized until 2015 via chemical vapour
deposition. A heated gas of boron atoms condenses over a
cold surface of pure silver in this procedure. Researchers from
MIT, USA and Xiamen University in China have discovered a
slew of unexpected properties in borophene, a two-dimensional
material with the potential to outperform graphene. Borophene
is made up of the same boron and carbon components as
graphene. This is critical because, despite their macroscopic
allotropes being quite different, small atomic clusters of carbon
and boron are quite similar at the nanoscale. Prior to the disco-
very of graphene, the presence of a 2D boron substance like it
was predicted theoretically [20-23].

The genuine material was created using the molecular
beam epitaxial growth method. That is, elemental boron was

deposited on a silver surface under extreme vacuum. To begin
with, borophene is stronger and more flexible than graphene,
which is an important attribute when considering that graphene
is harder than diamond and is made entirely of carbon (one of
the hardest elements that exist on the planet). Borophene is
also an electrical superconductor. Its unique crystalline structure,
which is created by boron atoms, is responsible for this property,
since the gaps that remain between the atoms allow boron to
be superconducting [24].

Borophene’s capacity to catalyze the decomposition of
hydrogen and oxygen is one of its most notable advantages. It
has excellent catalytic effects in the hydrogen evolution process,
oxygen reduction reaction, oxygen evolution reaction and CO2

electro-reduction reaction [25]. This might usher in a new age
of water-based energy generation. However, scientists must
complete a significant amount of research before borophene
usage may be considered a possibility. Given that borophene’s
reactivity renders it susceptible to oxidation, there is still a
long way to go in terms of finding a technique to generate signi-
ficant amounts of the material. These two factors make boro-
phene difficult to handle and expensive to manufacture, just
like graphene.

Both materials are closely related and their atomic struc-
tures are so similar (Fig. 1). The systematic arrangement of
silver atoms drives boron atoms into a similar pattern, with
each atom forming a flat hexagonal shape by connecting to as
many as six other atoms. However, a large number of boron
atoms connect with just four or five other atoms, resulting in
voids in the structure. The pattern of vacancies in borophene
crystals is what gives them their distinct features. It turns out
that borophene is both stronger and more flexible than graphene.
It also superconducts and is an excellent conductor of both
electricity and heat. The characteristics of the material vary
based on its orientation and the arrangement of vacancies,
indicating that it is ‘tunable.’ Furthermore, borophene has the
potential to be used in batteries and as a hydrogen production
catalyst. Other issues with graphene include its mechanical
rigidity, which makes it unsuitable for systems that require
extensive compression, stretching or torsion tolerance. It has

(a) Graphene structure (b) Borophene structure
Fig. 1. Structure of (a) graphene, (b) borophene
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a band-gap that makes it unsuitable for simple on/off switching.
Because of its oxidation susceptibility, it cannot be employed
as a catalyst in oxidizing settings. Furthermore, it may contain
sharp edges that might rip cell membranes and cause them to
malfunction. The trouble with graphene is that it lacks one of
these bandgaps. This implies that electrons can flow through
it at any energy; it can’t be turned off. While scientists have
attempted to artificially produce a band-gap in graphene with
little success, this is an important function for transistors. Many
scientists have now put their hopes for silicon replacement on
other 2D materials with a band-gap, which have been found since
graphene.

The biggest impediment to ‘the era of borophene’ is that
it is now impossible to manufacture in significant numbers.
Furthermore, the material is prone to oxidation. Regardless,
borophene has a lot of promises and might be the next graphene.
It was recently synthesized using molecular beam epitaxy and
now researchers from Rice University in the United States and
Nanjing University of Aeronautics and Astronautics in China
report their complete first-principles analyses of the mechanical
properties of borophene in advanced functional materials.

Although borophene is comparable to graphene in terms of
its lightness and strength, it has two distinct characteristics that
lead to its unexpected attractive attributes. First, borophene is
made up of a highly changeable boron atom network of hollow
hexagons in a reference triangular lattice and its mechanical
characteristics may be tailored by varying the hollow hexagon
concentration (Fig. 2). Second, due to its delocalized multi-
centered bonding, borophene is metallic in nature, which the
researchers believe might predict qualitatively novel behaviours.

The researchers discovered that borophene possesses
“record high” flexibility, a better stiffness to weight ratio than
graphene and a higher ideal strength than the most well-known
polymer materials in this study. Rather of shattering under strain
like many other materials, borophene undergoes strain-induced
structural phase changes, which further reinforce the material.
Furthermore, by adding more hollow hexagons to the network,
its material strength is increased, allowing us to adjust and
fine-tune the material features.

The substance graphene has captivated the scientific
community for years due to its amazing strength and flexibility.
At room temperature, it conducts electricity better than any
other substance. It was designed to hold electrical data and
has the potential to change the way we create computer chips.
Our best contender for constructing in space is a 3D variant of
graphene. People have speculated about whether the material
will spark the next industrial revolution. It’s even put it into
commercial goods like light bulbs and coats and graphene hair
dye might be next.

This brave new graphene-based future is still a long way
off. However, it has sparked curiosity about alternative 2D
materials. The most interesting of them is borophene, which
is made up of a single layer of boron atoms that may create a
variety of crystalline forms. Since the production of 2D boron
sheets (borophene) on silver substrates in 2015. In the domains
of condensed matter physics, chemistry, material science and
nanotechnology, research on borophene has exploded.A
variety of applications of borophene for example, alkali metal
ion batteries, Li-S batteries, hydrogen storage, supercapacitor,
sensor and catalytic in hydrogen evolution, oxygen reduction,

Fig. 2. Surface morphology of graphene and borophene
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oxygen evolution and CO2 electroreduction reaction [26,27]
are also reported. It can store more than 15% of its weight in
hydrogen. Finally, based on its current state of development,
the obstacles and prospects in this potential sector are high-
lighted.

Because boron has the unusual ability of combining with
practically all other elements, study on boron in diverse comp-
ounds may be dated back several hundred years. Hexagonal
boron nitride (h-BN) is a large band-gap III-V compound among
them. It’s a graphite-like layered material with planar networks
of h-BN hexagons stacked in a regular pattern. The chemical
stability, physical characteristics and thermal conductivity of
h-BN are all outstanding [28-30]. Because it is so similar to
graphite, it is possible to make pure boron from it. Kolmogorov
& Curtarolo et al. [31] were the first to document pure boron
in 1957, as well as the bulk g-B106 with an extraordinarily
complex structure. Bulk boron is known to contain more than
16 polymorphs, all of which have interconnected polyhedral
structure but only a handful of which have a crystal structure.

In 2015, argentum (Ag) substrates were successfully used
to construct a 2D boron sheet [32]. Many researchers from many
domains, including material science, nanotechnology, physics,
chemistry and condensed matter, have been drawn to the study
of borophene [33-35]. “Borophene” is a novel atom-thick boron
nanosheet that might be used in large-scale synthesis [36]. To
date, it is the lightest 2D substance. Borophene is a close relative
of graphene, thus it is hoped that it will have some of the same
characteristics as graphene [37]. The electronic states of the
Fermi-surface are occupied by both and electrons in borophene,
making it superconductive. Due to the lack of external strain
or pressure, borophene may have the highest tensile strength
of any 2D material. The chemical and structural complexity,
electrical characteristics and stability of 2D boron structures
have all been widely explored [38-41].

The mechanical qualities of borophene are extremely
intriguing and crucial. To begin with, borophene has a very
low mass density. Borophene can be utilized as an assist
element in composite construction if its ideal strength and in-
plane stiffness are satisfactory. Second, because of its great
flexibility against off-plane deformation, borophene is useful
for constructing flexible [42,43] nanodevices. Furthermore,
borophene’s magnetic and electrical characteristics may be
efficiently tuned for a variety of applications due to its strongly
anisotropic structure [44,45]. Borophene is polymorphic,
which distinguishes it from other 2D materials [46] due to the
abundance of bonding orientations among the boron atoms.
Within the range of 10-20 K, boron’s low mass density induces
significant electron-phonon coupling, resulting in phonon-
mediated superconductivity with a high critical temperature
[47,48]. In a nut-shell, borophene is abundant in resources,
has a low atomic weight, is light, cheap and has great electrical
properties. Because of these benefits, borophene will have more
practical applications in the future.

Despite the various potential uses of borophene, the synth-
esis and finding of its neoatomic structures with well-designed
structure-property interactions remains one of the most difficult
tasks. Furthermore, for synthetic 2D materials, many parameters

such as component elements, processing conditions and growth
substrates impact the resultant atomic structure (Fig. 3). The
synthesis of high-quality specimens and the separation of boro-
phenes from substrates remain difficult to achieve in practise,
necessitating ongoing experimental and theoretical efforts [17].

Fig. 3. 2-Dimentional materials

Graphene vs. borophene properties

Graphene

Electronic structure: Because of its crystal structure,
graphene has an unique band structure. On a two-dimensional
plane, carbon atoms form a hexagonal lattice. Each carbon
atom is about a =1.42 Å away from its three neighbours, with
whom it shares one bond. A-bond, which is orientated in the
z-direction, is the fourth bond (out of the plane). The orbital
can be seen as a pair of symmetric lobes aligned along the
z-axis and centred on the nucleus. Each atom has one of these
π-bonds, which are then hybridized to produce the π-band and
π*-bands. The majority of graphene’s unusual electrical charac-
teristics are due to these bands. Graphene’s hexagonal lattice
is made up of two interlocking triangular lattices. Fig. 4 shows
how this works.

Graphene has become a fascinating substance that has
piqued the curiosity of scientists. In the realm of condensed
matter physics, monolayer graphene sparked a renewed interest
in 2D materials [49]. Based on its interesting qualities, grap-
hene has motivated many scientists to create a new future in
the fields of electronic, magnetic and photonic research [2-4].
Graphene has amazing electrical properties due to its high
electron mobility at ambient temperature. Transition metal
chalcogenide (TMDs) are being researched to use their excep-
tional electronic and magnetic properties [50]. Graphene is an
atomically thick 2D material and transition metal chalcogenide
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Fig. 4. Electronic structure of boron

are being studied with great effort to use their exceptional
electronic and magnetic properties. Graphene, a one-atom-thick
sheet of carbon atoms, exhibits a number of unique features
[4], including enormous intrinsic mobility, zero effective mass,
extremely high thermal conductivity [5,6,51], stiffness and
magnetic and optical properties.

Dirac fermions: In Fig. 5, the cone-like linear dispersion
relation can be seen at one of the graphene Dirac points. For
neutral (or perfect) graphene, the Fermi energy is equal to the
Dirac energy, which is the energy of the Dirac point. The Fermi
energy in graphene devices can deviate greatly from the Dirac
energy. A linear dispersion relation exists for electrons within
roughly 1 eV of Dirac energy. The Dirac equation for massless

Fig. 5. First Brillouin zone and band structure of graphene. The vertical
axis is energy, while the horizontal axes are momentum space on
the graphene lattice. The Dirac points are the transition between
the valence band and the conduction band

fermions accurately describes the linear dispersion area. That
is, the charge carriers’ effective mass in this area is zero. Charge
carriers in graphene act like relativistic particles with a Fermi
velocity, which determines their effective speed of light. This
behaviour is one of the most fascinating properties of graphene
and it is responsible for most of the graphene research interest
[52].

Chirality: Many researchers reported the chirality of
graphene transport in a bit more detail later. Each graphene
sublattice is responsible for a different branch of the dispersion.
These dispersion branches have relatively little interaction with
one another. This chiral effect suggests that the charge carriers
have a pseudospin quantum number. This quantum number is
similar to spin, although it is unrelated to the “actual” spin.
The pseudospin allows researchers to distinguish contributions
from each sublattice. Because one type of dispersion cannot
be transformed into another, this independence is known as
chirality [53,54]. Researchers couldn’t turn a right hand into a
left hand using simply translations, scalings and rotations, as
an illustration of chirality. The Pauli matrix contributions in
the Dirac-like Hamiltonian discussed in the preceding section
may also be used to explain graphene chirality.

Vibrational properties: While the electrical characteris-
tics of graphene have sparked the most interest, the vibrational
properties are as important [55,56]. They are responsible for a
number of intriguing features, including high thermal conduc-
tivities. Because graphene is made up of light atoms with extre-
mely strong inplane bonding, it has a very fast sound velocity.
The high heat conductivity of graphene, which is advantageous
in many applications, is due to its enormous sound velocity.
Furthermore, vibrational characteristics are important for
understanding other graphene features, including as optical
properties (e.g., Raman scattering) and electrical properties
(electron-phonon scattering).

Phonon dispersion: The phonon dispersion relation may
be used to understand most of graphene’s vibrational character-
istics. Surprisingly, the phonon dispersion resembles the electrical
band structure in certain ways. The vibrational modes of the
crystal in thermal equilibrium must be considered in order to
determine the phonon dispersion. This is done by looking at
how much each atom has moved away from its equilibrium
point. Some torsional and longitudinal force constants, which
simply rely on the relative locations of the atoms, efficiently
connect each atom to its neighbours.

Neutron scattering, electron energy loss spectroscopy,
X-ray scattering, infrared absorption and double resonant Raman
scattering experiments were used to get the findings [57].
Although there is no comparable amount of data on graphene,
it is believed to be quite similar to graphite because to the poor
connection between planes. The majority of graphene data comes
from Raman scattering, which allows the phonon spectrum to
be determined at certain symmetry points.

Physical and chemical properties: Despite graphene’s
extraordinary physical and chemical capabilities [58], the lack
of a large band-gap has slowed the development of graphene
based electrical and photonic research and technology. A number
of research groups have attempted to open a band-gap in
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graphene by using one of two methods: (1) creating graphene
nanoribbons [59,60] with a few nanometres in width or (2)
chemical alteration of the graphene surface. The graphene
nanoribbon has shown the capacity to tune the band-gap by a
factor of ten and switchable nano-devices. Ribbon widths of
the order of a nanometre are difficult to manage. Chemical
approaches, on the other hand, are more viable for large-scale
manufactures and industrial uses. 2D materials have a wide
range of applications in electronic devices, energy storage and
utilization due to their unique physical and chemical features
(such as linear band structure around the Fermi level, high
electrical and thermal conductivity and stiffness).

Borophene

Electronic structure borophene: Since boron is positioned
between non-metallic carbon and metallic beryllium, contains
only three valence electrons [2s22p1]. The orbit radius of the 2p
electron is close to that of the 2s state, giving it both metallicity
and non-metallicity. The unique electronic structure of bulk boron
allows for the development of a wide range of bonding and
enables the production of remarkable bonds. When compared to
other 2D materials, 2D boron gives more energy alleviation
[1,2,17,24]. The most stable form for the electron-deficient B
element is a combination of hexagonal and triangular structures
with two and three centre bonding, respectively [61-63]. Despite
its differences from graphene’s stable structure, borophene posse-
sses certain unusual electrical characteristics, including metalli-
city, Dirac-Fermi effects, superconductivity and semiconductivity.

Dirac point at borophene: Dirac materials are no longer
restricted to carbon-based materials; they now encompass a
wide range of other materials too [52]. Boron, being the left
side light element of carbon atom, has a lot of promise for

spawning 2D Dirac materials that are comparable to carbon
materials in many ways. The findings point to monolayer boron
as a potential material for high-speed, low-dissipation
nanodevices.

Since it was successfully synthesized on silver, the topo-
logical features of 12 borophene have been a focus (111). Feng
et al. [64] used first principles calculations to prove that 12
borophene had Dirac fermions, confirming the first non-honey-
comb monolayer Dirac material. The bands at the Fermi level
of 12 borophene have been found to be separated from the pz

orbit, similar to graphene. Furthermore, using a basic tight-
binding model and just considering the pz orbit on the free-
standing 12 borophene, the Dirac cones were discovered at
(±2π/3a, 0) of the first Brillouin zone (BZ) in the freestanding
12 borophene. 12 borophene may be dissolved into two triangular
sublattices and therefore host Dirac cones, similar to the honey-
comb lattice and the splitting of the Dirac cones is governed
by sublattice symmetry (Fig. 6). Meanwhile, Meng et al. [65]
claimed that using periodic perturbations, each Dirac cone may
be divided and the split Dirac cones are nonconcentric, unlike
graphene. Researchers have explored the origin of Dirac
fermions in β12 on Ag(III) and freestanding β12 borophene,
respectively.

Wang et al. [66] used an ab initio evolutionary structure
search approach to propose a new type of borophene, Pmmn
borophene with massless Dirac fermions and twisted Dirac
cone [21,67,68]. Pmmn is the third metal Dirac material and
the first 2D Dirac boron material, with a graphene-like plane
and B2 pairs, between which there is a strong charge transfer
and massless double Dirac cones with a higher Fermi velocity
than graphene, increasing the energy stability of P6/mmm
borophene [21,69].

Fig. 6. 2D Dirac boron
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Chirality: Because this borophene phase contains two
chiral variations, the stacking sequence may be designed. It is
shown that an external electric field may affect the orbital text-
uring and layer localization by combining the orbital pseudo-
spin with this layer degree of freedom. The orbital texture of
the same chirality stacking is particularly resistant to the electric
field. The electric field, on the other hand, permits an on/off
switch of the orbital-pseudospin Dirac cone for stackings of
layers with opposing chirality [70].

Mechanical properties: Borophene offers outstanding
mechanical characteristics since it is made up of multicenter
covalent connections rather than the traditional two-center
covalent bonds found in other 2D materials [71-73], which
has a bond energy of 5.90 eV. In case of the borophene, metallic
like multicenter linkages supply the structure with potential
fluidity in addition to the traditional covalent bonds that give
the sheet its strength [74]. The flat construction eliminates the
instability produced by the triangular boron sheet’s buckling
structure. As previously stated, the insertion of hollow hexagons
into borophene can effectively stabilize the structure because
the applied strain is significantly concentrated at hollow hexa-
gons, controlling the elasticity of the whole sheet [75]. Hollow
hexagons, on the other hand, can extend the sheet area, lowe-
ring tension and the structural phase change experienced by
borophene can make the material harder and resist huge loads
even in great tension. Hence, hollow hexagons are crucial for
the ductile breaking process of borophene. Hollow hexagons,
on the other hand, have a significant impact on the mechanical
characteristics of materials. Increasing the number of hollow
hexagons reduces the amount of B–B bonds and hence the
material’s hardness. The boron lattice’s final tensile strength
will likewise be considerably influenced. In other words, despite
the increase in, the changes in borophene stifness are restricted
by just adding hollow hexagons. As a result, these mechanical
qualities may be changed as needed to satisfy the requirements
of different applications. The failure mechanism of borophene
was also investigated [17], revealing that under a uniaxial strain
along the zigzag direction, the failure mechanism is elastic
instability, whereas under a uniaxial strain along the armchair
direction and biaxial strain, the failure mechanism is phonon
instability. Borophene has enormous promise in the creation
of composite materials and flexible devices as a 2D material
with extraordinary flexibility, high ideal strength and out-
standing elasticity. These findings suggest that by altering the
concentration of hollow hexagons and mastering the borophene
instability mechanism, the characteristics of borophene may
be adjusted.

Electrical properties: Consider their band structures and
the temperature dependence of the electronic conductivity for
a more rigorous definition of these elements’ (and many comp-
ounds’) electronic characteristics. Metals contain partially
filled energy bands, which means that the Fermi level crosses
a partially filled band, as previously explained. Metals become
worse conductors as temperature rises because lattice vibra-
tions (referred to as phonons in physics) scatter the mobile
valence electrons. At higher temperatures, semiconductors and
insulators with full and empty bands, on the other hand, become

better conductors because some electrons are thermally driven
to the lowest unoccupied band. The difference between insul-
ators and semiconductors is arbitrary, because all semicon-
ductors are insulators in terms of metal-insulator transitions.
If the band-gap (Egap) of an insulator is less than around 3 eV,
we call it a semiconductor. Single sheets of sp2-bonded carbon
(graphene) and elemental borophene are examples of semi-
metals with a band-gap around zero. Semimetals, like narrow
gap semiconductors, have better conductivity at higher temp-
eratures. The most stable shape for the electron-deficient B
element is a combination of hexagonal and triangular structures
[52] with two and three centre bonds, respectively [50]. Although
not as stable as graphene, borophene possesses certain unusual
electrical characteristics, including metallicity, Dirac-Fermi
phenomena, superconductivity and semiconductivity.

Metallicity: In contrast to the semiconductor or insula-
ting features of 3D bulk allotropes, of which only a tiny portion
can transform into metal under ultrahigh pressure [76],
Yakobson et al. [77] theoretically predicted that all polymorphs
of borophene are metallic. Regarding that it was experimentally
confirmed that the pz orbit determines metallicity [39]. Wu
et al. [57] used scanning tunneling spectroscopy to measure
the electronic states of the successfully synthesized 12 and 3
phases and discovered that there are local densities of states
around the Fermi level, demonstrating the energy band struc-
ture of metallicity. Using angle-resolved photoelectron
spectroscopy, Matsuda et al. [64] observed the metallic boron-
derived bands of 12 and inferred an interesting phenomenon-
the coexistence of electronic pockets and hole pockets at the
Fermi level, according on first-principles calculations, which
also indicates its metallicity. Furthermore, Fazzio et al. [78]
demonstrated that borophene’s conductivity is anisotropic and
that current transport in two perpendicular directions is direc-
tionally dependent.

Topological properties: Topological materials differ from
ordinary materials in that they have numerous novel quantum
features [79] and may be classified into three classes based on
electron structures: topological insulators, topological semi-
metals and topological Dirac semimetals [80]. The electron
structure of a topological Dirac semimetal is remarkable in
that the energy bands at the Fermi level have 3D Dirac points
and three neighbouring momentum orientations surrounding
the Dirac points are all linear dispersion relationships. Because
crystal symmetry protects band crossing properties, they have
a lot of potential applications in electronic devices, semi-
conductors and other sectors [81]. Topological Dirac materials
found so far typically contain heavy metal elements, which
are plagued by a slew of issues that make them unsuitable for
practical uses, such as pollution, excessive cost and material
safety. As a result, light elements must be investigated in order
to create stable topological materials. Dirac cones are found
in graphene, a generally light Dirac material with a plethora
of unexpected physical phenomena and electron properties
identified by researchers.

Nowadays, topological properties research is no longer
limited to the Weyl or Dirac fermions models and symmetry
analysis has expanded to include crystals with magnetic order
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and interactions. Ezawa [52] recently hypothesized the existence
of triplet fermions in 12 borophene and developed three-band
theories for triplet fermions. All of the previous insights into
the topological features of 2D boron materials provide a strong
platform for future electrical application research [82].

Superconductivity: The relatively low atomic mass of
boron can produce strong electron-phonon coupling and the
metallicity of borophene can cause itself to produce a higher
carrier concentration [83,84], both of which are important factors
in the formation of conventional superconductors, demonstrating
that borophene has the potential to become a superconductor.
By theoretical studies, Yakobson et al. [11] anticipated its critical
temperature to be Tc ≈ 10-20 K, which is substantially higher
than that of graphene. Nonetheless, electron doping and tensile
strain can cause borophene’s superconductivity to be suppressed
[85], making it difficult to determine the critical temperature of
borophene in tests. However, once these issues are resolved, these
features will give borophene in superconducting devices more
design flexibility and convenience.

Semiconductivity: Because of the non-zero band-gaps,
scientists have demonstrated that some phases of borophene
contain semiconductivity [86-88]. Zeng et al. [89] discovered
that α- and β-sheets (slightly buckled sheet) are both small-
gap semiconductors with indirect band-gaps of 1.40 and 1.10
eV, respectively and that the α-sheet has the highest cohesive
energy and is probably the most stable buckled borophene
based on PBEO hybrid calculation results. Researchers disco-
vered that by changing the applied stress, the surface band-
gap of thicker borophene may be modified, producing a shift
in electron mobility and converting the conductivity type of
borophene from metallic to semiconducting. In this scenario,
increasing electron mobility is as simple as altering the applied
tension. Therefore, γ-B28 borophene has application prospects
in the field of pressure-sensitive and photosensitive devices.

1D Nearly free electron states: Almost free electron (NFE)
states have an effective mass that is nearly equal to the free
electron mass, exhibit typical parabolic energy dispersion and
have notable electron transport features that can be used in
electron emitters [90]. The NFE states can be found on low-
dimensional material surfaces with perpendicular confinement
potentials, such as 0D C60 molecules, 1D nanotubes and nano-
ribbons [91] and 2D graphene, but due to the presence of a
potential gradient that is usually normal to the material’s basal
plane, these NFE states prefer to extend in the vacuum region
rather than stay around the basal plane, limiting their superiority
in transport properties.

Using STM and first-principles computations, Wu et al.
[57] found delocalized 1D NFE states in an Ag(III) supported
borophene homojunction, which consists of two (2,3) domains
(i.e., the v1/6 or 12 sheet) interconnecting the two (2,2) ribbons
as a line defect. The NFE states in borophene are distinc from
those in the other low-dimensional materials discussed above;
the former are still kept near the borophene surface due to the
as-formed in-plane potential gradient and experience less
disturbance along the plane’s perpendicularity. Because of this
one-of-a-kind process, the NFE states in borophene can be
used in charge transport.

Thermal properties: Borophene has remarkable thermal
qualities, including as thermal conductivity and thermal stability.
Studies in recent years have revealed that its thermal properties
are closely related to the structure of borophene.

Many forms of borophene have been theoretically predicted
and experimentally proven in recent years, including the β12,
δ6 and χ3 phases, which were produced epitaxially on Ag(111).
They may be thermally unstable if removed from the substrate,
especially the δ6 phase. Zhou & Jiang [92] devised two efficient
empirical potentials for molecular dynamics simulations to
figure out the interaction between low-energy triangular struc-
tures and borophene in order to manage the instability of δ6

phase borophene: the linear potential valence force field mode
and nonlinear Stillinger-Weber potential.

Because borophene is made up of the same boron atom,
the phonon frequencies of various borophene phases are similar.
Despite this, the amount of boron atoms in each unit cell varies,
resulting in varied geometric symmetries and varying numbers
of optical phonon branches, leading to diverse thermal trans-
port [93]. The phonon transmission in borophene is essentially
isotropic for low-frequency phonons, similar to graphene, but
one-dimensional for high-frequency phonons, resulting in
ultrahigh thermal conductivity. This suggests that the observed
variations in thermal conductivity and thermal characteristics
are due to differing phonon scattering speeds. For example,
β12 phase is isotropic, whereas α phase is very anisotropic; α
phase is fundamentally stable, whereas δ6 phase is thermally
unstable [94].

The unique thermal properties of borophene provide
insight into the potential applications of these materials, which
can suit the needs of a variety of sectors. High thermal conduc-
tivity, for example, can aid in the removal of stored heat in
solar and electronic equipment, whereas low thermal conduc-
tivity materials are required in the thermoelectric and thermal
insulation industries. Because borophene has a wide range of
heat transport properties, it can be used in thermal management
and transparent conductors.

Synthetic methods

Synthesis of graphene: Since graphene was isolated in
2004 by Geim & Novoselov [4] using famous Scotch tape
method, there have been many processes developed to produce
few-to-single layer graphene. One of the primary concerns in
graphene synthesis is producing samples with high carrier
mobility and low density of defects. To date, there is no method
that can match mechanical exfoliation for producing high-
quality, high mobility graphene flakes. However, mechanical
exfoliation is a time consuming process limited to small scale
production. There is a great interest in producing large-scale
graphene suitable for applications in flexible transparent elect-
ronics, transistors and so forth [95]. Some concerns in producing
large scale graphene are the quality and consistency between
samples as well as the cost and difficulty involved in the method.

The two major ways for preparing 2D nanomaterials are
“bottom-up” and “top-down” procedures. Physical vapour
deposition (PVD), chemical vapour deposition (CVD) and wet
chemical synthesis processes [96], among others [97], are
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examples of the “bottom-up” approach. CVD is the process
of forming a film on a substrate by reacting related gas phase
precursors. Three critical aspects determining the qualities and
development of the products in this process are the environ-
ment, substrates and precursors. CVD was used to make graphene,
a metal oxide. The material source is vapourized into a gaseous
state using a physical approach under vacuum circumstances
and deposited onto a substrate to form a functional film during
the PVD process. Chemical processes in solution are commonly
used to make 2D nanosheets of non-layered materials, a process
known as wet chemical synthesis.

Almost all forms of 2D nanomaterials can be synthesized
using bottom-up techniques in general. Mechanical cleavage
[72,98], ultrasonication [73], ion intercalation exfoliation [98]
and etching [57,79,98] are examples of “top-down” methods.
Mechanical cleavage is a technique for exfoliating 2D structures
from bulk materials that uses shear pressures to overcome van
der Waals interactions between connection layers [1,2,7,72].
This process was used to make graphene for the first time [30].
Based on shear forces, ultrasonication promotes liquid exfol-
iation. Its acoustic energy can delaminate layered materials
like graphite and MoS2. The size, quality and dispersion of
2D materials can be adjusted with this method by varying the
sonication solvent and time. Ultrasonication has the advantages
of low cost and wide manufacturing scale, however single layer
2D material yield is limited.

Mechanical exfoliation: Developed by Geim & Novoselov
[4], highly oriented pyrolytic graphite (HOPG) is used as a
precursor in the exfoliation process. Oxygen plasma etching
was used to form 5 m deep mesas in the HOPG, which were
then pressed into a layer of photoresist. The HOPG was cleaved
off the photoresist after it was baked. Scotch tape was used to
pull graphite flakes from the mesas repeatedly [4]. These thin
flakes were then trapped on the surface of a Si/SiO2 wafer
after being discharged in acetone [99]. The contrast difference
in an optical microscope and single layers in a SEM were used
to identify these few-layer graphene (FLG) flakes. Geim &
Novoselov [4] abled to create single- and few-layer graphene
flakes with dimensions of up to 10 µm using this method.

Chemical vapour deposition: The most popular and
current way of manufacturing graphene molecularly is chemical
vapour deposition (CVD), which is growing increasingly popular
since it can manufacture graphene with a large surface area.
Graphene is deposited onto a transition metal substrate that is
easily etched by an acid solution and can thus be transferred
to another substrate, such as silicon dioxide, using this method.
This opens up the possibility of using graphene for a variety
of applications that could eventually replace silicon technology.
Low sheet resistance per square of graphene over a copper
substrate, on the other hand, combined with high optical trans-
parency, could result in excellent transparent conductive films.
In contrast to thermal graphene breakdown, where carbon is
already present in the substrate, chemical vapour deposition
(CVD) uses carbon as a gas and a metal as both a catalyst and
a substrate to build the graphene layer.

Growth on nickel: Harack et al. [23] grew few-layer
graphene sheets on polycrystalline Ni foils. The foils were

initially annealed in hydrogen before being exposed for 20
min at 1000 ºC in a CH4-Ar-H2 atmosphere at atmospheric
pressure. The foils were then chilled at varied rates ranging
from 20 to 0.1 ºC/s. The thickness of the graphene layers was
discovered to be dependent on the cooling rate, with 1 ºC/s
producing few layer graphene (usually 3-4 layers). Cooling at
a faster rate results in thicker graphite layers, but cooling at a
slower rate prevents carbon from separating to the Ni foil’s
surface. The graphene layers were transferred to an insulating
substrate by first coating the Ni foil with graphene in silicone
rubber and covering it with a glass slide and then etching the
Ni in HNO3.

Growth on copper: A similar method was utilized by Li
et al. [30] to create large-scale monolayer graphene on copper
foils. Copper foils with a thickness of 25 m were heated to
1000 ºC in a flow of 2 sccm hydrogen at low pressure before
being exposed to a methane flow of 35 sccm and a pressure of
500 mtorr. The graphene is largely monolayer, according to
Raman spectroscopy and SEM imaging, regardless of growing
duration. This shows that the process is self-limiting and surface
mediated. They used graphene to create dual gated FETs with
a carrier mobility of 4050 cm2 V–1 s–1. A roll-to-roll procedure
for producing graphene layers with a diagonal of up to 30
inches and transferring them to transparent flexible substrates
was recently demonstrated [100]. CVD was used to develop
graphene on copper and the graphene-copper was then covered
with a polymer support layer. Chemical etching was used to
remove the copper and the graphene layer was subsequently
transferred to a polyethylene terephthalate (PET) substrate.

Molecular beam deposition: Using a molecular beam
deposition approach, Yu et al. [101] abled to grow graphene
layer by layer. Fig. 7 shows a diagram of the setup as well as
a TEM image of the graphene produced. The gas was broken
down at 1200 ºC using a thermal cracker and placed on a nickel
substrate, starting with an ethylene gas source. At 800 ºC, large-
area, high-quality graphene layers were created. This process
allows for the production of one to multiple layers of graphene
by creating one layer on top of another. The amount of graphene
layers formed was found to be independent of cooling rate,
indicating that carbon was not absorbed into the bulk of the
nickel as it is in CVD nickel growth. Raman spectroscopy and
TEM [102,103] were used to confirm the findings.

Unzipping carbon nanotubes: By suspending multi-
walled carbon nanotubes in sulphuric acid and then treating
them with KMnO4, they were sliced lengthwise. This resulted
in oxidized graphene nanoribbons, which were then chemically
reduced. Due to the existence of oxygen defect sites, the resulting
graphene nanoribbons were found to be conductive but elect-
rically inferior to large-scale graphene sheets [104].

Sodium-ethanol pyrolysis: Graphene was made by heating
sodium and ethanol in a sealed jar at a 1:1 molar ratio. The
result of this process is pyrolyzed, yielding a substance made
up of fused graphene sheets that can be freed via sonication.
This resulted in graphene sheets of up to 10 µm in length [105].
TEM, selected area electron diffraction (SAED) and Raman
spectroscopy were used to confirm the individual layer, crysta-
lline and graphitic nature of the samples.
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Graphene oxide: The sonication and reduction of graphene
oxide is another method for producing graphene (GO).
Graphite oxide is hydrophilic due to the polar O and OH groups
generated during the oxidation process and it can be chemically
exfoliated in a variety of solvents, including water [106-108].
After that, the graphite oxide solution can be sonicated to
generate GO nanoplatelets. The oxygen groups can then be
removed using one of several reducing agents in a reduction
process. Stankovich et al. [109] used a hydrazine reducing agent
in this procedure, however the reduction was found to be incom-
plete, leaving some oxygen behind. The precursor to graphene
production is graphene oxide (GO). GO is beneficial because,
unlike graphite, its individual layers are hydrophilic. To create
single- or double-layer graphene oxide, GO is suspended in
water by sonication [110], then coated onto surfaces by spin
coating or filtration. The graphene oxide is subsequently reduced,
either thermally or chemically, to produce graphene films.
Although there is great consensus on the overall types and prop-
ortions of oxygen bonds present in the graphene lattice, the
specific structure of graphene oxide is still a matter of discussion
[111].

Other techniques: Electron beam irradiation of PMMA
nanofibres [112], arc discharge of graphite [113,114], thermal
fusion of PAHs and conversion of nano diamond are some of
the various approaches to make graphene.

Synthesis of borophene: Multiple oxidation and exfoli-
ation can be used to remove substances on the surface of a
material, resulting in nanosheets. This approach was successful
in producing borophene [36]. The most common method for

making 2D nanosheets is CVD, PVD and wet chemical are
examples of bottom-up methods [115]. Mechanical cleavage,
ultrasonication, ion intercalation exfoliation, selectively etching
and thermal oxidation etching are examples of top-down methods.

Synthesis on Ag(III): Guisinger et al. [11] used boron
vapour (99.9999% purity, boron flux controlled at 0.01 to 0.1
monolayer per min [ML min–1]) as the boron source to success-
fully synthesize ultrathin monoatomic layer borophene on
clean silver at temperatures between 723 and 973 K, under
ultrahigh vacuum conditions.

The usage of harmful precursors (e.g. diborane) was
avoided due to the high-purity boron atom source and the clean
silver substrate offered an excellent inert surface for the
formation of borophene [36]. At 820 K, this approach resulted
in the creation of two phases of borophene: a homogenous
phase and a more corrugated “striped” phase. The relative
concentrations of the two phases were demonstrated to be
affected by both temperature and deposition rate, with low
deposition rates favouring the creation of striped phase and
greater deposition rates favouring the generation of homo-
genous islands [116]. Furthermore, the creation of the striped
phase was temperature dependent, with the existence of this
phase being limited at 720 K and almost entirely striped at
970 K (atomic-scale structure and growth mode of striped phase).

Synthesis on Al(III): With a long-awaited planar hexa-
gonal honeycomb structure, Wu et al. [57] made a big break-
through in the synthesis of borophene. Under ultrahigh vacuum
conditions, monoatomic layer borophene was formed on an
Al(III) substrate using boron vapour with a purity of 99.9999%

Fig. 7. 2 D material boron
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at a deposition rate of 0.1 ML min–1 (temperature: 500 K). As
a result, a successful borophene synthesis with a honeycomb
structure would be very interesting [115].

Synthesis on Au(III): Guisinger et al. [11] succeeded in
synthesizing borophene on Au(III) substrate and investigated
the effect of varied temperature Au(III) substrates on the thermal
deposition of boron atoms [116]. Unlike the production of
borophene on Ag(III), Cu(III) [117-119] and Al(III) substrates,
boron atoms dissolved into gold atoms at high temperatures
(equivalent to or more than 823 K) and then segregated to the
surface to produce borophene after cooling on the Au(III)
substrate. Nanoscale borophene islands were discovered on
the surface of Au(III) during the borophene synthesis process.
As a boron concentration increased, the trigonal network was
broken down, resulting in bigger borophene islands on the
substrate surface. According to current research, the bigger
the boron atom concentration, the larger the size of borophene.
However, due to the difficulties of transferring borophene from
metal substrates, its future applications are limited. Because
of the weak bonds and minimal charge transfer created on the
surface between Au(III) and borophene, borophene was easily
peeled off, allowing for continued application.

Effect of metal substrate on borophene synthesis: The
nucleation energy barrier limits material formation in classical
nucleation theory, however the 2D boron nucleation barrier is
higher than its 3D bulk structure, inhibiting natural nucleation
of borophene [120-124]. The difficulty of synthesizing boro-
phene is exacerbated by its thermodynamic defects and poly-
morphism. As a result, lowering the 2D boron nucleation barrier
and inducing 2D nucleation offers an energy-efficient method
to borophene synthesis [125]. The interaction between metal
substrates and boron, according to Yakobson et al. [11], aids
the nucleation of boronene because the 3D nucleation barrier
of boron on some metal substrates is larger than the 2D nucle-
ation barrier. Then there’s the question of what kind of substrate
to use for borophene production. For the selection of appro-
priate metal substrates, two criteria have been proposed (i) the
substrate should have a little solubility in boron atoms and (ii)
the binding force between the substrate and the boron atoms
should be moderate [98]. It is difficult to pull borophene away
from the substrate if the force is too powerful and borophene
can readily create a boride if the force is too strong. Boride
can be easily produced when borophene is synthesized on Fe,
Co or Ni substrates [126].

The generally utilized substrates may be split into two
primary categories based on their interaction with borophene:
one has a high binding energy and large charge transfer with
borophene, such as Mg (0001), Al(111) and Ti (0001) [127].
Except for a Fermi level shift, the profile of (inplane) bands of
hexagonal borophene produced on these substrates is similar
to that of its free standing phase. The other has a lower binding
energy with borophene such as Au(111) and Ag(111) and
hexagonal borophene’s in-plane bands divide into multiple
sub-bands [57]. Xu et al. [32] theoretically examined the
nucleation mechanism and growth process of borophene on
the surface of Ag(111) and experiments proved that the best
stable structure is one in which the hollow hexagons are aligned

in parallel and the hollow hexagon concentration is 1/6. On
the Cu(111) surface, Zhao et al. [128] discovered that 2D dense
boron clusters were easily produced. Additionally the lower
the formation energy will be the larger the cluster size. As a
result, the metal substrates have a significant impact on the
structure of the generated borophene and it is critical to choose
the right substrate for the purpose.

Effect of temperature and deposition rate on borophene
synthesis: In theory, boron’s 3D structure is more stable than
borophene’s, making it easier to produce. As a result, one of
the most important steps in the production of borophene is
inducing boron atoms to choose 2D nucleation. The external
growth environment has a significant impact on the nucleation
barrier of materials, impacting the free energy of boron growth-
boron atoms can only grow to a given structure if the free
energy is greater than the nucleation barrier. Because the free
energy of boron growth is substantially lower than the nucle-
ation barrier of borophene, the necessary 2D structure cannot
be achieved at low temperatures. Similarly, the free energy of
boron growth is substantially higher than the 3D boron nucle-
ation barrier, boron atoms tend to develop into a 3D structure
when the temperature is too high. As a result, in order to synthesis
borophene, the temperature must be carefully managed so that
the free energy of boron growth remains between the 2D and 3D
nucleation barrier’s energy regions. Wu et al. [57] demonstrated
that distinct phases of borophene can be produced at various
temperatures. Controlling crystallization quality and borophene
coverage also requires real-time monitoring and detection of the
atomic deposition rate. Guisinger et al. [11] discovered that a
slower deposition rate helped to establish a fringe phase (β12).
The synthesis of borophene in Ag by Gozar et al. [129] revealed
that the deposition rate had a significant impact on the
crystallization of 2D materials (111). When continuous deposition
exceeds, the crystallinity of the material would decrease. As a
result, the deposition rate and amount of raw materials must be
tightly controlled in accordance with actual needs.

Effect of solvents on borophene synthesis: Temperature
has no effect on the production of borophene in the top-down
synthesis technique, however variations in the selected solvent
can directly impact the size and thickness of borophene [130].
The exfoliation mechanism of borophene is determined by
the polarity of the solvent, which affects the size, thickness
and layers. Sonochemical exfoliation was used to successfully
synthesise borophene and the influence of various solvents
(acetone, ethylene glycol, water, isopropyl alcohol and DMF)
on the synthesis of borophene was investigated [131]. Accor-
ding to Vinu’s et al. work [132], ethylene glycol and acetone
exhibit intercalation-mediated exfoliation and are conducive
to the formation of borophene monolayers, with acetone out-
performing ethylene glycol. Other solvents, on the other hand,
rarely yield monolayers due to their different exfoliation
mechanisms, DMF (yields multilayered borophene) and water
(which yields few monolayers) tend to mediate borophene surface
exfoliation, whereas isopropyl alcohol (which yields few
monolayers) fragments exfoliation.

Applications: There are currently numbers of applications
that shows advantage of borophene’s unique features, such as:
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Flexible electronics: Scaled-down hybrid electronic devices
that take advantage of the superior properties of 2D materials
may be possible. If borophene was put to an elastomeric subs-
trate, researchers believe its distinctive undulating structure
would confer considerable stretchability. To put it another way,
it may be conceivable to make borophene-based devices that
can be deformed and then returned to their original shape.
Because borophene is conductive, it could be an excellent
material for flexible electronic devices. One of the major issues
facing researchers is that like many 2D materials [126], boro-
phene is extremely sensitive to the external environment and
it has yet to demonstrate long-term stability and reliability in
electrical systems [132]. In order to comprehend the probable
failure modes in electronic devices, researchers are now devel-
oping new imaging techniques to capture the mobility of
individual atoms in 2D materials [133].

A substantial body of theoretical and experimental evidence
suggests that borophene has good properties and has the potential
to be used in a variety of sectors, including energy storage [134],
electronic devices [135,136] and biomedicines [137]. The size
and physico-chemical properties of borophene are important
factors in its future use in electrical devices and other disci-
plines. However, large-scale laboratory manufacturing of boro-
phene with a huge surface area remains a challenge. The
currently synthesized borophene is small in size (nanometer
level) and unstable in the free state, posing challenges to its
continued use in electronic devices, but it has shown promise
in biomedicines. In the realm of tumour therapy, nanoscale
materials are very popular. Since tumours have an elevated
permeability and retention (EPR) effect, drug carriers with
diameters ranging from 10 to 1000 nm will be concentrated at
the tumour site to achieve passive tumour targeting, improve
medication efficacy and reduce adverse effects [138]. Further-
more, free borophene is easy to stabilize by combining it with
other elements or groups, giving it a significant advantage in
drug administration. To ensure correct release at the tumour
site or improve the stability of the delivery system in the body,
intelligent drug delivery frequently necessitates the modification
of unique groups on the carrier. The addition of specific groups
to borophene cannot only give a boron drug carrier new func-
tions, but it can also solve boron’s stability problems.

Supercapacitors: The supercapacitor is a novel form of
energy storage device that has the following unique character-
istics: low cost, extended cycling life, fast charge/discharge
rate, high power density and low energy density. The electrical
conductivity and surface area of the electrode materials have
a significant impact on supercapacitor performance due to the
surface charge-storage process. Recent advancements in 2D
nanomaterials have resulted in a variety of supercapacitor
candidates with ultrahigh electrical mobility, enormous surface
area and ultrathin thickness [24].

Batteries: Because of its metallic characteristics and low
atomic weight, borophene can be used as a battery anode. The
stability of the overall system remains high or even improves
when the intrinsic hollow hexagonal vacancies in borophene
securely hold adsorbed metals like lithium and sodium, accor-
ding to theoretical research [139]. More importantly, borophene

exhibits none of the drawbacks associated with typical anode
materials such as NiCo2O4, hard carbon and Sn [140], such as
significant volume expansion, slow kinetics and low intercalation
usefulness. In summary, as expected theoretically, borophene
has the following advantages as an anode, particularly for Li-
and Na-ion batteries [119,141].

Stable conductive properties: The Pmmn borophene has
a unique buckling structure, in which the boron atoms can be
classified into two groups based on their location heights: peak
and valley [36]. The layer structure is loosely packed, allowing
for a slight volume expansion (less than 2%) and lattice
modification when varied quantities of metal atoms such as
sodium and lithium are embedded in it. As a result, borophene
can be used as a battery anode material with good structural
integrity and cycle stability.

Extraordinary rate capability: Xu et al. [142] calculated
an ultralow diffusive energy barrier (0.0019 eV) of sodium in
the valley direction based on the peculiar structure of boro-
phene, which is substantially lower than that of typical anode
materials such as Na2Ti3O7 and Na3Sb (0.19 and 0.21 eV,
respectively). Surprisingly, the diffusion rate in that direction
was almost 1000 times that of Na2Ti3O7 and Na3Sb. Finally,
due to its anisotropic diffusion features, Li’s diffusion energy
barrier was somewhat higher than that of Na. All of these
findings suggest that borophene, as the anode of Li- or Na-ion
batteries, has a remarkable rate ability, which can clearly answer
the problem of slow kinetics.

Ultrahigh theoretical capacity: When Na/B (borophene)
ratio hits 0.5 (sodium totally uniformly covers the upper and
lower sides of borophene), the theoretical capacity reaches a
maximum (1218 mAh g–1 Na0.5B), which is roughly three times
larger than the graphite anode (372 mAh g–1). The situation is
considerably better for lithium (Li0.75B), which has a greater
atomic radius and a theoretical capacity of 1860 mAh g–1,
which is nearly four times that of graphite anode [113]. As a
result, borophene can greatly improve metal intercalation
utility, resulting in higher battery energy and power densities.

Effectively avoiding the dendrite formation: Dendrite
concerns affect both Li and Na-ion batteries, which include
highly reactive metals with low melting temperatures, posing
a severe safety concern that has yet to be properly addressed.
Borophene, on the other hand, may be able to reverse this.
The calculated average open-circuit voltage of a Na-ion battery
using borophene as anode material is as low as 0.53 V during
charging, according to the researchers and the link between
borophene and sodium is strong [83]. Metal atoms uniformly
coated borophene rather than clustering to form a separate
metal phase in both cases, thereby inhibiting dendrite growth
while retaining a high energy density [140].

Hydrogen storage: The development of a material appro-
priate for hydrogen storage is critical in light of finite fuel
supplies and environmental concerns. Two indices are needed
to evaluate a material’s hydrogen storage ability: adsorption
energy and hydrogen adsorption capacity. In terms of adsor-
ption energy, a value in the range of 0.2-0.6 eV is required to
ensure that hydrogen molecules can be adsorbed on the surface
of materials in a stable and easy manner. With its advantages
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of light weight and huge specific surface area, borophene has
been identified as a contender for H2 storage, particularly when
combined with graphene or transition metals [45,59].
Fortunately, chemical activity may be increased and the contact
between borophene and H2 can be intensified with the use of
alkali or transition metals.

Bioimaging: Bioimaging, which includes fluorescence
imaging [143,144], photothermal imaging [145] and photo-
acoustic (PA) imaging [146-149], can offer information on
the location and size of tumours. Each imaging mode displays
different lesion information and each imaging mode has its
own set of benefits and drawbacks. As a result, a tumour multi-
modal imaging platform can provide more comprehensive
tumour information, which can considerably reduce the chance
of misdiagnosis.

Scientists recently developed a borophene-based tumour
multimodal imaging platform that can do fluorescence imaging,
PA imaging and photothermal imaging all at the same time
[116]. The fluorescent material is placed onto the carrier and
active or passive targeting methods are used to enhance the
formulation at the tumour. When compared to optical and
acoustic imaging, PA imaging improves probing depth, picture
contrast and spatial resolution while overcoming many of the
drawbacks of these two imaging modalities [116].

Drug delivery: The key to reducing chemotherapy side
effects is to release chemotherapeutic medicines locally. As a
result, developing a smart tumour microenvironment responsive
drug-release platform is critical. The ultrahigh specific surface
area of borophene allows for drug loading and anchor points
for functional group modification, making it a good material
for anticancer treatment in many ways [116].

Cancer therapy: Photothermal therapy can be used to
treat cancer in a non-invasive or minimally invasive manner.
The approach irradiates tumour tissue with near infrared (NIR)
radiation, which causes tumour tissue temperature to rise due
to photothermal conversion, resulting in tumour cell death [150,
151]. Low toxicity, significant light absorption, high photo-
thermal conversion efficiency and photothermal stability in the
NIR window (650-950 nm) are all desirable characteristics of a
photothermal therapeutic drug. Researchers utilized borophene
in tumour photothermal therapy and found that it was effective
[115]. Photothermal conversion efficiency, photothermal stability
and UV absorbance are three critical criteria for an excellent
photothermal agent and these properties of borophene were
examined borophene has a strong UV-vis-NIR absorption. The
temperature variations of borophene at different concentrations
were measured after it was disseminated in an aqueous solution
and treated with 808 nm infrared light (2 W cm-2) for 5 min.

Biosensors: Biosensors can detect biomarkers such as
hormones, proteins and glucose rapidly and precisely with high
specificity and sensitivity [152] and used for blood sample
detection, early cancer diagnosis and clinical analysis, garnering
a lot of interest in the biomedical area. Due to their improved
electrochemical performance, high surface-to-volume ratios,
more surface-active sites and high electronic mobilities at
monolayer thicknesses, 2D nanomaterials have become good
options for biosensors.

Because of its wide surface area and excellent absorb-
ability to gas molecules, borophene has a lot of biosensing
application potential for gas detection. It can monitor not only
non-hazardous gases like ethanol and ammonia [153], but also
toxic gases like formaldehyde, CO and NO, which graphene
and phosphorene gas biosensors, both of which have lately
been deemed highly sensitive as biosensors, cannot [154].
Apart from the relatively significant adsorption strength of highly
poisonous gases on borophene surfaces, the electronic band-
gap, which other 2D materials such as graphene lack, is one
of the reasons why borophene is better suitable for highly toxic
gas biosensors. When the gas adsorbs, the electronic band-
gap of borophene rapidly decreases, allowing a large number
of electrons to transfer and increasing electrical conductivity.
This makes borophene particularly useful in the development
of highly dangerous gas biosensors [155].

As a result, further comprehensive research will be required
to clarify the cytotoxic effects, durational stability and impacts
while in close contact with biological tissues, among other
things, in order to accomplish the transformation of borophene
biosensors in the biomedicine sector [156]. Furthermore,
because borophene is unstable when exposed to air, it is vital
to address potential external interactions, such as reactivity
with metallic objects or smoking byproducts.

Battery electrodes: Because of its high storage capacity
and electrochemical performance, boron is a suitable electrode
material for lithium-ion and sodium-ion batteries. According
to a recent study, borophene has the largest storage capacity
of all the 2D materials studied so far [119].

Catalysis: Due to their unique features, such as enormous
surface areas and novel electronic states, 2D materials hold
considerable promise for application as catalysts. Borophene
is a catalyst that can be utilized in hydrogen evolution, oxygen
reduction and carbon dioxide electrochemical reduction [157].
The electrochemical reduction of carbon dioxide, in particular,
offers significant potential in terms of aiding climate change
initiatives. However, due to a dearth of reliable and efficient
catalysts, development has been slow.

Hydrogen storage: Demand for energy storage and the
evolution of hydrogen and fuel cell technologies have prompted
further study into hydrogen storage systems in recent years
[125]. Borophene has been demonstrated to have a high hydrogen
storage capacity, thanks in part to the boron atoms’ low mass.
The molecular hydrogen binding energy to the boron sheet is
higher than that of graphene [125].

Gas sensors: Because of its gas adsorption capabilities,
borophene is useful in gas sensing applications [157-161] for
ethanol, carbon monoxide, phosgene and formaldehyde. Due
to their distinctive electrical structures and enormous surface-
area-to-volume ratios, 2D materials have shown tremendous
potential for the creation of gas sensors.

Perspectives: Despite the challenges, borophene has a
lot of potential applications in advanced composite materials,
flexible electrical goods, energy storage materials and bio-
medicine, thus it’s worth looking into [41]. Most previous
research had concentrated on the development and imple-
mentation of borophene in electronic devices, with only a few
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studies addressing the materials’ potential in biomedicine [13].
Boron is required for the creation of ribonucleic acid, an
important building block of life, suggesting that it may have
played a role in the start of life. Ancient Chinese medicine
employed naturally produced borax (Na2B4O7·10H2O) to treat
acute tonsillitis, pharyngitis, stomatitis and gingivitis [13].
Borophene is now widely used in cancer diagnosis and treat-
ment due to its extraordinarily high specific surface area, out-
standing biocompatibility, high photothermal conversion
efficiency and good bioimaging properties [130]. Boron and
its associated compounds have made a significant contribution
to human health since ancient times and there is reason to
expect that boron-related products could make a significant
difference in biomedical sectors [137].

Potential applications of borophene in the field of bio-
medicine: In addition to the photothermal therapy, drug admin-
istration, tumour multimodal imaging and other activities,
borophene is predicted to be used in a variety of fascinating
biomedical applications. In recent years, tumour vaccinations
have received a lot of attention. They have fewer adverse effects
than chemotherapy and radiotherapy and they can inhibit tumour
growth, dissemination and recurrence by boosting the patient’s
own immune system [137]. However, current tumour vaccines
have issues such as difficulty collecting immune-related cells,
ineffective antigen delivery and ineffective tumour killing
capabilities [116]. Using oxidized graphene (2D material) as
a chassis, many researchers have developed a “one-size-fits-
all” tumour vaccine delivery platform that incorporates antigen
presenting cell (APC) recruitment/activation, antigen transport
and cross-presentation to tackle the existing challenges with
tumour vaccines [116]. The 2D oxidized graphene promotes
APCs and subsequent antigen cross-presentation more effec-
tively than 0D spherical nanocarriers and serves as an immune-
related cytokine and antigen reservoir [116]. When oxidized
graphene reaches macrophages, it folds and neatly wraps the
antigen in wrinkles to shield it from the enzymes in the envelope,
according to experiments [116]. Furthermore, autophagy, APC
activation and effective antigen cross-presentation are all linked
to the folding properties of oxidized graphene. Furthermore,
as a 2D nanomaterial, oxidized graphene has a unique dimension
that can provide a nano-biointerface effect that is unlike that
of regular spherical rod-like nanomaterials [162]. As a result,
2D materials hold a lot of promise in terms of helping immuno-
therapy. Borophene, as a 2D material with great mechanical
toughness and flexibility, is extremely likely to have outstanding
immunological function, including cytokine-like activity,
enzyme like activity and agonist action similar to oxidized
graphene, making it a possible immunotherapy drug delivery
platform [162].

Brain tumours are difficult to treat lesions, however boron
neutron capture therapy (BNCT) has demonstrated to be effec-
tive in treating them [163]. It works by enriching the stable
isotope boron-10 (10B) in tumour cells, then irradiating them
using neutron beams to trigger nuclear capture and fission
events, which kill cancer cells [164]. It has the following
advantages over standard radiotherapy and chemotherapy: (i)
tumors have a much higher affinity for boron-containing drugs

than normal tissues, leading to tumor-targeted therapy; (ii)
BNCT has a good killing effect on both oxygen-rich and hypoxic
tumours, avoiding the need for oxygen-dependent radiotherapy;
(iii) it has a good killing effect on both oxygen-rich and hypoxic
tumours, avoiding the need for oxygen-dependent radio-
therapy; (iv) has a good killing effect on both oxygen; (v)
BNCT’s killing impact is independent of the cell growth cycle
and effective for tumour cells in the stationary phase, unlike
chemotherapy and radiotherapy, which are dependent on the
cell growth cycle. As a result, BNCT is regarded as a more
advanced anti-tumor radiation technique. Nonetheless, achie-
ving a high concentration of boron carriers in tumours is an
essential prerequisite for BNCT technology, which necessitates
careful design and selection of boron carriers [165]. Borophene,
which has good tumour targeting and photothermal effects
and has better boron purity than other boron containing comp-
ounds, is anticipated to become a possible borophene appli-
cation.

Superior properties of borophene: As predicted theore-
tically, despite the fact that its parent atom, boron, is an unam-
biguous non-metallic semiconductor, these are metallic sheets
at the nanoscale. Furthermore, like graphene, the new film is
robust and flexible, with good electronic conductivity, but it
is mechanically much stronger and weights significantly less
due to its low mass density, making it a treasure indeed [166].
The flexibility is significantly greater than graphene’s and has
been described as “record high.” Its optimum strength outper-
forms all previously known polymer materials. It also has a
higher stiffness-to-weight ratio [120]. In fact, when borophene
is subjected to strain, it refuses to fracture and instead under-
goes strain-specific phase transitions in its structure, making
it even stronger.

Researchers in flexible electronics, such as flexible electrodes
and nanoelectronic connections, have noticed a peculiar wavy
or corrugated surface when it grows on a silver substrate, which
has piqued their interest [13]. Its strength and lightness make
it a good candidate for use as a reinforced component in comp-
osites. In the domain of 2D nanoelectronic materials, it is so
unique. It possesses two distinguishing properties that may
account for its unusual qualities [13]. The boron atom network,
for example, is made up of highly variable hollow hexagons
that create a reference triangle lattice. Customizing the hollow
hexagon content allows to customize this lattice for desired
mechanical properties [40]. In other words, the lattice becomes
stronger as more hollow hexagons are introduced. Another
trait is the delocalized multi-center bonding, which gives it a
very metallic appearance, a development that has yet to be
thoroughly explored. It’s also important because of its super-
conducting. According to certain studies, it has a higher electron
density than graphene, implying that it might conduct electricity
with negligible losses if cooled [48].

Due to the high reactivity of boron, a free-standing sheet
of borophene has remained elusive thus far. This would neces-
sitate a more precise measurement of its conductivity, which
has not been accomplished thus far. However, the reactivity
of boropheneis far from a disadvantage, since it may make
simple to optimize its properties by modifying it with other
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chemical groups or sandwiching it between sheets of other
material [13]. Because of boron’s hardness, borophene has
the potential to be a more durable material for different purp-
oses than silicene and germanene, which are easily torn. With
such extraordinary properties, not surprisingly that this wonder
material has a wide range of applications, from electronics to
other photovoltaic devices [12]. Scientists have developed
stable boron and hydrogen atom nanosheets that could be used
in nanoelectronics and quantum information technology [14].

Despite the fact that borophene is usually likened to its
super-material forerunner graphene, borophene is far more
difficult to produce. Graphene is a layered substance made up
of stacks of two-dimensional sheets that is atomically thin.
Scientists peel off a two-dimensional layer of graphite to
remove it [167]. Boron, on the other hand, is not layered when
it is purchased in quantity. Hersam et al. [167] made borophene
for the first time a few years ago by growing it directly on a
substrate. However, the produced material was very reactive,
rendering it prone to oxidation. This is the first manmade product
(not a natural product) that combines extreme hardness with
amorphous structure. Boron, on the other hand, lacks the strength
of a good-quality diamond. It easily rubs off on the diamond
lap as well as the carborundum wheel. Boron is a very volatile
element, with a vapour tension of around 1800 ºC. It can, how-
ever, be easily fused both at atmospheric pressure and in vacuum.

The second approach relies on the hydrogen breakdown
of boron chloride at high red heat [168]. This process can take
place in one of two ways: (i) in an arc discharge between two
boron or water-cooled copper electrodes in an environment of
boron chloride and hydrogen; or (ii) by deposition on a hot
graphite tube heated by current running through it. One method
of measuring radiant energy would be to calculate the radiant
energy input as the difference between electrical energy inputs
before and after the radiant energy strikes the boron compo-
nent. The fact that the boron piece’s resistance is the same
indicates that its temperature is the same. Researchers have
been looking for 2D materials having honeycomb structures
like graphene, or monoelemental 2D nanosheets in the same
group as or close to carbon, in the hopes of developing graphene
like materials with great qualities in recent years [104].

Borophene as a new wondor material: As a novel super
material, borophene has received a lot of interest in recent
years. In the last five years, the citation rate of borophene-
related studies has risen dramatically. Comprehensive review
articles on borophene, on the other hand, are uncommon [169]
elaborates on the dominant structure of borophene formation
under various conditions [170]; provides a good summary of
how theory has guided the experimental synthesis of borophene
and systematically analyses the future application prospects
of borophene [171]. The preceding evaluations give a solid
overview of the relationship between borophene’s structure
and properties, but the detail about the material’s synthetic
techniques or uses were discussed.

Graphene versus traditional materials: The properties
of graphene is compared with more typical materials like 2D
semiconductors in order to describe some of its fascinating
characteristics:

(1) Graphene has a nominal band-gap of zero, whereas
the other semiconductors have a finite band-gap. Normally,
studying electron and whole transportation through a semi-
conductor necessitates using materials which were doped
differently [135]. However, in graphene, the nature of a charge
carrier changes from an electron to a hole or vice-versa at the
dirac point. In graphene, the Fermi-level is always within the
conduction or valence band, but in typical semiconductors,
when pinned by impurity states, the Fermi level frequently
dips within the band-gap [49].

(2) Graphene dispersion is chiral. This has something to
do with some extremely different material phenomena, such
as Klein tunnelling [172].

(3) Graphene has a linear dispersion relation, whereas
semiconductors have a quadratic dispersion relationship. Many
of graphene’s remarkable physical and electrical properties
can be explained as a result of this fact [3].

(4) Graphene is far thinner than a conventional 2D electron
gas (2DEG). The effective thickness of a standard 2DEG in a
quantum well or hetero structure is typically approximately
5-50 nm [173]. Due to construction constraints and the fact
that confined electron wave functions have an evanescent tail
that spreads through the barriers, this is the case. Graphene on
the other side is only a single layer of carbon atoms, generally
regarded to have a thickness of about 3 Å (twice the carbon-
carbon bond length) [23].

Theoretical studies on the structure of 2D boron: Boron
atoms may easily make chemical bonds due to the lack of
electrons in the outermost layer. As a result, boron is chemically
active and creates compounds with a diversity of crystal shapes.
The fundamental crystal structure of bulk boron (Fig. 8) is
based on a B12 icosahedron as the basic structural unit, with
several forms of boron crystals being created on the B12 ico-
sahedron using various connections and bonding processes [40].
As a result, unlike graphene, the boron block is not a layered
structure, making borophene synthesis complex and difficult.
Although borophene theoretical research has yielded promi-
sing results in recent years, boron synthesis methods and appli-
cations remain limited [174]. The first synthesis of borophene
was achieved in 2015 in the laboratory [36].

A novel boron single layer structure, α-sheet, consisting
of triangular lattice and hexagonal honeycomb holes, was
predicted; afterwards, by computation, a novel boron single
layer structure, α-sheet, was found [175]. Boron atoms in the
-sheet are in the same plane, with lower energy than the
buckling triangular form, which was previously thought to be
the most stable. Based on this, between 2007 and 2014, a
variety of classical borophene structures such as β-sheet, snub-
sheet, α1-sheet, struc-1/8-sheet, β1-sheet, Pmmn-sheet, Pmmm-
sheet were created by arranging hexagonal and triangular
lattices in different ways [176]. These structures have a very
low and nearly equal energy.

Borophene has a variety of structures, classified according
to the composition patterns: (i) distorted hexagonal (DH) plane;
(ii) buckled triangular (BT) plane; and (iii) mixed triangular-
hexagonal (MTH) plane or to coordination number (CN)–α
type (CN = 5, 6), β type (CN = 4, 5, 6), χ type (CN = 4, 5), δ
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type (CN = m, m is a single number) and ψ type (CN = 3, 4, 5)
[43]. Combining the two classifications, one can find that both
the DH plane and the BT plane belong to the δ type plane and
the MTH plane includes all planes except the δ type.

However, because borophene has multiple hexagonal hole
arrangements, it is impractical to predict every conceivable
structure using the density functional theory (DFT) technique
alone. Borophene was considered as a pseudo-alloy by
Yakobson et al. [11]. They also discovered that when hexagonal
holes concentrations are in between 10% and 15%, borophene
is highly stable and the cohesive energies of borophene with
different structures are extremely low and near in the limited
range of hexagonal holes concentrations previously described.

Challenges for the further applications of borophene:
For future borophene uses, large-scale manufacture of quality
controlled borophene remains a serious problem. The bottom-
up and top-down techniques both have drawbacks. The CDV
and PVD are two traditional bottom-up processes for borophene
production, however they are harsh, expensive and generate
materials with a small surface area (larger surface area of
borophene is more suitable for further application on electronic
equipment). Furthermore, borophene transfer from the metal
substrate is problematic and environmental contamination is
a possibility, both of which make subsequent uses in electrical
devices more difficult. Although the top-down process is more
cost-effective and easier, the thickness of borophene is not
consistent and achieving a single-layer atomic thickness is
challenging. As a result, creating an effective technique of
synthesizing controllable-quality borophene will aid in the
advancement of borophene’s use and development.

Conclusion

Borophene possesses a number of intriguing features,
including light weight, exceptional mechanical toughness,
great superconducting capabilities and a number of remarkable
biological qualities, all of which increase its application potential
in electrical equipments and biomedicines. The evolution of
the theoretical structure of borophene, as well as the borophene
synthesis techniques and the variables impacting these, were

reported and studied in depth in this review article. In this
review article, the development of experimental borophene
(2D material) synthesis has been the centre of interest. One of
the most intriguing topics in materials research nowadays is
the creation of 2D materials. Just over a decade, after the
synthesis of graphene, the computationally guided synthesis
of borophene can be regarded a roadmap for the production
of novel 2D materials. Significant technological obstacles remain
in borophene development, including as scaling up production
methods, but its extraordinary and unique properties are proj-
ected to open up new possibilities in flexible electronics, battery
and sensor technologies.
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