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Beyond the horizons of graphene: xenes for energy
applications

Over the past 20 years, graphene has impacted various
applications. Similar to graphene, monoelemental 2D
materials (Xenes) from groups 13-16 have shown potential in
catalysis, supercapacitors, and battery applications in recent
years.
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Beyond the horizons of graphene: xenes for energy
applications

Sumon Santra,@T Anuraag Ghosh,t Bishwaijit Das,t Shibam Pal, Saikat Pal@T*
and Ashadul Adalder @ *

Almost two decades have passed since the discovery of graphene in 2004, which has revolutionized the
world with its diverse applications. One application field is devoted to the future of energy materials,
which is possible due to the various well-suited properties of graphene. This development is not limited
to carbon-based materials. In the last decade, different new 2D materials similar to graphene were
fabricated, having potential to be implemented as catalysts, supercapacitors, and batteries. These
materials include mono-elemental 2D materials in groups 13, 14, 15, and 16 of the periodic table.
Specifically, borophene, aluminene, gallenene, indiene, and thallene from group 13; graphene, silicene,
germanene, stanene, and plumbene from group 14; phosphorene, arsenene, antimonene, and
bismuthene from group 15; and sulfurene, selenene, tellurene, and poloniumene from group 16. Herein,
we emphasize the general properties of these materials and the possibility of using them in energy
applications based on their properties. This work will shed light on the future prospect of using mono-
elemental 2D materials and how they may be better alternatives to graphene-based systems.

This sustainable spotlight statement aims to highlight the revolutionary strides made by mono-elemental 2D materials from groups 13, 14, 15, and 16 of the
periodic table. These pioneers include borophene and aluminene from group 13, and silicene, germanene, and stanene from group 14. In groups 15 and 16, we

encounter phosphorene, arsenene, antimonene, and bismuthine from group 15, and sulfurene, selenene, tellurene, and poloniumene from group 16, each
holding unique properties that open avenues for applications in the realm of energy. Our emphasis was not only on delineating the inherent properties of these

mono-elemental 2D materials but also illuminating their potential for transformative energy applications. As catalysts, supercapacitors, and components of
batteries, these materials stand as beacons of innovation, offering new possibilities beyond the capabilities of graphene-based systems. Through this work, we

aspire to unveil the untapped potential of these 2D materials, presenting them as compelling alternatives that can redefine the future of energy technologies. As

we commemorate the one-year anniversary of this exploration, we look forward to the continued growth and sustainable contributions these materials can make

in reshaping our energy landscape for years to come.
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1. Introduction

New materials are the energy boosters of the future. In the
future, 2D materials will be dominant in energy and sustainable
environmental applications and sustainable energy will be
essential for a prosperous, green, and clean society. Specifically,
renewable energy sources such as hydrogen fuel and solar
power will be the solution for the next-generation wireless
electrovoltaic era." Hence, continuous efforts are being devoted
to improving our outlook with the development of novel mate-
rials. As materials become smaller, they are endowed with new
properties. Going from the bulk to a sheet-like structure as thin
as its stable physical limits permit creates new and fascinating
properties totally altered from the bulk. At the stable
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conformational limit of these materials, they are referred to as
2-dimensional materials. The isolation of graphene from
graphite as a 2D material was the greatest discovery in 2004
(Scheme 1).2 Since then, numerous 2D materials such as tran-
sition metal dichalcogenides, metal carbides, MXenes, and
borides have joined the 2D family with excellent properties.
After the development of silicene, there was a race in the
development of ‘Xene systems,’” which are commonly known as
‘transgraphenes.’ In Xenes, ‘X’ refers to different elements.*” In
the last decade, elemental 2D sheets have been developed in the
form of borophene (boron), silicene (silicon), germanene
(germanium), stanene (tin), phosphorene (phosphorus), etc.
Among the 2D materials, graphene is the most extensively
studied because of its exceptional metal-like electrical, thermal,
electrochemical, optoelectronic, and biomedical properties,
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Scheme 1 Advent of Xene-based development routes.

and quantum spin Hall effect® at the 2D level. It must also be
considered that graphene is a well-known carbon-based mate-
rial. Also, beyond graphene, other materials have been investi-
gated and well developed.”'® The dazzling 2D materials are at
the forefront of catalysis due to their three main properties of
high specific surface area, mechanical properties, and thermal
and electrical conductivity."* They have the maximum possible
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surface-to-bulk ratio, facilitating the maximum number of
active sites for catalytic processes, which are surface-active
phenomena. Presently, the global view on clean catalysis is
green catalysis, which is directly connected to the generation
and utilization of hydrogen, such as HER, HOR, and CO,RR.
The main aim of the present review is to compare the electro-
catalytic"® and electrochemical performances™ of 2D mate-
rials with that of the well-established noble metal-based catalyst
from both alternative and economical viewpoints. Super-
capacitors are also an important class of energy storage devices,
which can adapt to very fast charging and discharging due to
their high power density. Our target material class applies to
anode engineering to facilitate faster ion intercalation and
double-layer formation at the electrode-electrolyte interface. In
contrast to supercapacitors, batteries have a higher energy
density than high power density. In this case, 2D nanosheets
(silicene, germanene, stanene, phosphorene, arsenene, anti-
monene, and bismuthene, which are analogous to graphene)
have been engineered to realize short diffusion paths and good
conductivity and greater intercalating ion storage.**” These
supreme classes of materials have been designed for energy
storage applications due to their layered structure, well-defined
geometry, and large surface area, while their superior inter-
calating ion accommodation capability makes them dominant.
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Fig. 1 Schematic diagram of 2D materials and their energy-related applications.
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The large surface area takes part in electrostatic double-layer
capacitance, wherein the defect position, edges, and reactive
basal planes take part in the electrochemical redox capacitance,
and here simultaneously, both electrostatic capacitance and
redox capacitance improve the pseudocapacitance.'®

In the past ten years, an array of novel 2D materials has
emerged, sharing similarities with the much-acclaimed gra-
phene. These materials show potential for applications such as
catalysis, supercapacitors, and batteries," especially 2D mate-
rials found in groups 13, 14, 15, and 16 of the periodic table*
are promising (Fig. 1). We focus on the fundamental properties
these materials and exploring their viability for energy-related
functions, building on their inherent characteristics. This
endeavour sheds light on the promising future prospects of
integrating mono-elemental 2D materials, potentially offering
a superior alternative to graphene-based systems.

2. Materials

2.1 Borophene

Similar to graphene, borophene is a two-dimensional allotrope of
boron. Precisely, it can be considered crystalline atomically
monolayers of boron. Although its structure was theoretically
predicted, the first monolayer borophene was produced in 2015
by Mannix et al.*® under ultrahigh vacuum condition on an Ag
(111) substrate. The Ag substrate was first cleaned using argon
sputtering, and the substrate was further annealed at 550 °C.
Subsequently, boron was deposited using a boron rod on the
substrate in the temperature range of 450 °C to 700 °C.* It is
obvious that the thermal evaporation and sputtering techniques
are costly techniques, and the use of substrates severely limits
their applications. Thus, in recent times, several other liquid-
phase exfoliation techniques have been developed, which are
comparatively economical. In the recent work by Ranjan et al. in
2019,* they showed the possibility of synthesizing borophene in
different solvents such as water, DMF, acetone, IPA, and ethylene
glycol. This work gave insight into the effect of solvent on the
synthesis of borophene. It was found that acetone and ethylene
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glycol resulted in the formation of monolayer borophene and
DMF resulted in multilayer sheets, whereas other solvents resul-
ted in smaller sheet sizes.” If multilayer synthesis is considered,
DMF-IPA mixed solvent results in the formation of a nanometer-
to micrometer-scale sheet size using the liquid phase exfoliation
technique.” Similar to graphene oxide, borophene can also be
synthesized via the Hummers' method. As a result of this oxygen
defect, rich borophene can be obtained. Unlike graphene oxide,
oxidized borophene is considered advantageous for use in charge
storage applications.*

In the X-ray diffraction characterization, the only observable
difference between bulk boron powder and borophene is the
disappearance of the XRD peak corresponding to the (003) and
(012) planes in Fig. 2. This shows that exfoliation results in the
loss of the plane orientations.>® The use of SEM and TEM
further confirmed the crystal structure and size of borophene. It
was found that borophene has a d-spacing value of 0.54 nm,
which was observed to correspond to the (110) plane in the B-
borophene structure.*® Fig. 3 shows the STM images of the
different borophene phases.”

Borophene has been found to show metallic to semi-metallic
character. The 2D Brillouin zone calculated in the study by
Mannix et al. showed that borophene exhibited good electrical
conductivity along the chain of the material.*® With the intro-
duction of strain in the crystal structure, the electrical
conductivity of the material also improved, which can serve as
a new path in the development of a new class of superconduc-
tors. In the theoretical work by Xiao et al., they reported that in
the pristine state, borophene superconducts at a T. of about
19.0 K. However, with the introduction of tensile strain and hole
doping, the T, changed to 27.4 K and 34.8 K, respectively.”
Besides its proven anisotropic metallic character, borophene
also demonstrates unique mechanical properties. In compar-
ison, it has been found that borophene has a higher Young's
modulus value compared to graphene, which is known as the
strongest material.?® Borophene is not only mechanically strong
but has also been found to be thermally stable at a temperature
of around 400 °C.”*> According to UV spectroscopy, the band gap
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Fig. 2 Comparative PXRD plot of boron and borophene, where it can be clearly distinguished that the diffraction peaks corresponding to the
(003), (021) and (324) planes are minimalized in the borophene material. Reproduced from ref. 25, copyright 2022.
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Fig. 3 STM images of the different phases of borophene. Reproduced from ref. 21, copyright 2019.

of borophene was found to be near about 2.48 eV.?> However,
unlike other 2D materials whose band gap can be modified by
using engineering techniques
vacancy generation, and edge formation, borophene is inert. In
graphene, the modification of its structure can have a direct
effect on its band structure due to quantum confinement,
whereas this does not happen in the case of borophene.*

such as functionalization,

2.2 Aluminene

“Aluminene,” an analogue of graphene, is a 2D material from
group-IIL. Phonon dispersion and cohesive energy calculation
showed that buckled and 8-Pmmn aluminene are energetically
stable.?® To date, aluminene has not been synthesized exper-
imentally, but theoretical calculations using the density
functional theory predict the possibility of its existence with
a crystal lattice such as graphene, borophene, or even phos-
phorene.®* At the time of calculation, the spin effect was
considered for buckled aluminene and 8-Pmmn aluminene.
However, no spin polarization was observed in both systems,
indicating both buckled and 8-Pmmn systems are non-
magnetic. Based on the DFT calculation, buckled and 8-
Pmmn aluminene exhibit metallic character.®® Also, they
behave like a metallic system due to the partial occupancies of
their o and 7 bands. Aluminene, the material investigated in
this work, exists in four different structure forms, namely,
planar, triangular, buckled, and puckered. The AA and AB
stacking of two triangular layers generate puckered and
buckled aluminene, respectively. Among them, buckled
structures are the most stable.*?

© 2024 The Author(s). Published by the Royal Society of Chemistry

2.3 Gallenene

Gallenene is the latest addition to the 2D family, which is
a monolayer of gallium along the (010) and (100) crystallo-
graphic directions, respectively.®® The monolayer of a(100)-
gallenene has a honeycomb structure with a rectangular prim-
itive unit cell. Alternatively, monolayer b(010)-gallenene
resembles a zigzag rhombic lattice with lower symmetry than
a(100)-gallenene.** Atomically thin samples of gallenene can be
obtained from the bulk alpha phase of gallium using solid-melt
exfoliation at a low melting temperature. A Ga droplet is first
heated to 50 °C on a hot plate to achieve uniform melting of the
entire droplet. Subsequently, the temperature is reduced to 30 ©
C, which is slightly above the melting temperature of Ga. At this
point, a clean Si/SiO, wafer is brought into contact with the
surface of the Ga droplet. The lower temperature of the SiO,-Ga
interface solidifies the surface of Ga layers, which are then
exfoliated on the SiO, substrate. According to theoretical
prediction, free-standing Ga is difficult to exfoliate, but the
substrate stabilizes gallenene. The height profile of this galle-
nene sheet measured using atomic force spectroscopy revealed
that its thickness is ~4 nm, indicating that the film is about
four to six layers thick.** Due to its very low thermal conductivity
together with very high electrical conductivity, gallenene is
unique. Thus, gallenene can be used as a potential on-chip
electrical connector or thermal barrier in devices. 2D galle-
nene strongly interacts with the substrate. Consequently, gal-
lenene contacts can be used to transform MoS, from
a semiconductor to a metallic phase, resulting in better 2D
contacts for devices. Also, gallenene provides excellent

RSC Sustainability, 2024, 2,1631-1674 | 1635
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opportunities to explore its application as a 2D metal in plas-
monics, sensors, and electrical contacts.*

2.4 Indiene

Indiene, which is a triangular single-layer phase of indium, is
a large gap (~120 meV) quantum spin Hall insulator stabilized
on SiC (0001) substrates. Its specific structural and electronic
properties produce distinct fingerprints in experimental surface
characterization by electron microscopy, diffraction, and spec-
troscopy, thus providing an efficient metric for synthesizing
large-scale, high-quality indiene on SiC.*® Indiene has been
theoretically predicted to exist in three different monolayer
polymorphs, i.e., puckered, planar and buckled indiene.*” It can
be synthesized by molecular beam epitaxy, leading to the
formation of high-quality indiene films, as characterized by
surface science tools.*® The synthesis is initiated by sublimating
the topmost Si atoms of the SiC (0001) substrate under a sup-
porting Ar atmosphere, leaving a C-rich buffer layer called zero-
layer graphene. In the cyclic process of indium deposition and
subsequent annealing, the carbon layer is replaced with indium
as a bonding partner to the substrate. The indium forms
a bilayer below graphene immediately after the intercalation. By
thermal removal of In, the indium bilayer is converted into
monolayer indiene, pushing it into the QSHI phase.** The
planar indiene behaves as a metal with two Dirac cones at K
points in the Brillouin zone. In the case of buckled indiene, it
has a small indirect band gap of 0.97 eV and behaves as
a semiconductor. With an increase in the number of layers, the
semiconducting buckled indiene transforms into metallic.’”
The scanning electron micrograph reveals an essentially flat
surface sprinkled with scarcely distributed islands, whose
number and size increase as the deposition time is tripled.

2.5 Thallene

The last element in group-III to form a 2D-Xene system is
thallene, which is built of atoms of the group-III element thal-
lium (TI). It has been reported that it is formed when a 2/3
monolayer of mobile Tl atoms on single-layer NiSi, atop
Si(111) substrate crystallizes upon cooling below 150 K with
a honeycomb geometry.*® The synthesis of thallene includes the
successive formation of a sandwich structure on an Si (111)
substrate consisting of 2/3 monolayer of Tl atoms residing atop
a single-layer NiSi, and cooling the sample to a low tempera-
ture, allowing the Tl atoms to crystallize into a honeycomb
lattice. The experiments were performed in a UHV Omicron
MULTIPROBE system equipped with STM, LEED, and ARPES
facilities. To prepare the Si (111) 7 x 7 surfaces, the Si (111)
samples were first annealed in situ at 600 °C for several hours,
and finally flashed at 1280 °C. Tl was evaporated from a Ta
crucible, and Ni was deposited from an electron beam evapo-
rator.” Similar to graphene, thallene has a flat honeycomb
structure, where every third lattice site is vacant, which is clearly
seen in high-resolution STM images. A substrate fixes the TI-T1
bond length in the thallene, which is equal to 3.84 A, whereas in
the case of bulk thallium or free-standing thallene, DFT calcu-
lations yielded an equilibrium TI-TI bond length of 3.03 A.* Its
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structure has a space group symmetry of P6/mmm.** Thallene
works as a semiconductor with an indirect gap of 420 meV,
where the highest occupied band is formed by the Tl P,, orbitals
and the lowest unoccupied band is mostly composed of P,
orbitals.*”” The structure of thallene is shown in the STM image
in Fig. 4.

2.6 Graphene

Graphene can be designated as a wonder material among the
various classes of materials,” and thus has been utilized in
a wide variety of applications such as mechanical,* electronic,*
optical,*® energy,” environmental,”® and biomedical***® appli-
cations. Its development has not only been from an application
point of view, where it has also been from an engineering
aspect. In the last two decades, various graphene-based mate-
rials have been developed, such as graphene oxides, reduced
graphene oxides, nanoribbons,”” and graphene quantum
dots.*** Besides materials engineering, such as defects, doping,
and composites, chemical modifications and functionalization
have also been reported. This has given rise to complex systems
such as graphane,” graphyne,® and partially reduced GO.*
After the discovery of graphene in 2004, various techniques were
developed to synthesize 2D graphene.> Firstly, graphene was
synthesized as small flakes in the order of several microns from
graphite by mechanical exfoliation. This method gives the
highest pure-quality graphene, but considering large-scale
production, it is synthesized from wafer-scale graphene.*® Gra-
phene, similar to other nanomaterials, is synthesized by two
processes, i.e., one is the top-down process, and the other is the
bottom-up process. A bulk (graphite and graphite derivatives)
material is used to synthesize the graphene in the top-down
process. The top-down processes include mechanical exfolia-
tion, reduction, and unzipping of CNT. Alternatively, in the
bottom-up process, graphene is prepared by arranging atom by
atom via a two-step process, i.e., nucleation and growth.

General properties of graphene: graphene stands out for being
tough, flexible, light weight, and having high resistance. It has
been calculated that this material is 200 times more resistant
than steel and five times lighter than aluminium. The number of
layers of graphene regulates its different properties. SLG and BLG
are zero band gap semiconductors that encounter the conduction
and the valence bands at the Dirac points. SLG is an sp®
hybridized structure with two carbon atoms in its unit cell. BLG
can be divided into three categories, i.e., AA-stacked, AB-stacked,
and twisted. Alternatively, tri-layer graphene has three stacking
sequences, i.e., AAA, ABA, and ABC, which represent hexagonal,
Bernal, and rhombohedral arrangements, respectively. The two
linear bands in the band structure of SLG cross at the Fermi level
in the Dirac points. Thus, graphene is a zero-band gap semi-
conductor. The holes and electrons near the Dirac points behave
as massless fermions and travel at extremely high speeds. Thus,
SLG is recognized as a crucial material for electronic devices due
to its outstanding properties and high flexibility.”

The mechanical properties of graphite are highly anisotropic
due to the strong covalent bonding in its basal plane and weak
van der Waals interaction between neighbouring layers.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

Calculations show that the degree of anisotropy is 0.67n for
crystalline graphite, which is much higher than other materials
and only lower than that for carbon nanotube bundles. As the
monolayer building block of graphite, graphene has an
extremely high young modulus of 1 TPa and a Poisson's ratio of
0.416. The non-linear elastic response of graphene emerges at
high strain levels and shows the uniaxial tensile stress-strain
relation of 10 nm-wide GNRs. It is clear that the stress-strain
relation deviates from linearity beyond the strain level of ~10%,
where a softened elastic response is observed. Thus, the
mechanical responses along the zig-zag, armchair, and mixed
directions become different, which can be explained by the
distortion of the lattice away from the hexagonal symmetry
upon uniaxial deformation.

2.7 Silicene

Silicene is the silicon-based counterpart of graphene, which is
a 2D hexagonal honeycomb structure similar to that of graphene.
Despite its buckled structure, silicene shows most of the elec-
tronic properties of planar graphene. Although silicon atoms
have similar electronic configurations to carbon, they do not

(a) graphene

S e e

Fig. 5
cluster. Reproduced from ref. 59, copyright 2017.

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a—c) STM image of thallene, where thallene is grown on the NiSi,/Si (111) surface. Reproduced from ref. 40, copyright 2020.

form a honeycomb structure because unlike carbon, silicon
prefers sp® hybridization.*® Fig. 5(a)-(d) demonstrate the struc-
tural difference between graphene and silicene.” The synthesis
of silicene on another substrate, ZrB,(0001), was also achieved.®
Due to the sensitivity of silicon, silicone films are produced in an
ultrahigh vacuum environment. Repeated argon ion sputtering
and annealing processes are performed to achieve a clean Ag
(111) substrate. Silicon is deposited on the substrate by thermal
evaporation from a pure Si source. Given that silicene has
sufficiently high vapor pressure below its melting temperature,
a stable silicon flux can be obtained when the silicon bar is
heated, passing a direct current. Depending on the substrate
temperature, silicene can form a variety of structures. Below 400
K, silicon deposited on the substrate forms clusters, and above
400 K it forms a silicone sheet.®»*> Given that silicene, unlike
graphene, prefers sp® hybridization, it forms a buckled hexag-
onal shape. This buckled honeycomb structure helps silicene to
get an adjustable band gap by applying an electrical field.
Various research groups using DFT calculations showed it is
most stable in chair-like D3q structures.’”** Currently, work has
also been done to provide a green synthesis approach for

(b) silicene

(a) Crystal structure of graphene. (b) Crystal structure of silicene. (c) Structure of benzene and Cg cluster. (d) Structure of silicene and Sig
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producing these fascinating materials. The study by Kanaphan
et al. showed that silicene can be obtained from waste solar cells.
In the synthesis process, old solar cells were used to separate and
purify silicon powder. Later, the silicon powder was chemically
processed to synthesize silicene (multilayered).*

In 2007, Guzman-Verri and Lew Yan Voon performed a tight
binding Hamiltonian that considers the electronic properties of
Si nanotubes. This result showed that silicene is semi-metallic.®
Due to its buckling structure, the thermal conductivity of silicene
is much lower than that of graphene. As a result, silicene shows
great potential for application in thermoelectric devices.*
Although silicene processes massless Dirac fermions similar to
graphene, it is considered that silicene has all the electrical
properties of graphene has but with a greater spin-orbital
coupling and potential to utilize the quantum Hall spin effect.®
In its basic form, silicene is a conductor due to its zero-band
gap.®® Thus, it is very promising for application as a low-energy
material. With recent advances in research, silicene has been
used for topology-based electronics, such as topological insulator
field-effect transistors (TI-FETs). Also, there is increasing
research interest in silicene-based junctions or heterostructures,
which show great promise for exotic electronic magnetic and
thermal applications.®” Silicene shows a lower D;;, symmetry,
unlike graphene, which shows Dg;, symmetry.®* However, silicene
has better controllability of its band gaps due to its buckled
shape.®®® The band gap of silicene can be opened by chemical
functionalization, such as hydrogenation and oxidation. DFT
calculation of silicene without spin-orbit coupling always leads
to a zero band-gap semiconductor, while spin-orbit interaction
opens a fundamental band gap of the magnitude of about 1.55
meV at its Dirac points. Also, without an Ag (111) substrate, sil-
icene opens a 0.3 eV band gap due to structural modification and
symmetry breaking by an Ag substrate.”” The formation of
vacancies, adatom impurities, and topological defects in the

V13Xv13

=-2.920 ¢V

E,. = -3.156 eV E,q
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crystal fabrication process is inevitable, which also helps in
tuning the band gap of the material. Fig. 6 shows the tuning of
the band gap of silicene using oxygen adatoms.” Due to the
buckled structure of silicene, the formation of Stone-Wales
defect is more probable than in graphene. The presence of this
defect has a crucial effect on the structural, electronic, and
chemical properties of silicene.”™

2.8 Germanene

The impressive rise of graphene has made many scientists look
for other alternative 2D materials. One of these alternative
materials is germanene. In contrast with planar graphene, the
honeycomb lattice of germanene is buckled and composed of
two vertically displaced sub-lattices.”” The first study on the
synthesis of germanene was reported in 2014. In July 2014, Li
et al. reported the growth of germanene on Pt (111). Under ultra-
high vacuum conditions, a germanium rod was mounted in an
electron beam evaporator, from which germanium was depos-
ited on a pristine Pt (111) substrate at room temperature. After
deposition, the Pt substrate was annealed at a temperature in
the range of ~600-700 K for 30 min.”” Germanene has the same
properties as silicene and graphene, i.e., “zero band-gap.” This
band gap can be opened easily if the charge is transferred from
one sub-lattice to another sub-lattice, which is also possible
because of its buckled shape. Germanium has a larger atomic
number compared to carbon. As a result, Ge has a much
stronger spin-orbit coupling. Buckling will also increase the
spin-orbit coupling by an order of magnitude. This spin-orbit
coupling results in the opening of a small band gap at the Dirac
points. In germanene, this coupling opens the band gap to
about 23.9 meV. In the case of silicene, it is predicted that band
gap openings can be realized via the adsorption of alkali atoms
on one side of the silicene sheet. Similarly, a sizeable band gap

PATE) PATE]

A -
CLeC L L T
tL RC B L L I

=-2.815¢eV

Fig. 6 STEM images of silicene modified by oxygen adatoms due to oxidation and corresponding change in its band gap. Reproduced from ref.

70, copyright 2014.
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(a) Graphene
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(b) Silicene

(c) Germanene

PO

Fig. 7 Comparison of the structure and buckling angle among (a)
graphene, (b) silicene, and (c) germanene. Reproduced from ref. 78,
copyright 2022.

in germanene can be realized by the adsorption of alkali
metal.” Its band gap can be turned from 0.02 eV to 0.31 eV by
varying the coverage of absorbed alkali metal atoms.” Germa-
nene has four possible structural defects, as follows: (1) Stone-
Wales defect, (2) divacancy, and (3) pentagonpentagon-hepta-
gonheptagon linear defect. The pentagon-heptagon linear
defect has the lowest formation energy, which means that this
defect is the easiest to form and the most stable in germanene.
In the Stone-Wales defect, 2 heptagons and 2 pentagons are
formed by breaking two neighbouring hexagons.” Germanene
has D4 symmetry.” Similar to graphene and silicene, a germa-
nium monolayer, i.e., germanene, is also a Dirac semimetal.”®
The lattice structure of germanene is a buckled honeycomb
shape, in which the buckling degree is 0.7, and the bond length
is 2.44 A7 Fig. 7 shows a comparison of the structure and
change in the buckling angle of graphene, silicene, and ger-
manene. It was observed that on going down the group, there is
a gradual increase in the buckling angle. The interatomic bond
is not strong enough to hold the hexagon structure in a planar
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state.”® Beyond silicene, there has been also work determining
the functionalities of other 2D materials.” Recently, function-
alized germanene such as germanane (GeH) has been mass-
produced through the topochemical deintercalation of CaGe,.
Also, functionalized germanene can be more stable than free-
standing germanene due to its lattice distortion. Recently,
several procedures have been reported on the chemical func-
tionalization of germanene, for example, foreign element
doping (Ti, V, and Cr), hydrogenation, and fluorination. Also,
functionalized germanene can present amazing physical and
topological properties related to magnetic properties, metallic
ferromagnetism, and highly anisotropic optical response.”

2.9 Stanene

Stanene is known as the latest cousin of graphene, which is
similar to 2D graphene materials. However, stanene has an
advantage that graphene does not; at room temperature, electrons
should be able to travel along the edge of the honeycomb lattice of
tin (Sn) without colliding with each other, and thus stanene can
be categorized in the subset of topological insulators.*” Generally,
2D materials formed by group IV element (C, Si, Ge, and Sn)
atomic arrangements possess a graphene-like honeycomb struc-
ture, but stanene has a buckled hexagonal lattice crystal structure.
The difference between graphene and stanene is that graphene
has a planar hexagonal lattice due to its sp>type hybridization,
whereas stanene has a mixed sp>-sp® hybridization. Stanene exists
in two structural forms, i.e., low buckled stanene (with a lattice
parameter of 4.67 A and buckling parameter of 0.85 A) and
dumbbell unit (with a lattice parameter of 9.05 A and buckling
parameter of 3.41 A).** Fig. 8 shows the STM image and LEED
pattern of as-prepared stanene.® To determine the mechanical
properties of stanene, several uniaxial and biaxial loadings were
done along the armchair and zig-zag structure.

According to a study, it was revealed that the anisotropic
nature of the stability of stanene causes its Young's modulus
(E), UTS, and Poisson's ratio (v) to have different values in
different edge directions. The Young's modulus of stanene has
been calculated to be approximately 26.684 N m~".#* In defective
stanene, three types of defects are present, i.e., single vacancy,

Fig. 8
energy. Reproduced from ref. 82, copyright 2018.

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a and b) High-resolution STM images of stanene. (c) LEED pattern of stanene prepared directly on Ag (111) at 41 eV incident electron

RSC Sustainability, 2024, 2, 1631-1674 | 1639


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3su00445g

Open Access Article. Published on 09 May 2024. Downloaded on 1/19/2026 9:20:32 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

View Article Online

Critical Review

8.086 A
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Fig. 9

(a) Top view of the germanene—-stanene bilayer. (b) Side view of the germanene—stanene bilayer. (c) and (d) SEM pictures of GeSn bilayer

placed on a 60 nm-thick layer of Al,O3 from the side and top, respectively. Reproduced from ref. 87, copyright 2023.

double vacancy, and Stone-Wales defect. The stress-strain
response showed that in the case of defective stanene, its tensile
strength and elastic modulus decrease with an increase in
defect density. Among the defects, the point defect (single
vacancy) contributes the least to the decrease in tensile strength
and elastic modulus.® In 2015, the first 2D stanene nanosheet
was grown on a metallic Be,Te; (111) substrate by the molecular
beam epitaxy (MBE) process. It was presented that there is no
topological state due to high compressive strain; it was buckled,
and the growth fashion of tin on the surface of the metal was
similar to islands.*® The thermal properties of 2D materials
depend on their electron and phonon transport mechanisms.
The massless Dirac fermions in stanene follow the modified
Wiedemann-Franz (WF) law of electron thermal conductivity
(K.) similar to graphene in the absence of the SOC effect. The
electron thermal conductivity (K.) of stanene is much higher
than its phonon thermal conductivity (Kp), which is different to
that in planar graphene, and the K, of stanene also increases
with an increase in temperature due to its high energy elec-
trons.*® Stanene has a low buckled honeycomb structure, where
its buckled nanostructure weakens the - bonding in the Sn
atoms and improves the overlapping between o-m bonding.
According to a computational study, it was seen that stanene
has a zero band gap excluding spin-orbit coupling, while
considering its spin-orbit coupling, its band gap is nearly equal
to 0.1 eV.*® Fig. 9 represents a recent work where stanene and
germanene were combined to form a bilayer. Considering its
properties, this bilayer is expected to have potential applica-
tions in the solar, energy, and optoelectronic fields.*

1640 | RSC Sustainability, 2024, 2, 1631-1674

2.10 Plumbene

The realization of the last cousin in the group 14 elements, i.e.,
plumbene, remains a challenging quest, although many theo-
retical studies predicted its stability and anticipated its
outstanding exotic properties. Typically, recently, molecular
dynamics simulations revealed that the mechanical properties
of plumbene are several times greater than that of bulk lead.®®
In April 2019, J. Yuhara and co-researchers reported the large-
area epitaxial growth of plumbene by segregation from
prepared Pd; ,Pb,(111) alloys grown on a Pd(111) substrate
upon heating Pb thin films deposited at room temperature.
They confirmed the formation of plumbene on these Pd;_,-
Pb,(111) thin films using low-energy electron diffraction (LEED)
and scanning tunnelling microscopy (STM).*®* As a heavy
analogue of graphene, plumbene is a two-dimensional material
with strong spin-orbit coupling effects. Using scanning
tunnelling microscopy, we observed that Pb forms a flat
honeycomb lattice on an Fe monolayer on Ir (111).*® According
to Xiang Long Yu and colleagues, plumbene is a topological
insulator with a maximum band gap of 0.2 eV upon electron
doping. Recent reports suggest that transition metal-doped
plumbene exhibits magnetic properties.”® Plumbene has very
high bulk band gaps, which are in the range of 1.0911 eV to
1.1515 eV.™*

2.11 Phosphorene

Phosphorous, which is located in group VA of the third period
in the periodic table, has different morphologies. Among the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) HRTEM image of phosphorene.

different types of phosphorous, black phosphorous is chemi-
cally stable and shows the advantage of conductivity compared
to red and white phosphorous. The 2D layered semi-conductor
material obtained from black phosphorous is phosphorene,
which is expected to play an important role in research and
many more next-generation application.””** Phosphorene has
an orthorhombic crystal structure and it shows different
mechanical properties. At different pressures, it shows a crystal
structure transition. Also, it shows unique mechanical proper-
ties for nanoelectrochemical systems and devices. The negative
Poisson's ratio of phosphorene gives it a unique puckered
structure. Besides, its Young's modulus, composite strength,
and tensile strength make phosphorene an efficient filler to
reinforce polymers and composites.*

American physicist Bridgman won the Nobel Prize in Physics
in 1946 for successfully synthesizing bulk BP for the first time by
heating white phosphorous to a high temperature of 200 °C
under a pressure of 1.2 GPa. The high-pressure synthesis of BP
single crystals with a maximum size of 4 mm in diameter and
5 mm in length was first reported by Sugai et al.*® This was
performed by the treatment of red phosphorous at 270 °C and
3.8 GPa in a reaction vessel composed of pyrophyllite and
equipped with a graphite heater and Pt-Pt 13% Rh thermo-
couples. Ball milling was also used to convert red phosphorous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Powder X-ray diffraction pattern of black phosphorous. Reproduced from ref. %8, copyright 2016. (b) SEM image of porous phos-
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High reactivity

(b) Crystal structure of phosphorene. Reproduced from ref. 100, copyright 2015.

into BP using steel balls in hardened steel milling vessels, in
which a temperature of above 200 °C and high pressure of about
6 GPa were locally generated.®” Black phosphorous crystals show
a characteristic X-ray diffractogram, as shown in Fig. 10, with
peaks located at (020), (040), and (060) planes, which indicate
their crystallinity.

Black phosphorous contains some puckered layers that are
parallel to the (010) plane of its orthorhombic crystal structure.
No peak was observed at 32 °C for the (107) plane of Sn,P;,
which indicates the negligible presence of secondary phosphide
traces.”® TEM and high-resolution TEM are convenient tech-
niques for evaluating the crystallinity and thickness of phos-
phorene samples (Fig. 10b). For the measurement of
phosphorene flakes, if the thickness of one of the flakes is
known, then the thickness of the other flakes can be deter-
mined from the contrast using an elastic scattering model. The
TEM contrast changes across the flake edge can also be used to
distinguish the number of layers, which was four. Fig. 11 shows
the HRTEM image and schematic crystal structure of
phosphorene.*®

Phosphorene is an ambipolar semiconductor that shows
a band gap between 0.3 eV and 2.0 eV, which depends on its
interlayer stacking pattern. This band gap value is slightly
higher than that of graphene and similar or smaller than that of
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MoS, and WSe, (1.2-1.8 eV). Defects are inevitably present in
materials and always affect their properties. Here, first-principle
calculations were performed to investigate the stability and
electronic structures of 10 types of point defects in 2d semi-
conducting phosphorene, including Stone-Wales (SW-1 and
SW-2) defect and single (SV-(5|9) and SV-(55|66)) and double
(DV-(555|777)-1, (DV-555|777)-2 DV-(555|777)-3, and DV-(4|10]4))
vacancy defects. These defects are all easily created in phos-
phorene with higher areal density than graphene and silicene.
The SW, DV-(5|8|5)-1, DV-(555|777), and DV-(4|10|4) defects have
little effect on the electronic properties of phosphorene, and
defective phosphorene monolayers are still semiconducting
with similar band gap values to perfect phosphorene.**

2.12 Arsenene

2D arsenene and arsenic, as members of the 2D Group-VA
materials, have attracted increasing interest over the past few
years. The diverse crystalline phases, exotic electrical charac-
teristics, and widespread application of 2D arsenene and
arsenic endow them with great research value and utilization
potential. Moreover, 2D arsenene and arsenic have potential in
a wide range of the applications including field effect transis-
tors, sensors, catalysts, and biological applications.'®* Arsenene
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has been found to possess a honeycomb crystal structure,
together with superior mechanical properties, high carrier
mobility, and negative Poisson's ratio. The mechanical proper-
ties of arsenic heterostructures include stiffness and hardness.
The Young's modulus of all arsenene heterostructures is in the
range of 600-800 GPa, which is much higher than that of the
main inorganic components in the natural solid electrolyte
interphase. In the study by Shang et al., an arsenene/graphene
heterostructure was found to possess extremely high mechan-
ical strength, which can effectively inhibit the puncture of
lithium dendrites and improve the performance of lithium
batteries.**

The preparation and realization of 2d arsenene and arsenic
have been carried out successfully in recent years. The methods
employed include epitaxial growth, mechanical exfoliation, and
liquid phase exfoliation, which have advantages and disadvan-
tages. Besides the top-down methods, bottom-up strategies are
also effective and crucial in preparing high-quality 2D materials
for the large-scale production of particle devices. Selecting the
appropriate precursor and substrate is vital to the growth of 2d
arsenene and arsenic materials on certain substrates. Mono-
layer grey arsenene was successfully grown on an Ag (111)
substrate via MBE (molecular beam epitaxy) by heating it as
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Fig. 12
oxidation of arsenene. Reproduced from ref. 105, copyright 2016.
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(a) Partial oxidation of arsenene. (b—h) Partial oxidation of arsenene in different ratios. (i) Change in enthalpy with respect to the degree of
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a crystal to generate a precursor species. The crystallization
temperature mostly determined the synthesized crystal phase of
arsenene. A crystallization temperature of arsenic above 360 °C,
less than 300 °C, or rapid cooling will lead to the formation of
grey arsenic, amorphous arsenic, and yellow arsenic, respec-
tively.'”> The electronic structure of buckled arsenene with
a buckling parameter (1.39 A) corresponds to that of a semi-
conductor with an indirect/direct bandgap of 1.63/1.97 eV.
Defects, especially point defects, can dramatically affect the
electronic, magnetic, thermodynamic, and optical properties of
2D arsenene-based devices. In the fabrication and processing of
2D materials, point defects are inevitable, and the most typical
point defects found in other 2D materials are Stone-Wales
defects, single vacancy, double vacancy, and adatoms. These
defects were systematically studied using density functional
theory (DFT) and Car-Parrinello molecular dynamics (CPMD).
Thus, it is very important to understand the effects of these
defects on arsenene, which will help create ideas to control
defects to prepare new arsenene-based materials with novel
properties.'** Fig. 12 presents the partial oxidation of arsenene.
It was discovered that oxidation may reduce the direct bandgap
of oxidized arsenene from 1.29 to 0.02 eV by increasing the
oxygen concentration from 10/18As to 180/18As."*

The phase purity of the materials was identified by X-ray
diffraction, confirming the rhombohedral and orthorhombic
structures for grey and black arsenic, respectively, as shown in
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Fig. 13. Firstly, the rhombohedral crystal structure of grey
arsenic was confirmed with the most intense diffraction pattern
at 260 = 32.2°, corresponding to the (012) reflection. Some minor
peaks have arisen due to the presence of AS,0;. The XRD
pattern of the exfoliated black arsenic was confirmed with
a sharp doublet peak at the 26 values of 32.55° and 32.80°,
corresponding to the (004) and (111) phases, respectively. The
presence of arsenic oxide is much more pronounced in the
black AS, and there were also some minor peaks arising due to
rhombohedral arsenic.'*

2.13 Antimonene

Among the 2D materials, antimonene has gained popularity
since 2016.'” Also, we should point out that the name anti-
monene is not completely correct given that there is no double
bond in its structure.'® However, it remains challenging to
prepare high-quality antimonene due to its strong bonding
energy and ultrashort layer distance. Recently, Perifian et al.
developed mechanical and liquid-phase exfoliation methods for
the preparation of antimonene. Gibaja et al.'* reported the use
of liquid phase exfoliation for the first time to prepare few-layer
antimonene. The best solvent obtained was a 2-propanol-water
(4:1) mixture. The LPE process requires 30 h of sonication to
prepare antimonene, which is very consuming. Thus, a modi-
fied method to that for antimonene, including ball-milling for
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Fig. 13 Powder X-ray diffraction patterns of grey arsenic thin layer (above) and black arsenic thin layer (below). The star-marked peaks represent

arsenic oxide impurities. Reproduced from ref. 106, copyright 2020.
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180 min at 3000 rpm followed by sonication for 40 min, was
developed to produce a more homogeneously sized material.
The yield was also enhanced with a concentration of 0.014 g L ™"
compared to that of 1.74 x 10™® g L™" previously reported.’®
Antimonene has a buckled honeycomb structure with the rRm
space group, unlike graphene, which has a planar structure. The
lattice constant of antimonene was determined to be 4.12 A,
while its Sb-Sb bond length and angle were found to be 2.95 A
and 88 A, respectively. Also, the structure of its unit cell is
rhombohedral.’*®**° The band gap of single-layer antimonene is
about 1.2 eV.'* Bilayer antimonene is an indirect band gap
semiconductor with a band gap of 0.36 eV for AA stacking and
0.25 eV for AB stacking."™ Also, antimonene has a tunable band
gap in the range of 0-0.28 eV.""? Defects are inevitably present in
materials. Thus, similar to other 2D materials (silicene, ger-
manene, and graphene), antimonene possesses vacancies and
Stone-Wales defects."*?

2.14 Bismuthene

Among the group 15 elements (pnictogen family), the heaviest
element is the bismuth, which forms a monolayer nanomaterial
called bismuthene. The explosive growth of this new 2D nano-
material is due to its tunable electronic, optical, catalytic, and
electromagnetic properties.'® Bismuthene has a 2D hexagonal
lattice and honeycomb structure with optimized lattice
constants of a = b = 4.38 A. Its Bi-Bi bond length is d; = 3.07 A.
Three alternating atoms at the corner are raised, and the
remaining three are lowered. Bismuthene has two atomic
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planes, where the distance between two planes or buckled
angles is 1.74 A. The 2D structure of bismuthene is stabilized by
buckling, where its planar sp”> bond is rehybridized to sp’
hybridization to compensate for the relatively weaker pi-pi
bonding that generally favors planar 2D graphene.* Bismu-
thene films were produced using the sonochemical exfoliation
method, where first-bump bismuthene was ground with iso-
propyl alcohol. Then, 0.5225 mL of bismuthene isopropyl
alcohol solution and 9.4775 mL of isopropyl alcohol were placed
in a spiral bottle glass and kept in ice bath sonication and
a probe sonication machine at 5000 rpm for 20 min.'*
According to the TEM images, the synthesized few-layer bis-
muthene showed a lateral size of approximately 0.8 um. Using
high-resolution transmission electron microscopy, it was
observed that bismuthene has a rigid arrangement lattice plane.
The interlayer spacing of its lattice planes is 0.322 nm, which is
in accordance with the (111) interplanar distance of the rhom-
bohedral A; structure. According to SEM, it was confirmed that
bismuthene has a crystalline structure. The SEM and TEM
images of the prepared bismuthene are presented in Fig. 14.

As shown in Fig. 15A, AFM images confirm that nanoflakes
have a height of 4 nm with a smooth surface. According to the
high-resolution X-ray diffraction (HRXRD) of bismuthene
powder, it was reported to have a space group of R3m. The X-ray
photoelectron spectrum (XPS) of bismuthene showed three
sharp photoelectric peaks at 23.6 eV, 25.9 eV, and 28.8 eV,
corresponding to the Bi-Bi 5d(5/2), 5d, and 5d(3/2) orbital
bonding, respectively, as shown in Fig. 15B."*

Fig. 14
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(@ and b) SEM image (c) TEM images (d) HRTEM image of the synthesized bismuthene. Reproduced from ref. 116, copyright 2018.
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2.15 Sulfurene

The last group, 16, starts with sulfur, where the thinnest sulfur
nanosheets have been synthesized. This Xene material is named
sulfurene, which has a thickness of 0.84 nm. In the work by Bai
et al., sulfurene was prepared using sublimed sulfur as the raw
precursor. Initially, the hydrothermal-assisted method yielded
sulfur nanosheets, which on further exfoliation, produced sul-
furene." It was observed that the aqueous medium reduction
of S(0) to S,” occurred at an applied potential of —1.2 V.*7
Currently, no other work has been reported on preparing
sulfurene-based systems. It is expected that this low-cost
material will be a good choice for energy applications, such as
sulfur-based batteries.

2.16 Selenene

Selenene is a 2D Xene material that is produced from the
chalcogen metal selenium. Selenium has a small band gap
(1.35 eV) and low-dimensional and anisotropic elemental
semiconductor properties. Selenene has a helical chain-based
crystal structure and exists in both two-dimensional (2D)
forms, such as layered-thin films, and one-dimensional (1D)
configurations, such as nanowires. Selenene is a 1D van der
Waals material,"® where the Se atoms are generally bonded
with their two neighbouring atoms, producing a helical atomic
chain that is parallel to the [0001] direction (c-axis). The
atomic chain of Se atoms is packed by van der Waals forces to
create a hexagonal lattice structure. For the synthesis of sele-
nene, various techniques have been developed, among which,
three major techniques are available for the synthesis of
selenene nanotubes and nanowires. One is the biomolecule-
assisted hydrothermal synthesis by SeO,,"*® the second is
porous templated-assisted methods in a photodetector
system, and the third is physical vapor deposition. Using the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) AFM images of few-layer bismuthene before and after 35 day aging and (B) X-ray photoelectron spectrum of bismuthene. Repro-

physical vapor deposition method (PVD), the prepared sele-
nene was reported to be 10 um in the lateral direction and
5 nm in thickness. In this process, a multizone furnace was
used, where Se powder was placed in one zone, and Si (111)
substrate was placed in the other zone. Ar gas was passed
through the furnace for 60 min.** The process was complete
with a saw-like structure where one side was a zig-zag edge,
resulting in the formation of an Se nanosheet, which was
confirmed by TEM, SEM, and AFM images."*°

2.17 Tellurene

Tellurene is a nanomaterial that is produced from chalcogen
metal tellurium (Te), similar to selenene. Te is also a recently
developed elemental semiconductor with good piezoelectricity,
photoconductivity and thermoelectricity properties. Te has a small
band gap (0.35 eV) at room temperature and shows much higher
electron mobility than Se. Tellurene possesses a chain-based
crystal structure, which exists as two-dimensional and one-
dimensional nanowires. 1D tellurene is a van der Waals material
in a hexagonal lattice system of a chain of tellurium atoms."*

Various methods have been developed for the synthesis of
1D and 2D tellurene nanomaterials. Among them, the generally
used methods with good results are physical vapor deposition
(PVD),”>> pulsed laser deposition, magnetron sputtering,'?*
liquid phase exfoliation, hydrothermal synthesis, and encap-
sulation in nanotubes. Here, we only discuss the synthesis of
tellurene by physical vapor deposition. In this process, a two-
zoned furnace is used, where in one zone, the source material
is placed in the hot end at about 650 °C and silicon with 300 nm
silicon dioxide (SiO,/Si) substrate is placed at the other cold
end. Ar gas with 15% hydrogen is used as the carrier gas, which
transfers the source vapor to the substrate. The dimensions of
flakes produced are around 10-100 pm."*

RSC Sustainability, 2024, 2, 1631-1674 | 1645
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2.18 Poloniumene

The last element in group 16 is polonium. In a few recent
theoretical studies, the structural properties of 2D mono-
elemental polonium systems have been analysed. According
to these theoretical studies, it has been found that poloniumene
consists of a structure similar to that of MoS,,"** where it is
known as trigonal poloniumene. Here, in this material, the
central Po is metallic, whereas the other two Po atoms are
semiconducting in nature." Currently, no experimental work
has been reported on the fabrication of this material, where it is
obvious that the radioactive nature of this material prevents it.

3. Applications
3.1 Catalysis application

One of the most dominant fields of research involving the
constant effort of materials in energy research is the catalysis
field. Current catalysis research can be mainly classified into
electrocatalysis and photocatalysis. As is name suggests, an
electrical current is used in the electrocatalytic process. Alter-
natively, in photocatalysis, a photocatalyst harvests and uses
light energy in a photochemical process. In the literature, there
are several instances where graphene was used as a catalyst
material,””*"** which is attributed to the wide possibility of
engineering graphene.® These different possibilities can be
facilitated by various point defects such as substitution,***
adatoms,*? vacancies,**® and Stone-Wales defects.** The line
defects include dislocations*** and grain boundaries.™® Lastly,
the interlayer defects include stacking faults’*” and interlayer
interstitials.™° It also must be considered that graphene can be
employed for the synthesis of composite materials as catalysts.
A study has reported that any doping in graphene can influence
its electrical properties. As a result, there are 84 stable elements
that can be used as a mono-elemental dopant, 3486 bi-
elemental dopants, and around 2 x 10° combinations of tri-
elemental dopants for graphene.

Obviously, there are several factors to consider, such as that
not all dopants are cost-effective. Also, an increase in the
complexity of the synthesis technique will add to the question of
the practicability of the new material. As a result, new materials,
as discussed in the introduction, are emerging. These new
materials, in various aspects, have surpassed graphene and its
derivatives. One new possibility is the advent of these materials
in the catalysis field. Not all these materials have been used to
date in the application of catalysis. However, considering their
graphene-like nature, such as high surface area, semi-
conducting to metallic properties, and high functionalization
capabilities, it can be stated that they will be good electro/
photocatalysts. When describing the current research in the
field of electro/photocatalysis, the most widely desired current
research processes include HER (hydrogen evolution reac-
tion),"*® OER (oxygen evolution reaction),"”® NRR (nitrogen
reduction reaction),**"**> and CO,RR (carbon dioxide reduction
reaction).”® These processes can take place either by the
photochemical or electrochemical pathway, depending on the
catalysis process.

138

1646 | RSC Sustainability, 2024, 2, 1631-1674

View Article Online

Critical Review

Now, regarding the question of selecting Xenes instead of
graphene. One may wonder what are the reasons for choosing
Xene systems instead of the widely available graphene and other
2D materials. One reason is that some limitations can be
overcome by using Xene materials. For example, in the case of
graphite, the commonly used anode material, it has a low
theoretical capacity of 372 mA h g™, whereas phosphorene, as
an alternative to graphite, has a theoretical capacitance of
2596 mA h g '.'** Regarding catalysis, materials such as bor-
ophene phosphorene can be passivated by the use of hydrogen,
resulting in faster free carrier transport.’** In recent works, it
has been found that silicene has hydrophilic properties as
a result of autocatalysis of its hydrogen atoms. It has been
predicted that this autocatalysis property of silicene can have
wide application in metal-free catalysis for ORR and water-
splitting processes.'*® Besides, there is also the possibility of
defect engineering, similar to graphene, which opens the
chances of the use of Xenes in catalytic applications.*** For
example, Co atoms on phosphorene have been found to
improve its OER activity. Also, Co co-modified phosphorene has
been found to show remarkable stability compared to that of
the commercial electrocatalyst IrO,.**¢

3.1.1 HER and OER. The HER process is either a photo or
electrochemical process by which H, gas is generated either
using a photo or electrocatalyst, respectively.**»*** This is mainly
done over water, which results in the breakage of the H,O
molecule to generate H, gas.'*>'® Recently, instead of water,
other hydrogen carriers such as ammonia are also being
explored for the production of hydrogen.** The introduction of
new materials opens the possibility of higher catalytic efficiency
compared to current 2D catalysts. The OER process in the water-
splitting reaction is the counterpart of the HER process. In the
water-splitting process, the HER occurs at the cathode, while
the OER takes place at the anode. Given that the OER process is
the future of a sustainable water-splitting process for H,
generation and metal-air batteries, it is essential to generate
suitable catalysts for this process. Among the elements present
in group 13, one that has a large contribution to the catalysis
field is borophene. In HER, one of the essential criteria is a low
Gibbs-free energy for better feasibility of the reaction. As pre-
dicted from first-principles calculations, some sites of bor-
ophene have a Gibbs free energy value of about 0 eV, which were
done on a4, and B;, borophene structures. Among the sites, the
four-coordinated site in both structures has a Gibbs free energy
value of 0.02 eV."™ A recent work by Tai et al. experimentally
showed that o/-borophene nanosheets grown on carbon cloth
via CVD have good HER capabilities. Besides the number of
active sites, the metallic nature of the borophene sheets
contributed largely to the HER process.'*® Borophene has also
been found to be implemented as a bifunctional HER and OER
catalyst by doping different transition metals (Fig. 16a)."** The
electrocatalytic properties of borophene can be significantly
improved by the introduction of composite systems. In group
14, the most well-known mono-elemental 2D material is gra-
phene, while the next material that comes to mind is silicene. At
the current stage, silicene is being explored in both types of
catalysis techniques, i.e., photo- and electrocatalysis. Similar to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16

(a) Effect of doping of different transition metals on the bifunctional HER and OER activity of borophene. Reproduced from ref. 154,

copyright 2020. (b) Plot showing the variation in Gibbs free energy (AGH*) for hydrogen (H) adsorption. Reproduced from ref. 160, copyright
2024. (c) Borophene subunits consisting of non-precious electrocatalysts such as Mo for use in hydrogen evolution. Reproduced from ref. 161,
copyright 2017. (d) LSV curves of different materials for use in HER compared to that of Pt electrodes. Reproduced from ref. 162, copyright 2019.

graphene, it has exceptional surface properties that allow it to
adhere to additional low-coordinated atoms on its surface
easily. This results in localized defects and a photoactive nature
and increases the formation of electron-hole recombination
pairs.”® Besides photocatalysis in recent years, it has been
found by Li et al.**® that silicene doped with other precious
metals can be used as an electrocatalyst in the HER and OER
processes. It was found that precious metals such as Ru, Rh,
and Ir promote the HER, and in its counterpart, Rh on silicene
promotes OER. A similar observation was also reported using
low-cost transition metals such as Ti, V, Mn, Fe, and Co.*’
Among the various findings, it was observed that phosphorous
doping in both silicene and germanene can significantly
increase the HER catalytic activity."®® These types of dual cata-
lyst systems can be expected to help in the industrial-scale water
splitting process for the generation of H,.**

In group 15, phosphorene, arsenene, and antimonene have
mainly contributed to the development of HER and OER
catalysts.'®*' Based on the band structure of phosphorene, it
has been predicted that it can only be used as an HER catalyst.
However, in the recent work by Hu et al., they modified the edge
sites of phosphorene nanoribbons, which resulted in a signifi-
cant improvement in solar water splitting.**® Black phosphor-
ene has also been proven to be effective in solar water splitting

© 2024 The Author(s). Published by the Royal Society of Chemistry

by working as an OER catalyst."”” Judging from the various
works in photocatalysis, it can be said that phosphorene can be
upscaled for use as a catalyst for photocatalytic water
splitting.'****> Phosphorene-based 2D materials show pyroca-
talytic behavior in hydrogen production. Fig. 17 presents
a schematic of the working mechanism of black phosphorene in
pyro-catalytic hydrogen production.'”®

3.1.2 NRR. The catalytic NRR is one of the highest-demand
processes in development. The current importance of the
catalytic NRR process can be explained from various stand-
points. Firstly, the NRR process can be industrially upscaled to
replace the traditional Haber-Bosch process for the generation
of ammonia, which is an essential chemical in the agricultural
sector.””* This can result in a drastic decrease in the consump-
tion of fossil fuels, which is required in the Haber-Bosch
process.'”? Also, NH; is a very good hydrogen carrier, and thus
can be implemented as a hydrogen storage unit. Currently,
instead of N,, nitrate reduction reaction'”*"'’* is gaining interest
in the generation of ammonia."”® Finally, CO,RR is one of the
important processes in catalysis. Given that these processes can
produce a series of chemical products such as ethanol, meth-
anol, and formic acid, they can also yield urea by working in
parallel with NRR.

RSC Sustainability, 2024, 2, 1631-1674 | 1647


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3su00445g

Open Access Article. Published on 09 May 2024. Downloaded on 1/19/2026 9:20:32 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

a Max b

View Article Online

Critical Review

P 1
© \/\ 3 H*/H,
= 2D few-layer T
Q
S black phosphorene
3 —— 1.23 eV
o Eg
< T
0,/H,0O
oq
0o °q !
Min +
c d o8
AT:15 °C—-65 °C -
70 F g’
06
oL, = )
[} R k)
= =2 S 04F —}'_
(S >
g 0 g
§ =
@ 30F g 02
o
20 F k=
I 00F
10 1 1 1 1 1 l_l__l A A " A
0 5 10 15 20 0 6 12 18 24
Time (min) Number of thermal cycles

Fig. 17 (a) Pyro-potential of 2D phosphorene. (b) Schematic diagram

on the effect of hydrogen production by the pyroelectric effect. (c)

Temperature curve of cold—hot cycles. (d) Pyro-catalytic hydrogen generation. Reproduced from ref. 170, copyright 2018.

3.1.3 CO;RR. Another work where B-borophene was used
by Shen et al. found that Cu atomic chains supported on -
borophene can enable CO, electroreduction with a very low
overpotential value.”” Similarly, in another work where a single
atom transition metal was used on a-borophene, a feasible
strategy for the production of urea was demonstrated."”® Based
on the previous data, it can be concluded that borophene
significantly contributes catalysis, especially in NRR, compared
to the other new classes of materials in group 13, such as alu-
minene (Al), gallenene (Ga), indiene (In), and thallene (T1).*757°
Besides water splitting, silicene has also contributed to the CO,
reduction process.'® Silicene has not only been applied photo/
electrocatalysis but has also been used in organic catalysis, such
as the reduction of nitrobenzene to aniline in a recent work.***
Besides, bismuthene has been used widely in the electro-
reduction of CO, in recent times. Three recent works concluded
that bismuthene can be used in the reduction of CO, to
essential chemical products, where mainly formate was
produced.***'$>1%3 1t was also observed that bismuthene nano-
sheets exhibited a very high formate faradaic efficiency of
97.4%.'"® According to theoretical calculations, it was stated
that this high faradaic efficiency is mainly due to the fast
reaction kinetics, resulting in accelerated formate produc-
tion."™ As shown in Fig. 18, Cao et al. designed a bismuthene-

1648 | RSC Sustainability, 2024, 2, 1631-1674

based MOF, which led to high efficiency and selectivity in the
catalytic conversion of CO, to formate."

3.2. Supercapacitor application

The never-ending pursuit of high-power density energy storage
devices to achieve ever-withstanding internal combustion
engine/wired electrification is devoted to making use of diverse
energy sources.'® Supercapacitors as electrochemical capaci-
tors are well-known for their high-power density delivery
through fast charging-discharging process. The world is
moving towards a wireless civilization, where electrovoltaic (EV)
devices will be the heart of the electrical future. They have the
capability to provide energy quickly with stability to run
machinery and again recharge rapidly for the next run. In 1746,
the Dutch invention of the Leyden jar was the innovative
discovery with the strongest base root in the field of energy
storage. This induced a new field of energy storage and

conversion.'®?

Subsequently, the electrochemical capacitor
(supercapacitor) was explored in 1879 by Helmholtz, who
modified the surface chemistry with an electrical double layer at
the electrode interface.'®® Becker et al. first reported a carbon
electrode supercapacitor with similar energy density to a battery
and 4-5 times greater power density than ordinary capacitors.'®”

Since then, the research on supercapacitors has fully

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Schematic diagram of electrocatalytic reduction of CO, to formate using bismuthene. Reproduced from ref. 182, copyright 2020.
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accelerated to modify their power density, cycle life, and
potential window.

Depending on their charge storage mechanism, super-
capacitors are classified as electrochemical double-layer
capacitors (ELDC), which are directly dependent on the
specific area of the active electrode material."**"**° Briefly,
a capacitor is an engineering product that can store electric
energy in the presence of electric field. The role played by the
capacitor is to generate capacitance, which is a physical charge
storage process at the interface. Electrochemical energy is
stored in an electrochemical double-layer supercapacitor via the
physical adsorption of ions from the electrolyte, and some
amount of charge is also stored in the electrochemical redox
process at the surface of the active electrode material.”** In
the present studies on 2D materials, they have an inherent huge
specific surface area, extraordinary mechanical strength, and
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flexibility"** to be successfully employed in supercapacitor
applications.

In borophene, the boron atoms in a single layer form
a honeycomb lattice, facilitating unique electronic properties
that are suitable for supercapacitor application. Initially, boron-
based advanced materials were designed for mechanotribo-
logical applications such as ternary transition metal borides/
metal aluminium borides with nano-laminated sheets.***
Later, boron materials were investigated for electronic and
electrochemical applications through boron carbide, nitride,
boron-doped diamond, etc. Simru et al. designed a composite,
i.e., PANI: alpha-borophene, with the corresponding electrodes
showing a specific capacitance of 960 F g~ and capacitance
retention of 95%.'° The boron-based electrode showed an
average supercapacitive performance in aqueous electrolytes.
Further, one modification analogous to graphene oxide, oxygen
defects in boron nanosheets, facilitated high-performance
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Fig. 20 Electrochemical performance of oxygen-defected borophene (BO) electrode in BMIMBF, ionic liquid (IL) electrolyte. (a) Comparison of
voltammetry curve of oxygenated borophene in IL-25 °C and IL-60 °C. (b) Comparison of temperature effect in Nyquist plot of oxygenated
borophene in IL at IL at 25 °C and 60 °C. (c) Relaxation time constant determination. (d) Voltametric responses of oxygenated borophene in IL at
60 °C. (e) Charge—-discharge profile of BO in IL at 60 °C with respect to different current densities. (f) Rate capability of oxygen-defected
borophene in IL at 60 °C. (g) Cyclic voltammetry-based potential window stability study of a symmetric cell. (h) Cyclic voltametric profile of BO
symmetric cell as a function of scan rate. (i) Capacity retention study of BO symmetric cell for large cycle number at 300 mV s~* scan rate.

Reproduced from ref. 24, copyright 2021.
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pseudocapacitive charge storage in both aqueous and non-
aqueous electrolyte media. In Fig. 19, it can be found that the
oxygenated boron nanosheets showed the conductivity of 96.12
Sm™* and fantastic pseudocapacitive contribution (141.55 mF
cm Zat2Ag ') in 1M H,S0,4 aqueous medium.> In most of the
works, there have been cases of the use of multilayer borophene
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given that the synthesis of monolayer borophene is difficult.
Here, oxygen defects were generated by the oxidation of bor-
ophene sheets, and it was found that they showed a good
capacitive performance.**

A wide potential window is an attractive choice for power tool
applications; it enhances the power density of a supercapacitor
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Fig. 21 (a) Rate kinetics of silicene-graphite composite electrode (green symbol) and commercial graphite (gray symbol), (b) charge—discharge

profile of the electrode, (c) electrode cyclability study, (d) dQ/dV plots from cyclic voltammetry study, and (e) electrochemical impedance
spectrum of silicene—graphite composite electrode at various cycle numbers and an equivalent circuit. Reproduced from ref. 63, copyright 2023.
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with ionic liquid electrolytes, which are stable at a higher
voltage.”® A. Joshi et al. reported that oxygenated boron nano-
sheets (same above-discussed material) can perform electro-
chemical energy storage at elevated temperature up to 60 °C at
a stable 3 V potential window of up to 2.85 V in BMIMBF, ionic
liquid electrolyte, which is definitely larger than that in aqueous
system or ambient temperature. They achieved a 5-fold current
density increment in non-aqueous media, 25.1 W h kg~ " energy
density, and 636.13 W kg~ power density. As can be seen in
Fig. 20, cyclic voltammetry curves show enhanced electro-
chemical performance at elevated temperatures, i.e., 60 °C.
Again, in Fig. 20b, the electrochemical impedance spectrum
justifies the improvement at elevated temperatures. This is
because of the correlation between viscosity and hindrance; as
temperature increases, ionic mobility also increases, which
results in high conductivity through fast transportation. In
Fig. 21c, the relaxation time constant shows that it can deliver
energy nearly five times faster at elevated temperatures. In the
galvanostatic charge-discharge profile, up to 78.88 F g~*
capacitance was achieved at 2 A g~ ' current density and reduced
to 30.78 F g ' at 10 A g ' current density (Fig. 20e).

In 2014, after the discovery of 2D black phosphorus, it was
found to be analogous to graphene.™” It possesses a band gap of
1.5 eV, which is greater than that of bulk black phosphorous,
ie, 0.3 eV,” and as the spacing increases between two
successive layers, its band gap decreases accordingly."*'* It has
two unoccupied electron pairs on each atom, which make it
highly reactive.>® Puckered-structured phosphorous has good
conductivity and fast ion diffusivity, which make it suitable for
application in supercapacitors. Hao et al. explored a flexible
supercapacitor using black phosphorous nanoflakes, which
showed a specific capacitance of 59.3 F ¢ " at 5 mV s~ ' with
a great cyclability of 30 k charge-discharge, retaining 71.8%
capacitance.***

The justification of the silicene supercapacitor was explored
first by computational DFT studies.?** Similar to the battery-like
anode, defect-mediated (both vacancy and doping) active sites
can enhance the quantum capacitance.>® Phosphorene (2D
single/few layers of black phosphorous) has an issue in the
ambient environment, given that it is hygroscopic and deteri-
orates in the open air, limiting its practical applications.*** This
led to the search for new 2D sheet-like nano-flake materials for
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use in the ambient environment. Antimony crystal-derived
antimonene flakes were stable for more than 60 days under
atmospheric conditions.*”® They exhibited a theoretical capacity
of 660 mA h g~* for both Li and Na ions.>® In a realistic
approach, Hou et al. explored a 2D antimony-carbon fibre
networked anode for a sodium-ion battery, showing an elec-
trode capacity of 542 mA h g~ at 100 mA g~ ' with good cycla-
bility of 96% after 100 cycles.>” Arsenene has an indirect band
gap of 1.5-1.7 eV, giving a new opportunity to enter the modern
world. Transition metal-doped arsenene is theoretically found
to be a good asymmetric supercapacitor application. First
principles studies revealed that 3d/4p doping in arsenene
enhances its quantum capacitance; among them, chromium-
arsenene and selenium arsenene have an impactable value of
345 microfarad cm > and 176 microfarad cm™? in positive and
negative bias, respectively.**®

3.3. Battery application

Batteries have been developed with a higher energy density and
much longer discharge time for long-term application. The
materials that can hold electrical charges inside an electrode
with an electrode-electrolyte interface are generally battery
electrode-type materials, which store electrical charges by
reversible intercalation operations of ions such as Li*, Na‘,
Mg>*, K", and Ca>"® inside their layered structure. 2D layered
structured mono-elemental/any compositions have the capa-
bility to support atomic intercalation and back-intercalation
processes between the layers through their longer charge-
discharge lifecycle. This reversible electrochemical process is
the heart of battery application.**

Currently, both aqueous and non-aqueous battery opera-
tions are being investigated with distinct ideologies, where the
first is for grid or large scale and the other for a comparably
large potential window in a single cell, where the lower cost,
higher safety, and conductivity of aqueous electrolyte makes
aqueous batteries also a topic of interest.”***'* The charging-
discharging process also highly depends on ion diffusion
through the electrochemically active material. Small atoms
such as Li", Mg®", and Na® can diffuse very fast through the
interlayer gap/few-layer gap in 2D materials.*"> Polyvalent metal
ions provide a higher density at a fixed number of redox sites. A
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material. Reproduced from ref. 63, copyright 2023.
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Voltage (V vs. Li/Li*)

(a) Charge—discharge profile and (b) cyclic voltametric plots of pure silicene, which were used for comparison with the new synthesized
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Fig. 23 (a) 2D Si blocks disassembled from an Si thin film during the lithiation—delithiation process. Reproduced from ref. 28, copyright 2017. The

lateral surface is the limited variable SEl area and the planar surface is the nearly invariable SEI area. (b) Specific energies and energy densities of
the LiCoO,/SF and LiCoO,/graphite full cells based on both the cathode and anode,?® copyright 2017. (c) Rate capability of multilayer silicene
electrodes in Li metal half cells. Reproduced from,?*® copyright 2018. (d) Cycling performance of multilayer silicene electrodes in Li metal half-
cells at the current density of 1 A g~*. Reproduced from ref. 219, copyright 2018.

large solvation radius is a barrier, but upon proper confinement
of the cathode and electrolyte, these 2D structured systems are
quite desirable. Here, 2D mono-elemental materials show very
impressive high lithium-ion storage with very high charge
conductivity and low molar weight, making them very suitable
for lithium-ion battery (LIB) applications. Machine learning
(ML) studies explored how lightweight mono-elemental 2D
materials show better integral and specific adsorption than
graphene.”® The terminating atoms of most mono-elemental

© 2024 The Author(s). Published by the Royal Society of Chemistry

materials give chemical insight into their high reactivity in
electrochemically active redox electrolytes, where their oxi-
dization or interaction by van der Waals force®” minimal effect
is always overcome by the overall ability of these prestigious
materials.

Silicene-based materials are well established as active anode
materials for lithium-ion batteries. N-doped silicene is a good n-
type material.*** Defective borophene materials show moderate
adsorption energy in the range of 1-3 eV to LiS, (lithium
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polysulfide), which justifies their use to overcome the poly-
sulfide shuttle effect in lithium polysulfide batteries.**® Simi-
larly, group IV elements, ie., Si, Ge, and Sn-based
semiconductive two-dimensional materials, are also pioneered
in energy storage devices. Beyond lithium, they have been used
in other alkali metals such as sodium and potassium ion
batteries and help the pseudo-proton for the dual intercalation
process (intercalation and back-intercalation).>'® However, few
experimental studies have produced silicene monolayer/few
layers due to their very complex synthesis process. Yutthana-
kon et al. reported a chemical exfoliation technique to produce
1.73-3 nm thick silicene via a relatively greener route.®* As
shown in Fig. 21, they observed a 306 mA h g~ ' discharge
capacity at 1C (the amount of electrical current that goes
through the battery divided by the area of its layer) rate and
approximately 290 mA h g~ at 1C current density after 500
cycles with 97% retention.®® Furthermore, the CV curves in
Fig. 21d show two sets of sharp peaks at ~0.06 V and ~0.15 V,
corresponding to lithium-ion intercalation and deintercalation
in the silicene-graphene anode, respectively.*” This clearly
indicates that the composite electrode performs extra functions
in the battery. Also, as shown in Fig. 22, the two other peaks at
~0.17 V and ~0.25 V clearly represent the phase transition of
silicon (Si) to LiS, and LiS, to Si, respectively.
Solid-state-synthesized silicene nanoflowers (SF) were used
as an anode for LIBs. Silicene nanoplates formed the flower-
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irreversible lithium incorporation in the anode surface, which
is more beneficial to achieve a high cycle life (1100 mAh g™ " at
2 A g " over 600 cycles), high specific capacity (2000 mA h g™*
at 800 mA g '), specific energy density (543 W h kg ') and
energy density (1257 W h L") in an LCO||SF full cell, which
was experimentally higher than that of the LCO||graphite cell,
as shown in Fig. 23b. It showed a good rate capability of
312 mA h g' at 5 A g~" current density (Fig. 23c) and
possessed high cycle stability up to 1800 cycles (shown in
Fig. 23d).>®

Germanene 2D nanosheet-based materials were explored
with sodium-ion batteries. However, isotropic germanene-
based anodes have serious issues due to the high diffusion
barrier of sodium ions at the hexagonal germanium lattice;
rather than an organized and isotropic system, where a defect-
rich nanosheet exhibits great affinity towards sodium storage
efficiency through the pseudo-intercalation mode with fasci-
nating mechanical flexibility. Recently, Liu et al. presented
a defect-mediated active site-containing germanene anode,
which had the capability to show 696 mA h g™ " initial energy
capacity, 342 mA h g ' at 0.2 A g ' rate capacity, and
315 mA h g7' at 0.1 A g~ ' average rate stability.?>® These ger-
manene, hydrogenated germanene, and germanium particles
showed defined redox peaks in their corresponding CV curves,
as shown in Fig. 24(a)-(c), respectively. Among them, germa-
nene nanosheets possessed the highest discharge capacity of

like structure (Fig. 23a), which could moderate the 695 mAhg ' (shown in Fig.24d). The capacity retention against
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0.1 mV s7% (c) cyclic voltametric profiles of Ge between 0.01 and 2 V at 0.1 mV s~ scan rate; (d) first charge/discharge voltage curves of
germanene, hydrogenated germanene and germanium at a rate of 100 mA g~%; (e) stability performances of germanene, hydrogenated ger-

manene and germanium at 100 mA gt

germanium. Reproduced from ref. 220, copyright 2021.
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current density; and (f) rate profile comparison of germanene, hydrogenated germanene, and
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Fig.26 Electrochemical characterization of few-layer bismuthene-graphene. (a) Cross-sectional SEM image compiled with a digital photograph
of few-layer bismuthene-graphene film. (b) Cyclic voltametric profile of the FLB-G electrode at 0.1 mV s * between 0.1 and 2.1 V. (c) Galva-
nostatic intermittence titration technique curves at the fifth cycle for few-layer bismuthene-graphene. (d) Specific capacity, coulombic efficiency
and electrochemical rate performance of few-layer bismuthene-graphene film and graphene films at various current densities from 0.2 to 2.0
mA cm™2. (e) Cyclability of few-layer bismuthene-graphene film at 1.2 mA cm™2 current density after 20-cycle electrochemical pretreatment at

0.05 mA cm~2. Reproduced from ref. 225, copyright 2019.

cycle number is presented in Fig. 24e and at different current
densities is shown in Fig. 24f.

The electrochemical energy storage properties of stanene
were found to be a potential beginning of an updated metallic
material structure-lithiated 2D stanene layered sheet (LisSn,)
with a high specific capacity of 300 mA h ¢”" at 74.4 mA ¢!
(Fig. 25¢) and high cycling rate of 4761 mA g~ ' up to 900 cycles
(shown in Fig. 25). Here, the battery-like anode also showed
a slight pseudocapacitive nature.?”* As shown in Fig. 26a, the CV
curves are reversible, indicating the good rate capability of these

1656 | RSC Sustainability, 2024, 2, 1631-1674

electrodes. This property follows the current density, i = av®

equation, where v is the scanning rate (V s~ '), and a and b are
variable entities. Through logarithmic treatment, Shubin et al.
determined the value of b, i.e., 0.737, from the anode hump,
which justifies the pseudo-capacity and large cycle number for
potassium ion storage.**>***

A monolayer of honeycomb aluminium lattice shows very
interesting adsorption affinity towards metal ions such as Li,
Na, K, and Ca and a very low surface diffusion barrier of 0.03 eV
for Li and 0.42 for Na, which is very appreciable for the reverse
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intercalation process. The calculated specific capacity was esti-
mated to be 994 mA h g~ for Li and 870 mA h g for Na.?*

Arsenene monolayers have also been found to be a good
accommodator for Mg ions and much better than conventional
magnesium metal anodes. Arsenene has a specific capacity of
1429.41 mA h g and a very low barrier for surface monolayer
adsorption in the range of 0.82-2.48 eV theoretically, which is in
the suitable region.”** The exclusively high theoretical volu-
metric capacity and relatively low working potential of bismu-
thene make it a promising anode material. Few-layer
bismuthene relieves expansion strain. Practically, a bismu-
thene-graphene composite achieved a sodium storage capacity
of 12.1 mA h ecm 2, which is truly remarkable. A few-layer
bismuthene-graphene composite electrode achieved a stable
capacity of 381 mA h g~ " at a current density of 0.2 mA cm ™ and
could maintain a high reversible capacity of 263.2 mAh g~ " at 2
mA cm 2 current density, where that of pure graphene is
3.4 mA h g~' under the same condition. Here, the volume
expansion plays a major role in large cycle number stability and
its rational hybridization with graphene. It acts as an elastic
buffer, accommodating the large volume change and high
conductivity of the composite film.>** As shown in Fig. 26, the
first cycle has a broad peak in the reduction region due to the
sodiation of bismuth and formation of a solid electrolyte film.
After the first cycle, two distinct peak couples were observed at
0.64/0.75 and 0.43/0.62 V due to the reversible formation of
NaBi and Na;Bi, respectively.?”® The sodiation and desodiation
processes were probed through the galvanostatic intermittent
titration technique, where the voltage variation plateau was very
small, and the sodiation-desodiation process was very fast, as
shown in Fig. 26c¢. Also, at different current densities, it showed
a good capacity retention and rate performance (Fig. 26d).
Finally, the results showed the long-term reversible capacity of
317 mA h g7' at 1.2 A g current densities for 1000 cycles
onwards (Fig. 26e). Presently, there are still critical challenges in
the real-time application of Xenes as prototypes or in device
fabrication. Graphene possesses extraordinary stability due its
sp2 hybridization, but in general, Xenes face serious problems
such as chemical reactivity with neighbouring species under
ambient conditions. Different chemical encapsulation methods
have been adopted towards a chemical view to protect them
from moisture or free oxygen molecules of air,*® which defi-
nitely contributes additional complexity in the device fabrica-
tion and cost.

A list of energy-related applications employing Xenes is
presented in Table 1.

4. Challenges and future prospects

A thorough examination of the barriers and limitations pre-
venting the development of 2D materials in useful devices is
essential, although the examined works offered insightful
information into the potential of these materials. Thus, by
outlining the main challenges faced during the synthesis, long-
term stability, and device integration of these promising
materials, this section seeks to close this crucial gap.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.1 Synthesis

The scalable and controlled production of high-quality 2D
materials continues to face several obstacles. The poor yields,
irregular morphology, and impurity inclusions of current
technologies hamper the performance and repeatability of
devices. For example, the electrical characteristics of layered
materials such as graphene can be affected by the presence of
flaws and edge roughness introduced by exfoliation.”®”
Furthermore, synthesizing some 2D materials from the bottom
up frequently necessitates severe growth conditions (such as
elevated temperatures and hazardous chemicals) that are not
conducive to large-scale production and restrict the incorpora-
tion of these substances with different device materials.”*® The
largest problem of the modern period is the adoption of future
industrial advances, such as large-scale integrated circuit
production and two-dimensional material (2D) wafer size. Large
surface areas and superior-quality nanocrystals are needed for
4th generation optoelectronic technology. Substantial attempts
have been undertaken to create materials with huge dimen-
sions, controlled thicknesses, parallel crystal domains, and
a few flaws that can be automatically thinned into two-
dimensional sheets. The remarkable mechanical, thermal,
and optoelectric characteristics of 2D materials have received
significant attention lately. Therefore, further research is
required to properly synthesize and fabricate laminar 2D
nanomaterials and integrate them into a wide range of
applications.>*®

4.2 Long-term stability

There is still much uncertainty regarding the durability of 2D
materials in practical settings. The characteristics of the mate-
rial can be weakened by exposure to external elements such as
moisture, air, and light, which can decrease performance and
cause device failure. For example, oxidation may cause
considerable changes to the electrical characteristics of some
2D materials, such as transition metal dichalcogenides. These
stability difficulties must be resolved for 2D-material-based
systems to perform consistently in the long term.*”**”* One of
the main challenges in practical use is the oxidation and
degrading effects that many 2D materials with atomic-scale
thicknesses suffer from in ambient settings. Numerous
prevention techniques have been proposed and investigated
with encouraging results, and research on oxidation and
degradation pathways is still in progress. Utilizing theoretical
findings and experimental observations to shed light on the
oxidation and degradation mechanisms of 2D materials,
specifically TMDCs, and BP, in an ambient environment
summarizes the most recent passivation techniques and their
corresponding protection tactics.>”*

4.3 Device integration

There are several obstacles to overcome when incorporating 2D
materials into working devices. Poor interfacing with other
device components, such as electrodes and dielectrics, is
frequently caused by the incompatibility of these atomically
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Table 1 Xenes from group 13 to group 16 for use in various energy applications
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SI. No. Material Potential energy applications Reference
1 Borophene HER 153
CO,RR 228
N, RR 141
Li-ion & Na-ion battery 229
Li-S battery 215
Supercapacitor 230
2 Graphene HER 47
OER 231
ORR 232
N,RR 233
NO;RR 234
CO,RR 235
Electrode designing 236
All weather super-batteries 237
Supercapacitors 238
3 Aluminene Anode material for Li-ion and Na-ion batteries 223
4 Silicene HER 158
N,RR 239
HER & OER 159
Zinc ion capacitor 240
Lithium-oxygen batteries 241
5 Phosphorene HER 242
Electrochemical CO reduction 243
N,RR 244
Cathode material in Na-ion battery 100
Anode material for the rechargeable Li ions 245
Supercapacitor 246
6 Sulfurene Not currently explored NA
7 Gallenene Na-ion battery 247
Electrocatalysis 247
8 Germanene HER 158
Photo/electrocatalyst 248
Lithium-ion battery 249
Sodium-ion battery 250
9 Arsenene HER 251
N,RR 252
Photocatalytic water splitting 253
Li/Na/Mg-ion battery 254
10 Selenene Not currently explored NA
11 Indiene Not currently explored NA
12 Stanene CO,RR 255
N,RR 256
Na-ion battery 257
13 Antimonene Photo/bio-catalytic CO,RR 258
Energy storage 259
14 Tellurene Photocatalytic HER 260
Li-S battery 261
Alloy with alkali metals for battery application 262
15 Thallene Not currently explored NA
16 Plumbene Not currently explored NA
17 Bismuthene Photocatalytic HER 263
CO,RR 264
143
Electrocatalytic CO,RR to liquid fuels 182
Li-ion battery 265
Na-ion battery 225
K-ion battery 266
18 Poloniumene Not currently explored NA

thin layers with traditional device topologies. Problems,
including contact resistance, charge traps, and decreased device
performance, may result from this. Further impeding the

1658 | RSC Sustainability, 2024, 2, 1631-1674

functionality of the device is the potential presence of flaws and
contamination during the transfer of 2D materials from their
growth substrate to the intended device platform. Reaching the
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full potential of 2D materials in a range of technological
applications requires overcoming these integration obsta-
cles.””>?” Because 2D monolayers lack surface dangling
connections, they interact with each another via van der Waals
forces. Without the need for lattice matching or direct chemical
bonding, this property makes it possible to combine any two-
dimensional (amorphous or crystalline) material with another
two-dimensional (crystalline or non-2D) material in a single
step.””* For various sophisticated next-generation photo-
detection uses, recently found 2D materials with their distinct
qualities and functions may be coupled with 0D, 1D, or 3D
materials to create heterostructures of various dimensions.””*
High processing temperatures are often required for the
synthesis of high-quality 2D materials, which increase the
difficulty of direct wafer growth, thus making transfer tech-
nology more attractive. Wafer bonding technology may, in
principle, be able to solve this problem; however, it is clear that
the production capacity of this technology is not yet ideal.
Controlling dielectric and contact interfaces is difficult for 2D
materials at the device level. Given that the surfaces of 2D
materials are self-passivating, dielectric deposition must be
achieved through manufacturing techniques such as atomic
layer deposition. Compared to the best laboratory demonstra-
tions using crystalline 2D insulators (e.g., hexagonal boron
nitride), the non-ideal interfaces of the latter limit the device
performance.?”>?7¢

An exciting period of technological innovation and devel-
opment has been made possible by ground-breaking discov-
eries in the analysis of two-dimensional (2D) materials. The
investigation of additional 2D elements, including borophene,
aluminene, silicene, germanene, stanene, phosphorene,
arsenene, antimonene, and bismuthene, has been made
possible by graphene, a pioneer in this field. Thorough analysis
showed the special properties and potential uses of these
materials in biomedicine, electronics, optoelectronics, and
energy storage, and other fields. In the near future, creating
innovative technologies and gadgets may be facilitated by
a thorough understanding of their qualities and uses.

(I) Graphene has been the focus of many studies due to its
exceptional mechanical, electrical, and thermal properties.”””
Due to its remarkable properties, including fast electron
mobility, excellent thermal conductivity, and incredible
mechanical strength, the field of electronics has produced
extremely fast and low-power electronic devices.””” As this field
has progressed, other 2D materials have emerged as strong
contenders in the electronics arena, each with unique proper-
ties. Borophene, a 2D allotrope of boron, has recently gained
significant attention due to its metallic properties and high
electron mobility.”® These properties make borophene a prom-
ising material for next-generation electronic devices, especially
in high-frequency transistors and interconnects.””**”* Similarly,
aluminene, a 2D form of aluminium, exhibits interesting elec-
tronic properties, such as tunable bandgap, making it a valu-
able candidate for various optoelectronic applications.”**>%*
With its highly desirable electrical properties, silicene rapidly
becomes a two-dimensional material with various uses. It is
especially promising for use in silicon-based nano-electronics.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Theoretical investigations initially predicted a honeycomb
structure with similar electrical properties to graphene.
Although these investigations focused on free-standing silicene,
epitaxial growth on crystal surfaces is the only experimental
method used to produce silicene. Strong silicene-metal inter-
actions influence the electrical properties of epitaxially grown
silicene on metal surfaces.”®* Zhang et al.** used first-principles
techniques to study the structural and electrical properties of
silicene/silicene and silicene/germanene heterobilayers (HBLs).
The results indicate a weak van der Waals contact between sil-
icene and the substrate, with an overall binding energy of —50
to —70 meV per Si (Ge) atom when silicene interacts with sili-
cane (germanene). Silicene is expected to help create a high-
performance FET channels, expanding its potential applica-
tions in future nanoelectronics.

(I) Optoelectronics, which combines electronics and light, has
also benefited greatly from 2D materials. Black phosphorus in two
dimensions, phosphorene, has generated interest because of its
inherent bandgap that can be adjusted by changing the number of
layers.” Due to its special properties, phosphorene is an attractive
alternative material for the fabrication of solar cells, LEDs, and
photodetectors. Phosphorene is a flexible material for various
optoelectronic applications due to its configurable bandgap, which
offers more design and performance optimization options.**
Antimonene is a newly discovered 2D substance that has become
prominent very quickly because of its special optical and electrical
capabilities.”®*** Both theoretical and experimental research
confirmed its exceptional semiconducting features, including an
adjustable band gap, high carrier mobility, low thermal conduc-
tivity, and improved optical responsiveness. These qualities are
intriguing for realworld applications in a variety of areas.
According to theoretical predictions made by Zeng and
colleagues,® semiconductors with a broad-band gap range of
2.28 eV can be created by reducing semimetal bulk Sb to a single
atomic layer. Furthermore, they discovered that by altering the O
concentration, antimonene oxides with directly adjustable band
gaps and high carrier mobility can be produced, which may offer
desirable characteristics for optoelectronics applications.

(1) 2D materials are beginning to appear in practical
applications beyond the domain of scholarly study. For
example, transparent conductive films and graphene-based
touch screens are currently available for sale and incorporated
in consumer devices such as tablets and smartphones.?®® These
uses take advantage of the unique electrical conductivity and
transparency of graphene to create touch screens that are more
robust and responsive. The consumer electronics sector is
predicted to undergo a transformation as 2D materials are more
widely adopted in commercial devices due to their increasing
affordability and large-scale manufacturing capabilities.>*

(IV) 2D materials offer a rich investigation opportunity in
energy harvesting and conversion. The significant light-
absorbing capacity of 2D materials can be used by photovol-
taic devices such as solar cells to produce light and more effi-
cient solar panels. Furthermore, due to their high surface area
and electrical conductivity, 2D materials can be employed in
advanced energy storage and conversion devices such as
supercapacitors and batteries, which can greatly improve the
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performance and advance the development of renewable energy
technologies.”®*?* In the field of materials research, graphene is
a fast-emerging superstar. The unique characteristics of this
two-dimensional material include good mechanical and
chemical stability, outstanding optical transmittance, and low
resistance. These remarkable benefits hold considerable
potential for their possible integration into solar energy
systems.*** Graphene links could be formed via the anchoring of
nanocrystalline TiO, on graphene flakes. Due to its superior
electrical conduction, bridge graphene can promote charge
separation by reducing the charge recombination and speeding
up electron transit from the conduction band (CB) of TiO, at the
anchor place, creating the perfect two-dimensional material for
flexible solar cell electrodes.””” Chen and colleagues*? pre-
sented an incredibly straightforward, independent solar energy
converter that requires a pre-prepared 3D cross-linked honey-
comb graphene foam material and no further supporting
elements. This comprehensive, straightforward material has
the potential to function as the perfect solar thermal converter,
which can absorb and transform sunlight into heat. Subse-
quently, this heat can be used to turn water from numerous
sources into steam and create pure water in surrounding
settings with extremely high effectiveness and minimal solar
flux. Another newly developed 2D material, borophene, exhibits
exceptional light absorption characteristics surpassing that of
graphene. Its distinct structure and adjustable band gap
provide intriguing opportunities to overcome the restrictions in
existing solar cell technology.”** The inclusion of borophene in
cellulose nanofibers (CNF) was reported by Guan et al.
allowing good environmental stability during modelled
sunshine with an outstanding light-to-heat conversion effi-
ciency of 91.5% and a water evaporation rate of 1.45 kgm >h™".
Additionally, during three sun irradiations, it was shown that
borophene sheets may be used as an outstanding active pho-
tothermal material to eliminate about 100% of Gram-positive
and Gram-negative bacteria in just 20 min. These results
provide new opportunities for developing borophene-based
sheets with special photothermal qualities that may be
applied to efficiently treat various wastewaters.

(V) A new chapter in biomedical applications has begun with
the development of 2D materials, which offer stimulating
potential for multidisciplinary innovation and progress. Thanks
to their unique physicochemical properties, 2D materials have
shown great potential for various biomedical applications such
as drug delivery, tissue engineering, biosensing, and bioimag-
ing. These materials have the potential to transform clinical
practice and biological research by addressing some of the most
important issues in contemporary health care, such as early
disease diagnosis, tailored treatment, and targeted drug
delivery.”®® The biomedical profession has shown great interest
in graphene, in particular, because of its remarkable mechan-
ical strength, large surface area, and biocompatibility.>*® 2D
materials have shown significant potential in cancer therapy by
allowing individualized and targeted treatment planning. For
example, functionalized graphene-based nano-carriers have
been shown to be highly effective in delivering therapeutic
drugs to cancer cells with little off-target effects and systemic
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toxicity.>” Borophene is gaining attention due to its unique
chemical and physical properties that can be harnessed in
biomedicine.?**3%

(VI) Significant potential has also been shown by 2D mate-
rials in applications related to sensing and detection. Because
of its unique surface reactivity and customizable electrical
properties, borophene has gained much interest and can be
used in advanced chemical and gas sensors.””®*** Because
borophene-based sensors have high sensitivity to a wide range
of gas and chemical species, they are an important component
of next-generation sensing technologies for industrial safety
and air-quality monitoring. These sensors can detect hazardous
gases and other environmental contaminants. Aluminene has
shown potential in sensing applications, particularly in detect-
ing hazardous chemicals and volatile organic compounds
(VOCs).***2%2 For instance, functionalized graphene-based
biosensors have demonstrated high sensitivity and specificity
in detecting various biomarkers and disease indicators.**

(VI) The science of energy conversion and storage is under-
going a significant transformation, and 2D materials will be critical
in shaping this future. Graphene, a single layer of carbon atoms
organized into a two-dimensional honeycomb lattice, has trans-
formed the field of energy conversion and storage due to its
remarkable mechanical strength, large surface area, and electrical
conductivity.” These properties have created new opportunities for
high-performance energy storage technologies, including batteries
and supercapacitors. Furthermore, to enable more efficient and
sustainable energy technologies, graphene-based materials are
being investigated as state-of-the-art catalysts for fuel cells and
other energy conversion processes.”*®

5. Conclusion

In conclusion, the discovery of graphene marked a pivotal moment
in the world of science, offering diverse applications that have
revolutionized various industries. However, this story does not end
with graphene; over the past decade, a remarkable array of novel
2D materials (Xenes), closely related to graphene, has emerged.
The materials discussed in the article belong to groups 13, 14, 15,
and 16 of the periodic table, which exhibit unique properties and
hold great potential for energy-related applications, such as catal-
ysis, supercapacitors, and batteries. These 2D materials possess
attributes that are highly attractive for energy functions, including
substantial surface area, mechanical properties, and excellent
thermal and electrical conductivity. They are particularly well-
suited for catalysis, offering many active sites, and are integral to
the development of green catalysis, which is closely related to
hydrogen generation and utilization. Moreover, these materials
show promise in supercapacitors, with their fast charging and
discharging capabilities, and in batteries, offering high energy
density and ion storage capacity.

As we look toward a future where sustainable energy sources
such as hydrogen and solar power play an essential role, these
2D materials represent a promising alternative to graphene-
based systems. The remarkable properties of these materials
and their potential are paving the way for innovative and eco-
friendly energy solutions. This work underscores the exciting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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prospects of integrating emerging 2D materials into the world ¢

of energy materials, presenting a pathway toward a greener and

cleaner future for humanity.
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