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ABSTRACT: The past decades have witnessed a rapid expansion in investigations of two-
dimensional (2D) monoelemental materials (Xenes), which are promising materials in
various fields, including applications in optoelectronic devices, biomedicine, catalysis, and
energy storage. Apart from graphene and phosphorene, recently emerging 2D Xenes,
specifically graphdiyne, borophene, arsenene, antimonene, bismuthene, and tellurene, have
attracted considerable interest due to their unique optical, electrical, and catalytic properties,
endowing them a broader range of intriguing applications. In this review, the structures and
properties of these emerging Xenes are summarized based on theoretical and experimental
results. The synthetic approaches for their fabrication, mainly bottom-up and top-down, are
presented. Surface modification strategies are also shown. The wide applications of these
emerging Xenes in nonlinear optical devices, optoelectronics, catalysis, biomedicine, and
energy application are further discussed. Finally, this review concludes with an assessment of the current status, a description of
existing scientific and application challenges, and a discussion of possible directions to advance this fertile field.
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1. INTRODUCTION

Successful exfoliation of graphene has inspired intensive
research on 2D materials with unique characteristics and
functions. 2D materials show great promise in tackling many
social issues in energy, electronics, and health care. The
emerging monoelemental 2D Xenes materials have recently
become new favorites in the 2D material family. Xenes mainly
include semimetallic group IVA Xenes1−4 and group V
Xenes,5−11 as well as metallic group IIIA Xenes.12,13,22,14−21

Their unique physical properties are derived from their ultrathin
2D structures. Each Xene possesses specific elemental
composition, atomic structure, and interlayer coupling, resulting
in versatile optical, electronic, and chemical properties.

The emerging 2D Xenes show promising potential in opening
unexploited application fields of other 2D materials.23,24 The
low carrier mobility of transition-metal dichalcogenides
(TMDs) prevents their applications for a biosensor. The
graphene of zero-bandgap and the MXenes with limited
bandgaps hinder their applications in field-effect transistor
(FET) and optical sensing, even though they have high carrier
mobility. The insulating properties make h-BN unsuitable to be
used in electronics. In contrast, 2D Xenes have shown layer-
dependent bandgaps, which are expected to fill up space among
TMDs (large-bandgaps),MXenes (limited bandgaps), graphene
(zero-bandgap), and h-BN (insulator). Therefore, the inter-
actions between Xenes and electromagnetic waves covering
from the ultraviolet to the near-infrared (NIR) spectral region
can be realized. Chemically, Xenes are the most chemically
active materials in the 2D material family. Therefore, they
possess unique advantages in biological metabolism and
degradability compared with multielemental materials. Each of
Xene nanostructures has unique merits and functionalities
suitable for specific applications in optoelectronics, sensing and
biomedical diagnostics and therapy. This comprehensive review
focuses selectively on emerging Xenes, including graphdiyne,
borophene, arsenene, antimonene, bismuthene, and tellurene.
Baughman et al. predicted for the first time that graphdiyne

(GDY) was a stable crystalline carbon allotrope in 1987.25 But it
was successfully synthesized for the first time in 2010 by Li et al.
via the in situ cross-coupling reaction of phenylethynyl
precursors.26 Since then, it has attracted more and more
interest. It has a new 2D carbon nanostructure, with benzene
rings bridged with diacetylene bonds, which endows GDY with
significantly different properties from graphene. The 2D GDY
framework constructed by sp- and sp2-hybridized carbon atoms
provides tunable electronic properties, high π-conjunction, and
uniformly distributed pores for further applications.
A study on boron dated back to two centuries ago.27 At that

time, it had only existed in compounds before the preparation of
pure boron (bulk g-B106) was reported first by Sands et al. in
1957.28 As boron locates nearest to carbon in the periodic table,
the computational work of Boustani in 1996 predicted that the
quasi planner cluster of borons has excellent performance similar
to the graphite.29 Borophene is the lightest 2D material ever
discovered. Because bulk boron is composed of complex three-
dimensional spatial structures, the production of borophene
remains challenging. In 2015, borophene was first synthesized
by Andrew et al. on a silver substrate under an ultrahigh vacuum,
and it appeared to be metallic.30 Since then, numerous
theoretical and experimental investigations on the properties
and applications of borophene have been reported.31

In addition to the emerging monoelemental 2D materials in
group IIIA and IVA, there have been tremendous studies on
Xenes from group VA, including phosphorene, arsenene,
antimonene, and bismuthene.6 Among them, extensive inves-
tigations on 2D phosphorene have been conducted since 2014,
and these works have been thoroughly summarized in many
review articles10,24,32 and, hence, will not be discussed here.
Three other Xenes from group VA have also attracted
substantial interest and are more intriguing than phosphorene
due to their higher stability under ambient conditions.6 Distinct
from the ones in IIIA and IVA group, Xenes from the VA group
usually form similar honeycomb monolayer puckered structures
and are electronically enriched on the surface. Arsenene,
antimonene, and bismuthene had been explored decades ago,
but the research has not become a hot topic until recent
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researchers applied them in gas-sensing, biosensing, catalysis,
and biomedicines.33 For arsenene and antimonene, their
bandgaps can transform from original in-direct to direct one
via a rational modification or stimulation, and studies before
2018 were generally based on theoretical calculations and
simulation.34 Since then, intriguing potential for versatile
applications in optoelectronics, chemical sensing, catalysis, and
biomedicines has been demonstrated. For antimonene, its
applications in nonlinear photonics, electrocatalysis, and
antitumor agents are emphasized in this review. Notably, the
antimonene substituent can selectively exist in stable Sb(III) and
Sb(V) oxidation states depending on its environment, with the
former being highly toxic and the latter being nontoxic.
Bismuthene, consisting of the heaviest and the only metallic
element in group VA, differs from other VA group Xenes. In
1997, bismuthene was synthesized over a Bi(111) surface, but
the topological properties are still under discussion due to
inconsistent results from different groups.35 Although the
confliction limits its applications, bismuthene is reviewed here
due to its attractive features. It possesses a large X-ray/Γ-ray
capture cross-section and can be used as a contrast agent for
medical imaging and radiotherapy. Besides such highlights, this
review also presents a comprehensive description of bismuthene
and summaries of recent research on it.
Bulk tellurium is composed of stacked helical chains of Te

atoms through weak bonding. In the last two decades, various
morphologies of Te nanostructures have been synthesized
through different methods. The structural anisotropy of
tellurium endows the production of 1D Te nanomaterials, like
nanowires, nanotubes, and nanobelts, with a large yield.6 Much
less work has been reported on 2D Te nanostructures, i.e.,
tellurene. The existence of a few-layer tellurene has been
reported recently by theoretical predictions36 and experimental
work.37,38

This review only focuses on these recently emerging 2DXenes
materials, which have not been systematically reviewed before,
but their explosive development has been witnessed (Scheme
1). Other Xenes with mature technology such as graphene,
silicene, germanene, stanene, and phosphorene have already
been widely reviewed.23,39,40 Thus, they are not in the scope of
this review. The molecular structures of these newly emerging
Xenes and the theoretical calculations of their electronic band
structures are first introduced. Then, their specific character-
istics, including chemical, electronic, optical and nonlinear
properties, are summarized. Synthetic strategies to realize both
the bottom-up growth and top-down exfoliation are concluded.
The applications in diverse fields, including optical devices,
optoelectronics, catalysis, sensors, biomedicine and energy, are
systematically presented. Finally, the challenges of Xenes for
further applications are put forward along with a discussion of
their future opportunities.

2. STRUCTURE, PROPERTIES, AND THEORY OF XENES
AND THEIR HETEROJUNCTIONS

2.1. Graphdiyne

Graphdiyne is an emerging 2D carbon material of growing
interest, which possesses a special structure and numerous
unique properties superior to traditional carbon materials. It
comprises aromatic rings of sp2-hybridized carbon atoms linked
with butadiyne linkers of sp-hybridized carbon atoms. The
unique structure endows graphdiyne with a high π-conjunction,
uniformly distributed in-plane cavities and uneven surface
charge distribution. Graphdiyne is predicted to be a semi-
conductor naturally. It shows superior electronic, optical, and
mechanical properties and promising potential in catalysis and
energy storage applications. In this review, graphdiyne’s
structure, properties, heterojunctions, and application are
reviewed in parallel with other monoelemental Xenes. Graph-

Scheme 1. Emerging 2D Monoelemental Xenesa

aReproduced with permission from ref 41. Copyright 2015 American Physical Society. Reproduced with permission from ref 35. Copyright 2016
American Physical Society. Reproduced with permission from ref 42. Copyright 2017 American Physical Society. Reproduced with permission from
ref 43. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced with permission from ref 44. Copyright 2019 the Royal
Society of Chemistry. Reproduced with permission from ref 45. Copyright 2019 the Royal Society of Chemistry.
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diyne, solely, has been intensively reviewed on its chemical and
physical properties and applications.46−49

2.1.1. Molecular Structure and Chemical Properties.
Graphite, a typical carbon elemental form, is in a hexagonal
crystalline structure. It is a naturally occurring structure and is
stable under standard conditions. In the past several decades,
three other carbon forms, fullerenes (Figure 1A2),50 carbon
nanotubes (Figure 1A3),51 and graphene (Figure 1A1),52 have
generated extensive research. In graphene, the first discovered
2D material, the individual layers consist of carbon atoms
bonded in a hexagonal lattice. A carbon nanotube can be
regarded as wrapping a graphene nanosheet into a seamless
cylinder. Different from the graphene with a zero band gap,
carbon nanotubes can be either semiconducting or metallic.53

Compared with graphene and its allotropes with sp2 hybrid-
ization, the sp- and sp2-hybridized carbon atoms in GDY (Figure
1B,C1), and the related bonds make it more flexible. Thus, GDY
is able to form curved structures where its mechanical stiffness is
weakened. Moreover, the acetylene linkages in GDY make its
stability decreased.54 It was presumed that the formation energy
of GDY was low, but higher than graphite.55 Baughman et al.

predicted for the first time that the stability GDY was good even
at high temperature.25

Like the hexagonal symmetry (p6m) for graphene, GDY
consists of benzene rings linked by acetylenic groups. Its sp- and
sp2-hybridized carbon atoms have a combined effect, as the
single C−C bonds are shrunk due to weak π-conjugation
between the alkynyl units and the aromatic ringmoieties (Figure
1B). In GDY, different bonds have different lengths. The lengths
of the Csp2−Csp bond in between the nearby CC triple and
CC double bonds, Csp2−Csp2 bonds in benzene rings, single
Csp−Csp bonds and triple Csp−Csp bonds are 1.40, 1.41, 1.33,
and 1.24 Å, respectively.56

The extended π-conjugated structure of GDY endows them
strong visible light absorption capacity and the ability to
accelerate charge separation during the charge transfer process.
Moreover, owing to the highly porous plane of GDY, the reactive
sites increase for chemical reactions and offer a dispersion
network at atomic-level for other reactions with high efficiency.
These characteristics make GDY and its derivatives suitable for
catalysis applications such as photocatalyst,59−62 electro-
catalyst,63−67 photoelectrochemical water splitting,68−70 and

Figure 1. (A) Different carbon materials based on graphene. (A1) 2D graphene, (A2) 0D fullerene, (A3) carbon nanotube. Reproduced with
permission from ref 57. Copyright 2020 Elsevier, Inc. (B) Atomic structure of a supercell of GDY crystal. Reproduced with permission from ref 56.
Copyright 2012 American Chemical Society. (C1) First Brillouin zone (green hexagon) of GDY. (C2) The band structure (left) and DOS (right) of
GDY calculated through the DFT within the LDA. (C3) The imaginary part of polarizability obtained from the GW + random-phase approximation
(RPA) (green dotted line), LDA + RPA (solid black line), and Bethe Salpeter equation (BSE, solid red line) approach. Reproduced with permission
from ref 58. Copyright 2011 American Physical Society.
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supporters for catalysts.71,72 Meanwhile, the pores structured by
diacetylene bonds in GDY provide sufficient storage space for
metal atoms, ion diffusion passageways, and performance
enhancement of an electrode used in rechargeable lithium-
ion73−77 and sodium-ion78−81 storage. Even for the sodium ions
which are larger than the lithium ions, GDY provides them a
diffusion channel with a low energy barrier (see section 4.6.1.2).
GDY enhances charge transport due to the highly π-conjugated
structure. After GDY forms compounds with P3CT-K, PCBM,
ZnO, and PbI2/MAI, a high-efficiency percolation channel can
be formed in the active layer. More interestingly, the Pt and the
triple bonds of GDY are more prone to chemical reactions,
causing them to form unique “p−n” junction with higher
catalytic activity and superb electron transport capabilities.
These features show that GDY has great potential for
photovoltaic devices.82−84 Moreover, the highly reactive
diacetylene groups, the unique conjugated structure and good
biocompatibility of GDY enable it to be used for biomedical
applications.85−89

2.1.2. Electronic Properties. Thanks to the sound
foundation for modern band-structure simulation for self-
energy,90 the bandgap of GDY has been calculated. It is 0.44
eV, calculated through the density functional theory (DFT) in
the local density approximation (LDA), while it increases to 1.10
eV via the GWmany-body theory. It is attributed to the reduced
dimensionality of GDY and thus enhanced Coulomb interaction
(Figure 1C1,C2).58 The density of states (DOS) of GDY was
also calculated. Both the valence bandmaximum (VBM) and the
conduction band minimum (CBM) are degenerate at the Γ
point. The excitonic effects dominate its optical absorption, with

an electron−hole binding energy larger than 0.55 eV (Figure
1C3). The optical absorption spectrum of GDY, defined by the
imaginary part of polarizability, shows three peaks, calculated by
combining the LDA and the random-phase approximation
(RPA) models. The first peak defines the transition around the
bandgap, and the other two peaks originate from the transitions
around the Van Hove singularities of the K and M points,
respectively. The Bethe−Salpeter equation (BSE) is used to
describe electron−hole interaction (excitonic effects) in a two-
particle formalism. Figure 1B shows the redistribution of the
BSE spectrum and the enhanced peak at a specific energy.
On the basis of the first-principles theoretical analysis, GDY

was proved as the first real example of a 2D second-order
topological insulator (SOTI), with topological 0 D corner states.
In the scanning tunneling spectroscopy measurement, sharp
peaks appear when the tip moves close to the corner, indicating
the occurrence of the corner states.91 The high-quality GDY
films prepared by the vapor−liquid−solid (VLS) growth process
can produce electrical conductivity of 2800 S cm−1.92 GDY
nanowires can also be fabricated by VLS methods, with
diameters of 20−50 nm and lengths of 0.6−1.8 mm. They
possess a mobility of 7.1 × 102 cm2 V−1 s−193 and a conductivity
of 1.9 × 103 S m−1, even higher than those of the GDY film. It
indicates that GDY is highly suitable for application in
electronics.

2.1.3. Optical and Nonlinear Optical Properties.Unlike
graphene with a zero bandgap or crystalline silicon with an
indirect bandgap, GDY is characterized by a natural direct
bandgap, which is tunable in accordance with the size, layer
number, stacking arrangement, chemical doping, strain, and

Figure 2. (A) UV−vis spectra of GDY nanowalls. Reproduced from ref 99. Copyright 2015 American Chemical Society. (B) Absorbance of the GDY
film (Blue line is experimental data; red line shows cubic polynomial fit for its background). (C) Absorbance of the GDY film (Blue line shows
experimental data; red line shows LDA+RPA absorbance of GDY). (D) Absorbance of the GDY film (Blue line is experimental data; the green line
shows absorbance at the GW + RPA; the solid red line represents the BSE level of GDY.) Reproduced with permission from ref 58. Copyright 2015
American Physical Society.
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electric field.45,47,94−98 Meanwhile, similar to graphene, GDY
has a Dirac-cone-shaped band structure, which locates in its
Brillouin zone (the green hexagon in Figure 1C1).45,47 This
unique band structure leads to exceptional nonlinear optical
properties. There have been several review papers summarizing
linear optical properties of GDY.45,47,94 In this section, the
nonlinear optical properties of GDY is also reviewed to provide
fundamentals for the nonlinear optical devices in section 4.1.1.
The UV−vis absorption measurement showed a broadband

absorption in the UV to Vis range, indicating electron
delocalization is enhanced by an extended π-conjugation system
(in Figure 2A).99 Luo et al. measured the absorption spectra of
GDY films from NIR to UV.58 Smooth cubic polynomials were
used to remove the experimental background (in Figure 2B).
Then the observed absorbance was compared to the calculated
ones at the LDA + RPA (in Figure 2C), GW + RPA, and BSE
levels (in Figure 2D). The BSE level result was most similar to
the experiment outcomes: three observed absorption peaks
match the BSE excitonic peaks well. An intense absorption
depression behavior was seen between 2 and 3.5 eV in both the
experimental and theoretical studies. The first two measured
energy peaks were both smaller than the corresponding ones of
BSE prediction. Such a difference is mainly caused by the 2D
nature of the GDY flake measured in the experiment, with the
reduced Coulomb interaction as the dimensionality increases.

The energy of photoexcited electrons in GDY can be released
radiatively (resulting in luminescence) or nonradiatively. The
natural direct bandgap of GDY elicits its strong potential as a
luminophore.47 However, the photoluminescence (PL) proper-
ties of pristine GDYs have not been explored comprehensively
so far. It has only been reported that GDY quantum dots of 3 nm
conjugated with pyrene exhibited a high PL quantum yield
(42.82%), with a superior water dispersibility. Meanwhile, the
nonradiative decay pathway of photoexcited electrons in GDY
leads to other desirable optical properties such as (i) strong
resonance Raman scattering by the suppression of seriously
interfering photoluminescence (PL) background signal;100 (ii)
photothermal property induced by nonradiative phonon
relaxation;101 (iii) PL quenching of adjacent fluorophores,102

which provides strong potential for analytical and biomedical
applications.
The Raman spectra of a bulk GDY (Figure 3A) exhibit two

major (a D band at about 1380 cm−1 and a G band at about 1570
cm−1) and two minor (at about 1925 and 2190 cm−1)
characteristic peaks upon excitation by an argon ion laser at
the 514.5 nm line.23 The D and G bands are typical Raman
vibrations for 2D carbon materials such as graphene, graphyne,
and GDY. The D band shows the A1g breathing vibration of the
sp2 carbon−carbon (C−C) bonds in the aromatic ring, which is
forbidden in perfect carbon 2D materials, and only activated in

Figure 3. (A) Raman spectra of three different positions on a GDY film. Reproduced with permission from ref 26. Copyright 2010 Royal Society of
Chemistry. (B) Atomic motions of Raman-active modes. The red arrows indicate the main motion directions. Reproduced with permission from refs
104 and 105. Copyright 2016 American Chemical Society and Copyright 2016 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.

Figure 4. (A) Schematic of the incident light interacting with GDY. (B) Nonlinear optical response of GDY is shown as diffraction rings in the SSPM
experiment. (C) Patterns of diffraction rings of GDY obtained at λ = 671 (red), 532 (green), and 457 (blue) nm. Reproduced with permission from ref
106. Copyright 2019 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim. (D) TPA results of GDY NSs in the ns open-aperture Z-scan setup upon
290 nm excitation. (E) Relationship between the saturable intensity (Is), TPA coefficient (β) of GDY, and the nanosecond laser wavelengths. (F) TPA
mechanism of GDY NSs upon light excitation with different wavelengths. Reproduced with permission from ref 108. Copyright 2020 Royal Society of
Chemistry.
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the presence of disorder;103 the G band corresponds to first-
order scattering from the E2g symmetric stretching vibration
mode for aromatic C−Cbonds (Figure 3B). A higher ratio of the
D to G bands (ID/IG) suggests that GDY is produced with a
higher density of sp2 defects in the 2D carbon material. The
minor peaks are assigned as the vibration of acetylene linkages
(−CC−CC−) (Figure 3).
Large conjugated frameworks and holes to accommodate

dopant on the atomic layers make GDY promising candidates
for organic nonlinear optical (NLO) materials. For the pristine
GDYs, the optical Kerr effect induced by an intensity-dependent
change in the real part of the refractive index, together with
intensity-dependent saturable two-photon absorption (TPA)
and absorption (SA), has been reported. Wu et al. demonstrated
a large Kerr nonlinearity from the GDY-PMMA film, with a large
nonlinear refractive index (n2 ≈ 10−5 cm2 W−1). It is two orders
higher than that of graphene, evaluated with the spatial self-
phase modulation (SSPM) experiment (see Figure 4A−C).106
The application of the Kerr nonlinearity of GDY will be
discussed in section 4.1.1. Zhao et al. reported the SA property of
GDY and its application to erbium-doped mode-lock fiber
lasers.107 GDY has two different Dirac cones, facilitating to reach
the SA state. The smaller volume of energy states in the conical
band structure, especially near the bandgap, can easily cause full
excitation of electrons in the valence band or full occupation of
all available states in the conduction band. Then, there is no
transition of electrons due to the Pauli Exclusion Principle, thus
leading to absorption saturation. The application of SA in GDY
will also be discussed in section 4.1.1. Zhang et al. observed
strong TPA (TPA cross-section of 8.7 × 10−44 cm4s and TPA
coefficient of 31.8 cm GW−1 upon illumination by a 290 nm
pulse laser with the pulse width of 6 ns) using a GDY nanosheet
(Figure 4D−F).108 In this study, a higher TPA performance was
achieved with the laser of a shorter wavelength (290 nm), which
is also attributable to the cone-like band structure of GDY
(Figure 4E,F). The smaller volume at a lower level of the cone of
the conduction band can be saturated easily (Figure 4E,F).
Thus, the excitation of electrons to a higher level of the cone

with a laser of shorter wavelength (higher energy) can provide a
higher probability of filling a larger volume in the conduction
band. The strong TPA of ultraviolet (UV) light can facilitate
applying GDY as an optical limiting (OL) material.
The susceptibility for the second-order nonlinear optical

property (e.g., second-harmonic generation (SHG)) of π-
conjugated organic materials, bridging electron donor and
acceptor groups by a conjugated segment, is proportional to the
first hyperpolarizability that requires non-centrosymme-
try.109,110 Generally, the hyperpolarizability can be improved
with increasing the electron donating/accepting strength and is
enhanced by increasing the length of the π-conjugated bridge.
GDY has an ordered anisotropic arrangement of π-conjugated
18-membered ring units, which can adsorb electron-accepting
dopants such as alkali-metal (Li, Na, K) and super alkali
compounds. Therefore, the nonlinear optical susceptibility can
be dramatically improved by charge transfer between GDY
(electron donor) and the dopants (electron acceptor). It has
been explored theoretically to enhance the static hyper-
polarizabilities of AM3@GDY (dopant: alkali-metal
(AM)),111,112 Li3NM@GDY (dopant: tetrahedral alkali-metal
(M) nitride),113 M3F@GDY (dopant: alkali-metal fluoride),114

and AM3O@GDY (dopant: trialkali-metal oxide).115

2.1.4. Heterojunctions. As the only 2D carbon materials
that can directly grow on an arbitrary substrate, GDY is
promising to form various hybrids with other 1D, 2D, and 3D
materials.69,70,116,117 Among them, a common type of 2D
heterojunction is synthesized via either van der Waals force or
covalent bonding with another 2D material.
Figure 5 depicts two examples of GDY-based heterojunctions:

GDY-MoS2 (Figure 5A−C) and g-C3N4/GDY (Figure 5D−F).
Examining the DOS and projected DOS of GDY-MoS2
heterostructures, it was found that the two 2D materials were
connected via chemical bonds (Figure 5A). It resulted in the
conduction band minimum position shifted to the Fermi level
due to the critical contribution of carbon 2p orbitals in GDY.117

Unlike the heterojunctions GDY-MoS2 formed with chemical
bonding, Lu et al. fabricated a van der Waals g-C3N4/GDY

Figure 5.GDY-MoS2 heterostructure: (A) charge density difference maps; (B) DOS; (C) projected DOS. Reproduced with permission from ref 117.
Copyright 2019 Elsevier, Inc. Graphitic carbon nitride (g-C3N4/GDY) heterojunction: (D) construction schematic; (E) Mott−Schottky plots; (F)
band structures. Reproduced with permission from ref 69. Copyright 2018 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.
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heterostructure (Figure 5D) and employed a series of
characterization techniques to analyze its band structures
(Figure 5E,F). As can be seen, the holes generated upon
illumination underwent a transfer from g-C3N4 toward GDY’s
valence band.

2.2. Borophene

2.2.1. Structures. Different from the honeycomb structure
of graphene, the unique character of 2D boron layers is a
triangular grid with a hollow hexagons (HHs) layout (Figure 6).
The HH pattern is highly variable with concentration and
distribution, with numerous crystal lattices near the ground-state
energy line, leading to polymorphism.118 2D boron possesses
higher energy than its bulk forms, remarkably different from
other known 2D materials. Therefore, assembling the boron
atoms into a metastable 2D layer remains a challenge and needs
further experimental efforts.
Until the year of 2015, borophene was synthesized under

ultrahigh vacuum for the first time.30 Compared with graphene,
borophene is more robust, lighter, and more flexible,119,120

which has attracted rising attention recently. It possesses unique
properties, such as strong electron−phonon coupling121,122 and
optical transparency,123 attributed to its polymorphism and
anisotropic structure (Figure 6).118,124,125 Different phases of
borophene can be a metal or a semiconductor. The metallicity
makes borophene promising as an optically transparent
electrode,123 which is predicted to result in phonon-induced

superconductivity.121,122 The γ-B28 monolayer presents prom-
inent semiconducting property with a direct bandgap of 2.25 eV,
leading to a strong photoluminescence emission at ∼626 nm.43

Moreover, high phonon velocities can be obtained through the
coupling of the low mass of borophene and its small bending
stiffness, resulting in efficient thermal transport.126

2.2.2. Chemical Properties. Borophene has low environ-
mental stability, making it easily contaminated in ambient
conditions.30 Oxidation occurs when borophene is exposed to
air. It was found to occur at the edges of borophene nanosheets
owing to the chemically active edge effect. On the contrary, the
regions with an intact lattice keep almost unoxidized, even as it is
exposed in a high oxygen concentration. Moreover, it is
predicted that borophene on metal substrate can catalyze the
hydrogen evolution reaction.128 This chemical property is
unique among 2Dmaterials and could be used to achieve varying
functionalities via reaction with different chemical species.129

However, considering practical applications, it is necessary to
explore encapsulation methods for air-stability. For instance, the
borophene NSs could be protected from the air through capping
with a protection layer. Guisinger et al. reported that borophene
nanosheets could be significantly protected from oxidation by
covering with a silicon/silicon oxide layer.30

2.2.3. Electronic Properties. Although bulk boron is an
insulator, some of borophene polymorphs are metallic.118,130

The metallicity of most borophene polymorphs originates from
the 2pz state, which is highly delocalized around the Fermi level.

Figure 6. Borophene structures. Borophene exhibits polymorphism and structural anisotropy. Reproduced with permission from ref 127. Copyright
2019 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.
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Significantly, for the v1/5 sheet, its metallic state is partly
attributed to the 2px and 2py states, which are located around the
Fermi level in the borophene nanosheets with v = 10−15%.118

Recently, the metallicity of borophene was experimentally
confirmed.131−133 In 2016, Feng et al. conducted a systematic
analysis of the electronic characteristics of the S1 borophene
phase (v1/6 sheet) on the Ag(111) surface through angle-
resolved photoemission spectroscopy.131 They observed the
metallic bands of the S1 borophene phase and demonstrated its
Fermi surface composition on the Ag (111) surface with one
electron pocket (B1) and a pair of electron pockets (B2 and B2’)
at the S point and near the X point, respectively.

2.2.4. Optical Properties. Borophene, except the γ-B28
monolayer, shows extremely low photoconductivity owing to
the absence of intermediate bands. The computed optical
conductivity anisotropy was also reported. Borophene remains
optically inactive up to 6.5 eV under the electric field with
orientation along the main conductive direction (along
nonbuckled B lines). The transmittance of borophene depends
on the disorder, with the value possibly reaching 100% in the
visible range.134 Upon oxidation, the reflectance and the optical
conductivity of borophene in the NIR region increase, while its
reflectance in the visible region remains relatively low, and the
optical transparency is reduced. Oxidized borophene remains
metallic. These make borophene suitable as a transparent

Figure 7. (A−E) Band structures of pure borophene and their heterostructures: (A) β12 borophene, (B) χ3 borophene; (C) g-C2N, (D) β12
borophene/C2N vdW heterostructure, (E) χ3 borophene/C2N vdW heterostructure. (F) Brillouin zone and the high symmetry points. (G) plane-
averaged electrostatic potential of the borophene/C2N vdW heterostructure. (H) Schematic 2D electronic device model where the borophene/C2N
contact is connected to the g-C2N channel. Different plane-averaged charge density with the different electric field in (I) β12 borophene/C2N and (J) χ3
borophene/C2N heterostructures. Reproduced with permission from ref 139. Copyright 2018 Elsevier, Inc.
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conductive material.135 Different adsorption sites have been
taken into account. It was found that the preferred one was in
between adjacent B lines. However, from the computed
electronic structure, it was anticipated that the degradation of
dc conductivity is because the disorder decreases the velocities
as it increases the effective masses.
2.2.5. Heterojunctions. Recently, constructing van der

Waals heterostructures or lateral heterojunctions of borophene
with another 2D material or compound has attracted increasing
interest in theoretical and experimental research.136−139

Taking the borophene-C2N (a type of carbon nitride) van der
Waals structure as an example, the band structure and electronic
structure take advantage of both borophene and C2N (Figure 7),
which provides an opportunity for rationally tuning the
properties accordingly.139 Specifically, Figures 7A−F clearly
show that both the β12 B/C2N vdW heterojunction and χ3 B/
C2N vdW heterojunction form n-type Schottky contacts and
showmetallic properties, while preserving the band structures of
the C2N layer. The work functions and charge density values
unambiguously demonstrated charge transfer between the two
constituents. In Figure 7G, the electrostatic potential of C2Nwas
more negative than that of borophene. The calculations based
on the electronic device model further proved charge transfers
from the contact to C2N, forming an n-type contact. More
interestingly, it was shown in Figure 7I,J that the external

electronic field could effectively modulate the energy level of
borophene by promoting charge transfer. It leads to achieving
tunable contacts from n-type Schottky to Ohmic ones. This
suggested a good theoretical foundation for designing electronic
devices.

2.3. Arsenene, Antimonene, and Bismuthene

Arsenene,41,140−142 antimonene,6,143−145 and bismu-
thene,146,147 located in the same group with phosphorene,
have become new research favorites and are developing
vigorously. Arsenene and antimonene were first predicted with
a wide bandgap by Zhang et al.140 More theoretical and
experimental work were further exploited.5−8 Antimonene is
more stable than phosphorene,145,148 and some excellent
qualities are predicted theoretically, such as high carrier
mobility,149 size-dependent thermal conductivity,150 size-
induced semiconductor−semi-metal transition, strain-induced
direct−indirect bandgap transition,140 and spin−orbit cou-
pling.151 Successful fabrication approaches for antimonene
include liquid-phase exfoliation,152 mechanical isolation,153

and epitaxial growth.154,155 Broad interests is aroused for their
potential applications in energy storage,156 electrocatalysis,157

supercapacitors,158 and optoelectronics.143,154

2.3.1. Structures. 2.3.1.1. Arsenene. In 2015, Kamal and co-
workers employed DFT calculations to examine arsenene with a

Figure 8. DFT calculation results for puckered, planar, and buckled arsenene: (A) simulated structural parameters; (B) Brillouin zones; (C) phonon
dispersion results; (D) calculated electronic band structures. Reproduced with permission from ref 41. Copyright 2015 American Physical Society.
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honeycomb structure. They showed that wrinkle structures were
the steadiest forms.41 Among the three structures depicted in
Figure 8A,B, buckled arsenene is the most stable configuration
due to its lowest energy. Its cohesive energy is similar to that of a
puckered structure, with a difference close to the thermal energy
under ambient conditions.159 They are similar to the cohesive
energy of bulk arsenic, while that of the planar arsenene is
calculated to be the least. The perspective of energy
consideration explains why puckered and buckled structures
are more favorable and stable (Figure 8C). However, recent
studies have illustrated that 2D pnictogens are unstable when in
contact with water and oxygen, where oxidative structural
degradation would happen. Theoretical calculation offers
predictive guidelines for Xenes, but the results might not be
consistent with the real case. Therefore, experimentally
convincing evidence on the structures and properties of Xenes
is in demand to evaluate a theoretical model.160 Unlike the 2D
black phosphorus (BP), the 2D arsenene is defined as a
semiconducting material because of its indirect bandgap from
0.3 to 2.0 eV. The simulation results elucidated that at the Γ
point and along the Γ−Y direction, the conduction band and the
valence band possess maximum and minimum values,
respectively. Also, Figure 8D displays that the energy difference
between the two valence band edges around the Fermi level is
smaller than 85 meV for puckered arsenene, while the value is
higher than 500 meV for puckered BP.41,161

2.3.1.2. Antimonene. Compared with BP and As, anti-
monene is another pnictogen with a heavier mass and higher
stability toward water and oxygen. Figure 9A−D depicts four
antimonene phases. First principle theoretical studies demon-
strate that the β-type phase with a curved atomic layer is the
most stable configuration from the thermodynamic perspec-
tive.162 It is well accepted that a monolayer antimonene has an
indirect bandgap from 0.76 to 2.28 eV, depending on the
selected configured allotropes (five typical honeycomb and four
nonhoneycomb structures).163 Such antimonene has low lattice
thermal conductivity164 as well as modulated electronic
structures. Theoretical calculations also predicted that ultrathin
antimonene with a few-layer has a zero bandgap.6 Therefore,
practical applications of antimonene might be inhibited,
especially in the field of optoelectronic semiconductor devices.
The major tackle for making the best of antimonene is through
band engineering via site point defects/dopants or fabricating
heterostructures with graphene and carbon nitride. Notably,
antimonene oxide is a direct-bandgap semiconductor whose
bandgap tuned from 0 to 2.28 eV.165 Figure 9E displayed the
layer number-dependent electronic structures of antimonene. As
can be seen, the trilayers and bilayers showedmetallic states with
the VB top and CB bottom crossing the Fermi level, while
monolayered Sb demonstrated a wide band gap of 2.28 eV.166

Therefore, band engineering via surface modification serves as

Figure 9. (A−D)Calculated configurations of four allotropes of Sb. Reproduced from ref 162. Copyright 2015 American Chemical Society. (E) Layer-
dependent electronic structures of Sb. Reproduced with permission from ref 166. Copyright 2015 Wiley-VCH Verlag GmbH and Co. KGaA,
Weinheim.
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an important strategy that optimizes the structures and
performance of pristine antimonene.
2.3.1.3. Bismuthene. Parts A and C of Figure 10 depict the

molecular structures of 3D and 2D Bi. The energetic parameters

of corresponding structures are also shown in Figure 10B,D.35

According to DFT calculations, bismuthene with a rhombohe-
dral structure is the only thermodynamically stable one. Among
the pnictogens, Bi is the only metallic element in Group V and
owns the greatest mass fraction, distinguishing it from others.
Because of its large molar weight and prominent spin−orbit
coupling, bismuth is regarded to be a common component in
nontrivial topological systems. One recent work reported that
bismuthene could serve as an insulator, with a 2D topological
structure, but it is still under debate.167 For a deeper
understanding of its electronic nature, it is of high significance
to test the electron transmission properties of Bi with isolated
buckled structure. It helps in profound insights on the
contribution of spatial confinement to the electrical properties.
The transformation from semimetal/metal into semiconductor
during exfoliation of heavy pnictogens is accompanied by
electron transfer and bandgap transition. Notably, reducing the
thickness of Bi might lead to unique properties like 2D
topological insulation, which is not available in bulk Bi.
Hence, bismuthene has broad application prospects.
2.3.2. Chemical Properties. Some 2D materials with

coordinatively unsaturated atoms are attracting increasing
interest for engineering functionalized 2D surfaces.168,169 The
bandgap energy and terminating configuration have been
reported to change dramatically after coordinative surface
modification. Considering phosphorene, the affinity of unpaired
electrons in phosphorus to the functional groups is not very
strong, such that its surface modifications are usually performed
by electrostatic attraction.170,171 Although the affinity toward
organic functionalities might not be strong, these materials are

attractive for anchoring metal species. The diameters of arsenic,
antimony, and bismuth are 0.30, 0.32, and 0.34 nm, respectively.
They are larger than those of nonmetal elements but close to the
noble metals, making these 2D materials possible for anchoring
metal atoms on the surface and for heteroatom doping vian a
chemical exchange process.34,172 Despite the above properties,
the stability issues of these 2D materials are worth noting, as the
materials suffer from decomposition in the presence of O2 and
H2O.

44,173

Owing to the nonmetallic nature of arsenene and the
coordinatively unsaturated arsenic atoms, heteroatom dopants
are usually introduced to endow the pristine arsenene with
valuable chemical properties such as a strong bond formation
with polar molecules and catalytically favored energy level
configuration.168 Antimonene also has potential for poisonous
gas sensing because antimonene is reported to have a strong
affinity toward NO2 and form a covalent bond with such gas but
only has physical interaction with water molecules. By
embedding different adatoms into the antimonene, the chemical
properties are adjusted as desired, broadening the chemical
applications of antimonene.143 As discussed in previous sections,
the conductivity andmetallic properties of bismuthene are layer-
dependent. In terms of chemical properties, the unpaired
electrons of bismuthene are more accessible to lose than
arsenene and antimonene, making it more suitable for sensing
NO, NO2 and NH3 by forming a strong metal−nitrogen
covalent bond. The metallic nature of bismuthene make it ready
to achieve controllable exfoliation with less energy consumption
compared to nonmetallic Xenes.35

2.3.3. Electronic Properties. Previous research has
demonstrated that Group-V 2D materials may exhibit
structure-dependent metallic or semiconductor-like properties.
The bandgaps of puckered and buckled arsenenes were
determined to be indirect, with the vales of 0.831 and 1.635
eV, respectively. Thus, 2D arsenene is the most stable indirect
bandgap semiconductor. As to the electronic structures and
bandgap structures, theoretical studies have illustrated the
partial density of states (PDOS) of buckled and puckered
arsenene. It was found that the s and the p orbitals have an
enormous influence on the states around the Fermi level. What
should not be ignored is that the s orbitals contribute much less
than the p orbitals for the total DOS.174 Unlike black
phosphorus, which has a direct bandgap,24,175 the indirect-gap
semiconducting character makes puckered arsenene distinctly
different. The indirect semiconducting characteristics of
arsenene originate from a competition between the energies of
the conduction band edge and the valence band edge, where the
VBM and the CBM occur along the Γ-Y direction and at the Γ
point, respectively. Bi is determined to have prominent spin−
orbit coupling within its structures. Existing as a hexagonal
crystalline structure, 3D Bi has a narrow direct bandgap and
inverted indirect bandgap. It suggests that 3D Bi shows a
topological insulating behavior when imposing additional strain.
However, bismuthene is topologically nontrivial from the
simulated spin−orbit coupling calculations.176 As a significant
indicator of electronic properties, carrier transport properties of
As, Sb, and Bi have been explored by the deformation potential
technique,166,177 with the values reaching thousands of cm2 V−1

s−1. Interestingly, the spin−orbit coupling (SOC) effects seem
not to be a key factor in modulating arsenic and bismuth
conduction bands. However, it altered the topmost valence
band, resulting in variations of effective masses and deformation

Figure 10. (A) Hexagonal unit cell of bulk Bi crystal structure and (B)
relevant structure parameters of Bi crystal. (C) Single layer of the
buckled honeycomb structure of Bi, b-Bi. (D) Phonon dispersion
curves are calculated with and without spin−orbit coupling (SOC).
Reproduced with permission from ref 35. Copyright 2016 American
Physical Society.
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potentials and increasing the holes mobilities: 25% for arsenene
and 84% for bismuthene.
The tunable electronic properties of VA group Xenes provide

an attractive prospect for engineering applications. Various
techniques have been theoretically proposed to modulate their
intrinsic characteristics, such as creating defects, chemical
modifications, and introducing heteroatom dopants. In reality,
defects are usually inevitable due to the synthetic methods or
poor stability of these materials under oxidative conditions. For
targeted characteristics modulation, defects are usually intro-
duced artificially to the surface of 2D materials, which destroy
the uniform 2D structures, further altering the electronic
conductivity and carrier mobility.
2.3.4. Optical and Nonlinear Optical Properties. The

optical bandgaps of arsenene, antimonene, and bismuthene are
all tunable, despite the fact that As and Sb are indirect bandgap
semiconductors. From calculations, monolayer arsenene pos-
sesses an optical bandgap of 1.6 eV and an exciton binding
energy of 0.9 eV, while those of anitmonene are 1.5 and 0.8 eV,
respectively. Deeper insights into the studies manifest that the
values of electron/hole mobilities reaching 150/510 and 21/66
cm2/V·s for antimonene and arsenene, respectively, demon-
strating that the conductivity and the carrier mobility are

relatively low for arsenene and moderate for antimonene. With
the excellent detected stability under ambient conditions,
monolayer As and Sb exhibit exciting prospects for practical
optoelectronic applications.177 Figure 11 clearly show the
bandgap structures of a semiconductor (quasi-particle and
optical gaps). The calculations were performed over monolayer
arsenene and antimonene whose underlayer equals to 2 nm. As
depicted in the left bottom of Figure 10, whether at high power
(HP) and low power (LP), the results demonstrated that both
Xenes have larger on-current than MoS2, promising for optical
and electronic applications. DFT calculations of dielectric
functions, absorption coefficients, and other optical parameters
for antimonene were performed to elucidate its optical
properties.149 It was found that antimonene was promising for
applications in UV nanodevices, solar energy transformation,
and storage.178 Noteworthily, the dielectric functions differ for
different crystal structures of antimonene. They have a negative
real part with the absolute value ranging from 5.1 to 9.0 eV for
the α-phase and 6.9 to 8.4 eV for the β phase antimonene,
suggesting that antimonene is intrinsically metallic in the
ultraviolet wavelength range. Moreover, the plasmon energies of
∼9 eV were obtained from its electron energy loss spectra,
indicating metallic characteristics relating to the reflection of

Figure 11. Schematic description for the optical properties of monolayer arsenene and antimonene. Reproduced from ref 177. Copyright 2017
American Chemical Society.

Figure 12. (A) Scheme for illustrating the deposition process of bismuthene. (B) Morphology of the as-synthesized bismuthene based SA. (C)
Relationship curve between transmission and average power. Reproduced with permission from ref 182. Copyright 2018 Wiley-VCH Verlag GmbH
and Co. KGaA, Weinheim. (D) Schematic of carrier dynamics in a few-layer bismuthene. Reproduced with permission from ref 183. Copyright 2018
Royal Society of Chemistry.
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light.179 Recent studies demonstrate that Sb and Bi nanosheets,
whose bandgap values are in the visible to NIR spectral range,
have great potential for broadband photonic and light modulator
devices. On the basis of the Heyd−Scuseria−Ernzerhof (HSE)
results, hexagonal buckled Sb shows obvious visible light
absorption, and the absorption of hexagonal buckled Bi is in
the infrared region. Notably, the optical properties related
performances of these two structures are active even out of the
visible light regime. Therefore, the absorption initiates in the IR
region for all other phases (symmetric washboard, asymmetric
washboard or square-octagon) excluding the hexagonal buckled
phase.180

Similar to GDY, the nonlinear optical properties of Sb and Bi,
such as the optical Kerr effect and saturable absorption (SA),
have been reported. Lu et al. demonstrated the optical Kerr
effect from a few-layer antimonene with a high nonlinear
refractive index (10−5 cm2 W−1) by using the SSPM experi-
ment.145 Zhang et al. observed that nonlinear absorption (NLA)
was saturated in β-antimonene nanosheets at a laser power of
49.7−253.5 MW cm−2, while the NLA was increased by TPA at
a laser power over 613.1 MW cm−2.181 Lu et al. reported the
optical Kerr effect from a few-layer bismuthene, with a high
nonlinear refractive index, which was obtained through the
SSPM experiment. They also illustrated its SA property at
1559.18 nm, with a saturable intensity of ∼30 MW cm−2 (see
Figure 12A−C).182 Yang et al. demonstrated by time-resolved
absorption spectroscopy that the origin of SA in a few-layer
bismuthene is the superfast (fs to ps) carrier dynamics at the
early stage and a trap mediated slow exciton bleaching recovery
process of up to ms (see Figure 12D).183 The bismuthene and
antimonene applications in nonlinear optical devices will be
discussed in section 4.1.2.

2.3.5. van der Waals Heterostructures. The interlayer
interaction in the Xenes is the van der Waals force, which is
much weaker than the intralayer covalent bonding. It makes
possible to rearrange atomically thin layers of Xenes by using the
van der Waals force among different layers composed of
different 2D materials and form van der Waals heterostructures.
The rearrangement would maintain the integrity of the original
layer structures due to the weak interaction between the
adjacent layers. Compared to traditional semiconductor
heterojunctions, there is a small lattice mismatch requirement
between 2D Xenes. It should be noted that the interface of the
heterostructures undergoes mutations at the atomic level, which
can control the stacking order between materials, thus showing
unique electrical and optical properties for various applica-
tions.184−186

Studies on the As, Sb, and Bi heterostructures have been
mainly conducted through theoretical calculations, despite some
2D heterostructures being successfully synthesized. Combined
pnictogens with other 2D materials such as metal sulfides,
group-III monochalcogenide, and other monoelemental Xenes
have been reported.188−192 Taking the arsenene/carbon nitride
(C3N4) heterostructure as an example, the optimized packing
mode is shown in Figure 13A. Theoretical calculations were
performed to illustrate the electronic band structures. It was
observed from Figure 13B−D that the electronic structure of
monolayer As/C3N4 maintains the structures of both As and
C3N4. Meanwhile, the VBM and the CBM undergo drastic
changes from the original As and C3N4 because of their mutual
interactions. The simulated results via DFT calculations
matched well with the results from the projected density of
states, demonstrating that the as-assembly As/C3N4 hybrid has
an indirect bandgap of 0.16 eV. Furthermore, as indicated in

Figure 13. (A) Configuration of the optimized arsenene/C3N4 heterostructure. Calculated band structures for (B) monolayer arsenene. (C) Single-
layer C3N4 and (D) arsenene/C3N4 heterostructure. (E) Theoretical band alignment deducted for arsenene/C3N4 heterostructure and its (F) bandgap
Eg and binding energy Eb. (G) Calculated band structures for the heterostructure at a different vertical strain. (H) Simulated average potential under
vertical strain. (I) Isosurface of the differential charge density. Reproduced with permission from ref 187. Copyright 2018 IOP Publishing.
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Figure 13F−I, the interlayer van der Waals interaction plays an
important role in determining the geometry and electronic
characteristics. In Figure 12F, varying the vertical strains, it is
observed that the bandgaps were tuned within the range from 0
to 0.35 eV. Figure 13G reveals that the VBM shifting can be
controlled via vertical strain engineering, which can be
attributed to a tunable van der Waals interaction between
carbon nitride layers and arsenene. The enhanced interlayer
coupling interaction serves as an exciting prospect.193 Notably,
the VBM contributions from As (minuend) and carbon nitride
(subtrahend) would respectively go up and down with the
increased dielectric constant, suggesting the influence on the
monotonously enhanced bandgap. Theoretical studies have also
proven that electron transfer would be more prominent with the
decreased distance between the layers. It is determined that the
bandgap would reach its maximum only when the energy of the
CBM in arsenene is higher than that in carbon nitride.194

In sharp contrast, although the vertical strain also explains the
changes of the electronic structures from the perspective of band
arrangement, it must be taken into account that there is
decreased charge transfer between the heterostructures when ε
reduces, which is confirmed in Figure 13I. Another point that
requires attention is that the VBM in carbon nitride and CBM in
As would go up and down, respectively, when the hetero-
structures are packed denser. Therefore, based on the properties
discussed above, the As/C3N4 heterostructure with direct and
smaller bandgaps adjusted by vertical strain are promising
candidates for solar energy conversion applications.195 In
addition to C3N4, arsenene can form heterostructures with
other 2D materials and metal salts. The bandgap alignment also
influences the electronic band structures, conductivity, and
optical properties due to the interlayer van der Waals interplay.
Besides van der Waals heterostructures, which are generally

packed with vertical strain, a lateral heterostructure can be
formed via covalent bonding, which is more stable than the van

der Waals heterostructures in principle.196 However, these
structures are more difficult to synthesize uniformly due to the
strict requirement for the subtle bonding and arrangement
structures.

2.4. Tellurene

Tellurium (Te), belonging to the VIA group, has a small
bandgap of 0.35 eV. 2D tellurium, named tellurene, was
calculated to possess multiple phases and higher carrier mobility
than transition-metal dichalcogenides.36 It possesses unique
properties such as broadband absorption and efficient photo-
thermal conversion.197 The photothermal effect in other Te
nanomaterials is also observed, which has been employed in
photothermal cancer therapy.197,198 The research work on
tellurene shows its broad applications in topological insulator,199

thermoelectric,200 semiconducting,201 electronic,202−204 opto-
electronic,205,206 and biomedical fields.207−210

2.4.1. Structural Phase Transition. Zhu et al. predicted
three structures of tellurene: stable 1T-MoS2-like structure (α-
Te), 2H-MoS2-like structure (γ-Te), and metastable tetragonal
structure (β-Te) (Figure 14).42 Their formation mechanisms
are based on the multivalent nature of the metalloid element Te,
with the metallic central-layer Te, while the two outer layers are
more like semiconductors (e.g., MoS2-like structure). The α-Te
phase exists in specific thicknesses divided by three layers cut
along the [001] direction of the bulk Te. Both the α- and the β-
Te phases possess much higher carrier mobilities than that of
MoS2. Qiao et al. found that the α-Te phase is most stable in few-
layer tellurene nanosheets,211 while the tetragonal β-Te phase
more likely exists in monolayer tellurene nanosheets.
Recent efforts in fabricating atomically thin tellurene also have

shown versatile results. Chen et al.212 grew a crystalline β-phase
monolayer Te film on highly oriented pyrolytic graphite
substrates through van der Waals epitaxy (vdWE). Huang et
al. also grew monolayer Te films on graphene layers through

Figure 14. Tellurene structures in different phases: (A) α-Te, (B) β-Te, and (C) γ-Te. (D) Surface Brillouin zones. The unit cell of each phase is
shown. Reproduced with permission from ref 42. Copyright 2017 American Physical Society.
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vdWE,213 but with a larger lattice, which is more consistent with
bulk trigonal Te. The work of Wang et al.202 illustrated that the
free-standing few-layer tellurene grown in the solution possesses
the bulk trigonal structure, which corresponds to the prediction
of Qiao et al.211

The different structures in tellurene derived from different
synthesis processes show that the formation mechanisms of a
monolayer or few-layer tellurene are complex. It is necessary to
make theoretically and experimentally more efforts to
investigate the effect of the growth process on its structural
phase transition. Furthermore, the growth substrate also plays an
essential role in determining the structure phase and character-
istics of the as-grown tellurene.
2.4.2. Chemical Property.High air-stability of tellurene has

been observed even for few-layer nanosheets. There is no
obvious degradation of the electrical performance in 2D
tellurene based transistors in two-month air-exposure under
ambient conditions.213 The stability of tellurene in solution was
also investigated. For photodetection performance, after storage
of tellurene nanosheets in 0.1 M KOH for 1 month, a 24%
reduction of the photocurrent intensity was observed, indicating
good chemical stability of tellurene NSs in KOH electrolyte.38

The existence of a larger energy barrier is responsible for
preventing the oxidation of few-layer tellurene nanosheets. This
high environmental stability makes tellurene promising for
technological realization.
2.4.3. Electronic Property. The electronic band structures

of monolayer and few-layer tellurene have been studied
theoretically. Qiao et al. presented that bilayer tellurene has an

indirect bandgap, with a value of 1.17 eV. When the layer
number of tellurene increases, the bandgap of the few-layer
tellurene is reduced (Figure 15A1),211 with their VBM varying
from −4.98 eV to −4.35 eV. It is about three times the CBM,
which indicates that the contact between the few-layer tellurene
nanosheets and the electrodes is p-type (Figure 15A2). Zhu et al.
demonstrated that α- and β-tellurene are semiconductors with
the respective indirect bandgap of 0.76 and 1.17 eV (Figure
15B1, B2), while γ-Te is metallic (Figure 15B3).42

The thickness-dependent electronic band structure endows
tellurene as a promising candidate for many emerging
applications in the mid-infrared and terahertz spectral range.
Tellurene is also predicted to have large carrier mobility at room
temperature, covering a large range of hundreds to thousands of
cm2 V−1 S1−.42,211 It is much greater than that of a few-layer BP
and 2D TMDCs (transition-metal dichalcogenides), which
makes tellurene promising for building high-speed and energy-
efficient electronics, like transistor devices.202

2.4.4. Optical and Nonlinear Optical Properties. A
significant increase in absorption begins at 1.3 eV in 2L-α-Te
(Figure 16A1), which shows an interband transition between
the conduction band and the valence band. This absorption edge
becomes smooth in thick Te nanosheets (NSs) because of
greater electronic band dispersion as a result of the stronger
interlayer electronic interaction (Figure 16A2).211 Therefore,
light absorption in a few-layer α-Te is nearly isotropic, making it
a good light absorber. Moreover, tellurene has an extraordinarily
high incident light absorbance, which is linearly polarized with
the in-plane directions. Figure 16A3 shows the optical

Figure 15. (A1, A2) The change in the indirect bandgaps and the positions of CBM and VBM with layer number of few-layer tellurene based on the
Perdew−Burke−Ernzerhof (PBE) functional and the hybrid functional (HSE06) with and without spin−orbit coupling (SOC). Reproduced with
permission from ref 211. Copyright 2018 Elsevier, Inc. Band structures of (B1) α-Te, (B2) β-Te, and (B3) γ-Te, obtained within the PBE scheme
without (solid) and with (dashed) the inclusion of SOC. Reproduced with permission from ref 42. Copyright 2017 American Physical Society.
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absorbance of bulk α-Te and a few-layer (from two layers to six
layers) α-Te when light is linearly polarized with the
noncovalent direction (y-axis). It can be seen that the absorption
edge energy of tellurene is nearly 0.2 eV larger than its bandgap
energy.
For the first time, Wang et al. studied the optical properties of

the as-prepared tellurene with thickness from monolayer to 37.4
nm at room temperature, applying angle-resolved polarized
Raman spectroscopy.202 With the light entering along the
[1010] direction and polarized along the [0001] helical chain,
the Raman spectra of tellurene with different thicknesses were
recorded (Figure 16B1). There are three prominent peaks,
corresponding to three phonon modes: one A-mode corre-
sponding to chain expansion in the basal plane and two E-modes
of E1 and E2 characters, which respectively correspond to bond
bending around [1210] direction, and asymmetric stretching
with the [0001] direction modes. The E1 mode includes two
phonon modes; one is the transverse vibration E1(TO) at 92
cm−1, and the other is longitudinal vibration E1(LO) at 105
cm−1.
For tellurene thicker than 20.5 nm, the E1 (LO) mode is

absent (Figure 16B1). With the thickness decreasing to 9.1 nm,
the deformation potential of the crystal lattice is increased,
resulting in the appearance of the E1 (LO) mode. When the
thickness of tellurene is close to 9.1 nm, the E1(TO) and
E1(LO) modes are degenerate with peak broadening, possibly
due to a variation of the electronic band structure and the
intrachain atomic displacement. Furthermore, as the thickness
of tellurene decreases to a monolayer, both E1 (shift to 136

cm−1) and E2 (shift to 149 cm
−1) modes blueshift significantly.

The anisotropic optical properties of the tellurene nanosheets
with larger thicknesses (28.5, 13.5, and 9.7 nm) were also
studied. The Raman peak intensities are dependent on the
polarization angle (Figure 16B2). When fitting them with a
Lorentz function into the polar figures correspondingly (Figure
16B3−B6), it is found that the A1 mode in all samples is most
sensitive to the relative orientation between the polarization of
the excitation laser and its [0001] lattice direction. Notably, the
direction of the maximum intensity in the A1 and E1(LO)
modes (Figure 16B4) is thickness-dependent. It could be
because of the different absorption spectral ranges in the [0001]
and [1210] directions.
Nonlinear optical properties of tellurene have been reported.

Wu et al. reported the optical Kerr effect from tellurene NSs and
developed an all-optical switch and photonic diode with the Te
NSs.214 All-optical switching was demonstrated with a strong
pump beam (671 nm) to modulate a weak probe light (532 nm)
to realize on/off switching by the spatial cross-phase modulation
(SXPM)method (Figure 17A-C). From an open aperture z-scan
experiment of hexagonal tellurene nanosheets, Zhang et al.
observed optical limiting behaviors and saturated absorption,
depending on the energy (wavelength) and intensity of the
illuminated laser.215 The saturated absorption dominated upon
illumination of 0.73−0.83 eV (1698−1494 nm) laser, while the
optical limiting behavior by TPA dominated upon illumination
of ∼1.04−2.76 eV (1192−449 nm) laser (Figure 17D). It is
attributed to the higher saturation probability near the edge of

Figure 16. (A1, A2) Respective absorbance of 2L- and 6L-α-Te upon the incident light with the polarization direction along with three-dimensional
directions. (A3) Absorbance of few layers α-Te upon the incident light with the polarization direction along y-axis. Reproduced with permission from
ref 211. Copyright 2018 Elsevier, Inc. (B) Thickness-dependent angle-resolved Raman spectra. (B1) Thicknesses-dependent Raman spectra. (B2−B6)
Angle-resolved Raman spectra for different modes with different angles between the incident laser polarization and the crystal orientation. Reproduced
with permission from ref 202. Copyright 2018 Springer Nature.
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Figure 17. (A) All-optical switching system based on SXPM upon two light excitations (532 and 671 nm). (B) Diffraction rings for the probe light as a
function of the power of pump light (60−80 mW) focused on 2D Te NSs dispersion. (C) All-optical switch to modulate the probe light based on 2D
Te NSs by pump light. Reproduced with permission from ref 214. Copyright 2018 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim. (D)
Relationship between the excitation energy density and the normalized transmittance of Te NSs at different photon energies. Reproduced with
permission from ref 215. Copyright 2019 Royal Society of Chemistry.
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the Dirac cone, similar to nonlinear absorption of GDY in
section 2.1.3.
2.4.5. van der Waals Heterostructures. Due to the easily

tunable morphology and bandgap, Te-based heterostructures
have attracted significant attention. Various kinds of Te−Se
heterostructures have been prepared through the epitaxial
growth procedure because Se and Te locate in the same group
on the periodic table with similar anisotropic and isomorphous
characteristics. Owing to the high reactivity of Te, Te in the
heterostructure nanowire can degrade into telluride, which
contributed to produce a variety of telluride-based hetero-
structures, such as Bi2Te3−Ag2Te216 and Bi2Te3−PbTe.217 For
the construction of tellurene/TMDs heterojunctions, the lattice
mismatch remains a problem. A lattice match method was
developed by Hu et al.,218 which showed the optimal supercell
model of tellurene and TMDs.
Huang et al. synthesized Te@Se heterostructures by epitaxial

growth of Se on Te nanotubes and used them as working
electrodes for electrochemical photodetector.219 Compared
with the telluride-based photodetectors, they showed better self-
powered broadband light detection ability, enhanced photo-
current density, and stability in various water environments
(NaCl, HCl, and KOH solutions). Wu et al. proved that
tellurene-based heterojunction was a candidate promising for
the design of solar cells with high efficiency because it has ideal
photoelectric properties (i.e., ideal bandgap:1.47 eV), high
carrier mobility, strong light absorption, and high stability under
ambient conditions.220 These are superior to the existing 2D
semiconductor for solar cells. The experimental results show

that the heterojunction structure can effectively enhance solar
absorption and separate the sunlight. Particularly, the maximum
energy conversion efficiency of Te/MoTe2 and Te/WTe2
heterojunction solar cells is 22.5% and 20.1%, respectively.
The light detection performance of tellurene is poor, and its
stability is relatively uncertain, which greatly limits its practical
application.

3. FABRICATION AND SURFACE MODIFICATION OF
XENES

Fabrication techniques for Xenes include both bottom-up and
top-down strategies. In bottom-up methods, chemical vapor
deposition (CVD) and molecular beam epitaxy (MBE) are two
typical fabrication techniques for optoelectronic devices. In top-
down techniques, liquid-phase exfoliation is a practical
technique used for biomedical applications.
3.1. Graphdiyne

Since the first successful fabrication of GDY using a chemical
template coupled in an organic solvent,26 huge interests have
been aroused to synthesize GDY. Various fabrication strategies,
such as thermal coupling and two-phase reaction, and different
reaction conditions in the reaction category, catalyst system,
precursor structure, and selected template, have been employed.
In this section, these fabrication strategies are systematically
discussed.
Li et al. first demonstrated a successful strategy to prepare

GDY on a copper substrate, using in situ cross-coupling
reaction.26 The monomer of hexaethynylbenzene (HEB) (see
the chemical structure in Figure 18A) was prepared from

Figure 18. (A) GDY growth on a silver surface through a CVD system. Reproduced with permission from ref 223. Copyright 2017Wiley-VCHVerlag
GmbH and Co. KGaA, Weinheim. (B) Synthesis of GDY film on graphene. Reproduced from ref 224. Copyright 2018 American Chemical Society.
(C1) Illustrated fabrication equipment and (C2) the reaction process for the pyridinic N-substituted GDY. (C3) Photograph of large PM-GDY film
(∼80 cm2). Reproduced from ref 225. Copyright 2018 American Chemical Society.
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hexakis[(trimethylsilyl)ethynyl]benzene (see the chemical
structure in Figure 18B) in THF solution by the addition of
the tetrabutylammonium fluoride (TBAF). Then its cross-
coupling reaction was catalyzed by a Cu foil, which was also used
as the substrate for GDY film growth. In basic (in the presence of
pyridine) solution, a small number of copper ions (Cu2+) can be
released from the Cu foil, which in turn catalyzes the cross-
coupling reaction of the HEB monomers. They successfully
obtained GDY film grown on the Cu foil and characterized it
with transmission electronmicroscopy (TEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, and atomic force microscopy (AFM).
The crystal structure of the as-prepared few-layered GDY

nanosheet showed ABC stacking observed by TEM using low
current density.221 It is theoretically proven in the studied
stacking modes of GDY, the energy of the ABC-stacked
structure is the lowest.222

Ag can also be used as a growth substrate, but through the
CVD process (Figure 18A).223 Compared with the CVD growth
of graphene, the growth process of GDY is quite different. As

GDY is composed of two kinds of hybridized carbon atoms,
GDY building blocks are molecules with alkynyl and phenyl
groups, while that of graphene are sp2 hybridized carbon atoms.
The growth of GDY is completed by covalent bonding between
terminal alkynes and precursor molecules. Therefore, the
molecular skeleton structure plays a vital role during the growth
process. A low temperature is necessary for the CVD growth of
GDY, because a high temperature will damage the molecular
skeleton structure of the precursors.
Template synthesis provides another effective method for

GDY preparation. The cousin of GDY, graphene, is an
appropriate choice as a template for GDY film synthesis. Zhou
et al. successfully synthesized ultrathin GDY film on graphene
(Figure 18B).224 Owing to the all-carbon and atomically flat
structure of graphene, a strong interaction occurs between
graphene and GDY, leading to the growth of an ultrathin flat and
continuous GDY film, whose thickness is less than 3 nm.
Unlike traditional epitaxy growth requiring a strict lattice

matching, van der Waals (vdW) epitaxy can relax the lattice
matching condition because of the weak vdW binding between

Figure 19. (A) Liquid−liquid interfacial synthesis of GDY nanosheets: (A1) illustration, (A2) synthetic setup for GDY at the liquid/liquid interface
and (A3) TEMmicrograph. (B) Gas/liquid interfacial synthesis: (B1) schematic synthesis process, (B2, B3) TEMmicrographs, and (B4) AFM image
and the height analysis. Reproduced from ref 226. Copyright 2017 American Chemical Society.
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the substrate and the epilayer. Through a vdW epitaxial strategy,
Gao et al. synthesized an ultrathin GDY film of single-

crystallinity on graphene.222 Their lattice mismatch was
alleviated by weak interaction between the substrate and the

Figure 20. (A1)Minimum energy path for the diffusion of boron on Au(111) (red), penetration (gray), and diffusion (blue) into the subsurface. (A2)
Higher boron dose leads to the formation of larger borophene islands. Reproduced from ref 239. Copyright 2019 American Chemical Society. (B1)
Bright-field low energy electron microscopy images show that borophene islands are easy to grow on the edge of a Cu substrate. (B2) Ultrahigh-
resolution STM image of borophene. (B3) DFT-simulated constant tunneling current isosurface of the proposed borophene structure. (B4) Pictorial
view of the borophene structure. Reproduced with permission from ref 244. Copyright 2019 Springer Nature. (C1) Monolayer borophene NS on
Al(111) substrate and (C2) its high-resolution STM image. Reproduced with permission from ref 15. Copyright 2018 Elsevier, Inc.
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admolecule, promoting the in-plane cross-coupling of admole-
cules, while the out-of-plane coupling was slow to form one- or
few-layer GDY.
The nitrogen (N) atoms doping could increase electrochemi-

cally active binding sites and enhance electrochemical perform-
ance through the production of heteroatomic defects. Pyridine-
like N atoms can be doped via an easy chemical synthesis
technique. Porous networks of pyrimidine-GDY (PM-GDY)
and pyridine-GDY (PY-GDY) films with large areas up to 80
cm−2 were successfully synthesized (Figure 18C).225 They are
uniform, self-supported, transparent, continuous, and flexible.
A bottom-up liquid/liquid interfacial synthesis of GDY

nanosheets (NSs) was applied by Matsuoka et al.226 A
dichloromethane solution containing HEB was put on an
aqueous layer and catalyzed by Cu at room temperature (Figure
19A1,A2). A multilayer GDY is synthesized at the interface via a
continuous alkyne−alkyne homocoupling reaction (Figure
19A3). A gas/liquid interfacial preparation method was further
investigated (Figure 19B1). The HEB in a mixture of toluene
and dichloromethane was sprinkled onto the surface of the
liquid, and the single-crystalline GDY NSs emerged, which
showed regular hexagonal domains with 1.5 μm of lateral size
and 3.0 nm of uniform thickness (Figure 19B2−B4).
For the other morphologies, such as nanowire, nanotube, and

nanowall, the growth mechanism is almost the same, but the
morphology is tunable with the selection of the template. Li et al.
synthesized GDY nanotube arrays on an anodic aluminum oxide
template based on an earlier cross-couplingmethod.227 The VLS
growth process can be used to prepare GDY nanowires.93

Besides Cu foil, a copper oxide (CuO) nanowire can also act as a
template to grow a hierarchical structure with the CuOnanowire
on the inner side and GDY on the outer side, respectively.228

Zhou et al. synthesized GDY nanowalls through a modified
Glaser−Hay coupling reaction.99

3.2. Borophene

Because of the bulk boron having covalent bonding config-
urations, it is a great challenge to fabricate borophene.
Theoretically, a triangular lattice with periodic holes is
calculated to be more stable229,230 and can be synthesized on
metal substrates because of the metal passivation from the
hybridization of sp2.124,231 Borophene striped nanoribbon was
first demonstrated experimentally by Mannix et al., through
MBE growth on Ag(111) under ultrahigh-vacuum conditions.30

Feng et al. also used theMBE technique to obtain borophene on
Ag (111), but with a triangular lattice that is arranged with
periodic holes.232 A similar striped pattern can be obtained for
both reported borophene. Moreover, Tai et al. synthesized
atomically thin borophene composed of orthorhombic γ-B28
cells on Cu foils via chemical vapor deposition (CVD).43 Given
the recent reports on borophene fabrication, two issues need to
be further addressed: the small nanometer-sized domains for
device fabrication and substrate-dependent structural variation.
The domains growing on Ag(111) are always at the nanoscale
level for different growth conditions. By choosing a Cu(111)
substrate that is less inert than Ag, a large area crystal up to 100
μm2 can be obtained.233 Most of the reported borophenes
possess a triangular lattice. Unlike these reports, Li et al.
prepared a graphene-like borophene with the honeycomb
structure on an Al substrate when the honeycomb boron
structure can be stabilized by obtaining one electron charge from
Al.234 As a contrast, there is negligible charge transfer between
boron and Ag or Cu, endowing triangular lattice generation.235

Rather than these bottom-up fabrication techniques, Ji et al.
employed a top-down strategy to obtain borophene through
synergistic thermal oxidation etching and liquid-phase exfolia-
tion.236 Ranjan et al. employed sonochemical exfoliation to
obtain monolayer borophene using an appropriate solvent.237

These rare bottom-up fabrication reports illustrate difficult
exfoliation from nonlayered bulk boron.
Although successful fabrication of borophene has been

achieved, it remains a question if synthetic borophene can
exist as chemically and structurally distinct layers connected by
van der Waals (vdW) forces. Campbell et al. reported that
ultrathin borophene nanosheets grown on a Ag(111) substrate
exhibit a vdW-like structure different from the bulk allotrope.238

It is observed that the boron atoms form a single planar layer on
the Ag substrate. This growth of synthetic borophene from the
substrate suggests that it is possible to realize more types of 2D
materials than those obtained from layered bulk crystals.
Besides the growth of borophene on Ag substrates, Kiraly et al.

showed that boron atoms can diffuse into Au at high
temperatures and aggregate into borophene islands on the
surface as the substrate cools.239 Importantly, subsurface boron
undergoes a less steric effect from the surrounding Au atoms
and, in turn, can generate a strong B−Au interaction to make a
more energetically favorable adsorption site (see Figure 21A1).
Furthermore, strain relief and energy minimization of the
Au(111) surface lead to borophene nucleation and growth.
Increasing boron coverage breaks the nanoscale template and
small ordered islands can thus be evolved into larger sheets
(Figure 20A2). Wu et al. reported that large area crystals up to
100 μm2 could also be obtained by choosing the Cu (111)
substrate that is less inert than Ag (Figure 20B1).233 The crystal
structure is composed of triangular sites and a honeycomb lattice
with the exact ratio of triangular sites and honeycomb lattice
sites of 5 (Figure 20B2−B4). Furthermore, a charge-transfer
interaction was predicted, with less covalent bonding between
the Cu substrate and borophene.
The sp2 hybridization-based planar honeycomb structure in

graphene endows it with great potential in numerous
applications,240 which arouses interest in other elemental 2D-
enes, such as the silicene,4 stanene,2 and germanene.3 But the
2D-enes mentioned above easily form a buckled honeycomb
structure due to the sp2-sp3 hybridization. The primary cause for
this difference is their larger atomic radius than carbon. Unlike
these 2D-enes, the smaller atomic radius of boron renders the
possible formation of planar honeycomb borophene. Up to now,
most of the fabrication reports on borophene focus on triangular
borophene. The fabrication of honeycomb borophene remains a
challenge owing to its electron deficiency.234 Electron charging
can lead to a structural change with alternative electronic
property. It is found that a stable honeycomb boron structure
can exist in boride compounds (e.g., MgB2), where theMg atoms
can provide electrons for boron atoms.241 Inspired by this idea,
Li et al. fabricated a pure honeycomb borophene on an Al(111)
substrate through MBE growth.15 Monolayer honeycomb
borophene was observed by scanning tunneling microscopy
(STM) (Figure 20C1,C2). It is shown that the honeycomb
borophene grown on the Al (111) substrate is energetically
stable. The finding of honeycomb borophene is important to
understand basic boron chemistry. More details can be found in
a recent review paper.31

The honeycomb boron layer included in diborides may offer a
chance to obtain honeycomb borophene through a top-down
strategy.242,243 Unfortunately, the borophene layer is also
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covalently bound with metal layers in diborides, making it
challenging to directly exfoliate honeycomb borophene. Similar
to the fabrication of MXene, the strategy through acid etching
technique from diborides may be a useful method to obtain
borophene.

3.3. Group V: Arsenene, Antimonene, and Bismuthene

Among various methods, liquid exfoliation and mechanical
exfoliation approaches have been widely applied for obtaining a
single layer or few-layer pnictogens.178,182,245−250 Different
factors such as solvents screening and the size of bulk materials
have been reported to have a dramatic influence on the
exfoliation process.
As shown in Figure 21A, liquid exfoliation is the most widely

employed “top-down” strategy for producing thin-layer Xenes.
Tip ultrasonication with a higher power is usually employed to
defeat the strong van der Waals force of Arsenene layers within a
much shorter time than normal ultrasonication, which
effectively avoids the problem of overheating.251 Water and
oxygen reactivity are general issues for 2DXene preparation, and
thus, oxygen-free organic solvents are needed to avoid the
oxidation of Xene layers. Compared with water, organic solvents
with heavier molecular weight and higher surface tension are
demonstrated to yieldmore nanosheets from the bulk As, among
which N-methyl-2-pyrrolidone (NMP) proves to be the
optimized solvent. Solvents would affect not only the yield of
the 2D nanosheets, but also the size and morphology. When

using toluene as the solvent to replace NMP, Arsenene nanodots
were obtained.248 Systematic theoretical and experimental
studies were performed to investigate the solvent effect, and
the conclusion suggests that electronic interaction between
solvents and the As surface plays a significant role in determining
the surface charges over arsenene, thus providing a way to tune
the van derWaals force between layers by changing solvents with
different polarity.247 Apart from Arsenene, antimonene nano-
sheets were also obtained via the liquid exfoliation method.
Grinding pretreatment has been utilized before ultrasonication
(Figure 21B), resulting in antimonene with good quality and
intact structures to enhance speed and efficiency.246 To further
increase the efficiency, balling pretreatment of bulk Sb in the
presence of polymerized ionic liquids was proved to be a
solution, with stable antimonene NSs produced in high
concentration.250 Unlike Arsenene or BP, butanol was found
as an optimal solvent for antimonene, providing appropriate
shear force and wetting parameters. However, the high boiling
point makes it difficult for separation, which was overcome by a
modified sonication method under an ice bath, with ethanol as
the optimal solvent for producing concentrated atomic layer
antimonene NSs.252 Liquid exfoliation has also been performed
to synthesize 2D bismuthene, as shown in Figure 21F.182 In
addition to the ultrasonication-assisted exfoliation approach,
electrochemical exfoliation offers another cost-effective way to
produce NSs with regular morphology (Figure 21C).253

Figure 21. Selected synthetic routes for 2D As, Sb, and Bi Xenes. (A) Liquid exfoliation for As. Reproduced with permission from ref 251. Copyright
2019 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim. (B) Grinding-assisted exfoliation of Sb. Reproduced with permission from ref246.
Copyright 2018 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim. (C) Electrochemical exfoliation of Sb. Reproduced with permission from ref
253. Copyright 2017Wiley-VCHVerlag GmbH and Co. KGaA,Weinheim. (D)Mechanical isolation of Sb. Reproduced with permission from ref 254.
Copyright 2016Wiley-VCHVerlag GmbH and Co. KGaA,Weinheim. (E) Bottom-up synthetic approach for Sb. Reproduced from ref 255. Copyright
2018 American Chemical Society. (F) Liquid exfoliation of Bi NSs. Reproduced with permission from ref 182. Copyright 2018 Wiley-VCH Verlag
GmbH and Co. KGaA, Weinheim.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00165
Chem. Rev. XXXX, XXX, XXX−XXX

W

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig21&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Mechanical exfoliation has been used for substrate supported
Xenes. For example, to effectively load antimonene on the Si
substrate, a viscoelastic stamp was mixed with bulk Sb before the
exfoliation process, resulting in antimonene NSs with high
resistance toward air and water as well as with a high transferring
efficiency to the Si substrate (Figure 21D).254

Apart from these commonly employed top-down strategies,
bottom-up approaches have also demonstrated their efficacy for
fabricating these 2D Xenes. Figure 21E depicts an example that
Sb atoms first grow on a silver crystal surface via deposition,
followed by layer formation with more Sb deposition. Although
this approach is more expensive than the methods mentioned
above, it gains an advantage over them due to the uniform
structures produced and having intrinsically high transferring
efficiency to additional substrates.255

To fully exploit the Xenes, which generally exhibit poor
solubility in biological media, post-treatment is required to
further enhance their stability under ambient conditions and
trigger biophotonics activities (Figure 22).44 Common treat-
ments, involving the encapsulation of Xenes in hydrogels or
polymers (e.g., PLGA),256,257 surface modification via chemical
(coordinating with metal species, ionic liquids, organic ligands
or azides)258−260 or physical interaction (electrostatic adsorp-
tion),261,236 are generally required. These treatments increase

the resistance of Xenes against water and O2, and modify the
surface’s polarity, which benefits their dispersion in blood. The
guiding principles for the modifiers are that post-treatment of
these 2D materials should lead to a remarkable enhancement of
dispersion stability, useful lifetime during the biomedical
process, and surface reactivity (for drug loading). More
importantly, the modifiers must be nontoxic and degradable in
vivo. Generally, the dispersion of pure Xenes in water is poor;
hence, the interaction of hydrophilic modifiers with the surface
would largely increase water solubility.
Moreover, the preservation of Xenes within hydrogels or

polymers makes it possible to realize smart drug release control
or other biomedical applications. The photothermal effect in
these 2Dmaterials is aimed to destroy the structure of hydrogels
for controlled release of drugs.256 However, surface modification
might prevent Xenes from exhibiting their full potential, which
requires further study for confirmation.
In addition to the above post-treatment, surface modification

of 2D Xenes via electrostatic adsorption of ions (metal salts or
ionic liquids),262 coordination with molecules or metal
species,191 introduction of defects/dopants,263 as well as
heterojunction construction188,194 have all been achieved during
the past years. These modifications enhanced the stability and
enriched the functionalities of the parent pnictogens, and

Figure 22. Common strategies for Xene modifications.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00165
Chem. Rev. XXXX, XXX, XXX−XXX

X

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig22&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


provided tuning of conductivity, carrier mobility, chemical
potential, and free energy. For example, the As/MoS2 and Sb/
Ge heterostructures have both yielded a transition from indirect

bandgap (As, Sb) to direct band structures via precise
control,192,264 which promotes the rational design of novel
functional 2D materials.

Figure 23. (A1) Schematic illustration of hexagonal tellurene NSs grown on flexible mica substrates. (A2) Typical hexagonal NSs (scale bar: 30 μm).
(A3) AFM image of a hexagonal tellurene NS. Reproduced from ref 205. Copyright 2014 American Chemical Society. (B1) Growth of monolayer
tellurene film on graphene; fast Fourier transform patterns of (B2) monolayer tellurene and (B3) graphene substrate shown in (B1). Reproduced from
ref 213. Copyright 2017 American Chemical Society. (C1) Solution-grown Te nanoplates; (C2) AFM image of tellurene NSs. Reproduced with
permission from ref 202. Copyright 2018 Springer Nature. (D1) TEM image of the morphology of tellurene NSs; (D2) AFM image illustrating
thickness and the corresponding height profile. Reproduced with permission from ref 38. Copyright 2018 Wiley-VCH Verlag GmbH and Co. KGaA,
Weinheim.
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Despite several approaches that have been developed for
preparing 2D materials and their corresponding nanoplatforms,
the intrinsic forms of as-prepared 2D materials are usually not
uniform in structure and composition and may suffer from
decomposition. Reaching a decisive conclusion for given
biomedical performances based on currently available 2D
material-based nanoplatforms is not easy, hindering our
understanding of how light-activated biophotonic processes
occur when applying these systems to diversified biological
practices. The surface functionalization process is a standard
pretreatment; however, it remains unclear to what extent the
pristine 2D materials are influenced.

3.4. Tellurene

A chainlike structure of tellurium prefers to form one-
dimensional architectures, and thus, significant progress has
been made in synthesizing 1D nanostructures of Te. In contrast,
much less effort has been put into synthesizing 2D Te
nanostructures and studying their properties. Wang et al.
fabricated hexagonal tellurene nanoplates on mica sheets via
vdWE.205 A mica surface is chemically inert and allows a huge
lattice mismatch, facilitating the migration of tellurium adatoms
along the surface (Figure 23A1). This is beneficial for a lateral
growth of 2D tellurene nanoplates. Typical regular hexagonal
tellurene nanoplates with a lateral size from 6 to 10 μm (Figure
23A2) and thickness of mainly 30−80 nm (Figure 23A3) have
been successfully achieved. Huang et al. synthesized monolayer
and few-layer tellurene films by MBE on the graphene/SiC
substrate (Figure 23B1).213 They consist of parallel helical Te
chains. Unlike the hexagonal symmetry of a graphene substrate,
tellurene films present a rectangular lattice (Figure 23B2,B3).
To overcome the limitations in crystal size and stability of
tellurene synthesized on substrates, Wang et al. report a
substrate-free solution process (Figure 23C1).202 It can realize
the fabrication of tellurene with a large-area and high-quality.
The thickness of the obtained tellurene can range from a
monolayer to tens of nanometers, with the lateral dimension
being up to 100 μm (Figure 23C2). Besides these bottom-up
methods, Xie et al. have adopted a liquid-phase exfoliation
method to exfoliate tellurene NSs to a typical chain-like
structure of layered materials.38 The achieved tellurene NSs
possess a large lateral dimension variation from 41.5 to 177.5 nm
but a relatively uniform thickness of 5.1−6.4 nm (Figure
23D1,D2).

3.5. Heterojunctions

Apart from pure Xenes, a number of Xenes-based hetero-
junctions have also been successfully fabricated through various
methods, many of which were similar to those of Xenes, as
discussed above. The synthetic approaches are briefly
summarized in Table 1. Heterojunctions are classified into
different types, based on the discontinuity resulting from the
alignment of bands. For heterostructures of type-I, the bandgap
of one component entirely overlaps with that of the other. The
potential discontinuity for the conduction band, ΔEc, is
expressed as “ΔEc = Ec1 − Ec2 = f(Eg1 − Eg2) = fΔEg” while
that for the valence band,ΔEv, is expressed as “ΔEv = Ev1− Ev2
= (1 − f)(Eg1 − Eg2) = (1 − f)ΔEg”; For type-II
heterostructures, both the edges of conduction band and
valence band for one component are lower than those of the
second component.
Ren et al. designed an arsenene monolayer deposited on PtS2,

named PtS2/ arsenene, using the chemical vapor deposition
method.265 Based on the work function of arsenene being higher

than that of PtS2 and the built-in electric field, the photoinduced
electron of PtS2 transfers to the valence band of arsenene to
combine with the hole, while the photogenerated charges of
arsenene gathered in its conduction band, thus generating a Z-
scheme heterojunction where PtS2 interacts with the arsenene
monolayer by the van der Waals force. The Z-scheme
heterojunction can suppress the recombination of electron−
hole pairs, improving the photocatalytic performance signifi-
cantly. Niu et al. used arsenene as a cocatalyst with the unique
bandgap and optical properties to explore the As/tetracyano-
naphthoquinodimethane (TCNNQ) photocatalyst by using
many-body perturbation GW method and extrapolation
approach, forming a type-II heterojunction, which can efficiently
increase the mobility of charge carriers and be a good candidate
for photocatalysis and photovoltaics.266 However, this is mostly
limited to theoretical calculations; additionally, experiments are
required for verification. In 2018, Xie et al. built InSe/arsenene
by the growth of a single layer of InSe on the surface of an
arsenene NS via bottom-up deposition.267 The first principle
calculation analysis reveals that a type-II heterostructure is
formed at the interface of InSe/arsenene. In the same year,
Barrio et al. reported the CNSbx as a photocatalyst for pollutant
degradation prepared by liquid exfoliation, where the Sb flake is
closely connected with the g-CN layer with strong inter-
action.268 The Tauc plot and Mott−Schottky analytical results
explain that the conductive band position (−0.91 eV) and the
bandgap energy (2.22 eV) of g-CN are all higher than that of Sb,
demonstrating the generation of a type-I heterojunction by the
van der Waals force.

Table 1. Summary of Interlayer Interactions and Preparation
Methods for Selected Xenes-Based Heterojunctions

materials

interaction
between

compositions method ref

g-C3N4/GDY π−π stacking solvothermal reaction 69

CoNx@GDY synergistic
interaction

calcination to obtain CoNx NS,
followed by in-site growing GDY.

269

GDY-MoS2 covalent
bonding

growth on 3D carbon fiber networks
through hydrothermal synthesis of
MoS2 NSs, followed by the in situ
growth of GDY NSs on MoS2
surface

117

borophene/
PTCDA

covalent
bonding

deposition of PTCDA onto
submonolayer borophene on
Ag(111) substrates

138

borophene−
graphene

covalent
bonding

bottom-up electron-beam
evaporation

137

PtS2/arsenene Z-scheme
heterojunction

chemical vapor deposition 265

InSe/arsenene type-II
heterojunction

bottom-up deposition 267

arsenene/
TCNNQ

type-II
heterojunction

many-body perturbation GW method
and extrapolation approach.

270

antimonene/
Bi2Se3

van der Waals
force

bottom-up deposition 266

CNSbx van der Waals
force

two-step procedure 268

Bi/BiOCl Bi−O covalent
bonding

hydrothermal 271

Bi@Bi5O7I/
rGO

Bi−O covalent
bonding

surface charge mediated self-assembly
and in-site reduction

272

Bi4MoO9/Bi Bi−O covalent
bonding

a facile surface chemical reduction
treatment

273

Bi/Bi2O2CO3 Bi−O covalent
bonding

solvothermal 274

Bi/Bi2O3 covalent
bonding

pulsed laser deposition 275
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4. APPLICATIONS OF XENES AND THEIR
HETEROSTRUCTURES

In this section, the nonlinear optical, optoelectronic, catalysis,
sensors, biomedical, and energy applications of Xenes will be
reviewed. Nonlinear optical applications will focus on nonlinear
absorption, including saturable absorption, two-photon absorp-
tion, and spatial self-phase modulation (SSPM). Sensor
applications mainly include biosensors and gas sensors. For
biomedical applications, Xenes-based photothermal, photo-
dynamic, and drug delivery systems will be discussed.

4.1. Optical Devices

Two-dimensional materials-based nonlinear optical devices
have attracted wide attention since graphene was first proposed
as a saturable absorber in a fiber ring laser.276 Light interaction
with 2D materials enables nonlinear absorption in which the
material absorption coefficient changes with the input laser
intensity. Nonlinear effects include saturable absorption, two-
photon absorption, excited-state reversed saturable absorption,
and spatial self-phase modulation. In saturable absorption, the
material’s absorption coefficient of light gradually decreases with
the increase of laser intensity, and the material eventually
becomes optically transparent. In excited-state reversed
saturable absorption and two-photon absorption, the opposite
occurs, which means enhanced absorption and reduced
transparency corresponding to increasing light intensity.
SSPM is an all-optical modulation phenomenon, which is a

third-order nonlinear optical effect. SSPM refers to when a laser
with high intensity interacts with a homogeneous medium, a
diffraction pattern due to beam divergence can be observed at a
certain distance. The phase of the light is modulated by its
intensity. In recent years, SSPM based on two-dimensional
material has attracted much attention. SSPM is widely used to
measure the nonlinear refractive index of two-dimensional
materials. However, the physical mechanism of SSPM is still
controversial; the study of SSPM is still at an early stage.Many of
the reported SSPM results which were obtained by using
nanosecond long pulses, may be due to thermal effects rather
than electronic nonlinearity. Potential applications of SSPM
with two-dimensional materials include optical limiting, optical
modulation, optical switching, all-optical diode, optical bist-
ability, and dark hollow beam generation. Two-dimensional

materials that have been proposed to investigate SSPM include
graphene, TMDCs, BP, topological insulators, and other 2D
materials. There have been many studies on broadband SSPM,
but theymostly focused on the visible light band. Broadening the
research area of SSPM and developing ultrafast wideband SSPM
will be a promising area.277

In this section, 2D materials optoelectronic applications
derived from the above-mentioned nonlinear optical effects will
be reviewed.

4.1.1. GDY. Modulation of the bandgap of GDY has been
demonstrated with two methods. The first method is doping
nitrogen and boron into the carbon networks of GDY56 and
another method is applying a homogeneous electric field
perpendicular to it. It is possible to further study the regulation
of the nonlinear optical response of the GDY by changing its
bandgap. GDY possesses tunable bandgaps and ultrahigh carrier
mobilities, which may have broader prospects for optoelectronic
applications.47 2D GDY exhibits excellent optical properties and
thus has several promising applications in nonlinear optics, such
as an optical switch, optical modulator, and optical wavelength
converter.278 However, the study of nonlinear optics of GDY is
still at its initial stage, which needs further investigation.

4.1.1.1. Photonic Diode. In 2019, GDYwas first designed as a
photonic diode using the SSPM method.106 GDY has been
demonstrated to have a nonlinear intensity-dependent refractive
index (Kerr nonlinearity) with the order of magnitude ∼10−5
cm2 W−1. Motivated by the strong Kerr effect of GDY, a
nonlinear photonic diode composed of GDY and SnS2 was
proposed to achieve nonreciprocal light propagation. It was
reported that GDY has a broadband nonlinear optical response.
SnS2 exhibits the behavior of reverse saturable absorption279

with a bandgap of 2.6 eV, which makes it difficult to excite
diffraction rings. When GDY and SnS2 are coupled together to
form a hybrid structure, propagational symmetry-breaking
occurs, which can realize unidirectional diffraction rings
excitation. Corresponding experimental setup and results are
shown in Figure 24. This indicates that the GDY/SnS2 hybrid
structure supports nonreciprocal light propagation, indicating
that GDY can be used as a nonlinear photonic diode.

4.1.1.2. Mode-Locked Fiber Lasers. Recently, a 2D GDY
decorated tapered fiber-based saturable absorber was used in a
fiber laser to generate stable mode-locking pulses in the optical

Figure 24. (A)Observation of nonreciprocal light propagation from the as-fabricated photonic diode. (B)Number of diffraction rings as light intensity
increases, excited from the independent GDY dispersions (green line) and SnS2 dispersions (black line) at λ = 532 nm. (C) Nonreciprocal light
propagation with a fixed wavelength of 532 nm. Reproduced with permission from ref 106. Copyright 2019Wiley-VCHVerlag GmbH and Co. KGaA,
Weinheim. (D) Fiber laser setup with a GDY-based SA. (E) Output pulses, inset: pulse train in a 14 ms span. (F) Optical spectrum. Reproduced with
permission from ref 47. Copyright 2019 Elsevier, Inc.
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communication band.107 The saturation intensity and modu-
lation depth of the as-fabricated 2D GDY decorated tapered
fiber-based saturable absorber were respectively measured to be
60.1 MW/cm2 and calculated to be 11%. The pulse train repeats
with a rate of 12.05 MHz and the pulse duration is 734 fs. Their
center operating wavelength is 1564.70 nm and the 3-dB spectral
bandwidth is 11.74 nm. Corresponding experimental results are
shown in Figure 24D−F. This is the first report on GDY
employed as a saturable absorber in a mode-locked fiber laser,
demonstrating that GDY is promising for the nonlinear fiber
application.
Nearly at the same time, Li et al. investigated a fiber ring laser

passively mode-locked by a few-layer GDY.280 The hybrid
mode-locked fiber laser was supported by the nonlinear
polarization evolution technique and nonlinear absorption of
GDY. The central wavelength, the repetition rate, and the pulse
duration of mode-locking pulses were 1530.7 nm, 14.7 MHz,
and 690.2 fs, respectively. Compared to using GDY as a
saturable absorber or applying only a nonlinear polarization
rotation technique, the output pulse duration of this hybrid
passive mode-locked laser decreased more than 50 fs. Thus,
GDY is demonstrated to be capable of being applied in ultrafast
fiber lasers.
4.1.2. Arsenene, Antimonene, and Bismuthene.

4.1.2.1. Arsenene. Currently, arsenene-based optoelectronics
devices have not been thoroughly investigated by researchers,
with concrete evidence. It can be anticipated that arsenene has
potential applications in laser oscillators, optical switching, and
corresponding areas based on the optical properties discussed
above.

4.1.2.2. Antimonene. 4.1.2.2.1. Mode-Locked Fiber Lasers.
In 2017, antimonene was first used as a saturable absorber in
fiber ring lasers to generate ultrashort pulses at 1550 nm. Song et
al. conducted an open-aperture Z-scan laser measurement on a
few-layer antimonene, reported its nonlinear optical response,
and verified the good stability for the 2D antimonene based
nonlinear optical device (see Figure 25A−C).281 After this
study, a number of researchers focused on the usage of
antimonene saturable absorbers in mode-locked fiber lasers. In
2018, Tian et al. demonstrated multilayer antimonene based
short pulse generation at 1550 nm.282 The central optical
spectrum of the pulses is located at ∼1545 nm, and the
corresponding pump power is ∼21.5 mW. The radio frequency
spectrum shows a signal-to-noise ratio of ∼47.5 dB. Simulta-
neously, a few-layer antimonene NSs with thicknesses of 3−6
nm were employed as saturable absorbers by Liu et al. to obtain
dual-wavelength mode locking in an erbium-doped fiber
laser.283 Stable dual-wavelength output pluses were measured
at 1561.3 and 1562.7 nm.

4.1.2.2.2. Q-Switched Fiber Lasers. In 2018, antimonene was
first used as a saturable absorber in solid-state lasers.284 Wang et
al. proposed a passively Q-switched solid-state laser operating at
946, 1064, and 1342 nm using antimonene as saturable
absorbers. The Q-switched pulse durations were 209, 129, and
48 ns, and their respective peak powers were 1.48, 1.77, and
28.17 W. This research showed that antimonene could be
applied in a broadband nonlinear optical device in lasers,
particularly NIR. Since then, Q-switched fiber lasers using
antimonene SA have been developed by many researchers;285

particularly the application of antimonene for the mid-infrared
spectral region laser has been proven for the first time. Luo et al.

Figure 25. (A) Schematic diagram of the fiber laser including few-layer antimonene (FLA); (B) optical spectrum; (C) pulse train. Reproduced with
permission from ref 281. Copyright 2017 IOP Publishing. (D) Experimental setup of a Q-switched Ho3+/Pr3+-codoped fluoride fiber laser; pulse train
and single pulse (inset) at the launched pump power of (E) 93.3 mW and (F) 358.6 mW. Reproduced with permission from ref 286. Copyright 2018
The Optical Society. (G) Experimental setup illustration of antimonene-based microfiber applied as a Kerr switch; Corresponding optical spectrum of
pump and probe when the switch is (H) turned off and (I) turned on. Reproduced with permission from ref 288. Copyright 2018 Wiley-VCH Verlag
GmbH and Co. KGaA, Weinheim.
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experimentally demonstrated that stable Q-switched pulses in a
fluoride fiber laser codoped with Ho3+ and Pr3+, operated at
2865.0 nm by introducing a 2D antimonene SA device into the
cavity (see Figure 25D−F).286 The pulses generated from the
laser were with 0.72 μJ pulse energy, with a largest output power
of 112.3 mW. The pulse width is as short as 1.74 μs, and the
fastest repetition rate was up to∼156.2 kHz. In 2019, fluorinated
antimonene, which is a new derivative of antimonene, was
proposed. Its direct bandgap can be modulated by the degree of
fluorination, revealing an effective method to regulate
bandgap.287 Fluorinated antimonene has been applied as a SA
device in passive Q-switched Nd:LuAG laser by Zhanget al.,
which can support a stable pulse train having the pulse duration
326.7 ns and the repetition rate 733.1 kHz.
4.1.2.2.3. All-Optical Thresholding. In 2017, Song et al. used

antimonene decorated microfiber for an all-optical threshold to
reduce the noise of the optical pulses propagating in the optical
fiber, thus improving the signal-to-noise ratio ∼10 dB.281 The
results guide the application of 2D antimonene in all-optical
threshold with long-term stability.
4.1.2.2.4. Optical Kerr Switch. An optical Kerr switch refers

to a device that utilizes the effect of an intense light propagating
in a nonlinear medium, which produces additional nonlinear
phase shifts. Due to the nonlinear phase shift, when the input
light intensity increases, the polarization of the signal light will
evolve. An experimental setup of an optical Kerr switch using the
antimonene decorated microfiber, designed by Song et al., is
presented in Figure 25G−I.288 This optical Kerr switch has an
extinction ratio of 12 dB. This finding indicates that a few-layer
antimonene-based optical device can be potentially applied in
next-generation optical communication systems.
4.1.2.2.5. All-Optical Wavelength Converter. In the field of

nonlinear optics, four-wave mixing (FWM) refers to an
intermodulation phenomenon. In a single-mode fiber, four-
wave mixing occurring when two laser beams operating at two
different wavelengths propagate along with the fiber could
generate new wavelength signals; thus, it can be applied in
optical wavelength conversion in the communication system.
Graphene has been applied in a FWM wavelength converter.289

However, the efficiency of FWM cannot fulfill the current
demand of the optical communication system. In 2018, Song et
al. reported an antimonene based all-optical wavelength
converter, which has a conversion efficiency as large as 63 dB,
indicating an enhanced performance of the device.288

4.1.2.3. Bismuthene. 4.1.2.3.1. Ultrashort Pulse Gener-
ation. Similar to black phosphorus, bismuthene also has a direct
tunable bandgap and high carrier mobility. Thus, BP’s general
applications have been examined for bismuthene, such as
broadband optical detectors, phase modulators, and all-optical
switches.290,182 Compared to BP, the heavier bismuthene is
intrinsically more stable in the ambient environment.
Furthermore, theoretical calculations predict that the bandgap
of bismuthene ranges from 0 to 0.55 eV, suggesting its potential
applications within MIR and IR.291 Recently, a few-layered
bismuthene has been fabricated with an average thickness of 3
nm. Bismuthene based all-optical switching by utilizing spatial
cross-phase modulation, was demonstrated in their work, which
is attributed to a prominent nonlinear refraction effect in
bismuthene. Later on, an erbium-doped mode-locked fiber laser
with a bismuthene saturable absorber was reported.292 The laser
setup is shown in Figure 26.

4.1.2.3.2. Mode-Locked Fiber Lasers. In 2017, bismuthene
was first investigated for nonlinear optics by diffraction ring
patterns and demonstrated saturable absorption at the tele-
communication waveband.182 Lu et al. fabricated a few-layer
bismuthene decorated microfiber with a nonlinear absorption
feature at the communication band, which was measured with a
modulation depth of ∼2.03%. The as-fabricated bismuthene SA
was employed in a fiber laser for ultrashort pulse generation.
This was the first time that bismuthene was applied as a
nonlinear optical device. In 2018, Chai et al. demonstrated a
bismuthene-based dissipative soliton fiber laser operating at 1
μm.292 The repetition rate of the laser-generated typical
dissipative soliton pulses was 21.74 MHz and their pulse
width was 30.25 ps. Later, 2D bismuthene based SA mode-
locked fiber lasers were widely reported. Guo et al. successfully
obtained a bismuthene-based fiber laser with a pulse duration of
∼193 fs operating at 1561 nm.293 This finding unambiguously

Figure 26. Schematic diagram of the fiber laser with a bismuthene decorated microfiber saturable absorber. Reproduced with permission from ref 292.
Copyright 2018 Royal Society of Chemistry.
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implied that few-layer bismuthene possesses excellent nonlinear
optical properties for ultrafast photonics.
Singh et al. employed theoretical calculations within the

random phase approximation for ultraviolet (UV) optical
nanodevice applications of both puckered and buckled Sb
configurations. The simulations of different parameters such as
specific dielectric function and electron energy loss spectra
(EELS) suggest that the refractive index values of the two Sb
allotropes can achieve as high as 3.6 within the UV region,
primarily indicating possible applications of Sb as UV absorbers.
Further simulations on the dielectric function and EELS
manifest that the value of plasmon energies are close to 9 eV,
which corresponds to the region that Sb exhibits metallic
properties upon reflection. This theoretical work guides future
studies on strain engineering of antimonene, which finally
contributes to antimonene photonic devices within the UV
region (Figure 27).294 Moreover, arsenene and antimonene
undergoing hydrogenation pretreatment have been simulated as
magnetic and Dirac materials, further expanding optoelectronic
devices’ applications. Based on DFT calculations, hydrogen
treatment would transform the buckle structure of NSs into a
planar structure.More importantly, semihydrogenation will alter
the electronic structure to metallic, while full-hydrogenation
would transfer the pristine 2D Xenes to Dirac materials.295

Interestingly, if arsenene or antimonene is treated with oxygen
forming oxides, such Xenes will be changed to be topological
insulators with direct bandgaps, as evidenced by Zeng’s
group.165

4.1.3. Tellurene. 2DTe has an optical absorption band from
200 to 2000 nm, which is suitable for fabrication of optical
devices located at both infrared and visible bands.
Recently, tellurium nanostructures were discovered by Wang

et al.296 These tellurium nanostructures have been demon-
strated to have nonlinear optical properties using the open-
aperture z-scan measurement over a broad wavelength range.
This work achievedmode-locking pulses andQ-switching pulses
based on biologically produced Te (Bio-Te) in erbium-doped
fiber laser and 2 μm solid-state lasers, respectively. It is suggested
that the Bio-Te has a potential for wideband photonic
applications, such as mode-locked lasers and optical routing.
It is also worth mentioning that small-sized two-dimensional

Se-coated Te lateral heterojunction nanomaterials were applied
in ultrafast lasers by researchers from ShenzhenUniversity. A Se-
coated Te-based microfiber was fabricated as a mode-locking
device in ultrafast fiber lasers at infrared. Tellurene also shows
great potential for other applications, like the all-optical signal
processing and optical computing.

Figure 27. Refractive index n(ω) and extinction coefficient K(ω) of (A) α-Sb and (B) β-Sb monolayers obtained using hybrid functional HSE06.
Absorption coefficient I(ω) (the unit of the absorption coefficient is 105/cm), energy loss spectrum L(ω) and reflectivity R(ω) of (C) α-Sb and (D) β-
Sb monolayers obtained using hybrid functional HSE06. Reproduced with permission from ref 294. Copyright 2016 Royal Society of Chemistry.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00165
Chem. Rev. XXXX, XXX, XXX−XXX

AD

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig27&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


4.2. Optoelectronics

In recent years, photodetectors based on 2D materials and their
heterostructures have attracted extensive interest. Due to their
unique photoelectric characteristics, two-dimensional photo-
detectors have made remarkable achievements for ultrasensitive
optoelectronics.
4.2.1. GDY. For GDY, Li et al. reported heterojunction UV

photodetectors with TiO2:GDY nanocomposites and
MgZnO.297 It has a large signal-to-noise ratio of 1.5 × 105 at
254 nm, with the rise and fall times of 3.5s and 2.7s, respectively.
Jin et al. reported GDY/ZnO nanocomposites prepared via self-
assembling GDY on modified ZnO nanoparticles surface for UV
photodetection as shown in Figure 28A,C.298 The connection
between GDY-nanoparticles and ZnO nanoparticles signifi-
cantly enhances the carrier exchange rate between the two
nanoparticles, thus improving the optical response significantly.
The fabricated device exhibited a fast rise/fall time of 6.1/2.1 s
and a large response of 1260 A W−1 (Figure 28D). In contrast,
traditional reference devices have a response of 174 AW−1 and a
rise/fall time of 32.1/28.7 s (Figure 28B), which are significantly
lower and longer. Zhang et al. demonstrated the deposition of
ultrathin GDY NSs on a flexible PET substrate for PEC light
detection.299 The flexible photodetectors of GDY nanosheets
have long-term stability at 0.1m KOH. In addition, the
photodetector device maintains good light response character-
istics after 1000 cycles of twisting (45°) and bending (180°)
(Figure 28E,F).
4.2.2. Borophene. Ma et al. prepared a photoelectrochem-

ical (PEC) and a field-effect transistor (FET) based on boron
nanosheets, as shown in Figure 28G.300 The experimental results
show that the PEC device has excellent self-power supply ability
and has a high optical response up to 2.9−91.7 μA W−1 in the
UV band. In addition, under the excitation light of 405 nm, the
FET also shows a tunable light response range from 174 to 281.3
μA W−1 (Figure 28H).
4.2.3. Group V: Arsenene, Antimonene, and Bismu-

thene. Despite lacking experimental studies employing
arsenene directly as optoelectronic devices, the unique optical
and tunable electronic properties of Arsenene promote

theoretical simulation investigations on this application, which
has laid a good foundation for future research.301 In 2018, Gao et
al. observed strong superconductive pairing interaction in
arsenene using first-principles DFT calculations. By carefully
checking the possible phonon-mediated superconductivity
under electron doping, researchers simulated the superconduct-
ing transition temperature of the arsenene. As one arsenene
doped with 0.2 electrons and 12% biaxial tensile strain was
applied, its superconducting transition temperature was 30.8 K,
which was predicted to be the highest in the electron-doped 2D
Xenes.302 For arsenene, the metal electrical contact is a key
factor in photoresponse and charge transport processes in two-
dimensional semiconductors (2DSC) devices of nanosize, with
their inherent properties covered up. Lu’s group has simulated
the electrical contact between different electrodes and the
single-layer As (Figure 29A).303 Schottky barriers are always
formed from bulk metal contacts, which is ascribed to Fermi
level pinning, while the hole injection in the monolayer (ML) As
device is free of barrier when applying a hybrid electrode of
graphene and Pt, indicating amazing performance in such an
Arsenene -based device. They provide a theoretical basis to
choose advantageous electrodes when designing a ML arsenene
device in the future.303 Thanks to the prominent carrier mobility
and resistance against oxygen and water, arsenene is promising
for applications in field-effect transistors (FETs). Lu’s group also
simulated the performance of ML As device with the gate length
of sub-5 nm by using accurate ab initio quantum transport
simulation (Figure 29B,C).304 It was found that the optimized
2D ML Xene metal-oxide-semiconductor FETs (MOSFETs)
can meet the requirements of low power as the gate length is
larger than 4 nm. When the gate length is decreased to 1 nm, the
on-current the double gate (DG) ML antimonene and arsenene
MOSFETs are better than that of the DGMLMoS2 MOSFETs,
indicating 2D Xene are more suitable for ultrashort FETs.303,304

Unlike As and Sb, whose energy density is closely correlated
with the external environment, 2D bismuthene’s Young’s
modulus and maximum bond length are insensitive to an
external electric field.305 However, metal incorporation (V, Cr,
Mn, Fe, etc.) would significantly alter the electronic and

Figure 28. (A, B) Schematic diagram and ON/OFF measurement of GDY:ZnO photodetector. (C, D) Schematic diagram and ON/OFF
measurement of GDY:ZnO/ZnO photodetector. Reproduced with permission from ref 298. Copyright 2016 Wiley-VCH Verlag GmbH and Co.
KGaA,Weinheim. (E) Photographs of GDY-based PDs under bending (45°, 90°, and 180°) and twisting (45°); (F) The interceptedON/OFF signals
of GDY-based PDs. Reproduced with permission from ref 299. Copyright 2020Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim. (G) Schematic
diagram of movement and rapid separation of photogenerated electrons and holes in boron nanosheets with excitation light. (H) Photoresponsivity of
the same device as a function of different wavelengths and light power density. Reproduced with permission from ref 300. Copyright 2020 Royal
Society of Chemistry.
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magnetic properties of bismuthene.306 This tunable structure

endows bismuthene potential for photodetector applications. In

2018, Huang et al. applied it to construct electrodes for

photodetection in a broadband spectrum. The photoelectro-

chemical (PEC) performance of the Bi-based photodetector

suggests it is a promising PEC-type photodetector. Further

evaluations indicate that its current density can reach 830 nA

cm−2, with a drastically improved responsivity of 1.8 μA W−1).

Figure 29. (A) Electrical contacts in monolayer arsenene devices. Reproduced from ref 303. Copyright 2017 American Chemical Society. (B)
Schematic view of the sub-5 nm DG ML As/Sb MOSFET. (C) I−Vg characteristics of the sub-5 nm ML As-MOSFETs. Reproduced from ref 304.
Copyright 2018 American Chemical Society.
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This demonstrates great potential for fabricating Bibased
optoelectronic devices in the future (Figure 30).307 Compared
to other 2D materials, Bi suffers from low photocurrent density
and weak photoresponsivity, inhibiting any large-scale applica-
tion in working conditions. Chemical modification with other
elements would improve this situation. In 2020, Zhang and co-
workers successfully prepared bismuth telluride nanoplates,
which have enhanced on/off switching stability for Bi/Te based
photodetectors and offer effective solutions for rational designs
of high-performance optoelectronic devices.308

4.2.4. Tellurene.Wang et al. presented a vdWE-synthesized
hexagonal 2D Te nanoplates-based flexible photodetector with
high photoresponsivity.309 The device demonstrated high
photoresponsivity and excellent stability, as shown in Figure
31A. Under switching of illumination, the measured current
exhibited the same levels of both photocurrent and noise, and
the photoresponsivity with a value of 162.4 AW−1 was achieved,
suggesting high photoresponsivity and stability of the 2D Te
nanoflakes based photodetector. Remarkably, after 100
continuous bending cycles of the device, the measured noise
current and photocurrent changed slightly (Figure 31B,C),
indicating the device was suitable for flexible and wearable
optoelectronic devices. Then, Amani et al. exhibited stable 2D
Te nanofilms based near IR photodetectors.310 An Au/Al2O3
optical-cavity substrate was utilized for improved light
absorption. Additionally, by adjusting the Al2O3-spacer thick-
ness, the peak photoresponsivity wavelength could be tuned
from 1.4 to 2.4 μm (i.e., from 13 to 8 A W−1, respectively), as
shown in Figure 31D. To further evaluate the device

performance, the responsivity dependence on various incident
laser wavelengths at 78 and 297 K was performed (Figure 31E).
The peak responsivity was located at 1.7 μm, showing 27 and 16
A W−1 at 78 and 297 K, respectively. Corresponding specific
detectivities were calculated to be 2.6 × 1011 and 2.9 × 109 at 78
and 297 K, respectively (Figure 31F). Specific detectivity was
enhanced because noise current, which is inversely proportional
to specific detectivity, was more efficiently suppressed at 78 K
than at room temperature. Results showed that 2D Te
nanosheets, solution-synthesized, are promising for high-
performance infrared photodetectors. Recently, Xie et al.
presented a liquid phase epitaxy (LPE)-synthesized 2D
nonlayered Te nanoflakes-based high-photoresponse photo-
detector and the photoelectrochemical measurements on it.311

Compared with the previous studies, this investigation mainly
concentrated on device photoresponses from UV to visible
regions. At a fixed potassium hydroxide (KOH) concentration
and bias voltage, photocurrents and photoresponses were
measured as a function of incident-laser intensity at various
wavelengths, as shown in parts G and H, respectively, of Figure
31. As the power of incident laser beams with various
wavelengths increased, the measured photocurrents were
significantly improved. As a result, the photoresponse was
enhanced as well. Additionally, photocurrent stability depend-
ence to KOH concentration was also measured, and results
predicted that LPE-synthesized 2D nonlayered Te nanosheets
were suitable for application to photodetection in UV−vis
regions. Owing to a small and tunable bandgap of 2D Te
nanoflakes, this material is promising for MIR photodetector

Figure 30. Schematic representation of the photoresponse of a topological Bismuthene photodetector upon sunlight illumination. Reproduced with
permission from ref 307. Copyright 2018 IOP Publishing.
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applications. Waveguide integration can improve SNRs more
than free-space detectors can. Optical absorption was propor-
tional to the waveguide path length. Moreover, detectable
bandwidths of waveguide-integrated devices were wider than
those of free-space ones, mainly owing to the reduced carrier-
transit times and resistive-capacitive delay. Recently, Jones et al.
exhibited the 2D Te nanoflakes based waveguide-integrated
photodetector.312 Small tunable bandgap and low gate-carrier
concentration of 2D Te enabled the fabrication of a very low-
noise room-temperature photodetector. Figure 31I presents the
NEPs of the device based on 2D Te as functions of device length
and the thickness of 2D Te nanoflakes. Simulated NEPs were
much superior to the best of those previously reported. These
outstanding findings suggested that 2D Te holds great potential
for on-chip integrated MIR detection applications.

4.3. Catalysis

With a thin-layer structure providing a large specific surface area
and abundant anchoring sites for absorbing reagents, 2D
materials provide a promising nanoplatform for controllable
catalytic properties compared with their corresponding 3D
structures. The relatively single reactive environments of 2D
materials are very close to the theoretical calculation conditions,
leading to a more comprehensive understanding of reaction
mechanisms combining experimental results. In recent studies,
Xenes have demonstrated promising potentials in electro-

catalysis, photocatalysis, and thermal catalysis. However, current
studies on Xenes are still in the initial stage, and more efforts are
needed to promote their applications in this direction.

4.3.1. GDY. Due to its unique 2D structure with a highly
porous plane, the reactive sites in GDY are increased and thus
another catalyst can be dispersed in the pores. This feature
endows GDY with great potential to be applied for catalytic
applications. So far, a great number of GDY-basedmaterials have
been explored for photocatalyst, electrocatalyst, and water-
splitting applications.
TiO2 has been widely applied in photocatalytic degradation of

organic contaminants attributed to its extremely low toxicity,
low cost, and excellent stability. However, TiO2 nanoparticles
can only employ ultraviolet light because of their large intrinsic
bandgap. GDY is found to improve the photocatalytic
performance of TiO2 (Figure 32A).313 Compared to TiO2,
TiO2-carbon nanotube, and the TiO2-graphene composite, the
TiO2-GDY nanocomposite exhibits the highest activity for
catalyzing the degradation of methylene blue upon UV
irradiation. Moreover, the decreased bandgap of TiO2 after
combining with GDY can improve the visible-light-based
photocatalytic activity of TiO2-GDY (Figure 32A2,A3).
When a semiconducting nanomaterial adheres on the basal

plane of GDY, recombination of the electron−hole pair can be
prevented. The catalytic properties of TiO2-GDY, 2D carbon-
supported TiO2, and graphene-TiO2 composites have been

Figure 31. (A) Photoresponse of 2D Te-based photodetector versus time with 2 V bias. Photoresponse plotted versus time (B) with and (C) without
illumination and 100 times bending treatment. Reproduced from ref 309. Copyright 2014 AmericanChemical Society. (D) IR photoresponse of 2DTe
base photodetector with Au/Al2O3 optical cavities. (E) Spectral responsivities under an applied gate bias of Vg = 5 V and 78 and 297 K. (F) Specific
detectivities of optimized thickness Te nanosheet based devices. Reproduced from ref 310. Copyright 2018 American Chemical Society. (G, H)
Photoresponse and photocurrent as functions of incident power Pλ, respectively. Reproduced with permission from ref 311. Copyright 2018 Wiley-
VCH Verlag GmbH and Co. KGaA, Weinheim. (I) Detector NEPs calculated as a function of device length and thickness of the 2D Te sample.
Reproduced from ref 312. Copyright 2019 American Chemical Society.
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predicted by first-principles DFT (Figure 32B1).314 The TiO2-
GDY composite was found to possess excellent charge
separation ability, and the photoexcited carriers have the most
extended lifetimes among three investigated TiO2 composites.
The prediction is further proved by photocatalytic degradation
of methylene blue (Figure 32B2). This strategy is also viable for
other semiconductor photocatalysis. Thangavel et al. inves-
tigated the photocatalytic property of GDY-ZnO nanohybrid on
the degradation of rhodamine B and methylene blue (MB)
(Figure 32C1).315 Enhanced photocatalytic properties can be
observed on GDY-ZnO nanohybrids, with a 2-fold higher
degradation rate constant of azo dyes than that of pure ZnO
nanoparticles (Figure 32C2), which benefits from efficient
prevention of the recombination rate of the electron and hole.
This mechanism can be proved by the photoluminescence (PL)
spectra (Figure 32C3). The PL intensity from pure ZnO is
significantly quenched after hybridization with GDY. This PL
quenching can be ascribed to the electron-accepting property of
GDY. These GDY-based semiconductor hybrid photocatalysis
investigations can provide promising ways to overcome the
drawback of a single photocatalysis agent for potential
environmental treatment. Besides semiconductors, Li et al.

reported the first Fe3O4-based photocatalyst for nitrogen
reduction reactions. The valence state and coordination
environment of the iron atoms in Fe3O4 can be tuned by
incorporating GDY, leading to excellent photocatalytic perform-
ances of the GDY@Fe3O4 heterojunctions for ammonia
synthesis (with the yield up to 1762.35 ± 153.71 μmol
h−1gcat.

−1).316

Besides the application in the photocatalytic field, GDY has
also attracted the attention for electrocatalytic applications
attributed to the high electrical conductivity and abundant active
sites due to plenty of triple bonds. GDY has also been used as a
support material to protect electrocatalysts from corrosion. Li’s
group developed metal-free 3D porous fluorinated GDY on
carbon cloth (p-FGDY/CC) and GDY-exfoliated and -sand-
wiched iron/cobalt-layered double hydroxide (LDH) nanosheet
arrays for the electrocatalytic hydrogen-/oxygen-evolution
reaction and water splitting.317 The high conductivity, abundant
active sites, and additional electron-rich character of the strong
F−C bond in the p-FGDY/CC electrocatalysis system
facilitated high activity, stability, and selectivity in the metal-
free catalysis. LHD’s electrocatalytic activities and stabilities
were dramatically improved with GDY incorporation, because

Figure 32. (A1) Schematic processes in the TiO2-GDY-based photocatalytic degradation ofMB. (A2) Visible light-catalytic degradation of MB on (a)
pure TiO2, (b) TiO2−CNTs, (c) TiO2-graphene, and (d) TiO2-GDY. (A3) Tauc plot for determination of bandgap. Reproduced with permission
from ref 313. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B1) Different electron density at different composites interfaces:
(a) TiO2-GDY, (b) TiO2-graphene. Yellow and blue denote the depletion and accumulation of electrons, respectively. (B2) The photocatalytic
degradation process of MB through TiO2(001), TiO2(001)-GR, TiO2(001)-GD, and the control. Reproduced from ref 314. Copyright 2013
American Chemical Society. (C1) Schematic photodegradation based on GDY-ZnO. (C2) Degradation rate kinetics of phenol through pure ZnO and
GDY-ZnO nanohybrids. (C3) PL spectra of ZnO and GDY-ZnO nanohybrids. Reproduced with permission from ref 315. Copyright 2015 American
Chemical Society.
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GDY provided a number of active sites and a protection
capability to the LHD from corrosion. Yu et al. integrated the
electron-rich GDY into molybdenum disulfide to achieve a new
electrocatalyst for water decomposition in the whole pH
range.318 Fang et al. synthesized a free-standing GDY/Co2N
using GDY nanosheet arrays in situ grown on the surface of
Co2N nanowires with interface bonding modification.319 GDY
contributes unique π-electron characteristics to optimize surface
binding of Co−N compounds. It resulted in ammonia synthesis
with high electrocatalytic efficiency and selectivity. Recently, Li’s
group synthesized charge-transfer complexes of Ni-terephthalic
acid nanosheet on GDY, with a strong p−d coupling effect at the
interface.320 Therefore, Ni-terephthalic acid nanosheet/GDY
showed record-breaking oxygen evolution reaction in an alkaline
electrolyte. Liu’s group prepared a 3D GDY scaffold to support

rhodium nanoparticles.321 Keeping the intrinsic properties of
GDY, the 3D GDY also exhibits a porous structure and high
specific surface area. These Rh@3DGDY composites showed
high electrocatalytic activity and good recyclability in the 4-
nitrophenol reduction reaction. They also successfully synthe-
sized GDY nanowalls and GDY-based hierarchical architecture
to optimize their catalytic properties.99,228 Wu et al. applied
GDY to support cobalt nanoparticles catalysis for oxygen
evolution, leading to improved electrocatalytic activity.322 First,
the interaction between the catalysts and the π-conjugated
networks of GDY would prevent the nanoparticles from
aggregation. Second, the porous structure of GDY possessed a
high adsorption energy to stabilize the metal nanoparticles. At
last, the good chemical stability and outstanding electrical
conductivity allow GDY to serve as support materials for the

Figure 33. (A) Theoretical band edge positions of the A/C (Sb/carbon) heterostructures as a function of tensile strain (0−7%). Reproduced with
permission from ref 330. Copyright 2017 Royal Society of Chemistry. (B1) Polarization curves, inset: Tafel plots of antimonene in KOH electrolyte
(B2) Tafel slope and overpotential, and (B3) stability tests of 2D antimonene. Reproduced from ref 331. Copyright 2019 American Chemical Society.
Optical absorption spectra of (C1) GaX, arsenene monolayers, and (C2) GaX/As heterostructures using time-dependent Hartree−Fock calculations.
Reproduced with permission from ref 190. Copyright 2018, Elsevier, Inc. (D1) Linear sweep voltammetry (LSV) curves of bulk antimony and 2D
antimonene nanosheets in nitrogen and carbon dioxide saturated media. (D2) Faradaic efficiency (FE) for formate (bottom), carbon monoxide
(middle), and hydrogen gas (upper) over 2D antimonene electrodes at different applied potentials. Reproduced with permission from ref 157.
Copyright 2017 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim. (E1) LSV curves, insert is the enlarged curves ranging from −0.5 to −0.3 V.
(E2) Chronoamperometric curves. (E3)NH3 yield rate and corresponding FE. (E4)NH3 yield rate and FE. Reproduced with permission from ref 332.
Copyright 2020 Royal Society of Chemistry.
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catalysts. Zhang’s group successfully prepared structure-
controlled GDY on arbitrary substrates ranging from 1D to
3D by employing a copper envelope catalysis strategy.70 They
fabricated the GDY/BiVO4 photoanode using this method and
it presented enhanced photoelectrochemical activity and
stability for water splitting. It is because GDY can extract the
photogenerated holes from BiVO4 to decrease the electron−
hole recombination rate and thereby improve the stability of
BiVO4.
Metal atom catalysts (AC) are at the research forefront in the

field of catalysis. They are fabricated by anchoring single atoms
on support materials. A zerovalent metal AC provides a critical
approach to utilize every single metal atom. The active sites in
the zero-valence metal atom catalyst are homogeneous. Thus,
they possess high selectivity, low cost, and high reactivity
compared to bulk metal catalysts. However, as the particle size of
the catalyst continues to decrease, the surface energy of the
metal atom catalyst increases, which is prone to migration and
agglomeration, resulting in unstable charge transfer and uneven
active sites. This disposition makes it easy to limit the load and
affect the mass activity of the ACs. Therefore, the current
research focuses on choosing suitable support materials to
provide efficient and stable metal AC for a practical application
with scalable fabrication. GDY has a high π-conjunction, wide
interplanar spacing, in-plain triangular pores, and excellent
thermal stability, making it the best candidate as an AC
substrate. The previous experimental results successfully
demonstrated GDY as a direct support for zerovalent metal
ACs. Li’s group fabricated well-defined structured metal atom-
GDY hybrid (M0/GDY) ACs by anchoring isolated zerovalent
nickel, iron, molybdenum and palladium atoms at the corners of
the triangular pores inGDY and applied them to electrochemical
catalysis.63,323,324 The isolated nickel, iron, and palladium atoms
were anchored on a three-dimensional (3D) GDY electrode
formed on carbon cloth surfaces by electrochemical reduction of
each metal ion to obtain stable Ni0/GDY, Fe0/GDY, and Pd0/
GDY ACs.63,324 Mo0/GDY was synthesized by solvothermal
reduction of molybdenum pentachloride on the 3D GDY
electrode.323 The ACs revealed that strong chemical interactions
and electronic coupling between the zerovalent metal atom and
GDY could stabilize the atoms on the GDY substrate separately
and permit an efficient charge transport between the active
catalytic sites and the substrate, resulting in outstanding catalytic
activity for hydrogen evolution reaction (HER) or electro-
chemical nitrogen reduction reaction (ECNRR).
4.3.2. Group V: Arsenene, Antimonene, and Bismu-

thene. 4.3.2.1. Electrocatalysis and Photocatalysis. The
unique electronic structures of 2D Xenes allow combinations
of some modifiers and Xenes for application in photoelectric
catalytic processes.325 Some of these reactions could alleviate
energy-related issues, such as water splitting reaction, CO2
reduction reaction, and nitrogen reduction reaction.
4.3.2.2. Water-Splitting Reaction. Hydrogen gas (H2),

because of its high energy efficiency, safe byproduct, and
abundant storage, is proposed to be one crucial type of next-
generation clean energy that is developed as an alternative to
depleting fossil fuels. In recent years, evolution of H2 from a
water-splitting reaction is one of the most examined processes
for which electrocatalytic or photocatalytic approaches are often
needed. The water-splitting reaction typically includes two
processes: a hydrogen evolution reaction (HER, 2H+ + 2e− →
H2) process at the cathode while an oxygen evolution reaction
(OER, H2O→ 2H+ + 1/2O2 + 2e

−) at the anode. This complete

reaction can produce two H2 and one O2 by the decomposition
of two water molecules. In terms of thermodynamics, a
minimum energy of 1.23 eV is required for the water splitting
reaction. Thus, the tunable bandgap of the Xenes can be
designed and modified for a rational preparation of optimized
catalysts, accelerating this process.249,326−328 Several factors
have been reported to influence the HER and OER processes,
such as the dopants, surface sites, and the 2D element itself.329

Figure 33A illustrates the tensile strain dependent band
alignments of a Sb/carbon (A/C) heterostructure with the
redox capacity of oxygen evolution (O2/H2O) at pH = 0 and
hydrogen evolution (H+/H2). It is obvious that for the
unstrained system, OER cannot happen under the promotion
of the VBM. Therefore, implementing an appropriate tensile
strain from 1% to 6% to decrease the VBM is essential for
lowering the O2/H2O energy, thus making spontaneous
photocatalytic water splitting occur. It is noteworthy that
when the tensile strains are less than 6%, the VBM location is
next to the water oxidation potential, and the heterostructure is
beneficial for catalysts to promote the whole water splitting.
When the tensile strain is increased above 6%, the VBM location
will increase above the oxidation potential of O2/H2O, thus
preventing the water-splitting reaction from occurring.330 Using
a few-layer Sb, Zhang et al. carefully studied the HER and OER
performance.250 As shown in Figure 33B, a systematic and
comparative HER study was performed for antimonene. The
catalytic performance was significantly increased, which was
ascribed to a possible reason that the semimetallic electronic
structure might accelerate the electron transfer rate and thus
enlarge the HER capability. Figure 33B1 shows that the lowest
onset potential around −0.27 eV can be obtained, when the
KOH concentration is 0.5M, indicating a low driving voltage for
initiating the HER process. The Tafel slopes in the inset of
Figure 33B1 also presented that the lowest slope was achieved
using 0.5 M KOH, proving that the catalytic activity is enhanced
at the alkali concentration. Moreover, Figure 33B2 provides the
important factors in HER at different KOH concentrations. It is
obvious that the results are in accordance with those in Figure
33B1. The possible reason for the enhanced catalytic perform-
ance of antimonene might be due to the semimetallic states of
this Xene, which would accelerate electron transfer and thus
improve the HER activity. Stability tests in Figure 33B3
demonstrate one step further that antimonene has potential
for various applications.
Constructing heterostructures of these Xenes as an effective

bandgap engineering strategy is also beneficial for catalytic water
splitting reactions. Peng et al. investigated the photocatalytic
behaviors of Se0.5GaS0.5/As and S0.5GaSe0.5/As heterostructures
by DFT calculations and carrier mobility calculations.190 The
formation of heterostructures promotes an indirect bandgap to
direct bandgap transition depending on the distances between
the layers. These hybrid structures display high carrier mobility
without a specific direction, promoting the separation and
migration of the photogenerated charge carriers and further
speeding up theHER process. Compared with the pure 2DGaX,
GaX/As heterostructures possess prominently increased
absorption in the visible spectral range and good stability
(Figure 33C).

4.3.2.3. CO2 Reduction. Increasing global energy demand and
environmental concern have attracted more attention to CO2
transformation, which alleviates global warming caused by
excessive emission of CO2, and provides a sustainable solution to
reduce fossil fuels consumption. Thus, the catalytic conversion
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of CO2 is a promising route. The excellent properties of the 2D
materials-supported metal single-atom catalysts has offered a
new research direction for CO2 fixation.
Figure 33D illustrates a recent work that uses antimonene for

electrocatalytic CO2 reduction reaction, where MacFarlane’s
group successfully applied the as-prepared antimonene nano-
sheets for highly effective reactions with extraordinarily high
selectivity toward formate.157 As shown in Figure 33D1, a
comparative analysis between antimonene and bulk Sb showed
that an antimonene electrode exhibited a lower onset potential
and better reactive performance. Further, the antimonene
electrode showed a peak at −1.06 V in the CO2-saturated
solution, but the peak disappeared in the N2-saturated solution,
suggesting CO2 electroreduction occurred. Figure 33D2
indicates that the applied potential significantly affects the H2
and formate product distribution. The faradaic efficiency (FE)
for formate reached 84% at −1.06 V, while that for CO
maintained around 100%, regardless of the implementing
potential. A positive correlation between Imass and the lateral
size of the antimonene nanosheets provides substantial evidence
that the sites located at the edge are intrinsically more active.
4.3.2.4. Nitrogen Reduction Reaction. Ammonia gas (NH3)

has been regarded as one of the most important industrial
chemicals for a long time, but the generally employed Haber−
Bosch process needs demanding pressure/temperature con-
ditions and thus cannot avoid waste of energy. Therefore, NH3
synthesis via electrocatalysis and photocatalysis under mild
conditions is more economical and highly appreciated.
Although theoretical calculations have reported a series of

ammonia synthesis over 2D materials, experimental exploration

of this reaction over the Xenes with these three elements has
been rarely dealt with. An investigation based on a few-layer Sb
nanosheets cathode was recently performed in detail, with the
results shown in Figure 33E.332 No obvious decay in current
densities were observed in Figure 33E2, suggesting that
antimonene has great stability. The HER is the main process
at high electrode potentials, causing current densities improve-
ment. Figure 33E3,4 provided the catalytic performance results,
manifesting that the NH3 yields and FEs are encouraging, which
are comparable with the best electrocatalysts so far. This builds
up an exciting avenue for developing highly effective and
selective Xene catalysts for the mild-condition NH3 synthesis.
Apart from the excellent performance, this catalyst survived five
cycles with negligible reactivity, proving its robustness for
practical cases.

4.3.2.5. Thermal Catalysis. Existing in the form of nano-
sheets, these three Xenes have demonstrated great potential for
heterogeneous catalytic applications, as evidenced by the
discussions above. Apart from energy conversion related
catalytic reactions mentioned in Section 4.6, they can also
catalyze various thermal catalytic processes, including hydro-
genation reactions and oxidation reactions.
However, it must be taken into consideration that pure Xenes

are not good candidates for both hydrogenation and oxidation
reactions. The reason is that an electron-enriched structure
makes it difficult to absorb the H2 molecule and further split the
molecule, which is a key step for hydrogenation reaction. In
addition, the Xenes are usually not stable when facingO2, so they
are not good candidates with high stability. Different
modifications that can modulate the electron density, and

Figure 34. Simulated energetic profiles for the CO oxidation process on transition-metal-doped arsenene catalyst via (A) CO + O2 → CO2 + O and
(B) CO + O → CO2 by ER mechanism; (C) CO + O2 → O−O−C-O → CO2 + O by LH mechanism. Reproduced with permission from ref 333.
Copyright 2019 Elsevier, Inc.
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enhance the stability, provide solutions for solving these
problems. Taking a benchmark reaction in heterogeneous
catalysis, the CO oxidation reaction as an example, a recent
theoretical study examined possible catalytic pathways of
different transition metal decorated arsenene.333 Among
different metal modifications, arsenene with Cr as the dopant
is calculated to be most favorable for CO oxidation reaction,
with the lowest adsorption energies of O2 molecules, indicating
that O2 absorbed on Cr-modified arsenene is the most
energetically stable configuration. Specifically, the adsorption
energy is−1.28 eV for arsenene with Cr as the dopant, while the
values for arsenene with Mn, Fe, Co, Ni, and Cu are −0.75,
−1.01, −0.86, −0.78, and −0.36 eV, respectively. Detailed
catalytic processes via Langmuir−Hinshelwood (LH) and
Eley−Rideal (ER) mechanisms are depicted in Figure 34.
Comparing the LH and ER mechanisms, the energy barrier for
the LHmechanism is 0.72 eV over CO oxidation reaction, which
is lower than that (1.77 eV) for the ER mechanism, meaning the
LHmechanism is favorable. The Bader charge result reveals that
the gained electrons (0.72 e) by O2 from Cr-doped arsenene
under only O2 adsorption is larger than those (0.70 e) for
coadsorption of CO and O2 molecules, which indicates the
coadsorption facilitates the O−Cr bond break to improve
catalytic activity for CO oxidation. This example is encouraging
because metal decoration endows Xenes with exciting catalytic
performance and offers ideal platforms for conducting
mechanistic studies. It helps the rational design to fabricate
various well-defined Xenes supported single-atom or cluster
catalysis with a precise structure−performance relationship.
4.4. Sensors

The unique physical and electrical characteristics make 2D
Xenes ideal candidates for biosensors, gas sensors, and chemical
sensors. The general principle is to transform molecular binding

characteristics into measurable electronic signals with high
sensitivity and selectivity.

4.4.1. GDY. A 2D planar structure with electron-conducting
properties endows GDY a promising nanoplatform for effective
detection of a gas or a biomolecule as described below.

4.4.1.1. Biosensor. Homogeneous detections for molecules
targeting with fluorogenic probes have aroused great interest
owing to their convenient operation.334 However, epidemic
prevention and clinical diagnostics have growing demands for
high selectivity, sensitivity, and high-speed sensing devices.
Great success has been achieved by employing a novel strategy
or new nanomaterial-based fluorogenic probes.335,336 2D
nanomaterials have shown their talent to be efficient detection
platforms to sense small molecules or deoxyribonucleic acid
(DNA) due to their strong adsorption and fluorescence-
quenching function toward dye-labeled molecules or DNA.337

Parvin et al. developed a GDY-based novel sensing platform to
detect DNAwith a high signal-to-noise ratio in real-time (Figure
35A), which shows an outstanding fluorescence quenching
ability and different affinities toward double-stranded or single-
stranded DNA.338 The GDY NSs were found to possess high
sensitivity toward several DNAs, which could detect minimum
25 × 10−12 M (Figure 35A2−A3). A linear relationship can be
obtained (Figure 35A4). Wang et al. found a higher quenching
ability in GDY oxide (GDYO) than GDY (Figure 35B1, B2).102

Such excellent properties of GDY and GDYO can be developed
for novel biosensing devices to detect DNA in real-time. Besides
the detection of DNA, GDY can also be used as a microRNA
sensor with remarkable detecting limits of 3.3 × 10−19 M.339

4.4.1.2. Gas Sensor. Gas sensors can be applied to detect
toxic vapors in the atmosphere, with a rapid response. The
adsorption behavior of trimethylamine (TMA) and dimethyl-
amine (DMA) vapor molecules on GDY NSs was investigated

Figure 35. (A1) Schematic DNA detection based on GDY in two different ways. (A2, A3) Fluorescence spectra of fluorophore-labeled single-stranded
DNA (ssDNA) when binding with targeted DNA at different concentrations. The target DNAs of H1N1 and H5N1 are the influenza A virus subtype.
(A4) Calibration curve for H1N1 detection. Reproduced with permission from ref 338. Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (B1) Fluorescence spectra of a GDYO probe loading ssDNA of the hepatitis C virus (PHCV) as a function of concentrations of the hepatitis
C virus target ssDNA (THCV) complementary to PHCV. (B2) Plot of fluorescence quenching efficiency with inset showing the calibration curve. (F0 and
F indicate fluorescence intensities before and after mixing with THCV, respectively.) Reproduced with permission from ref 102. Copyright 2016 Royal
Society of Chemistry.
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by Nagarajan et al.340 The bandgap changes when the TMA/
DMAmolecule interacts with GDYNSs. Yan et al. found that the
GDY oxide (GDYO) possesses a rapid water molecular
response, which is much quicker than that of graphene oxide
(GO) of the same C/O ratio and thickness (Figure 36A−C).341
Moreover, the GDYO-based gas sensor (red curve) possesses a
much higher response current intensity than that of the GO-
based gas sensor (blue curve), indicating a higher sensitivity of
the GDYO-based sensor (Figure 36D), which is attributed to
the stronger electron-withdrawing property of unique carbon
hybridization in GDYO than the ethylenic bonds in GO (Figure
36E).
4.4.2. Borophene. 4.4.2.1. Biosensor. Rastgou et al. studied

the electronic sensitivities of borophene NSs with the B36
structure toward four nucleobases through density functional
theory calculations.342 The B36 structure is likely a bowl with a
central hexagonal hole. It is observed that the attachment of the
four nucleobases to borophene NSs will bring a change in
electrical conductivity, leading to different electrical signals.
Moreover, the reactivity order of nucleobases toward the
borophene NSs is as follows: A > G > C > T. Cytosine has the
largest influence on the conductivity of borophene NSs and will

result in the largest electrical signal; thymine produces the
second-largest signal. Therefore, the borophene NSs may play a
role in devices that are used to determine the DNA sequence.

4.4.2.2. Gas Sensor. There is a broad application prospect of
borophene used as a gas sensor. It has been reported to be used
for detecting ethanol,343 formaldehyde,344 and hydrogen
cyanide.345 The electronic properties of borophene changed
after gas adsorption, and thus an electronic signal can be
generated and detected. The adsorption of ethanol molecules
and the formaldehyde molecules on borophene NSs increases
the electrical conductivity sharply.344 B36 borophene is sensitive
to hydrogen cyanide and the concentration of HCN gas, which
can be used to detect these toxic gases. Also, transmission
functions change dramatically after the adsorption of CO, NO,
NO2, and NH3 on the 2-Pmmn phase of borophene. Their
adsorption strengths are much stronger than those on other 2D
materials like graphene, MoS2, and phosphorene.346,347

4.4.3. Group V: Arsenene, Antimonene, and Bismu-
thene. Among numerous 2D materials, Xenes, especially
pnictogens, have been continuously investigated by researchers
for sensor applications due to the structures and properties
mentioned above.179,348 Considering that pnictogens’ electronic

Figure 36. (A, B) Schematic representations for stacking structures of pristine GDY and graphene and their corresponding oxides (GDYO and GO)
with insets showing the Tyndall effects of a water dispersion of GDYO and GO NSs. (C) Normalized response of the GO-based (GO, blue) and
GDYO-based (GDO, red) humidity sensors. (D) Dynamic response curves of GDYO (GDO, red) and GO-based (GO, blue) shown by the current
change when exposed to various relative humidity levels. (E) Schematic water molecular binding model for GDYO and GO. Reproduced with
permission from ref 341. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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properties and chemical potentials are sensitive to heteroatom
dopants or heterostructures compositions, the interaction of
these 2D pnictogens with gaseous molecules or biomolecules
will inevitably modulate the conductivity and electrochemical
structure.349 Even for the same sensing molecule, the signals
would change with the coordinating configurations as well as the
environment. Currently, although employing pnictogens for
chemical and electronic sensors have made rapid progress, most
of the studies are based on DFT calculations, which have laid
good theoretical foundations for future exploration. However,
more solid evidence obtained from experimental studies are
needed before putting Xenes into industrial applications.
4.4.3.1. Biosensors. As a generally accepted biomarker,

noncoding microRNA (miRNA) exhibits irregular expression in
cancer cells and is therefore usually selected as the target site
during treatment. Different 2D material-based nanoplatforms
have all demonstrated sensitive detection of miRNA. Despite
broadly investigated fluorescence techniques using dye mole-
cules, conducting molecular-level quantification of miRNA
without labeling remains difficult. Employing 2D phosphorene
as the fluorescence quenching candidate, our group successfully
developed a 2D nanoplatform for miRNA sensing that linearly
responded to miRNA concentrations from 10 to 1000 nM.350

Furthermore, for label-free sensing of miRNA, our group
developed a 2D antimonene-based nanosensor using the surface
plasma resonance (SPR) technology. However, the existing SPR
technique has limited sensitivity to detect genes such as
miRNAs. For the higher sensitivity, gold nanorods were
employed in the localized SPR technique to amplify optical
detection signals, with a detection limit of 10−17 M. Simple and
accurate detection of highly expressed cancer genes, miRNAs,
and ssDNA was realized (Figure 37).351

With the development of this new optical genetic detection
method, early detection of different cancers is expected to be

achieved, which would significantly reduce the mortality rate of
cancer patients by early treatment.

4.4.3.2. Chemical Sensors. Due to pnictogens’ uniform and
simple structures, several first principle studies have been
systematically performed for predicting the possibility of
employing these Xenes as specific and highly sensitive gas
sensors from the fundamental mechanisms. Previous inves-
tigations showed that arsenene, antimonene, and bismuthene all
have a special affinity toward nitrogen-containing toxic gases
(NO2, NH3, NO), with great sensitivity.352−356 The high
sensitivity for detecting these gases originates from the doping
configuration of gas molecules onto the Xene surface, which
influences the electron density of these Xenes.357,251

Pumera and co-workers synthesized a batch of few-layered
arsenene nanosheets via the liquid exfoliation approach, which
was successfully applied to electrochemical detection of
methanol and acetone vapors with high sensitivity (Figure
38A−F).251 Based on the electrochemical impedance spectros-
copy results shown in Figure 38A, acetone and methanol
exhibited different impedance phase spectra from the other
organic solvent. At 10 Hz, the phase shift of methanol over
arsenene nanosheets was much stronger than for the others (see
Figure 38B) and an ultrafast phase change from 0° to 68° within
only several seconds (see Figure 38C), indicating that this 2D
material is highly sensitive for detecting methanol vapor at such
resonance frequency. The same conclusion was drawn from
Figure 38D,E that arsenene is a good sensor for acetone at the
0.1 Hz frequency. Further stability examination in Figure 38F
suggests that the sensors are stable for at least 3 weeks after
continuous measurement without any obvious decay in the
signal strength. Besides toxic gases, 2D pnictogens were also
reported for effectively detecting phenol based on an enzymatic
system. (Figure 38G−I).358 The 2D materials were obtained
using sheer exfoliation to avoid hydrophilic groups onto the
surface that usually appeared for samples prepared using

Figure 37. Schematic demonstration of the synthetic process and miRNA detection mechanisms of the antimonene-based system. Reproduced with
permission from ref 351. Copyright 2019 Springer Nature.
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standard liquid exfoliation, which exhibited the most satisfactory
sensing results after evaluation in terms of sensitivity,
reproducibility, and selectivity. The detection mechanism for
phenol originates from electro-reduction of o-quinone to
catechol over pnictogen nanosheets as depicted in Figure 38G,
suggesting that the electro-reduction process preferentially
occurs over 2D antimonene among different pnictogens. As
shown in Figure 38G (upper right), phenol was converted to
catechol by a hydration process after interacting withO2, and the
catechol was oxidized to o-quinone by O2 and tyrosinase. Then
the obtained o-quinone was electrochemically reduced to

catechol on 2D antimonene, giving a chronoamperometric
response. In Figure 38H, the signal response can be observed
even at a phenol concentration as low as 500 nM, confirming the
high sensitivity of 2D antimonene. The reason for the best
performance of antimonene among different pnictogens is
illustrated in Figure 38I that the o-quinone reduction peak
appeared at −0.01 eV, which suggests that the appearance and
reduction of o-quinone is independent of the electro-oxidation
process. Endowed with a facile synthetic approach, enriched
unpaired electrons and desirable sensitivity, VA group Xenes are
promising for detecting a wide range of chemicals. More

Figure 38. (A−F) The performance of 2D arsenene for sensing vapors: (A) impedance phase spectra in the presence of different organic vapors; (B)
impedance phase at 10Hz under the same treatment as in “A”; (C) phase change at 10Hz inmethanol vapors and in the air for 5 cycles; (D) impedance
phase at 0.1 Hz under the same treatment as in “A”; (E) phase change at 0.1 Hz in the presence of acetone vapor and in the air for 5 cycles; (F) stability
test for methanol and acetone vapor sensors. Reproduced with permission from ref 251. Copyright 2018 Wiley-VCH Verlag GmbH and Co. KGaA,
Weinheim. (G) Schematic of the proposed pnictogens based-biosensor for the detection of phenols: pnictogen nanosheets are obtained via shear
exfoliation, and the nanosheets-based sensor was constructed by layer stacks of nanosheets, tyrosinase (Tyr) as well as glutaraldehyde (Glu) onto a
glassy carbon (GC) electrode; the as-synthesized sensor can detect phenol following the o-quinone electron-reduction mechanism. (H)
Chronoamperometry response in the presence of different phenol concentrations. (I) Cathodic scan of the antimonene based sensor in phenol.
Reproduced with permission from ref 358. Copyright 2018 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00165
Chem. Rev. XXXX, XXX, XXX−XXX

AP

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig38&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig38&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig38&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00165?fig=fig38&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


importantly, in the field of sensors, the fundamental results are
easily transformed into practical products.
Arsenene decorated with heteroatom dopants is promising for

sensing applications. Huang and co-workers investigated the
adsorption behaviors of O2 gas in arsenene doped with different
transition metals,333 and different configurations were obtained
after structural optimization based on theoretical calculations
from the perspective of both geometric stability and electronic
states. As shown in Figure 39, Cr prefers to coordinate with two
oxygen atoms, while all the others interact with O2 molecules via
a terminal metal-O single bond. Further detailed calculations
proved that all metal-doped arsenene absorbed O2 more
strongly than pure arsenene with higher adsorption energies.
The enhanced adsorption phenomenon was proposed to result
from the interactions between the O2p, metal 3d and As 4d
orbitals, making the hybrids of metal species and arsenene
promising probes for sensing O2. This investigation opens a new
window formaking the best use of the electrochemical potentials
of Xenes by sophisticated tuning of the d orbitals with
implemented additional disturbance. Guided by theoretical
simulations, various feasible materials, including pure Xenes,
heteroatom doped Xenes, and van der Waals heterostructures,
can be tested before practical applications in gas sensing.
4.4.4. Tellurene. Although many 2D materials have been

reported to be used for sensor devices, there are still some
challenges: graphene and most of MXenes lack a bandgap and
the sensitivity of TMDs (such as MoS2) is low, while
phosphorene is unstable in air. Comparatively, a NO2 gas
sensor based on tellurene359 has almost all the desirable
attributes, that is, an ultralow detection limit (∼25 ppb), a
large detection range, a low baseline noise (∼0.5%) (Figure
40A1), and an extraordinary selectivity (Figure 40A2). More-

over, in our recent work,360 NO2 gas sensors based on liquid-
phase exfoliated tellurene NSs possess high linearity of up to
94%, quick response (25 ppb: 83 s; 100 ppb: 26 s), fast recovery
time (25 ppb: 458 s; 100 ppb: 290 s) (Figure 40B1, B2), and
continuous operation even under high temperature. The sensing
mechanism has also been explored, and it is resulted from the
electron transfer from tellurene to NO2 in the interface (Figure
40B3,B4).

4.5. Biomedical Applications

The development of both inorganic and organic nanostructures
for imaging, sensing, and targeted delivery of therapeutics has
propelled the field of nanomedicine.361 This subsection provides
examples of biomedical applications of Xenes covered in this
review.

4.5.1. Phototherapy. Xenes have aroused increasing
interest as theranostic agents used for photothermal imaging
(PTI),362 photoacoustic imaging (PAI),363 and fluorescence
imaging (FI)364 as well as for phototherapies (photothermal
therapy (PTT) and photodynamic therapy (PDT)).175,365−367

Phototherapy is receiving increasing attention due to its minimal
invasion, precise treatment, intelligently controllable doses,
lower resistance than chemotherapy, and fewer side effects.368

The introduction of suitable optical materials to construct drug-
loading platforms and a combination of traditional therapy with
phototherapymight lead to an important advancement in cancer
treatment. PTT refers to a therapy that employs a material with
photothermal conversion and targeting ability using recognition
technology to accumulate in tumor tissue. Upon irradiation by
an external light source (generally near-infrared light for deep
tissue penetration), local hyperpyrexia can be produced, thus
killing cancer cells. In addition to transforming light into heat,

Figure 39. (A−F) Scheme for the most stable oxygen gas adsorption modes on different transition metal-anchored arsenene. Reproduced with
permission from ref 333. Copyright 2020 Elsevier, Inc.
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ideal materials for PTT should also have good biocompatibility
and biodegradability, as well as low toxicity.
PDT is a phototherapy that requires photosensitizers and

laser activation to deal with tumors. Irradiation of a tumor site
using specific wavelengths activates the photosensitizer
selectively clustered in the tumor site, inducing a photochemical
reaction intended for antitumor effect. Photosensitizers in PDT
transfer energy to the surrounding oxygen, generating highly
active oxygen species (ROS) such as singlet oxygen, 1O2. The
ROS oxidize the surrounding biomacromolecules to produce
cytotoxicity and thus kill tumor cells. Superior to conventional
oncology, PDT is more precise and effective with negligible side
effects. Traditional PDT has three limitations:

(1) It is highly limited in the hypoxic environment of tumor
cells. Thus, the production of 1O2 is inefficient and needs
to be improved. Further, the 1O2 molecules cannot move

more than 0.02 μm after being generated. Therefore, very
high targeting efficiency is required;

(2) Most commonly used photosensitizers are hydrophobic
and lipophilic, resulting in fast aggregation in aqueous
solution, which severely restricts their practical use and in
vivo applications;

(3) The wavelength of light employed to generate ROS is
usually lower than 700 nm, at which the penetration depth
of light into the body is very short, resulting in low
photodynamic efficiency. This has greatly limited the
clinical application of PDT.

Biocompatible 2D materials provide potential solutions for
these limitations. As discussed above, surface modification of
hydrophobic 2DXenes would endow themwith good dispersion
stability in water. The high surface area of 2D materials offers
abundant loading sites for photosensitizers and targeting agents,
which are beneficial for targeted therapy. Moreover, many 2D

Figure 40. (A1) Concentration/time-dependent NO2 sensing response of tellurene based gas sensor with inset showing schematic representation of
the sensor. (A2) Response of the tellurene sensor toward different kinds of gas. Reproduced with permission from ref 359. Copyright 2019 Royal
Society of Chemistry. Response and recovery time of a tellurene sensor under (B1) 100 ppb and (B2) 25 ppb NO2; Pictures of charge density
difference (CDD) and electron localization functional (ELF) of (B3-1) CO2, (B3-2) N2, (B3-3) NO2, and (B3-4) O2 sorption on tellurene.
Aquamarine and yellow regions in CDD represent the depletion and accumulation of electrons, respectively. Reproduced from ref 360. Copyright 2020
American Chemical Society.
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Figure 41. (A) Schematic diagram of the GDY NSs for PAI-guided PTT. Reproduced from ref 101. Copyright 2017 American Chemical Society. (B)
Application of GDYNSs in synergistic photothermal-chemotherapy. Reproduced from ref 376. Copyright 2018 AmericanChemical Society. (C)GDY
nanoparticle-based radiation protection for cancer radiotherapy. Reproduced with permission from ref 377. Copyright 2018 American Chemical
Society.
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material-supported metal species are efficient photocatalysts for
splitting water, producing H2 and O2, which could help alleviate
hypoxia. Finally, these 2D materials can have remarkable
photothermal efficiency as well as drug loading capability for
multimodal combination therapy.369 Hypoxia caused by
diffusion and perfusion limitations is closely related to tumor
development, metastasis, and treatment resistance. Strategies for
simultaneously overcoming these two causes of hypoxia to
improve cancer treatment efficacy have been lacking. BP has
been adopted as a PDT candidate in a number of studies during
the past years. In 2015, Xie and co-workers successfully
produced a series of BP nanosheets via liquid exfoliation and
proved BP could perform as a good photosensitizer in
converting O2 to

1O2 under visible light, with a quantum yield
of 0.91.369 Later, the same group found that BP was able to
transform H2O to another reactive oxygen species, •OH, under
ultraviolet light, suggesting the omnipotent optical behavior of
BP.370 However, the photodynamic effect of BP is not obvious
under NIR, which is highly appreciated in clinical applications. A
more common practice is to anchor another PDT photo-
sensitizers onto BP, forming a hybrid.371−374

The degradable nature of Xenes makes them promising for
biomedical applications. The ultralarge specific surface of Xenes
enables an extremely high loading efficiency of theranostic
molecules.375 Owing to the complex biological environment,
surface modifications of biomaterials are usually needed for
biomedical applications. First, chemical modification is
necessary and important for improving the biocompatibility of
inorganic Xenes. Then, the enhanced dispersibility and
prolonged blood circulation can be obtained by tuning their
surface potential and surface reactivity. Finally, attaching of
targeting agents on the surface of Xenes endows the increase of
the theranostic efficacy and avoids any side effect to normal
organs.

4.5.1.1. GDY. GDY and its derivatives have shown promising
potential for biomedical application. The sp-hybridized carbon
atoms existing in GDY enhances its ability to remove active
oxygen. Recently, Li et al. illustrated the application of GDY for
PAI and PTT in living mice simultaneously (Figure 41A),101

which has not been reported previously. The photothermal
conversion efficiency of GDY was stable and high, which was
reported to be 42%. Moreover, GDY possessed an exceptional

Figure 42. (A) B-PEG/DOX NSs based multimodal imaging-guided cancer therapy. (B) Photographs of representative tumors after 14 days with
different treatments (Group 1: treated with saline only, Group 2: treated with DOX alone, Group 3: treated with B-PEG/DOX alone, Group 4: treated
with B-PEG NSs under NIR irradiation, and Group 5: treated with B-PEG/DOX NSs under NIR irradiation). Reproduced with permission from ref
378. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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photoacoustic (PA) response. Their work broadens the 2D
GDY application for cancer treatment.
Originated from the large specific surface of GDY and its

strong electrostatic interaction with drug molecules, GDY NSs
were also used for delivering drugs (Figure 41B).376 Jin et al.
used GDY NSs to deliver doxorubicin (DOX) for synergistic
photothermal/chemotherapy in living mice. It showed an
excellent tumor suppression effect under 808 nm laser
irradiation. It was due to the high efficiency of DOX loading
on GDY and a high photothermal conversion efficiency.
GDY is also an emerging candidate as a radiation protector.

Most recently, a GDY containing composite, bovine serum
albumin (BSA)-modified GDY was employed to protect normal
tissues from radiation (Figure 41C).377 The BSA-modified GDY
nanoparticles possess a favorable ROS scavenging ability in ROS
scavenging systems. Furthermore, they could also efficiently
decrease cell damage under radiation in vitro and in vivo.
4.5.1.2. Borophene. Borophene has been shown to be

promising for tumor imaging and cancer therapy.32 Ji et al.
reported a drug delivery platform based on borophene NSs
(Figure 42A)378 with a high drug-loading capacity. Under NIR
light, its photothermal conversion efficiency reached 42.5%. It
could also realize multiple imaging modalities, including
photothermal, photoacoustic, and fluorescence imaging. This
borophene based drug delivery system accumulates in tumor
sites precisely and shows an excellent cancer therapy efficiency
with the tumor ablated completely (Figure 42B).
4.3.1.3. Group V: Arsenene, Antimonene, and Bismuthene.

Ever since the reports of using BP as an efficient photothermal
agent,379−383 Xenes-based PTT has become a research frontier,
and various Xenes such as borophene and antimonene have
shown admirable potential for antibacteria and anticancer
applications. Among them, antimonene stands out due to its
high biocompatibility and photothermal conversion efficacy
(PTCE). Tao et al. designed a 2D antimonene quantum dots-
based photothermal agent, as shown in Figure 43. These
quantum dots were first obtained via the sonic liquid exfoliation
method, followed by surface modification with PEG to increase

the stability against water and oxygen and its biosafety.
Measured under biological medium, this PTT agent is found
to have a high PTCE value of 45.5%, outperforming several
other nanomaterials-based photothermal agents such as black
phosphorus, graphene, and Au. More encouragingly, the PEG-
modified quantum dots degraded rapidly under irradiation of
near-infrared light (808 nm). The PEG-coated antimonene
quantum dots are effective for cancer treatment in vitro and in
vivo experiments.384 This work has attracted tremendous
attention because it expands the range of photothermal agents
to other heavier pnictogens, inspiring future investigations of
these Xenes and explorations for BP alternatives with better
stability and biocompatibility.
With the distinct features of 2D structures, including large

surface area, tunable surface, and satisfactory PTCE, the
pnictogens have also been used as theranostic agents. These
Xenes have the potential for multimodal imaging (PTI, PAI, etc.)
and multifunctional therapy (chemo-therapy, PTT, PDT, etc.).
In 2017, Li and co-workers successfully prepared Bi nano-
particles (NPs) by rationally reducing a Bi precursor with
oleylamine and applied them to the CT/PAI dual-modal
imaging-guided PTT/radiotherapy synergistic therapy (Figure
44A−F).385 Before the test, the Bi NPs were modified with PEG
and tumor-homing peptide LyP-1 (Figure 44A), forming NPs
with an average size between 3 and 4 nm (see Figure 44B) and
good tumor targeting ability as well as enhanced biocompati-
bility. Bi NPs have demonstrated strong adsorption within the
second near-infrared window of increased biological trans-
parency (NIR-II, 1000−1350 nm), and absorb ionizing X-ray
radiation, which accounts for the excellent ability to apply in the
multimodal optical as well as CT imaging using Bi nuclei. Figure
44C proves that the in vitro Hounsfield units (HU value) of Bi
NPs showed a much higher slope than iohexol, demonstrating
prominent improvement of CT imaging. Figure 44D illustrates
that Bi NPs are promising for PA imaging enhancement. The
intrinsically high PTCE and heavy molar weight are beneficial
for highly effective synergistic PTT/radiotherapy (see Figure
44E,F). Besides, the report demonstrated that NPs with low

Figure 43. 2D antimonene quantum dots-based photothermal therapy. (A) Relation curve describing the tumor temperature variations with time (G1:
saline without irradiation, G2: no material injection under irradiation, G3: antimonene injection without irradiation, and G4: antimonene injection
with irradiation). (B) Relative tumor volumes change with the number of days. (C) Images for tumors at different days. Reproduced with permission
from ref 384. Copyright 2017 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.
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toxicity could be quickly and completely cleared. This work
offers a promising safe, and multifunctional Bi nano theranostics
platform. In addition to Bi, 2D antimonene is another potential
candidate for a theranostic agent due to the above-discussed
PTCE and PTT performance. By the liquid exfoliation method,
Zhang et al., in 2018, obtained uniformly distributed ultrathin Sb
nanosheets (Figure 44G−J).386 Antimonene cannot absorb light
as strongly as Bi, and the atomic weight of Sb is lower than that of
Bi, which inhibits multimodal imaging and therapy based on the
Sb Xene itself. However, a high surface area enables this 2D
material to support high loading of fluorescence imaging agents
(e.g., Cy5.5) and chemotherapeutic drugs (e.g., DOX), and this
hybrid functions as a potent cancer theranostic agent (Figure
44G, H). The researchers found that the Sb nanosheets shared a
similar PTCE with the Sb quantum dots mentioned above
(41.8% vs 45%), with an extremely highDOX loading capacity of
150%. Interestingly, a smart and controllable drug release is
realized by triggering the hybrids’ microenvironmental change,
and the system is sensitive to both pH and temperature.
Noteworthy, antimonene-based nanoplatforms are reported to
preferably accumulate in the tumor site, leading to activation by
deep penetrating NIR irradiation. Guided by fluorescence

imaging/PAI and PTI (Figure 44H,I), the Sb nanosheet-
supported DOX nanoplatform exhibited satisfactory perform-
ance in inhibiting the growth of tumor in vivo (Figure 44J),
while no apparent side effects were detected throughout the
whole treatment process.387

With large surface area and tunable bandgaps, the three
pnictogens discussed in this review are also promising for PDT
applications, despite the fact that PDT studies on them are
lacking. As mentioned above, antimonene has demonstrated
exceptional PTT potential for cancer treatment. Intrinsically,
with similar chemical properties to BP, antimonene is also worth
testing for PDT application. Lu et al. developed a type of Sb-
based nanoparticles with a size of∼55 nm to overcome the poor
stability issue of antimonene NS, which was named cancer cell
membrane-camouflaged nanoparticles (CmNPs). As shown in
Figure 45A, the stability and the targeting effect toward cancer
cells are prominently enhanced compared to Sb nanosheets.
Also, this NP system shows promise for multimodal imaging
and, more importantly, phototherapy. Specifically, benefiting
from the outstanding PTT behavior, the Sb-based nanoparticles
showed a good linear relationship of photoacoustic signal−
sample concentration, which leads to photothermal/photo-

Figure 44. (A−F) Bismuthene nanosheet-based PTT/radiotherapy: (A) schematic illustration of synthesis and applications of bismuthene
nanoparticles (Bi NPs); (B) TEM images of Bi NPs; (C) Hounsfield units’ values of Bi NPs and iohexol at different concentrations, the X-ray CT
images of Bi NPs and tumors; (D) PA images of tumors before and after Bi NPs injection at 700 nm; (E) IR imaging of tumor-bearing mice exposed to
irradiation; (F) photos of tumors under different treatments after 2 weeks. Reproduced from ref 385. Copyright 2017 American Chemical Society.
(G−J) Antimonene (AM)-based chemo-PTT platform: (G) Schematic illustration of preparation and multifunctioning of theranostics for treating
cancer. (H) Florescence imaging of tumor-bearing mice (upper left) and tumors (upper right) and ultrasound and PA imaging of tumors (lower) after
injecting antimonene. (I) Fluorescence images of tumors after injecting Cy5.5 modified AM nanosheets. (J) Photograph of tumors in different groups
after 14 d treatment (i.v. injection of saline (group 1), DOX (group 2), AM nanosheets/DOX (group 3 and 5), and AM nanosheets (group 4); for
group 4 and 5, a NIR (808 nm) laser was used to illuminate for 10min). Reproduced with permission from ref 386. Copyright 2018Wiley-VCHVerlag
GmbH and Co. KGaA, Weinheim.
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acoustic bimodal imaging. Further, the CmNPs are effective for
type-II PDT, converting O2 to

1O2 under 808 nm irradiation.
Figure 45B shows both CmNPs and antimonene NPs without
camouflage (mNP) are good phototherapy agents, and that

CmNPs are more effective due to higher stability and targeting
capacity. Figure 45C provides solid evidence for both PTT and
PDT resulting fromCmNPs. In Figure 45D, both PTT and PDT
are consolidated with simultaneous experiments. To confirm

Figure 45. (A) Schematic description of the preparation of cell membrane-camouflaged antimonene nanoparticles (CmNPs) as well as their
application; (B−F) In vitro experimental results of phototherapy using CmNPs: (B) Cell viabilities after interacting with mNPs (without camouflage)
and CmNPs; (C) fluorescence of stained cells treated with CmNPs, (green: live cells, red: dead cells) (upper), immunofluorescence analysis of cells
labeled with HSP90 antibody after laser irradiation (glow: HSP90, blue: nuclei) (middle), and intracellular 1O2 generation (lower); (D) cell viability
after PDT, PTT and combination therapy; (E) fluorescent staining of cells before (upper) and after (lower) phototreatment (green fluorescent cells
are alive); (F) time-dependent change of multicellular tumor spheroid sizes and corresponding photographs after 7 days’ treatment. Reproduced with
permission from ref 388. Copyright 2019 Royal Society of Chemistry.
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this conclusion one step further, staining and size change
measurement of multicellular tumor spheroids after treatment
were performed with the same results as above (see Figure
45E,F). This bifunctional phototherapy using the Sb-based
system with higher stability and superior efficiency under NIR
compared to BP clarified the future development of VA group
Xenes for cancer treatment.388

Guo’s group recently found that arsenene is a highly efficient
PDT candidate for potentially treating acute promyelocytic
leukemia (APL).389 2D arsenene has rarely been employed for
biomedical applications due to the toxicity of As3+. Excitingly, it
has been reported that As nanosheets are less toxic, it suggests
the possibility of applying arsenene to biomedicines.390 Figure
46A provides an overview of how arsenene is effective in PDT
for APL. Western blot results (see Figure 46B1) suggest that
arsenene promotes the degradation of proteins, and the
fluorescence cellular imaging (see Figure 46B2) manifested
that arsenene damaged the nuclei. Figure 46B3,4 indicates that

arsenene deals with NB4 cells via interfering with the cell surface
recognition by glycoprotein CD33. Figure 46C provides more
details relating to the functioning mechanisms. During the
process, arsenene nanosheets were prepared via a liquid
exfoliation approach, with a zeta potential (−18.0 mV) much
higher than bismuthene (0.921 mV) and antimonene (−1.78
mV), which usually leads to better dispersion and easier uptake
by cells (see Figure 46C3). Cell viability tests demonstrated that
2D Xenes with a higher zeta potential tend to be more toxic for
cancer cells and NB4 cells, but all of the Xenes showed ignorable
toxicity toward the normal L-02 cells (see Figure 46C1,2,4).
Mechanistic study using flow cytometry Figure 46C5 indicates
that 41.6% of cells undergo late apoptosis and Figure 46C7
suggests early apoptosis also exists with the mitochondria
depolarization evidence. In addition, the Raman spectra of
arsenene in NB4 cells proved that oxidation of low-valence As
occurs (see Figure 46C6). Oxidized As leads to overproduction
of ROS, as observed in the fluorescence images of NB4 cells

Figure 46. (A)Overview of Xenes for biomedicines and a brief introduction of applying arsenene in acute promyelocytic leukemia (APL). (B) Effect of
arsenene nanosheets on cellular proteins and interaction between arsenene and proteins in NB4 cells: (B1) Western blot of differentially expressed
nuclear proteins in cells with and without arsenene treatment, (B2) images of the NB4 cell nucleus with and without arsenene treatment, (B3)
immunofluorescence detection of CD33 in arsenene-treated NB4 cells by flow cytometry, (B4) images of organelles treated with arsenene. (C)
Anticancer activity of arsenene: (C1) Cell viability after treating with arsenene, (C2) fluorescence images of NB4 cells stained with Calcein-AM (live
cells, green), and PI (dead cells, red), scale bars: 50 mm, (C3) zeta potential of different Xenes, (C4) cell viability after interacting with antimonene,
bismuthene, and BP, (C5) detection of apoptosis detected by flow cytometry, (C6) Raman spectra of arsenene in NB4 cells, (C7) measurement of
mitochondrial membrane potential via fluorescence after JC-1 staining (red: hyperpolarization; green: depolarization), (C8) fluorescence detection of
intracellular ROS generation after DCFH-DA staining, and (C9) TEM images of NB4 cells after treatment. Reproduced with permission from ref 389.
Copyright 2020 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.
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staining with dichlorofluorescein (see Figure 46C8) that strong
green signals appear. ROS generation and gradual depolarization
of mitochondrial membrane potential, contribute to apoptosis

and inhibition of NB4 cells, as depicted in Figure 46C9. To
further dig into the apoptosis process, binding proteins with As
were investigated, suggesting that arsenene would affect the

Figure 47. (A1) Schematic diagram of Te nanodots synthesis process through an albumin nanoreactor. (A2) Photoheat and photo-ROS conversion
mechanisms of Te nanodots. Reproduced from ref 393. Copyright 2017 American Chemical Society. (B) Laser-induced excessive ROS generation of
Te nanorods quantified by the fluorescent intensity. Reproduced with permission from ref 394. Copyright 2017 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. (C) Mitochondrial dysfunction of cells when exposed to Te nanoneedles. Reproduced with permission from ref 391. Copyright
2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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pyrimidine metabolism, DNA replication and damage nuclei,
which altogether contribute to cell apoptosis.
These exciting results depict a bright future of 2D Xenes in

biomedicine, but we have to admit that the investigations on
these three Xenes are still in infancy. Although preliminary
results have been performed to suggest the potential of Xenes
from both experiments and theoretical calculations, the current
efforts of researchers are usually focused on material preparation
and initial treatment evaluation. With outstanding optical
properties, high drug loading capacity, and biocompatibility,
more efforts are required to exploit the vast potential of these
Xenes, which offers a library for different disease treatments.

4.3.1.4. Tellurene. Weakening cancer cells’ antioxidant
defense and ROS generation are two mechanisms of anticancer
activity of organotellurim compounds and Te nanomateri-
als.391,392 Yang et al. introduced well-defined bifunctional Te
nanodots using hollow albumin nanoreactor for photoinduced
synergistic tumor therapy (Figure 47A1).393 Upon NIR light
irradiation, Te nanodots can lead to efficient photothermal
conversion, as well as the production of ROS via a type-I
photodynamic mechanism, thereby resulting in simultaneous
PDT and PTT (Figure 47A2). Huang et al. demonstrate a
simultaneous chemo-photothermal combination tumor therapy
using Te nanorods coated with a polysaccharide-protein

Figure 48. (A) Photoacoustic amplitudes at different concentrations of GDY; (B) PA images of the tumor after intratumoral (i.t.) and intravenous
(i.v.) administration of GDY. Reproduced from ref 101. Copyright 2017 American Chemical Society.

Figure 49. (A) Concentration-dependent in vitro photoacoustic images of PEGylated boropheneNSs. (B) PA images of the tumor site at various times
after the injection of borophene NSs. Reproduced with permission from ref 378. Copyright 2018Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.
(C) Bright-field (a), fluorescence (c), and their overlay (b) images of HeLa cells when incubated with borophene NSs. Reproduced with permission
from ref 396. Copyright The Royal Society of Chemistry 2020.
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complex (PTW-TeNRs),394 which shows a high photothermal
conversion efficiency based on strongNIR absorbance. Through
further induction of ROS (Figure 47B), highly efficient tumor
cell killing can be obtained. The ROS production was also found
by Lin et al.,395 who followed liquid exfoliation synthesis of 2D
Te NSs.38 Furthermore, the Te NSs show high photoacoustic
imaging ability due to their strongNIR absorbance, which can be
designed for photoacoustic imaging-guided PDT.
To prepare Te nanomaterials with high NIR absorption

remains a challenge. Blue Te nanoneedles can be obtained
through a reduction reaction with a biocompatible size and
strong NIR absorbance.391 Compared to purple Te nanoma-
terials, blue Te nanoneedles show more efficient photothermal
conversion and laser-induced antioxidative activity in free
radicals scavenging. These blue nanoneedles show mitochon-
drial dysfunction-induced anticancer activity toward different
cell-lines (Figure 47C). Furthermore, the blue Te nanoneedles
can act as photoacoustic agents. Taken together, image-guided
synergistic thermo-chemotherapy can be obtained by blue Te
nanoneedles.
4.5.2. Bioimaging. 4.5.2.1. GDY. Photoacoustic imaging

(PAI) provides higher spatial resolution than ultrasonic imaging
and larger tissue penetration depth than optical imaging. Li et al.
investigated the photoacoustic signal intensity of the PEGylated
GDY in the NIR region.101 The photoacoustic intensity shows a
linear relationship with the concentration (Figure 48A). Figure
48B shows the three-dimensional scanned in vivo PAI images.
There existed a clear photoacoustic (PA) signal at the tumor site
after intratumoral injection of the PEGylated GDY. Two hours
after intravenous injection of PEGylated GDY, the photo-
acoustic signal started to appear at the tumor site and reached

the strongest signal at 12 h. This also shows a high tumor-
targeting efficacy of PEGylated GDY.

4.5.2.2. Borophene. The photothermal effect of PEGylated
borophene NSs has been shown, which also makes them
potential as PA agents.378 Figure 49A shows a concentration-
dependent PA signal at 780 nm with good linearity. For in vivo
PA imaging investigation, PEGylated borophene NSs were
intravenously (i.v.) injected in the tumor-bearingmice. Then the
PA signal was measured periodically. It increased dramatically at
the tumor site after 12 h of intravenous injection of PEGylated
borophene NSs, which was maintained even at 24 h post-
injection (Figure 49B). It demonstrated that PEGylated
borophene NSs could be used as PA agents for PAI-guided
therapy.
Moreover, borophene showed the potential as a fluorescence

imaging agent. First, the 2D ultrathin borophene NSs with a
defect nanolayer can be fabricated effectively via liquid-phase
exfoliation with modification.396 Blue fluorescence character-
istics were observed in the as-prepared ultrathin boropheneNSs,
which had a quantum yield of 10.6%. It was originated from the
defective layer with the quantum confinement effect. The
ultrathin borophene NSs were then used as a fluorescent probe
for cellular bioimaging (Figure 49C).

4.5.2.3. Group VA: Arsenene, Antimonene, and Bismu-
thene. Apart from serving as biosensors and cancer treatment
candidates, Xenes consisting of group VA elements also have
potentials for disease diagnosis and targeting identification via
various imaging types.

4.5.2.3.1. Photothermal Imaging and Photoacoustic
Imaging. Compared to optical imaging, PTI and PAI
prominently enhanced the imaging depth.397,398 As discussed
above, antimonene, existing in nanoscale form, shows high

Figure 50. (A) Infrared imaging of tumor-bearing mice with and without 808 nm laser irradiation (G1: saline without irradiation, G2: no material
injection under irradiation, G3: antimonene injection without irradiation, and G4: antimonene injection with irradiation.). (B) NIR bioimaging of
major organs and tumors after 12 h. (C) Biodistribution of materials in nude mice measured by average fluorescence signals based on (B). Reproduced
with permission from ref 384. Copyright 2017 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.
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photothermal conversion efficiency, endowing antimonene as a
promising candidate both PT and PA imaging.384 Figure 50A

provides an example for PT imaging of animals, which helps to
check the photothermal effect of antimonene.384 Also, for

Figure 51. (A1) In vitro PA images depend on the concentration of Te NSs; (A2) In vivo PA images in the tumor site of mice before (left) and after
(right) intratumoral administration of Te NSs. Reproduced with permission from ref 395. Copyright The Royal Society of Chemistry 2018. (B1) PA
signal in the tumor site when injected the Te nanoneedles. (B2) Comparison of photothermal images of tumor-bearing mice at various times after
injection with saline (Laser) and Te nanoneedles (Te + Laser). Reproduced with permission from ref 391. Copyright 2018Wiley-VCHVerlag GmbH
& Co. KGaA, Weinheim.
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antimonene, apart from PT imaging, it has the potential for PA
imaging, as proved in Figure 45H, which leads to more precise
diagnosis.386

4.5.2.4. Tellurene. Followed by the liquid exfoliation
synthesis of 2D Te NSs by Xie et al.,38 Lin et al.395 observed a
high photoacoustic signal from Te NSs@glutathione owing to
their near-infrared absorbance. The photoacoustic signal
increases as the concentration increases, confirming the
potential of Te NSs@glutathione as photoacoustic contrast
agents (Figure 51A1). The photoacoustic signals at the tumor
site increase remarkably after the Te NSs@glutathione injection
(Figure 51A2). The photoacoustic imaging capacity was also
investigated in another type of Te nanostructure, the Te
nanoneedles.391 Upon nanoneedle injection, the tumor site
presents an obvious contrast in comparison to the tumor site
before injection (Figure 51B1), indicating the nanoneedles’
effective photoacoustic imaging capability. Moreover, the
thermal images in the tumor site can be recorded (Figure 51B2).
4.5.3. Biosafety. Biosafety issues should never be ignored

when discussing the biomedical applications of novel materi-

als.21 Here, we provide some biocompatibility and toxicity
studies on Xenes.

4.5.3.1. GDY. The physicochemical properties and cytotox-
icity of GDY oxide (GDYO) and graphene oxide (GO) were
studied by Zheng et al.399 GDYO showed higher stability in
saline solution than GO, attributable to intermolecular hydro-
gen bonds. This good dispersity shows its potential for in vivo
application. Furthermore, they showed apoptosis of cells due to
GO’s ROS production, while the GDYO did not influence cell
viability. However, in vivo toxicity was observed with muta-
genesis in mice when intravenously injected 4 mg kg−1 per day
and lasted 5 days. Modified GDY nanostructures were also
investigated. When PEG or BSA was attached to GDY, the toxic
concentration of GDY was lower than 100101,400 or 40 μg
mL−1.400 No apparent injury was observed for mice experiments
that injected 10 mg GDY/kg body weight.400

4.5.3.2. Borophene. The cytotoxicity of PEGylated bor-
ophene was checked in several kinds of cancer cells.378 After
incubation with PEGylated borophene NSs of 500 μg mL−1 at
maximum, no apparent cytotoxicity was observed for all tested
cell lines. The release of the other two key toxicity indicators of

Figure 52. A549 cell viability results from (A)WST-8 and (B) MTT assays in the presence of Xene nanosheets and their +3-valence oxides after 24 h’
treatment. Reproduced with permission from ref 390. Copyright 2019 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.
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nanomaterials, ROS and lactate dehydrogenase (LDH), were
also tested. The release of ROS and LDH caused by PEGylated
borophene treated cells showed no significant difference with
the control group. It proved the high biosafety and promising
potential of borophene for biomedical applications.
4.5.3.3. Group VA: Arsenene, Antimonene, and Bismu-

thene. Side effects and toxicity related to these three elements
(As, Sb, and Bi) have long been explored, and toxicity is quite
common for VA group elements.401−403 The chemical valence of
these elements has been proposed and evidenced to dramatically
influence the toxicity, and thus, the biosafety issue for Group VA
elements must be considered.
The reported Xenes have demonstrated exciting biosafety

behaviors under certain concentrations, but the chemistry of
why they are safe and what would happen if concentrations
increase, has not been deciphered. In 2019, Pumera’s group
conducted a systematical study on the cytotoxicity of arsenene,
antimonene, bismuthine, and their corresponding oxides
(Figure 52).390 Taking adenocarcinoma human lung epithelial
A549 cells as an example, arsenene demonstrated the highest
cytotoxicity upon concentration increase, while bismuthene
showed good compatibility even when the concentration
increased to 100 μg mL−1, with the cell viability staying above
80%. In Figure 52A,B, a comprehensive comparison is displayed,
indicating that the +3 valence salts of these elements generally

induce toxicity than the intrinsically 0 valence Xenes and that
arsenene is much more toxic than antimonene and bismuthene.
Inspired by the low toxicity of zero valence Sb and Bi, as well

as the advantages of 2Dmaterials mentioned above, antimonene
and bismuthene are more promising for large-scale applications
in biomedicines.

4.5.3.4. Tellurene. In recent years, innovative applications of
Te have emerged with the development of nanotechnology. For
example, Te quantum dots (QDs) and Te nanostructures have
been used for biosensors, biological labeling, and imaging.404

They have also been applied in targeted drug delivery systems.
Also, Te nanoparticles show great potential in novel
applications, such as free radical scavenging, antioxidant, and
lipid-lowering.
The chemistry of tellurium is rich in inorganic substances.

Moreover, Te exists in a variety of organisms in the human body.
Te has been applied in antibacterial fields for many years, such as
antiatherosclerosis, anti-inflammatory, and antileishmaniasis. It
has also been used widely for immuno-modulation. Many of the
organotellurides are potential agents with protein inhibition,
microorganisms killing, and apoptosis induction in specific
cancer cells from a pharmacological perspective.405

4.6. Energy Application

4.6.1. GDY. 4.6.1.1. Solar Cell. GDY has been applied in
polymer solar cells,406,407 perovskite solar cells,408−410 fuel
cells,411 and photocatalysis fields.315,412 Xiao et al. reported

Figure 53. (A) Schematic diagram of perovskite solar cells with the P3HT hole-transporting material modified with GDY and (B) J-Vcharacteristics of
the solar cell. Reproduced with permission from ref 413. Copyright 2015Wiley-VCHVerlag GmbH andCo. KGaA,Weinheim. (C) schematic diagram
of perovskite solar cell with doping GDY in the electron-transporting layer; (D) Corresponding J−V characteristic curves. Reproduced from ref 416.
Copyright 2015 American Chemical Society. (E) J−V curves under simulated AM1.5G illumination of 100mWcm−2 in reverse and forward scans. (F)
Steady-state output JSC and its corresponding PCE measured at the maximum power point. (G) IPCE spectra together with the integrated Jsc of
perovskite solar cells introducing GDY between perovskite and hole-transporting layers. Reproduced with permission from ref 423. Copyright 2020
Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.
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perovskite solar cells using GDY as a dopant in the hole-
transporting material (HTM) layer of poly(3-hexylthiophene)
(P3HT) (as shown in Figure 53A).413 The results of Raman
spectra and UV electron spectra exhibited that between the
GDY particles and P3HT a strong π−π stacking interaction is
observed, which is beneficial for hole transport and improved
performance. In addition, some GDY aggregates demonstrate
scattering properties, which positively contribute to light
absorption in the long wavelength band of perovskite solar
cells. The PCE is up to 14.58%, which is better than the original
device based on P3HT (Figure 53B). Subsequently, Ren et al.
successfully prepared nanocomposites of GDY nanosheet
modified platinum nanoparticles by a simple ion-beam
sputtering method.414 The power conversion efficiency of
platinum a (Pt) nanoparticle-GDY NSs counter electrode based
dye-sensitized solar cells is significantly improved by a special
“p−n” junction structure, enhanced electron transferability, and
catalytic activity. The experimental results demonstrated that
the fabricated solar cells still have a high PCE of 6.35%, which
confirmed that the performance is comparable to the Pt foil and
is larger than that of the rGO/Pt nanoparticle and Pt
nanoparticles composite materials. Jin et al. presented PbS

colloidal quantum dots solar cells with the anode buffer layer of
GDY.415 Compared with the reference device, its PCE with
GDY is significantly enhanced from 9.49% to 10.64%.
Furthermore, the device has excellent long-term stability.
Kuang et al. reported that GDY was doped into the phenyl-
C61-butyric acid methyl ester (PCBM) layer of perovskite-type
solar cells (with ITO/PEDOT:PSS/CH3NH3PbI3−x-
Clx/PCBM:GD/C60/Al structure for the perovskite solar cells,
as shown in Figure 53C).416 Compared with devices based on
PCBM, the average PCE of the devices has increased by 28.7%.
The optimized PCE was measured to be 14.8% (as shown in
Figure 53D). Zhang et al. improved all photovoltaic parameters
by dispersingGDY quantum dots in perovskite type solar cells or
in a precursor solution or modifying the surface of each flake, the
PCEwas increased from 17.17% to 19.89%.417 The enhanced fill
factor and JSC are mainly due to the larger Spiro-OMeTAD
carrier conductivity, larger MAPbI3 grains, and carrier
recombination suppressed caused by trap states existing at the
interface and boundary, thereby increasing the overall solar
energy. Li et al. introduced GDY into the perovskite flake to
establish a perovskite/GDY bulk heterojunction for planar
perovskite solar cells.418 It is indicated that the heterojunction

Figure 54. (A1) Schematic of monolayer GDY in a 2× 2 supercell and the sites where lithium ions possibly adsorb are shown. (A2) Top and side views
of the optimized configuration with lithium atoms adsorption on (a) one side and (b) two sides of GDY. Different colors indicate lithium atoms on
different sides of the GDY layer. Reproduced with permission from ref 425. Copyright 2013 American Institute of Physics. (B1) Photo of the Li-ion
battery based on GDY and its application in LED lighting. (B2) Charge/discharge profile under constant current of the GDY electrode in the studied
voltage range of 5 mV and 3 V (current density: 500mA g−1). (B3) Cycling stability comparison between the electrodes of GDY-1 and GDY-2 samples
from 5 mV to 3 V (current density: 2 A g−1). Reproduced with permission from ref 427. Copyright 2015 Elsevier, Inc. (C1) Schematic of the GDY
based Li-ion capacitor. (C2) Ragone plots of GDY/AC Lithium-ion capacitor (LIC), the previously reported graphene and graphite LICs are also
shown as references. (C3) Stability of GDY/AC Lithium-ion capacitor (current density: 200 mA g−1). Reproduced with permission from ref 77.
Copyright 2016 Elsevier, Inc.
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provides additional channels to promote exciton separation and
the extraction of photogenerated electrons. For higher JSC, the
electron transport ability has been improved, and the introduced
GDY can passivate the grain boundary and interface, effectively
inhibiting the recombination of photogenerated carriers,
resulting in a relatively high filling rate. A power conversion
efficiency of 20.54% is achieved. Li et al. reported that GDY is
doped in MAPbI3-based perovskite solar cells.419 In addition,
the stability and J−V hysteresis were also significantly enhanced.
The results showed that double-doped GDY improved the
conductivity, charge extraction ability, increased the electron
mobility in the electron transport layer, enhanced the electron
transport layer’s film morphology, reduced charge recombina-
tion, and increased the fill factor. Li et al. demonstrated that
GDY could be used as a matrix material of the perovskite active
layer.420 In the process of preparation, the optimum molar ratio
of PbI2, MAI, and GDY for active materials is 1:1:0.25. A power
conversion efficiency of 21.01% of was achieved at maximum.
When GDY is used as a matrix material, the film morphology,
crystallization, and other photoelectric characteristics of the
perovskite active layer are greatly affected. Fewer grain
boundaries and larger domain sizes were achieved by
introducing GDY. Li et al. proposed an effective method to
modify P3CT-K flake by doping GDY to further improve
perovskite solar cells’ performance. This method can enhance
the surface wettability of hole-transport layers and significantly
optimize the perovskite morphology by uniformly covering and
reducing grain boundaries.421 Doping GDY in hole-transport
layers can also improve hole extraction mobility and suppress
recombination, enhancing device performance. At the same
time, GDY-doped devices exhibited significantly improved J−V
hysteresis. Liu et al. successfully used chlorine-functionalized
GDY as a solid additive to modify its morphology, to realize
versatility, and to improve the efficiency and productivity of the
device.422 Compared with the 15.6% efficiency of the control
equipment, it achieved a 17.3% efficiency, of which the certified
current was 17.1%, while the JSC and fill factor increased
simultaneously. Zhang et al. used GDY in the planar perovskite
solar cells to modify the pore transport.423 Using GDY
containing chlorobenzene as an antisolvent, GDY can be
injected into the upper part of the layered perovskite. It can
act as a transport tunnel and a hole collector at the same time,
facilitating the diffusion and separation of photogenerated holes
and electrons in perovskite. Moreover, after GDY modification,
a Schottky barrier was established at the interface between GDY
and perovskite, which can guarantee a one-way hole transport
behavior from perovskite to GDY. Thus, the photogenerated
carriers in the layered perovskite can separate automatically.
Therefore, in comparison with a single perovskite based solar
cells, the Jsc and PCE of the perovskite/GDY solar cells increase,
and recombination of dark current and charge is significantly
delayed (as shown in Figure 53E−G). The modification with
GDY also enhanced the environmental stability of perovskite
flakes and perovskite solar cells due to its hydrophobicity.
4.6.1.2. Battery. The atomic structure and chemical property

of GDYmake it promising for fabricating electrochemical energy
storage devices.45 GDY has a single-layer two-dimensional
planar structure. Its infinitely extending two-dimensional plane
is pleated for maintaining the stability of the structure. The sp2-
hybridized benzene rings and sp-hybridized butadiyne bonds in
GDY form triangular pores, leading to the pores in its layered
structure. It endows GDY very high π conjugation, regular and
orderly distribution of pore structure, and adjustable electronic

structure. The two-dimensional planar structure and the three-
dimensional ordered porous properties of GDY make it
beneficial for the storage of molecules and ions, as well as for
rapid migration of electrons, which improves the battery
performance based on GDY.47,424

In contrast to graphite-based electrodes, the lithiation
potentials and specific capacities of GDY can be significantly
enhanced. The GDY-based electrodes possess lithiation
potentials ranging from 2.1 to 2.7 V. The interlayer spacing of
GDY is larger than that of graphite, which is more suitable for
lithium-ion insertion without destroying the layered structure.
Moreover, the GDY with porous structure is beneficial for both
interlayer and intralayer Li+ diffusion in GDY with barriers
between 0.35 to 0.52 eV, other than the confined in-plane Li+

diffusion of graphite (Figure 54A1, A2).425 In the GDY, the
lithium atoms are located at three symmetric sites in its pores
and have a unique triangular pattern (Figure 54A2). Thus, the
Li+ intercalation in GDY could be in LiC3, whose storage
capacity can be enhanced to twice of the traditional form of LiC6
in graphite.426 Therefore, GDY is very suitable to be fabricated
as an anode for lithium-ion batteries, attributed to the high
mobility and excellent lithium storage ability. Huang et al.
reported GDY as a Li storage material with high efficiency and
clarified the Li storage mechanism in multilayer GDY (Figure
54B1).427 GDY-based batteries have achieved outstanding rate
performance, high specific capacity, and long cycle life (Figure
54B2). During1000 cycles, the specific capacity maintained at
420 mAh g−1 under a high current density of 2A g−1 (Figure
54B3). Li’s group prepared 2,4,6-hydrogen-substituted GDY on
a copper foil via an in situ cross-coupling reaction of 1,3,5-
triethynylbenzene in pyridine.76 It was applied in a lithium-ion
battery, obtaining a large reversible capacity of 1050 mAh g−1. In
one crystalline unit, six benzene rings were connected by
diacetylene linkages and the hydrogen atoms are located in the
pores, resulting in more active binding sites for Li ions storage.
Then, they prepared GDY nanostructures, including nanotubes
and nanosheets with the Cu nanowires used as catalysts and
templates for the in situ growth.428 They achieved a capacity of
1388 mAh g−1, that was almost twice of the theoretical value of
GDY, indicating a double side Li ion storing capacity of 2D
GDY. Fluorine substituted (on 2,4,6-carbons of benzene) GDY
(FGDY) was prepared via a C−C coupling reaction.429 Because
the C−F semi-ionic bonds transformed to ionic bonds reversibly
in the charge−discharge process, FGDY showed a high capacity
of 1700 mAh g−1. Normally, organic cathodes in a battery have
low conductivity and molecular dissolution. However, when π-
conjugated GDY was weaved on the organic cathodes, it led to
increased conductivity and suppressed dissolution, resulting in
an enhanced energy density of 310 W h kg−1.430 The
introduction of GDY to lithium-ion batteries resulted in high
rate performance and improved stability.
Lithium-ion capacitor (LIC) is a newly existing hybrid energy

storage device that “interleaves” lithium-ion batteries and
electric double-layer capacitors. However, a traditional LIC
usually has relatively low energy density, which limits its
development. Du et al. have respectively used activated carbon
(AC) and GDY for cathode and anode to fabricate a hybrid LIC
(Figure 54C1).77 Its energy density was 95.1 Wh kg−1, and the
initial specific energy was112.2 Wh kg−1 with the power density
of 1000.4 W kg−1 and 400.1 W kg−1, respectively (Figure 54C2
andC3). Furthermore, the initial specific energy retains 94.7% in
the 1000 cycle (Figure 54). That high performance of the GDY
anode provides great potential for next-generation batteries.
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Figure 55. (A1) (a) Top view, (b) side view of four lithium adsorption sites with high symmetry (TF, BF, TR, and BR sites from left to right) and (c)
their charge density difference plots correspondingly (The yellow and blue areas represent electron losses and gains, respectively. The green ball
represents a lithium atom). (A2) (a) Comparison of the energy distribution diagrams between lithium diffusion along TF−BR−TF and TF−BF−TF
paths and (b) top and (c) side view of lithium diffusion along TF−BR−TF and TF−BF−TF pathways, respectively. TF−BF−TF is along the furrowed
path, and TF−BR−TF is perpendicular to the furrow. Reproduced with permission from ref 441. Copyright 2016 Elsevier, Inc. (B1) Considered Li
adsorption sites and Na adsorption sites on the surface of β12 borophene (top) and their density of states (DOS, bottom). (B2) Comparisons between
the electrode capacities based on borophene and typical 2D materials in Lithium and sodium-ion batteries. Reproduced with permission from ref 439.
Copyright 2016 Royal Society of Chemistry.
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The low cost and abundance of sodium make sodium-ion
batteries (SIBs) widely studied. However, the sodium ion (Na+)
has a larger diameter than Li+; thus, Na+ is hard to intercalate in
graphite. However, with a triangular porous structure and
asymmetrically conjugated π electrons, GDY can provide 3D
channels for Na+ diffusion. Like Li atoms, a model showing the
Na+ occupation in GDY was built, and the intercalation form
could also be NaC3.

431 Na+ can easily diffuse in GDY planes, as
the energy barrier is rather low (0.4 eV).432 SinceGDY possesses
outstanding Na+ storage and diffusion performances, it is
considered a promising electrode in SIBs. Li et al. constructed a
3D structuredGDY via the Glaser−Hay coupling reaction with a
modification, which was used first as the anode material in the
SIBs. Glaser coupling is a traditional method to synthesize 1,3-
diynes. Glaser−Hay coupling is a technique modified by Hay,
demonstrating that the nitrogen ligand N,N,N′,N′-tetramethy-
lethylenediamine (TMEDA) addition promoted the coupling
reaction in other nonalkaline solution such as acetone.22 Their
sodium storage properties and stability are excellent, with a high
reversible capacity of about 812 mAh g−1.81 The result is
originated from (i) the porous 3D architecture of the GDY
assembly optimizing the sodium storage and diffusion behavior
and (ii) the generation of a stable solid electrolyte interface with
the diacetylene linkages increasing the stability. Boron-GDY
(BGDY) is a structure of hexagonal fused rings composed of
diacetylene bridges and the boron atom, replacing the benzene
rings in GDY.433 In addition to GDY incorporating abundant
carbyne ligands in its pores as the Na ion binding sites, BGDY
provides extra binding sites on the electronegative boron atoms,
resulting in a more stable affinity to Na ions. Furthermore, the
hexagonal pores in the BGDY molecular plane are larger than

those in pristine GDY, which is beneficial for the Na ion (larger
than Li ion) transfer in the perpendicular direction.
Besides the traditional LIBs and SIBs, GDYwas also applied in

next generation batteries, i.e., metal−sulfur batteries. Sulfide
GDY reserving short sulfur molecules (S2−4) was synthesized by
splitting S8 rings and anchoring in the triangular pores of GDY
by chemically bonding to carbon−carbon triple bonds.434 It
resulted in a conductive carbon skeleton with short sulfur energy
storage and high lithium ion mobility. Therefore, using sulfide
GDY in lithium−sulfur (Li−S) batteries and magnesium−sulfur
(Mg−S) batteries greatly improved their electrochemical
performances. A polyanion (Nafion) embedded GDY was
developed to tune the mass transfer behavior in a core−shell
nanostructure, thus ameliorating the phase transformation
process in the cathodic reaction.435 In Nafion-GDY, GDY
plays a role of sulfur reservoir with good conductivity and is
applied to catalyze the cathodic reactions. As the Nafion-GDY
was incorporated in the Li−S battery, the volume capacity of the
battery could be enhanced to 1832 A h L−1, and the stability was
also improved due to their complementary effects.
Lithium dendrite growth is a critical issue that affects the

stability and safety of lithium-based batteries.436−438 Zuo et al.
discovered evenly distributed Cu quantum dots (CuQDs) on
GDY nanosheets were ideal substrates for uniform lithium
plating with the suppression of lithium dendrite formation.436

When studying the influence of the copper substrate on the
growth of GDY, they found that polycrystalline copper
nanowires can spontaneously split into a large number of
CuQDs during the growth of GDY, and then the QDs blocked
the GDY growth with long-range order. The obtained CuQDs
were evenly distributed on the surface of less ordered GDY

Figure 56. (A) Adsorption of polysulfides on borophene in competition with the electrolyte. Different colors of balls represent different elements: pink,
boron; yellow, sulfur; purple, lithium; gray, carbon; red, oxygen; light blue, fluorine; white, hydrogen; and dark, nitrogen. (B−D) Structure diagrams of
triangular, β12- and χ3-borophene, respectively. The pink balls represent the groove B atoms, while the green balls in (B) represent bulge B atoms.
Reproduced with permission from ref 443. Copyright 2019 The Royal Society of Chemistry.
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nanosheets. The CuQD-GDY showed extremely high lithiophi-
licity, resulting in the increased binding energy between the Li
atom and GDY from −2.56 eV to −3.17 eV, attributable to a
charge transfer from CuQD to GDY. At the same time, a large
number of pores on the less ordered GDY efficiently disturbed
the lithium dendrite growth, while a long-range ordered GDY
grown on the Cu foil could not avoid ultralong growth of the
dendrite. It was beneficial for the development of the Li−S
batteries.
4.6.2. Borophene. The low atomic weight, metallic feature,

and structural channels for fast ion migration make borophene
promising for fabricating the anode in metal-ion batteries. The
metallic borophenes have a capacity up to 1984 mAh g−1 for
both Li- and Na-ion batteries, while in calcium-ion batteries
(CIBs) and magnesium-ion batteries (MIBs) it can be 800 and
1960 mAh g−1, respectively.439,440

Jiang et al. studied theoretically the potential of borophene
applied for the anode in lithium-ion batteries.441 The adsorption
energy of borophene to Li atom is −1.12 eV, ensuring high
binding stability of Li-borophene batteries during the lithiation
process (Figure 55A1). The specific capacity of a commercial
graphite anode is 372 mAh g−1. For comparison, the specific
capacity of a borophene anode is five times larger (1860 mA h

g−1), due to its fully lithiated form of Li0.75B. The energy barriers
in different directions of corrugated borophene are dramatically
different, resulting in anisotropic Li+ diffusion in borophene.
Moreover, it is just 2.6 meV along the groove of corrugated
borophene, while other 2D materials-based anodes, such as the
Ti3C2 and phosphorene, have much higher energy barriers of 70
and 80 meV, respectively (Figure 55A2). It leads to ultrafast Li+

diffusion in borophene. These suggest that a borophene anode
in LIBs is promising to enhance batteries’ power density
drastically.
Moreover, Zhang et al. predicted that borophene could be

used for electrode fabrication in LIBs and SIBs.439 The
simulations are conducted on the two experimentally stable
borophene structures of χ3 and β12. The good electric
conductivity of borophene remains after Li+ andNa+ adsorption,
and their optimized sites on borophene are determined (Figure
55B1). Besides advantages including low average open-circuit
voltages and small diffusion barriers, the storage capacity can be
up to 1240 mAh g−1 in the χ3 structure and 1984 mAh g−1 in the
β12 structure for both lithium and sodium ions. These are the
highest in the ever-discovered 2D materials, and it is also much
higher than those of the commercial barriers with graphite
electrode (Figure 55B2). These results strongly suggest that

Figure 57. (A) Gravimetric (left) and volumetric (right) capacities for different elements. Reproduced with permission from ref 449. Copyright 2010
Royal Society of Chemistry. (B1) Cycling and (B2) rate performances of bulk Sb, 2D Sb, and Sb NPs. CV curves of (B3) 2D Sb and (B4) Sb NPs.
Reproduced with permission from ref 448. Copyright 2019 Royal Society of Chemistry. (C) Electrochemical performance of antimonene: (C1) CV
curves, (C2) discharge−charge behavior, (C3) cycling performance, (C4) long-term cycling life, and (C5) rate performance. Reproduced with
permission from ref 252. Copyright 2018 Springer Nature. (D) Electrochemical performance of antimonene nanosheet-graphene film: (D1) first-two
charge−discharge profiles, (D2) cyclic performances, (D3) influence of current densities on charging−discharging profiles, and (4) rate performance.
Reproduced with permission from ref 156. Copyright 2017 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.
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borophene is attractive for fabricating anodes in both LIBs and
SIBs.
4.6.2.1. Lithium−Sulfur Battery (LSB). Lithium−sulfur

battery (LSB) is promising for energy storage with a higher
energy density than the current lithium-ion batteries. The main
challenge for LSB is the polysulfide shuttle, low discharge
capacity, and rapid capacity decay. Host materials with excellent
polysulfide absorbability and high conductivity are preferred for
scaffolds to load sulfur in LSB.442 The porous and wave-type
configuration in borophene makes it ideal to confine Li2Sn.
Recently, few theoretical studies on Li2Sn adsorption are
explored. For instance, three types of borophenes are
theoretically investigated as host agents for sulfur cathodes
(Figure 56).443 They possess light masses and good con-
ductivities. The larger binding energies of polysulfides on the
borophenes than those on the commonly used electrolytes,
reduce the polysulfide dissolution in the electrolytes. Moreover,
the polarization of surfaces in borophenes can provide
appropriate sites to immobilize polysulfides. Thus, borophene-
based or B-doped materials benefit from the hindered shuttle
effect of polysulfides. These properties of borophene and its
derivatives endow them as promising host materials for LBS.
4.6.3. Group V: Arsenene, Antimonene, and Bismu-

thene. Bulk 3D Sb and Bi have been found to have great
potential for sodium ions storage, with the theoretical values for
Na3Sb and Na3Bi being 660 and 385 mAh g−1, respectively.
Benefiting from a transition from semiconductive to metallic
properties after being exfoliated as 2D nanosheets, antimonene,
and bismuthene, together with their heterostructures with other
2D materials, exhibit more attractive charge storage perform-
ances in K+, Na+, Li+, and Mg2+ batteries with high energy
density.156,252,444−446 As depicted in Figure 57A, elements As,
Sb, and Bi all show performances superior to the widely applied
carbon in gravimetric and volumetric capacities. These elements
generally exhibit low atomic packing factors, suggesting that
incorporating Li ions into crystals consisting of these elements is
feasible. Furthermore, the three elements all tend to form alloys
with Li, demonstrating vast potential for storing Li.
Using the first principle studies, Ye et al. found that the Mg

storage performance of arsenene is mainly dependent on the
layer numbers and compositions.447 With the theoretical
adsorption energy tuned from 0.82 to 2.48 eV, Mg ions could
be anchored onto As nanosheets with different layer numbers
and heterostructures. Among different cases, theoretical results
revealed that monolayer arsenene has a much higher specific
capacity than the bilayer structure as well as the arsenene/
graphene heterostructure, but a much lower open-circuit voltage
on the average. The lowest diffusion barrier ranging from 0.08 to
0.33 eV for Mg ions is also found for monolayer arsenene,
indicating the intrinsically intriguing charge/discharge perform-
ances, with good recycling reversibility observed. Among As, Sb,
and Bi, antimonene has been most intensively studied for ion
storage. As shown in Figure 57B, a detailed comparison among
the Sb nanosheet, bulk Sb and Sb nanoparticles have been
conducted to examine their capacity to store Li-ions.448 The
results suggest that even without additional agents, dimension
engineering could serve as a helpful strategy to achieve high
stability because of the promising cost-effective electrode
fabrication for scale-up production. The result demonstrated
that antimonene performed much better than the Sb nano-
particles in terms of reaction rates. Moreover, the nanosheets
even performed better than the reported Sb NPs or Sb/carbon
heterostructures. CVs of nanosheets and nanoparticles were

collected to gain deep insight into the mechanism, which
manifests a good alloying/dealloying process for all the Sb
samples, regardless of the configurations. To confirm the
generality of antimonene for ion storage, Lin’s group examined
the Na+ storage capability of Sb by a similar comparison study
over the 2D nanosheet and bulk Sb, with the electrochemical
properties shown in Figure 57C.252 As can be seen, there is a
two-step pathway for the alloy/dealloy process, where Sb, NaSb,
and Na3Sb transform gradually under the influence of the
electronic field. Bulk Sb exhibits a poor cyclability, whereas the
2D antimonene demonstrates excellent stability (Figure 57C1).
Figure 57C2−C4 show the cycling performances under different
current density, which display that antimonene outperformed
bulk Sb, regardless of the density (664vs 381mAh g−1 at 50mA/
g after 50 cycles, 458 vs 63 mAh g−1 at 800 mA/g after 100
cycles). The detailed process is depicted in Figure 57C5,
indicating that antimonene has prominently high speed and
cycling performances, thus gaining an advantage over bulk Sb.
To a step closer to practical applications, Yang and co-workers
constructed a compacted film based on antimonene nanosheets-
graphene (SbNS-G). It is concluded that an antimonene based
film is superior to other materials, which opens a window toward
building up supercapacitors.156

Xenes are promising candidates for superconductors and
supercapacitors. Kong et al. employed DFT calculations to
explore feasible phonon-mediated superconductivity in arsen-
ene nanosheets under electron doping. Strong superconducting
pairing interaction was found to be a consequence, mainly of the
pz-like electrons of As atoms and the A1 phononmode near theK
point. More surprisingly, the superconducting transition
temperature reaches 30.8 K in arsenene with the doped electron
density of 0.2 e/cell and additional application of 12% biaxial
tensile strain. It is worth noting that the calculated transition
temperature outperforms much better than the bulk arsenene
and is the highest one compared with other simulated values for
electron-doped 2D Xene superconductors. This sheds light on
the application of arsenene and similar elemental 2D materials
such as Sb, Bi, and the like for superconductors.302

Banks’s group employed antimonene nanosheets for such
applications.450 Based on a carbon electrode, Sb demonstrates to
prominently enhance the energy storage performance of this
electrode in cyclic voltammetry and constant current charging.
Electrochemical measurements come at a capacitance of 1578 F
g−1 as well as at a charging current density of 14 A g−1 for this
antimonene. Thus, antimonene can be regarded as a potential
2D material for supercapacitor applications. This platform also
conveys the power and energy densities of 4.8 kW kg−1 and 20
mWh kg−1, which are highly competitive compared with other
2D materials. More encouragingly, this antimonene based
system exhibits great cycling performances for more than 1000
cycles.
As a pioneering VA group 2D material, black phosphorus

(BP) has demonstrated its admirable electronic and optical
advantages resulting from the readily modulated bandgaps via
changing the layer numbers. Like BP, the VA group Xenes also
have direct bandgaps, and thus bandgap engineering makes it
possible to realize the transformation of a given 2D Xene from a
conductor to a semiconductor. Harnessing this feature, Song
and co-workers prepared a batch of semiconductive indirect-
bandgap antimonene nanosheets (SANs). Such SANs are an
excellent candidate in planar inverted perovskite solar cells for
the hole extraction layer and drastically improve the perform-
ance of the whole system because of quick hole extraction and
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highly effective hole transfer at the interface of perovskite/hole
transport layer.451 As shown in Figure 58A, the binding energy
values indicate that SANs have direct charge transfer with the
stabilizer PTAA, which is a key for maintaining stability in
various applications. Figure 58B implies that the stabilized SANs
have intrinsically high electrical conductivity and good
compatibility with the perovskite film, which all together
promotes hole transfer, suggesting SANs are an ideal hole
extraction layer for hot planar inverted perovskite solar cells
(PVSCs). The performance and stability test in Figure 58C−F
suggests that the as-prepared PVSCs exhibited enhanced power
conversion efficiency within the range from 17.58% to 20.05%.
All these experimental results provide substantial evidence that
antimonene is an up-and-coming candidate for energy
conversion. It has to be admitted that most of the solar cell

studies based on the Xenes are mostly relying on theoretical
calculations. Although DFT calculations have put forward
numerous ideas, they are not easy to realize due to the assumed
simplified and optimized factors.452,453

4.6.4. Tellurene. Lithium−sulfur batteries (LSB) have
aroused great attention, attributed to the high specific capacity
whose theoretical value is 1675 mAh g−1, and sulfur is abundant
in nature.454−456 The lithiation process of tellurium, which
locates in the same sulfur group, shows a behavior similar to
sulfur but has a higher electronic conductivity. It ensures
efficient utilization of tellurium cathode with a higher theoretical
capacity of 2621 mAh cm−3457−459 and efficient battery packing
for practical portable devices.457,460 Therefore, tellurium is
viewed to be a promising candidate as a cathode material. Liu et
al. have designed a kind of lithium tellurium battery (LTB) with

Figure 58. (A) UPS spectra showing secondary electron cutoff region (left) and valence band region (right) (PTAA: poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine]; SANs: semiconductive antimonene nanosheets). (B) Explication of hole transfer from perovskite to PTAA/SANs. (C) J−V
curves of the control and SANs with the most favorable performance. (D) Steady power conversion efficiencies (PCE) curves. (E) External quantum
efficiency (EQE) plots at the maximum power point. (F) Statistical PCE results of perovskite solar cells without (control) and with SANs. Reproduced
with permission from ref 451. Copyright 2018 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.
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the cathode fabricated with the hybrid tellurium and porous
carbon materials (Te/C) (Figure 59A1).457 The confinement
effect exists in the porous carbon matrix. A reversible volumetric
capacity of 1400 mAh/cm3 can be achieved at a current of 312
mA/cm3 by the Te/C cathode (Figure 59A2), and it remains
87% after 1000 cycles (Figure 59A3). All these merits endow the
Te/C composite as a promising material for LIB cathodes.
There are some investigations on improving the performance

of the tellurium cathode by using a conductive carbonaceous

matrix.457−460 However, it is still difficult to achieve an electrode
with enhanced conductivity and Te volume expansion (ΔV =
104%) suppression through confining tellurium in a conductive
electrode framework.461 He et al. employed nanoporous carbon
polyhedral doped with nitrogen (N) and cobalt (Co) (C−Co−
N) for the Te host in Li−Te batteries (Figure 59B1).462 Here,
77.2 wt % of Te can be loaded in the Te@C−Co−N cathode,
resulting in high capacity (2615.2 mAh cm−3) close to Te’s
theoretical value. Excellent cycling stability is also obtained, with

Figure 59. (A1) TEM image (left) and element mapping of C (middle) and Te (right) in the Te/C composite; (A2) charge/discharge profiles; (A3)
comparison of the cycling performance and Coulombic efficiency between the pristine Te electrode and Te/C composite. Reproduced with
permission from ref 457. Copyright 2014 Royal Society of Chemistry. (B1) Schematic diagram of the Te@C−Co−N cathode preparation process.
(B2) Stability performance of Te@C−Co−N composite used as a cathode at 1C during 800 cycles. Reproduced with permission from ref 462.
Copyright 2017 American Chemical Society.
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as high as 93.6% of capacity retained after 800 cycles (Figure
59B2). The C−Co−Nmatrix with high conductivity and plenty
of micropores offers effective ionic diffusion channels and
electron transfer channels. It is worth noting that these
investigated Li−Te batteries are not based on the 2D tellurene,
which needs further investigations with more promising
expectations because of more electronic-active sites in tellurene
NSs.

5. CONCLUSIONS AND PERSPECTIVES

We have presented a systematic and comprehensive status of the
features, fabrication, and diverse applications of the emerging
Xenes. The progress has already provided some critical insights
into their physics and potential applications.
The rich material properties in pristine and functionalized

Xenes make the design of on-demand devices more promising
for electronic, magnetic, photonic, thermal, biological, and
sensor nanoplatforms. However, many technical issues are yet to
be solved. This section provides our subjective opinion on
challenges remaining and opportunities that exist for multi-
disciplinary research.
Most importantly, to truly advance practical applications, the

benefits of Xenes relative to the 3D counterpart and other 2D
materials need to be explicitly investigated experimentally and
confirmed. Given the advantages of 2D materials on a high
surface to volume ratio, flexibility, high storage capacities, and
long spin lifetimes, significant research is required to realize
commercialization advantage over mature 3D materials and
other low-dimensional materials. However, despite facing
significant challenges, the unique characteristics of these
emerging materials will affect any future technical application
bringing revolution in electronics, photonics, sensing, bio-
medical applications, catalysis, and energy systems.
An issue to be addressed is determination of the influencing

factors of such nanoplatforms for different applications. The
electro-optic properties, bandgap variations, varied carrier
mobility, how the defects or heterostructures modulate
electronic and optical structures, and whether morphology
and size affect the properties, remain to be deciphered.
Furthermore, in the field of biomedical applications, side-effects
and cytotoxicity of Xenes during the biological process are yet to
be comprehensibly determined, particularly in their long-term
effects. Regarding phototherapeutic applications, light pene-
tration and safety issues for both PTT and PDT cannot be
ignored. PTT has been realized under irradiation by NIR-I light;
however, it would be more beneficial to achieve effective PTT in
other optical windows (NIR-II and NIR-III) with deeper
penetration and reduced scattering. In terms of catalysis, near-
neighbor and coupling interactions of multicomponents in
heterogeneous catalytic reactions, trigger synergistic catalytic
effect, but the strategic design and precise construction of these
composite systems remain a challenge. With respect to energy
applications, Xenes are suitable for fabricating capacitors and
anodes of batteries because of their excellent mechanical
properties, excellent conductivity, and high specific surface
area. Their use as cathode materials and water purification based
on green technology are also main research directions. The
application of Xenes improves the overall performance of solar
cells as well. However, their demonstrated performance is not as
expected, which needs to be improved further. The stability issue
of Xenes might result in a nonuniform surface with multiple
valences, yielding more complicated catalytic pathways and

byproducts; thus, the surface chemistry of Xenes should also be
highlighted in catalytic applications.

5.1. Challenges

5.1.1. Synthesis, Fabrication, and Characterization.
Multitudes of unique properties of Xenes have been theoretically
predicted. However, they need to be verified by experiments
which require the development of more precise synthetic
approaches and advanced characterization techniques. The
synthesis of Xenes must be efficient with a high yield from their
bulk phase to guarantee the reliability for mass production,
which may be more feasible for Xenes than multielemental 2D
materials. The fabrication strategies must also be application-
oriented. For example, a biomedical application prefers a green
and nontoxic fabrication process. Second, depending on a
specific application, different strategies must be adopted to
mitigate the degradation of the materials, especially for Xenes
which lack a layered bulk allotrope. Due to the limitations of the
present technique, the expenses for fabricating high-quality,
large-scale Xenes with expected functions are still high. More
economical and scalable approaches under mild conditions need
to be developed.
So far, only layered Xenes structures have been fabricated.

Novel fabrication may produce other morphologies such as
nanotubes and nanospheres. Graphene has been widely used in
3D print nanocomposites.463,464 A combination of additive
manufacturing technology and graphene reinforcement offers an
efficient way for fast manufacturing of multifunctional 3D
systems with enhanced characteristic. As yet, there is no report
of 3D print manufacturing for the other Xenes. The storage and
the postprocessing of Xenes used in functional devices are also
challenging.
Novel approaches are in high demand, and characterizations

revealing local properties for specific sites, instead of averaged
bulk material attributes, are likewise required. Most of the
current characterization methods employed are general
techniques such as Raman and FTIR, which provide averaged
information, instead of site-specific scenarios, limiting any deep
insight into the most desired morphology and effective units,
hindering further understanding on the structure−property
relationship investigations on Xenes. Although techniques such
as STM make it possible to identify the exact structure of
obtained 2D nanoplatforms, their applications are not widely
applied due to complicated manipulation, limited scope, and
relatively high costs.

5.1.2. Database for Opto-Electro-Magnetic-Biomedi-
cal Properties. The Xenes and their heterostructures are
multivariate systems as they involve dangling bonds, covalent
and noncovalent interactions, etc. It requires multiscale theory
and informatics tools to treat them comprehensively. These
predictive models can be valuable in exploring new types of
Xenes and their based heterostructures. Current achievements
in understanding and manipulating opto-electro-magnetic-
biomedical properties of Xenes reported so far are still limited,
thus the database is limited for utilizing machine learning,
artificial intelligence, and data mining for the improvement of
this field. A complication is also posed by the repeatability and
reliability of all the published data. Another area lacking in
reported studies is the magnetic properties of Xenes. Even
though the monoelemental 2D materials discussed here are
diamagnetic in their pristine form, doping, surface grafting, and
heterostructures with other 2Dmagnetic materials may be useful
approaches to produce next-generation magnetic 2D materials.
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5.2. Opportunities

This subsection presents our views on the huge opportunities for
the progress of this field. It is intended to stimulate future
multidisciplinary research.
5.2.1. Multiscale Modeling and Materials Informatics.

The design and synthesis of materials compositionally modified,
surface grafted, and manipulated at the interface in a
heterostructure can be significantly benefited by combining
materials informatics and multiscale modeling. This compre-
hensive approach can be highly effective in time and resources
and can make useful predictions on composition, structure, and
interfaces, thus accelerating the discovery of new materials.
Multiscale modeling invokes interactions processing at

various time- and length- scales, such as quantum mechanics/
density functional theory (DFT) for local chemical interactions
containing up to hundreds of atoms; parametrized molecular
mechanics for weaker longer length scale interactions; the
surrounding ambient media being treated as a polarizable
dielectric continuum. Advanced quantum theories, such as solid-
state and quantum chemistry-based theories, can be imple-
mented into the modern computer architecture with hybrid
processor unit, involving graphical cards, bringing simulation to
the exascale computational regime. Combining multiscale
modeling and the real-time response theory can address the
response of the material to strongly confined local fields for large
complex environments and is a promising approach to compute
the nonlinear optical response of Xenes and any other low-
dimensional materials in ultrashort and ultrastrong pulsed
electromagnetic fields.
Materials informatics is an emerging branch of informatics,

being inspired by bioinformatics development, which combines
statistical, computational, and machine learning methods to
forecast and optimize structure, processing, and composition of
materials to obtain the required properties. Virtual high-
throughput approaches can be combined with multiscale
modeling to develop a comprehension of structure−property
relationships. Machine learning combining artificial intelligence,
together with a recent extension to deep learning, brings a
technology revolution with a potential to transform new
materials discovery radically.
5.2.2. Photonic Structures. 2D structures can be novel

photonic nanocomponents in various forms of optical cavities
such as (a) Fabry−Perot cavity; (b) photonic crystal cavity; (c)
whispering gallery mode cavity and (d) distributed Bragg
reflector cavity.465 Xenes can also be an important class of
materials for photonics devices and nonlinear optical
applications. Fabrication and study of photonic cavities using
nanostructured and nanopatterned Xenes for high-quality
photonic devices are another area of opportunity, but need
more detailed theoretical and experimental studies of their linear
and nonlinear optical properties. Plasmonically coupled Xenes
can also be another opportunity to enhance optical interactions,
such as boosting electron/photon interactions for useful
photonic and optoelectronic devices.
Included in nonlinear optical applications are high-speed

optical computing, optical power limiting, nonlinear diffraction
of light, optical imaging and all-optical signal processing. Only
limited experimental studies of nonlinear optical properties
exist, mostly as mode-locker or Q-switcher in lasers for
ultrashort pulse generation. Thus, great opportunity exists to
expand systematic studies to explore other nonlinear optical
applications using surface grafted, morphologically varied, and
heterostructure configurations.

5.2.3. Magnetic 2-D Xenes. As pointed earlier, the
magnetic characteristics of monoelemental 2D materials can
be manipulated by doping and vacancies, surface grafting, and
heterostructure formation with other 2D magnetic materials to
produce novel magnetic 2D materials.
For next-generation information technologies, the emergence

of 2D Xenes with a half-metallicity state is highly desired. In this
regard, combining with substitutional magnetic doping and in-
plane bending treatment in a zigzag direction, the half-
metallicity 2D Xene nanoribbons with stability in long-range
magnetic order was theoretically suggested.466 For the 2DXenes
without intrinsic magnetism, magnetism inducing processes,
such as introduction of a vacancy, external fields, doping, and
strain, should be explored, which are beneficial for novel
electronic and spintronic device applications.467 To effectively
extend bandgap without damaging the extraordinary electronic
properties of 2DXenes, the functionalization process, mainly the
magnetic modification process, should focus on controlling and
tailoring desired properties, reversibility of functionalization,
and so forth. Through these structural and morphological
modifications, both the optical and magnetic properties can be
judiciously tailored to yield a new generation of magneto-optic
materials, possibly with a very large Verdet constant which
quantifies the magneto-optic effect (Faraday rotation).

5.2.4. Phase Change Materials, ENZ Materials,
Quantum Materials, and Metasurfaces. Phase change
materials have drawn considerable attentions since different
phases of the same material may possess varied magnetic,
electric, or optical property. Combined with light, local heating,
pressure, exposure to a chemical specie, electric pulse or pressure
treatment, a phase transition process can be induced, which can
change its optical, electric or magnetic property. For example,
light-induced refractive index variation from one phase to
another in a dielectric is suitable for optical switching device
applications. Xenes offer mesoscopic engineering of morphol-
ogy, surface grafting, ease of heterostructure fabrication, and
compositional variability of material and thus hold great
potential to develop emerging phase change materials.
Epsilon-near-zero (ENZ) materials are another exciting class

of materials within a certain spectral range, possess a near-zero
dielectric permittivity value (ε ∼ 0). This can lead to novel
optical phenomena by the unusual behavior of wave propagation
and giant enhancement of local electric field. In Xenes, the ENZ
property can be realized by using manipulation of morphologies,
surface termination, and variability of composition. Utilizing
composites or Xenes nanosheets integrated with a negative
epsilon plasmonic structure can be another approach to achieve
ENZ behavior. To our best of knowledge, no Xenes with ENZ
property has been currently reported.
Quantummaterials exhibit electron correlations intensively to

macroscopic length scale and manifest quantum effects at finite
(room) temperature. These materials are characterized by layer-
dependent bandgaps and, consequently, optical properties.
Xenes can thus be explored as quantum materials.
Metasurfaces are nanoengineered optically thin structures

with optical properties (refraction, transmission, reflection)
widely different from their naturally occurring bulk form.
Metasurfaces can play an essential role in metaphotonics, a
rapidly developing field in electro-magnetic fields manipulation
within the nanoengineered material to control the light
propagation.468 There is a great role for metasurfaces as flat
optics for versatile applications ranging from solar energy
harvesting, to optical communications, to biophotonics and
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sensor technology. Metasurfaces enable unprecedented control
of electromagnetic waves within short time and space scales,
including transmission, refraction, reflection, dispersion, steer-
ing, interference, and radiation. Because of their mesoscopic
engineering of morphology and compositional variability, Xenes
offer a cost-effective “bottom-up” means to produce large scale
and high-quality metasurfaces. Additionally, heterostructures
can be formed by integrating various 2D materials with Xenes,
which can break the mirror symmetry and fabricate chiral
metasurfaces. All these advanced properties enable metasurfaces
to be considered as a promising candidate in spintronic and spin-
controlled photonic applications.
5.2.5. Organic−Inorganic Hybrid Heterostructures.

Modification of Xenes with π-conjugated organic compounds
decorated with various functionalities is also worth investigating.
The bonding structures of 2D materials generally include
covalent or metal−metal bonds and van der Waals interactions,
both of which can help tune the electronic and optical properties
rationally. Thus, surface conjugation of Xenes with π-electron
enriched compounds can modulate the chemical and physical
properties by altering the bonding structures.
In a novel heterostructure design, the interlayers between the

Xene multilayers can be connected by simultaneously
conjugating with the ending functional groups of the same π-
electron enriched organic compounds.469,168,470 The coupling
between the electrons in Xene layers and conjugated organic
compounds would produce hybridization of their quantum
states, which enhances the DOS, endowing such Xene-organic
structure hybrids more superior nonlinear optical performance.
The coupling of Xenes with an organic structure of asymmetry
containing electron acceptor and donor groups can induce
charge transfer that can impact their optoelectronic and
nonlinear optical properties. Additionally, organic structures
containing thiol groups can bond to metal species to introduce
plasmonic coupling. It is also anticipated that the interface
between the organic compounds and Xenes will promote the
electron transfer and charge separation. Thus, surface engineer-
ing of Xenes and chemical modifications of organic compounds
offer a promising research direction for modulating the hybrids.
The wide variety of functional organic compounds (oligomers,
polymers, or supramolecular compounds), which can be
conjugated or simply adsorbed on Xenes, provide abundant
resources for constructing hybrid heterostructures, reinforcing
the Xene-based heterostructures, and achieving versatile
applications.
5.2.6. Biomedical Applications. As covered in section 4.5,

Xenes have already shown promise for various biomedical
applications. The scope of biomedical applications can be
further expanded by making the best of the optical properties,
induced magnetic characteristics of Xenes, and rational surface
modification with drugs, photosensitizers, imaging, and sensing
agents. Coupling the Xene surfaces with therapeutic molecules
will yield synergetic theranostic 2D platforms, enabling imaging
and sensing directed multimode synergetic therapy and real-
time monitoring. For clinical applications, both in vitro
biocompatibility and long-term in vivo biosafety need to be
evaluated. The design and selection of Xenes responsive to IR
light source for deeper penetration and lower incident power will
further advance phototherapy.
It still may require some time for phototherapy using Xenes to

be directly applied to clinical applications, and researchers have
to work mainly on the following aspects. First, we have to admit
that even the laser whose wavelength is located within the NIR-

II region can only penetrate around 1 cm, let alone the materials
responding at visible light or NIR-I range. Therefore, it might be
more meaningful to focus the phototherapy studies involving
Xenes and their heterostructures on superficial diseases. Second,
constructing Xene-based nanozymes, which can function as
peroxidase or glucose oxidase under tumor microenvironment
without light irradiation, is a promising direction. In tumor cells,
the slightly acidic conditions require higher stability of Xenes
than neutral conditions, so certain modifications of Xenes are
worth exploring. Third, the costs for obtaining these Xenes are
still very high, which limits their applications compared to
nitrogen-doped carbon or other cheap materials. How to
optimize the synthetic procedure and decrease the expenses is
demanding attention. Finally, cross-discipline should always be
kept in mind. For example, if we try to apply Xenes in treating
lung cancer via phototherapy, we can locate the Xene-based laser
fiber close to the tumor treatment site, further making the best of
the phototherapy potential of Xenes. Dealing with diseases is a
never-ending topic, and developing novel materials, especially
Xenes-based materials, which are advantageous in many aspects,
is always in high demand.
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have produced nine spin-off companies, including publicly traded
Nanobiotix, now in advanced clinical trials for cancer therapy.
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