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Innovation and discovery of
graphene-like materials via
density-functional theory

computations

Qing Tang,' Zhen Zhou'* and Zhongfang Chen®*

Inspired by the intensive studies of graphene, scientists have put extraordinary
efforts in exploring properties and phenomena involving noncarbon graphene-like
two-dimensional (2D) nanomaterials, particularly those only consisting of single
layers or few layers. Experimentally, many graphene-like 2D structures have been
fabricated from a large variety of layered and nonlayered materials. These graph-
ene-like structures have already shown exceptional properties, which will offer
new breakthroughs and innovative opportunities in nanomaterials science. Theo-
retically, density-functional theory (DFT) computations offer a powerful tool to
investigate the electronic structure (principally the ground state) of nanomaterials,
to predict their intrinsic properties, assist in characterization, and rationalization of
experimental findings, as well as explore their potential applications. By DFT com-
putations, many graphene-like materials have been explored and designed, and
fantastic properties are disclosed. In this review, we present the recent computa-
tional progress in discovering the intrinsic structural, electronic, and magnetic
properties of several important and representative graphene-like 2D nanomater-
ials, as well as identifying their potential applications. The highlighted graphene-
like structures include layered van der Waals (vdW) materials (h-BN, MoS,,
a-MoQO3, and V,05), graphitic-like ZnO, MXenes (metal carbides or carbonitrides),
the not-yet-synthesized B,C, SiC,, BSi3, arsenene and antimonene, and single-layer
coordination polymers ([Cu,Br(IN),], (IN =isonicotinato), Fe-phthalocyanine, and
nickel bis(dithiolene)). © 2015 John Wiley & Sons, Ltd
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INTRODUCTION

he discovery of graphene has fueled fundamental

interest in two-dimensional (2D) nanomaterials.’
Graphene is attractive because it possesses extraordi-
nary properties and demonstrates strong potential for
future electronics. Though overwhelmed, graphene is
not the single child in the family of 2D nanomaterials.
Other graphene-like nanomaterials, such as hexagonal
BN (h-BN), metal dichalcogenides, oxides, and
carbides, also joined the 2D family.>”® It was the tremen-
dous efforts of the peers in synthesizing these graphene-
like 2D materials that made it possible to investigate
their intrinsic properties and explore their potential
applications. Many such 2D nanomaterials have been
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experimentally achieved, such as single- or few-layer b-
BN, MoS,, MXene, and coordination polymers (CPs).

By means of density-functional theory (DFT)
computations, researchers have explored many graph-
ene-like materials. For example, the electronic proper-
ties of BN and MoS, nanoribbons depend heavily
on edge shapes, and can be modified by defects,
doping, and surface or edge functionalizations”'';
polar (0001) untrathin films of Wurtzite ZnO would
transform into graphitic-like structures'?; planar tetra-
coordinate carbon- and silicon-containing B,C'* and
SiC,'* were designed. Excitingly, several predications,
for example, depolarized ZnO(0001) monolayer'® and
MoS, nanoribbon'® were confirmed experimentally
rather shortly.

The main goal of this review is to discuss recent
DFT computational efforts in understanding the intrin-
sic structural, electronic, and magnetic properties,
establishing structure-property relationship, and iden-
tifying promising applications of several important and
representative graphene-like materials.

THEORETICAL FRAMEWORKS:
STRENGTHS AND LIMITATIONS
OF DFT

As the most widely used quantum mechanics or ‘ab-
initio’ method, DFT serves as the basis for much
of the condensed-matter physics and quantum chemis-
try, and offers a powerful tool for computing electronic
and other properties of a large number of materials
ranging from the bulk phase to low-dimensional
nanostructures.

DFT is based on the Hohenberg-Kohn theorem
that the properties of a system are a function of the elec-
tron density, and is implemented by solving the Kohn—
Sham equations, which maps the intractable many-
body system of interacting electrons into a fictitious
but simplified system of noninteracting electrons mov-
ing in an effective potential. The exchange and correla-
tion (XC) effects contain all the complications due
to the quantum nature of the electrons, and are
accounted by the XC potential, which is approximated
by functionals, such as the local density approximation
(LDA), the generalized gradient approximation
(GGA), and hybrid functionals. Generally, DFT can
yield a qualitatively, sometimes even quantitatively,
correct picture of the ground-state geometries, vibra-
tional properties, and electronic structures of mole-
cules, crystals, and surface systems.

Within the frameworks of DFT, we have lots of
choices on the basis sets and exchange correlation func-
tional, and different computing codes are available.
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Taking both the computational efficiency and the com-
putational accuracy into account, for 2D materials,
the mostly used basis sets are plane-wave basis set
(VASP or CASTEP software code),!” projector-aug-
mented-wave (PAW) pseudopotential or ultrasoft
(US) pseudopotential, and the numerical atomic-
orbital basis set plus p-polarization functions (DNP)
or d-polarization functions (DND) including all-elec-
tron semi-local or effective core pseudopotentials
(DMol® code).'® The functionals of choice include
GGA functionals of Perdew-Wang (PW91) or
(Revised) Perdew-Burke-Eruzerhof [(R)PBE],"” LDA
functionals of Ceperley Alder (CA) or Troullier—
Martins (TM).2° Typically, all the supercell structures
are treated with periodic boundary conditions (PBCs).
Particularly, the GGA/PBE can give the lattice para-
meters of crystals very close to the experiment, which
pushes the accuracy within the 1% range.

When addressing the dynamic effects of extended
materials, the first-principles-based approach, such as
ab-initio molecular dynamics (AIMDs), where the
forces are calculated from accurate electronic structure
calculations, is very attractive.

Although DFT has become an important working
tool in studying a variety of electronic and structural
properties of nanomaterials, the standard DFT method
has its inherent limitations, and it remains a major chal-
lenge in the theoretical community to improve its accu-
racy and efficiency. In the following discussion, we
will shortly document a few challenges when dealing
with the structure and electronic properties of 2D
nanomaterials.

The first challenge is to get accurate band gaps. A
proper reproduction of the experimental band gap in
semiconducting or insulating materials is a necessary
prerequisite in order to accurately describe the elec-
tronic structure and/or optical properties. Currently,
the most accurate method for band-gap computations
is GW approach of many-body perturbation theory,
which is too expensive for 2D materials. The most com-
monly used local and semilocal approximations to the
exchange-correlation functional in standard DFT tend
to severely underestimate the band gaps of semiconduc-
tors, thus the computed band gaps can only be used for
qualitative comparison with experimental data. Fortu-
nately, the trend of the band-gap changes predicted
by DFT is typically correct. As far as the ‘band-gap
problem’ is concerned, the recently developed screened
exchange hybrid density functional, namely HSE06,*'
provides a good solution in many cases. HSE06 is
designed to reproduce exchange energies comparable
to traditional hybrids while only using the short range,
screened HF exchange (usually with a mixing parame-
ter of 0.25, but can be individually adapted for each
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investigated system), thus, it is often used as a compro-
mise between accuracy and computational efficiency
(the computational time required for HSE calculations
is about a factor of 2—4 higher than pure DFT, while the
band-gap calculation using HSE produces error over
five times smaller than pure DFT). However, note that
the Heyd-Scuseria-Ernzerhof (HSE) should be only
considered as an improvement in band-gap accuracy
compared with LDA and GGA, but not a method to
fully rely on.**

The second challenge is to well describe disper-
sion interactions in 2D materials. Note that the reliable
determination on the geometry and cohesive (binding)
energies of layered van der Waals (vdW) solids or the
physical adsorption of molecules on the inorganic sub-
strates is essential to understand and design such mate-
rials. By nature, the dispersion energies are related to
interactions between electrons separated by distances
of several angstroms; however, standard DFT models
commonly use semilocal correlation functionals,
counted only for separations of the order of 1A dis-
tance, but neglect nonlocal long-range dispersion inter-
actions. In other words, standard DFT methods can
provide an accurate description of strong covalent
and ionic bonds, but fail badly for systems with sub-
stantial nonlocal dispersion interactions. One solution
to well describe noncovalent systems is to supplement
the standard Kohn—-Sham-DFT energies with semiem-
pirical dispersion corrections (the damped C4R™® term
as an add-on correction), leading to the so-called DFT
+D approaches (DFT-D1, DFT-D2).%%** Particularly,
the recently implemented DFT-D3 method has been
fined with higher accuracy, where the dispersion coef-
ficients (Cs) and atom pairwise cutoff radii (R) are less
empirical and both are computed from first
principles.?’

The third challenge is to handle the intrinsic self-
interaction error, especially in strongly correlated sys-
tems. The inexact exchange energy approximation in
DFT introduces self-interaction errors (SIEs), and con-
sequently results in overly delocalized electron densi-
ties. SIEs become very significant in strongly
correlated  transition-metal-oxide  systems  with
robustly localized d or f electrons, and their electronic
(such as band gaps and defect energy levels) and mag-
netic (magnetic ground states) behaviors can be
improperly predicted by standard DFT. A commonly
used SIE correcting approach to improve the descrip-
tion of d and f electrons in transition metal oxides is
the DFT+U method.?® The basic idea behind DFT+U
theory is to treat the strong on-site Coulomb interac-
tion of localized electrons with an additional Hub-
bard-like term (applying an averaged intra-atomic
interaction potential between the strongly correlated
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electrons). The strengths of the on-site interactions
are usually described by parameters U (on site Cou-
lomb) and J (on site exchange). The computationally
effective treatment of DFT+U depends only on the dif-
ference, U¢ = U-]. The parameters U and ] can, in prin-
ciple, be extracted from ab-initio calculations. In
reality, however, both U and ] values are usually deter-
mined semi-empirically, by fitting specific physical
property to experimental data, such as the crystal lat-
tice parameters and band gap.

GRAPHENE-LIKE MATERIALS
ACHIEVED FROM LAYERED
MATERIALS WITH vdW INTERLAYER
INTERACTION

In this section, we restrict our discussion to graphite-
like layered structures with strong in-plane covalent
bonds while the adjacent sheets are stacked by weak
vdW forces, and the typical examples are h-BN,
MoS,, and oxides (a-MoQj3 and V,0Os).

Because of the weak interlayer interactions, these
layered solids can be easily exfoliated into single or few
layers. The recent experimental achievements in
synthesizing these 2D nanostructures are quite
encouraging.>*”*8

Along with experimental achievements, compu-
tational investigations on these vdW structures also
progressed with great pace, leading to discoveries of
interesting properties. Based on their structural charac-
teristics, these materials are categorized into planar (h-
BN) and nonplanar ones (MoS,, -Mo0Qj3, and V,0Os5).
Among them, the simplest form is the atomically thin
BN sheets, while the nanosheets of MoS,, a-MoQO3,
and V,Oj5 all have complicated anisotropic bonding.
On the other hand, both BN and MoS, have hexagonal
symmetry similar to graphite, whereas a-MoQO3 and
V,0;5 have orthorhombic symmetry.

Planar (h-BN)

Layered h-BN is isostructural to graphite, and its mon-
olayer is the nearest heteroatomic analogue of graph-
ene. Despite their structural similarity, the electronic
properties differ dramatically: graphene is a zero-
band-gap semimetal, while »-BN monolayer is a
wide-band-gap semiconductor (band gap: ~6¢V).”’
Owing to its electrical insulating property, #-BN has
been applied to ultraviolet-light laser devices,*® field
emitters,>’ and nanofillers in polymer composites.>*
Particularly, because of good lattice match and atomi-
cally smooth surface free of dangling bonds, »-BN
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nanosheets serve as excellent dielectric layers for
graphene-based electronics.?>***

Compared with the medium band gap desired for
most semiconductor industries, the wide-band gap con-
stitutes a severe obstacle for applying »-BN to elec-
tronic and optoelectronic devices. It is thus of great
demand to search for ways to control the electronic
properties of h-BN. Several methods have been pro-
posed in theory, such as cutting into nanoribbons,
introducing structural defects, doping, and modifying
edge or surface chemically.

Motivated by the fascinating properties of graph-
ene nanoribbons, there is also great interest in BN
nanoribbons (BNNRs), which have been experimen-
tally produced by unzipping of BN nanotubes.?373’
Armchair BNNRs are robust semiconductors, whether
the edges are passivated or not. Differently, zigzag
BNNRs with bare edges are magnetic and semicon-
ducting due to presence of dangling edge bonds: the
electrons are ferromagnetically coupled at the N edge
while antiferromagnetically coupled at the B edge.*®
Upon edge passivation, zigzag BNNRs with two-side
hydrogenated are nonmagnetic semiconductors, while
those with one-side hydrogenated are ferromagnetic
half-metals,® or antiferromagnetic p-type semicon-
ductors (when only the B or N edges are selectively
passivated).*’

The common defects observed during BN growth
are N-terminated triangle vacancies with missing B/N
atoms.*! Another important type of defect is Stone-
Wales (SW) defect without any removed or added
atom. The SW defect forms by rotating one B-N bond

(a) Perfect (b)
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within four borazine rings by 90°, and reconstructing
to form pentagon-heptagon pairs with appearance of
new B-B and N-N bonds. There are two types of B-N
bonds in perfect BNNRs (denoted as 1 and 2 in
Figure 1(a) and 1(d)), and bond 1 or 2 can be rotated
and rearranged into SW-1 or SW-2 defect, respectively.
The formation of SW-2 defects is energetically
preferred.

Our DFT studies show that introducing SW
defects generates localized defect states and leads to
band-gap reduction of armchair and zigzag BNNRs.”
This finding is encouraging because it was generally
believed that the band gap of BNNRs is rather robust.
SW defect has been observed in graphene under elec-
tron beam irradiation; however, this defect has not
been experimentally identified in BN, because energet-
ically it is rather unfavorable to form homonuclear N-
N or B-B bonds.

DFT computations revealed that molecular dop-
ing is also effective in tuning electronic structures of BN
nanosystems.'’ The acceptor (tetracyanoquinodi-
methane, TCNQ) and donor (tetrathiafulvalene,
TTF) molecules are noncovalently stacked on BN
(Figure 2), and the optimized molecule-sheet distance
(3.4-3.7 A) is slightly larger than the interlayer space
(3.3 A) in layered h-BN. The interfacial charge transfer
between TCNQ/TTF and BN causes significant band-
gap narrowing of BN sheet/ribbons, resulting in p- or
n-type semiconductors, respectively. The modifications
of BN surface with patterned donor and acceptor mole-
cules might be useful in the design of BN-based p-#
junction devices and molecular electronics.

FIGURE 1 | Eight-zigzag (upper) and 11-armchair BNNRs (lower): (a, d) perfect and (b, e and ¢, f) with various SW defects. (Reprinted with

permission from Ref 9. Copyright 2009 American Chemical Society)
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FIGURE 2 | Complexes of BN sheet with TCNQ (a) and TTF (b). (Reprinted with permission from Ref 10. Copyright 2011 American Chemical Society)

Surface covalent functionalization serves as
another important tool for band-gap modification,
and hydrogen is the typical modifier. Our computa-
tions revealed that hydrogenation induces different
consequences on armchair and zigzag BNNRs.'" Fully
hydrogenated armchair BNNRs are nonmagnetic semi-
conductors, while fully hydrogenated zigzag counter-
parts are ferromagnetic metals. Interestingly, a
gradual evolution from nonmagnetic semiconductors
to ferromagnetic half-metals or metals can be realized
by precisely controlling the hydrogenation coverage
of zigzag BNNRs (Figure 3). A recent experimental
study by Zhang et al. confirmed that few-layered BN
exhibited a reduced band gap (~4.25eV vs ~5.6¢€V)
after hydrogen plasma treatment, although the exact
degree of hydrogenation was unclear.**

Interlayer dihydrogen bonds can also theoreti-
cally tune band gaps of BN systems.** In chemistry, a
dihydrogen bond is described as A-H***H-B (A is a
strongly electronegative atom such as O or N, while
B is a less electronegative element than H such as B,
Al), which is driven by the electrostatic attraction
between two oppositely charged H. When hydroge-
nated BN bilayers are packed together, considerable
interlayer B-H***H-N dihydrogen bonds emerge.
For chair-typed BN layers, such interactions drastically
reduce the intrinsic large band gaps (from 3.27 eV for
chair-like BN monolayer to 0.05 eV for bilayer) due
to interfacial polarization and the resulting interlayer
charge transfer. However, the lowest-energy configura-
tion is not chair-typed, but stirrup-typed. The stirrup-
like BN bilayer (band gap: 4.98 V) preserves the
insulating characteristic of stirrup-like BN monolayer
(band gap: 4.92 eV), because there is negligible charge
transfer between two interactive BN layers. Fortu-
nately, the insulating band gap of more stable stir-
rup-typed bilayer BN can be engineered by applying

364

© 2015 John Wiley & Sons, Ltd

external electric field. Similarly, another weak interac-
tion, interfacial dihalogen bonding, can be also used for
this purpose.**

Nonplanar (MoS,, M0oOj3, and V,05)
Layered MoS,, a-Mo0Qj3, and V,0Oj5 are also assembled
by weakly bonded layers. Unlike the one-atom-thick
flat graphene and h-BN, monolayers of these materials
have distinctive polyhedral-layer nonplanar geometries
(Figure 4). Specifically, MoS, monolayer is organized
in a hexagonal honeycomb structure consisting of
Mo atom-layer sandwiched between two S atom-
layers, each Mo(S) atom is coordinated to six (three)
S(Mo) atoms forming trigonal prismatic coordination.
Particularly, a single sheet of MoOj3 consists of a
puckered bilayer, and the Mo atom centers a distorted
octahedral coordination (MoQyg). Three crystallo-
graphically different oxygen atoms are present: surface
terminal O1 and the bridge-connected twofold
(02) and threefold (O3) coordination O. V,0Os mono-
layer is built up of distorted VO5 square pyramids that
point upward and downward alternatively, and three
inequivalent O sites (single-coordinated O1 and two-
and three-coordinated bridging O2 and O3) also exist.
Single layers of M0S,, M0Oj3, and V,0Os5 all have intrin-
sic band gaps.

MOSZ

MoS, is the most widely studied material among
transition metal dichalcogenides (TMDs) due to
its excellent properties and potential applications, par-
ticularly, in the next-generation nanoelectronic
devices. The electronic property of MoS; is thickness-
dependent. MoS; in its bulk form is an indirect band-
gap semiconductor (1.29eV). However, when the
thickness is reduced down to one layer, the band gap
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FIGURE 3 | Geometries and band structures of hydrogenated 8-zigzag BNNRs with Ly; : Ly ratios of (a) 1:4 (20%), (b) 2:3 (40%), (c) 3:2 (60%), (d) 4:1
(80%), and (e) 1:1 (100%). Parts f and g show zooms on the region about the Fermi level of band structure and density of states (DOS) of (d). (Reprinted

with permission from Ref 11. Copyright 2010 American Chemical Society)

FIGURE 4 | Layered MoS,, a-Mo03, and V0s.

is widened (1.90eV) and transformed into a direct
one.* The presence of a direct band gap in single-layer
MoS; makes it extremely promising for optical applica-
tions. The medium band gap of single (few)-layer MoS,
in the visible region also makes it attractive for fabricat-
ing field-effect transistors,*® phototransistors,*” and
integrated circuits for logic applications.>>*8

MoS, nanoribbons have also drawn considerable
attention*” (Figure 5). Depending on the cutting

Volume 5, September/October 2015

direction, two kinds of MoS, nanoribbons with arm-
chair- (AMoS,) or zigzag-shaped (ZMoS,) edges can
be generated, without considering edge saturation in
earlier DFT studies. Different edge chiralities lead to
distinct electronic properties. AMoS, nanoribbons
are direct band-gap semiconductors with gaps con-
verged to ~0.56 eV, which is smaller than that of the
single-layer MoS, because of edge effects. Differently,
ZMoS; nanoribbons are robustly ferromagnetic metals
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FIGURE 5 | Eight-zigzag (a) and 15-armchair (b) MoS, nanoribbons. Spin density distribution of 8-zigzag MoS, nanoribbon (c). Band-gap variation
of armchair nanoribbons as a function of ribbon width (d) (8 < N, < 20). (Reprinted with permission from Ref 49. Copyright 2008 American Chemical

Society)

regardless of widths or thicknesses. The introduced mag-
netism mainly concentrates on edge Mo and S. In terms
of structural stability, ZMoS, nanoribbons are energet-
ically more preferable than AMoS, ones. Encourag-
ingly, after our prediction, ultranarrow ZMoS,
nanoribbons were successfully fabricated by Wang
et al. via in situ growth inside carbon nanotubes.'® Note
that the bare Mo edge of ZMoS; nanoribbons is unsta-
ble, which prefers to be saturated by S, and later DFT
studies by Erdogan et al.’° showed that the electronic
and transport properties of ZMoS; nanoribbons depend
strongly on the edge passivation (full- or half-passiva-
tion with S).

A number of methods were theoretically proposed
to control electromagnetic properties of MoS, systems,
such as applying strains or electric fields,”'** adatom
adsorption,’® and vacancies.”® In particular, an increase
in external electric field perpendicular to MoS, bilayer
narrows its indirect band gap continuously, and finally
converts it to zero.”® It was also found that single-layer
MoS,, which is typically nonmagnetic, attains a net
magnetic moment upon adsorption of 3d transition
metals such as Co, Cr, Fe, Mn, Mo, Sc, Ti, V, and W,
as well as group 4A elements such as Si and Ge.>* The
creation of MoS; triple vacancies gives rise to significant
magnetic moments, while monovacancies or divacancies
do not induce magnetic moment.>>

MoS, has many promising applications. Because
of its tunable band gaps in the visible regions, MoS, can
be applied to electronic and optoelectronic devices.
MoS, is also promising as a catalyst or as an electronic
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sensor.”®> Moreover, its layered structure and facile for-
mation of ion-intercalated state offer great opportu-
nities to use MoS, as Li ion battery (LIB) materials.
With this in mind, we explored Li adsorption and dif-
fusion on different MoS; systems via DFT computa-
tions.’® Li strongly binds to bulk MoS, with a
moderate diffusion barrier. Reducing dimensionality
into MoS, bilayer or monolayer significantly decreases
Li diffusion barrier; however, the binding strength
becomes slightly weaker. Owing to unique edge effects,
cutting MoS; into zigzag nanoribbons remarkably
enhances Li binding at the edges, and simultaneously
preserves a high Li mobility with a low diffusion bar-
rier. Regardless of the adsorption sites (Figure 6), Li
would eventually migrate to edges by overcoming small
activation barriers, which decrease progressively
toward the edge. Therefore, compared with bulk and
sheet-like MoS,, MoS, nanoribbons should act as bet-
ter LIB materials.

MoS, represents only one example of the TMD
materials, many other 2D TMDs also attracted tremen-
dous interest. Particularly, unlike the semiconducting
property of MoS,, VS, is electrically metallic. Our com-
putations revealed that the intrinsic metallicity of VS,
facilitates its performance as LIB anodes, and VS, mon-
olayer is predicted to have higher Li storage capacity
than Mo$, or graphite.”’

M003
a-MoQ3 with orthorhombic symmetry is a layered
oxide semiconductor well known as a redox solid
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) Two diffusion paths (P10 from Ts to Ty, P11 from Ts to T;) on the basal plane of 8-zigzag MoS, nanoribbon. (b and c) Energy profiles

for P10 and P11. (Repnnted with permission from Ref 56. Copyright 2012 American Chemical Society)

catalyst. a-MoQOj3 comprises of a series of bilayers
stacked along (010) plane (Figure 4). Its layered struc-
ture is particularly favorable for Li insertion, and has
been widely studied as a LIB cathode material.’® As a
functional material, -MoQj is also applied to photo-
chromic devices,”” photocatalytic reactions,®® as well
as gas and biosensors.®"

Bulk a-MoOj3 has a wide-band gap (~3eV),
which results in low carrier concentration and is thus
not suitable for the application to electronic devices.
A range of approaches have been developed to tune
its band gap, and one commonly adopted method is
hydrogen intercalation. Insertion of H into a-MoOj3
layers produces H,MoO;, and theoretical studies
showed that semiconducting a-MoQj5 shifts to metallic
at H loading of x > 0.25.%% Because of its high dielectric
constant and easily tunable electronic properties, recent
experiments have shown that a-MoQOj3 emerges as an
excellent oxide semiconductor for developing field-
effect transistors with enhanced carrier mobility.>®

Our DFT computations also indicated that the
electronic properties of MoQj3 sheets can be alterna-
tively tuned by cutting into nanoribbons, modifying
with hydrogenation or applying strain.®® The derived
MoOj; nanoribbons can be nonmagnetic semiconduc-
tors, magnetic semiconductors, or magnetic metals
depending on the cutting patterns, among which the
nonmagnetic semiconducting nanoribbons have higher
stability. The semiconducting single-layer MoOQOj5 is
transformed into a ferromagnetic metal when surface
O1 and O2 atoms are saturated by H. Regardless of
edge shapes and widths, all the edge-hydrogenated
MoOj; nanoribbons are nonmagnetic semiconductors,
whereas all the fully hydrogenated MoO3 nanoribbons
(both surface and edge are hydrogenated) are ferro-
magnetic metals. The induced magnetism mainly origi-
nates from 4d orbitals of Mo atoms. The above
predictions are consistent with experimental findings
of band-gap reduction of MoO3; sheets upon hydrogen-
ation”® and enhanced electronic transport of H,MoO;
nanobelts.®* Besides hydrogenation, the band gaps of
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MoO3; sheet/ribbons can be tuned by exerting axial
strain, and their nonmagnetic semiconducting charac-
ters remain unchanged within 10% tensile or compres-
sive forces.

V205

V,0Os5 also crystallizes in an orthorhombic structure
comprising layers of distorted [VOs] square pyramids
stacking along (001) direction (Figure 4).

Bulk V,0;5 has a band gap of ~2.4 €V, and the
(001) monolayer has similar physical properties and
stability to its bulk. Our DFT investigations demon-
strated that single-layer V,0Ojs sheet and nanoribbons
possess tunable properties.®> Single-layer V,Ojs
behaves as a nonmagnetic semiconductor (indirect
gap: 1.91eV). Surface hydrogenation transforms
V,0Os into a ferromagnetic metal. Note that theoretical
studies by Negreira et al. showed that surface oxygen
defects would decrease the band gap of V,05 (001)
layer, and a semiconductor-to-metal transformation
occurs with the addition of oxygen vacancies.®® Zigzag
V,0;5 nanoribbons are intrinsically magnetic metals
with considerable bands crossing the Fermi level in
both minority and majority spin channels (Figure 7),
and the generated magnetism mostly comes from the
unfilled d orbitals of edge V. Armchair nanoribbons
are nonmagnetic semiconductors with direct gaps
around 1.82 ~1.88¢V. Both types of nanoribbons
become nonmagnetic semiconductors when only edge
atoms are hydrogenated, and are further transformed
into half-metals when surface and edge atoms are com-
pletely hydrogenated. These tunable properties lead to
possible applications of V,0s nanostructures to the
fields of nanoelectronics and spintronics.

Scaling V,05 to nanoscale dimensions endows
them with great potentials for important applications.
Like layered MoS, and MoQs;, 2D layered V,0;5
sheets have been extensively studied as high-capacity
cathode materials for LIBs. According to Rui et al.’s
experimental report, single-layered and few-layered
V,0s5 nanosheets showed better electrochemical
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FIGURE 7 | (a)Spin density distribution (top and side views), and band structure (b) of 12-zigzag V,05 nanoribbon. (Reprinted with permission from

Ref 65. Copyright 2011 American Chemical Society)

performances than bulk phase, due to high active-spe-
cific surface area and shortened Li insertion/extraction
pathways provided by the ultrathin thickness.®”*®3
V,0s5 has also been widely used as a catalyst, and
DFT studies revealed that V,05 monolayer could pro-
mote the dehydriding kinetics in MgH,, which facili-
tates the development of Mg-based hydrogen storage
materials.®”

Besides the above focused #-BN, MoS,, a-MoOj3,
and V,Os, there are many more vdW materials,” and
these materials (some of them have not been exfoliated
in experiments) with diverse ranges of properties yield a
rich set of novel 2D systems to explore.

GRAPHENE-LIKE MATERIALS
ACHIEVED FROM INORGANIC
MATERIALS WITH STRONG
INTERLAYER INTERACTIONS

The above h-BN, MoS,, a-MoOj;_and V,05 belong to
layered vdW solids, and then here a question arises: can
graphene-like materials be achieved in layered materi-
als with strong (covalent or ionic) interactions between
their layers? Actually, there are a few successful exam-
ples in obtaining thin nanosheets of strongly connected
inorganic materials, such as ZnO and M,,,AX,..

From Wurtzite Phase (ZnO) to Graphitic
Layers

Waurtzite materials occur widely in most II-VI and III-V
binary compounds. In Wurtzite structures, alternating
hexagonal planes are interconnected by strong cova-
lent bonds, and all atoms are in sp> hybridization. Par-
ticularly, cutting Wurtzite crystal along ¢ axis leads to
polar (0001)-oriented films with a cation-terminated
surface on one side and an anion-terminated surface
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on the other side. Such polar surfaces are intrinsically
unstable due to divergence of surface energy. Freeman
et al. predicted that polar (0001)-oriented ultrathin
films of Wurtzite materials undergo an interesting
structural transformation into layered graphitic struc-
tures.'? In graphitic structures, each atom goes from
tetra-coordination to planar tri-coordination, and sur-
face polarity is completely removed, structurally simi-
lar to graphene. As an example, Wurtzite ZnO
nanosheets with limited Zn-O bilayers are relaxed to
graphite-like structures’’ (Figure 8(a)). The observed
transition is accompanied by Zn-O bond contraction
within each bilayer and interlayer distance expansion.
Graphitic ZnO nanosheets are semiconductors because
of surface-state depolarization, with band gaps reduced
with increasing thickness, and then converged to a
thickness-independent value of 2.05 eV (Figure 8(b)).
This appealing prediction on Wurtzite-graphite transi-
tion was confirmed by an epitaxial-growth experiment,
wherein two-monolayer-thick planar ZnO(0001) films
were observed on Ag substrates.'’

The electronic structures of graphite-like ZnO
can be additionally modulated by adatom adsorption
of H®” or F”!. Hydrogen or fluorine saturation of sur-
face atoms can transform these graphitic ZnO
nanosheets into Wurtzite configurations, and their
electronic and magnetic properties depend on H or F
adsorption sites and sheet thickness.

In addition to ZnO, the thin nanofilms of many
other Wurtzite materials (such as SiC, BeO, ZnS, AIN,
and GaN) with polar (0001) surfaces are also found to
form graphitic-like structures'®”>73; however, so far
these graphitic systems remain hypothetical in theory.

From MAX Phase to MXene

‘MAX’ phase is a family of layered ternary metal car-
bides, nitrides, or carbonitrides with a M,,,1AX,, (n=
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FIGURE 8 | (a) Two-bilayer ZnO nanosheets with initial Wurtzite structure and optimized graphitic structure. (b) Band-gap evolution of graphitic
nanosheets as a function of bilayer number, n (1 <n <?9). (Reprinted with permission from Ref 70. Copyright 2010 American Chemical Society)

1, 2, 3) formula. Depending on the combination of M
(Ti, Sr, V, Cr, Ta, Nb, Zr, Mo, or Hf ), A (IT A or IV A),
and X (C and/or N), MAX occurs in more than 60 dif-
ferent categories. MAX combines the physicochemical
properties of both metals and ceramics, and possesses
unique properties, such as remarkable machinability,
excellent oxidation resistance, and high electrical and
thermal conductivity, leading to various industrial
applications. MAX adopts hexagonal structures with
P63/mmc symmetry, consisting of alternative stacking
of MX layers and planar A atomic layers (Figure 9).
The MX layers are held together by interleaved A layers
via partially ionic bonding, and thus separating MX
layers cannot be easily realized.

Amazingly, the formidable task to exfoliate MX
layers was accomplished by a rather simple but effec-
tive approach. Gogotsi's group selectively extracted
A layers by acid treatment (HF acid), and then used lig-
uid-phase ultrasonication to facilitate the exfoliation
into 2D MX layers. Through this method, many MX
layers such as TizC,, Ti,C, TasCs, TiNbC,
(Vo.5Cro.5)3C,, TisCNy (x < 1), Nb,C, and V,C have
been successfully isolated from their Al-containing
MAX phases.”*”® Depending on the concentration
of HF solution, the surfaces of these layers are usually
functionalized by F or/and OH groups. These exfo-
liated carbide or carbonitride nanosheets are termed
as ‘MXene’, to signify the loss of A element and empha-
size these materials’ graphene-like 2D morphology.

The electronic properties of MXenes can be tuned
by changing compositions and their surface termina-
tions, which have been widely studied via DFT compu-
tations. For example, bare Ti3C,, built up of quintuple
layers stacked in Ti(1)-C-Ti(2)-C-Ti(1) sequence
(Figure 10(a)), is featured as a magnetic metal. Its
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FIGURE 9 | Structures of M,AX, M3AX, and MyAXs.

induced magnetism originates from delocalized dan-
gling 3d orbitals of surface Ti atoms. Upon surface ter-
mination, the unsaturated surface Ti atoms form strong
bonds with attached functional groups, and the derived
Ti3C,F, and Ti;C,(OH), become nonmagnetic semi-
conductors with small band gaps around
0.04-0.07 eV.”’

Other types of MXenes, M,C (M =S¢, Ti, V, Cr,
Zr, Nb, or Ta) and M,N (M =Ti, Cr, or Zr) with bare
surfaces are also metallic.”® When their surfaces are
functionalized by F, OH, or O, the as-functionalized
MZXenes are metallic except for Sc,CF,, Sc,C(OH),,
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FIGURE 10 | (a) Side view of Li-adsorbed TizC,. (b) Top view of the lowest-energy migration pathway (A-B—C) for Li diffusion on TizC,. (c) Diffusion
barrier profile. A, B, and C represent ontop C, ontop Ti(2), and ontop C sites. (Reprinted with permission from Ref 77. Copyright 2012 American Chemical

Society)

SC2COZ, TizCOz, ZI'2COZ, and HszOz, which are
semiconductors with band gaps between 0.25-2.0
eV.”” Thicker MXenes (Ti,,;C,, and Ti,,;N,,, where
n=4-9) with both bare and functionalized surfaces
are all predicted to be metallic.””

In addition to the extensive theoretical predic-
tions, the electrical conductivities of some free-standing
MXene discs (Ti,C, TiNbC, Ti3CNy, Ta4Cs, or Ti3C,)
have also been experimentally measured, which are
comparable to those of multilayered graphene.”*

The rich chemistries and unique electronic prop-
erties endow MXenes with many promising applica-
tions. We performed DFT studies on one
representative MXene, TizC,, in terms of its Li storage
capability”® (Figure 10). Li adsorption forms strong
coulombic interaction with TizC, host (Li prefers to
adsorb onto C atoms), and the adsorbed Li becomes
partially ionized due to large charge transfer between
Li and MXene. In regard to the diffusion properties,
bare Ti3C, exhibits the lowest diffusion barrier (0.07
eV) and highest Li storage capacity (320 mAh g™, up
to Ti3C,Li, stoichiometry) as compared with its fluori-
nated and hydroxylated derivatives. The higher diffu-
sion barriers on Ti3C,F, and Ti;C,(OH), are
ascribed to steric hindrances induced by surface
groups. For a better implementation of MXene into
advanced Li ion batteries, an ideal surface without
functionalization would be desirable, although this
would be synthetically difficult to achieve. Moreover,
Ti3C, is found to have a low operation voltage
(0.62 eV) during Li-ion intercalation, which, when
combined with its good electrical conductivity, and
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low diffusion barrier, renders Ti3C, strong potential
as LIB anodes.®°

The performances of several MXenes (Ti,C,
Ti3C,, V,C, or Nb,C) as LIB anodes have been tested
in recent experiments.”>*®" In general, these MXenes
showed excellent Li-ion capacity at extremely high
rates. MXenes also showed great promise as electrode
materials for supercapacitors.*>*? A variety of cations
(Li*, Na*, K*, or NH4") can readily intercalate into
Ti3C, layers, which offer higher volumetric capaci-
tance than porous carbon electrical double-layer capa-
citors. Moreover, MXenes were also experimentally
found to be promising catalyst supporters to enhance
oxygen reduction reaction activity.**

The discovery of MXenes greatly expands the
family of 2D nanomaterials. However, to date, only
a limited number of MXenes were experimentally pro-
duced. As the exfoliation technique increases in effec-
tiveness, more MXenes would be exfoliated from
their MAX precursors, and diverse properties as well
as numerous applications are expected.®>"

COMPUTATIONAL DESIGN OF NOT-
YET-SYNTHESIZED GRAPHENE-LIKE
MATERIALS WITH NOVEL
CHEMICAL BONDING (B,C, SiC,, BSis,
ARSENENE, AND ANTIMONENE)

Carbon can have sp, sp?, or sp> hybridized states. Sili-
con is in the same column of the periodic table as car-
bon; however, Si ordinarily prefers sp> hybridization.
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Attempts to design molecules and materials with novel
chemical bonding such as planar tetracoordinate C
(ptC) or Si (ptSi) have been hotly pursued since the ini-
tial seminal work on the possible existence of ptC by
Hoffmann.”* Various ptC- or ptSi-containing mole-
cules have been designed, which are beyond the scope
of our current review. Herein, we focus on two hypo-
thetical graphene-like materials containing ptC and
ptSi based on computational predictions.

B,C

B,C sheet (Figure 11(a)—(c)), as proposed by Wu et al.,
is based on a predicted ptC molecule ‘CB,4’, and is essen-
tially a 2D extended network of C,,—~CB4 motif.'* B,C
consists of closely packed hexagons and rhombi, and
each C is bonded with four B atoms, forming tetra-
coordination C moiety. B,C is not completely planar
as the CB4 molecule, but is slightly corrugated with a
tiny separation of B-layer and C-layer by ~0.085 A,
because the B/C ratio in B,C is lower than that in
CB, molecule, and the reduced B/C ratio leads to more
valence electrons in 2p orbitals. B,C has excellent
mechanical, thermal, and chemical stability, which
can maintain structural integrity up to 2000K.

(a) o .

90
‘Y-(X.Ifi
X
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Electrically, B,C sheet and its derived nanoribbons
are all rigorous metals.

As a hypothetical material, the 2D B,C mono-
layer is predicted to possess many intriguing properties.
Based on first-principles lattice dynamics and electron-
phonon coupling computations, the B,C sheet is
predicted to be an intrinsic 2D superconductor with a
relatively high transition temperature in the range of
14.3-19.2 K.”> Because of its electron-deficient charac-
ter, the hexagonal hollow site of the B,C sheet can
strongly hold metal atoms such as Li’* and Ti.”® The
attached metals donate their s electrons to B,C leading
to partially filled B p and C p orbitals, and meanwhile
the B,C back-donates some electrons to the low-lying
Li p or Ti d orbitals, resulting in strong hybridizations
between Li (Ti) and the B,C substrate. The metal-
doped B,C can adsorb hydrogen molecules with mod-
erate binding energies and high gravimetric density,
thus can be potentially developed for hydrogen storage
applications.

SiC,

Stimulated by Wu et al.’s study on B,C, we designed an
interesting SiC, where ptSi is stably embedded into a
periodic 2D network ! (Figure 11(d)). SiC, is designed

(d)

FIGURE 11 | (a) CB; molecule (left) and a C,~CB,4 motif (right); (b) Top and (c) side view of B,C. (Reprinted with permission from Ref 13. Copyright
2009 American Chemical Society). (d) SiC4 molecule (upper) and SiC; (lower). (Reprinted with permission from Ref 14. Copyright 2011 American Chemical

Society)
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based on a planar SiC4 molecule. In SiC, the Si-C bond
is slightly longer than typical Si-C single bond, while
the C-C bond is featured as a typical C=C bond. One
C=C bond and its four bonding Si atoms resemble
the structure of ethylene. The planarity-preferred ethyl-
ene-like skeletons act as a driving force to yield a per-
fectly planar SiC, network. SiC, is a stable phase,
being a local minimum at the potential energy surface,
and possessing high kinetic stability up to 800 K. Sim-
ilar to B, C, all ptSi-containing nanostructures, ranging
from SiC, sheet and nanoribbons to nanotubes, are
robustly metallic. The characteristic metallicity is gov-
erned by z-type C=C bonds.

BSi; Silicene

Benzene and graphene are the two paradigms of
Hiickel-aromatic molecules and 2D aromatic networks
consisting of planar aromatic Dg, cyclic six-membered
carbon ring(s) (¢-Cg). However, the relatively weak z
bonding ability of Si versus C makes the silicon analo-
gues of benzene and graphene (hexasilabenzene
molecule and 2D silicene sheet, respectively) favor
the low-buckled honeycomb structure. Thus, searching
for an effective strategy to stabilize the planar aromatic
Dgy, cyclic six-membered silicon ring (c-Sig) becomes an
intriguing project for chemists. By combining DFT
optimizations and global minimum search based on
particle swarm optimization (PSO) method, Tan
et al.”® found that replacing the Si atoms surrounding
the central ¢-Sig in the silicon analogue of coronene
with B (BsSijgH1;) can significantly stabilize the pla-
narity of the central ¢-Sig ring, which is attributed to
the strong z-p conjugation between ¢-Sig and B atoms
(Figure 12). Extending this B¢SiigH{, model to 2D net-
work led to planar ¢-BSij silicene sheet, which can be
viewed as B-substituted silicene. Electronic structure
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computations indicated that c-BSijs silicene is a typical
metal, which is electrically robust to mechanical strain
and surface chemical functionalization. The intrinsi-
cally metallic ¢-BSi; is predicted to have high lithium
storage capability (1410 mA - h/g for single-layer c-
BSiz and 846 mA - h/g for double-layer c-BSiz) and
low diffusion barrier (below 0.6 ¢V).”” This indicates
that ¢-BSi3 silicene could be potentially explored as
an anode materials for LiBs with high capacity and fast
charge/discharge rate.

Arsenene and Antimonene (As and Sb
Monolayer)

The group-V mono-elemental crystals such as bulk
gray As and Sb form a layered honeycomb structure-
like graphite. However, the As and Sb layers adopt
buckled structures with single-layer thickness of about
1.35A (Figure 13), similar to the buckled silicene and
germanene. Recently, Zhang et al.”® predicted that
the As and Sb monolayers have strong kinetic stability
(no soft phonon modes are available in the computed
phone dispersion spectra) and high feasibility for
experimental realization. In fact, each As or Sb atom
with five valence electrons bonds to three adjacent
atoms, which endows them with octet stability. Inter-
estingly, although bulk As and Sb are semimetals, they
are transformed into indirect semiconductors with
band gaps of 2.49 and 2.28 eV when thinned to mono-
layers. The weakening in interlayer interaction with the
decreased layered thickness as well as the quantum con-
finement effect would most likely contribute to the
semimetal to wide-band-gap semiconductor transition
in the As/Sb systems. The computed effective mass of
electron for As and Sb monolayer is smaller than that
of monolayer MoS,, indicating that As and Sb mono-
layer would exhibit high carrier mobility. More

(Sis » >

FIGURE 12 | Top and side view of the BgSi;gH,, molecule (left) and the extended 2D c-BSi; silicene (right). (Reprinted with permission from Ref 96.

Copyright 2014 American Chemical Society)
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FIGURE 13 | (a) Side- and top-view structures of wrinkling As monolayer (arsenene). (b) (left) The schematic arsenene under biaxial tensile strain;
(right) The changes of the top of valence band and bottom of conduction band of the arsenene with increasing biaxial tensile strain. (Reprinted with

permission from Ref 98. Copyright 2015 John Wiley and Sons)

interestingly, both As and Sb monolayers further
undergo an indirect to direct band-gap transition upon
applying biaxial strain. The dramatic electronic struc-
ture changes would open up their possibilities for
applications in high-speed transistors, blue/UV optoe-
lectronic devices, and mechanical sensors based on
2D As and Sb nanosheets.

GRAPHENE-LIKE CPs

CPs are inorganic-organic hybrid materials con-
structed with organic linkers and metal ions. A rich
variety of architectures and dimensionalities can be
achieved by suitable selection of the building blocks.
Particularly, 2D CPs with single-layer thickness repre-
sents a novel class of atomically regular 2D materials
beyond graphene, and some of them have been gener-
ated by unique experimental techniques. Amo-Ochoa
et al. isolated single-layer [Cu,Br(IN),],, (IN = isonico-
tinato) from its layered crystal via liquid-phase sonica-
tion.”” In [Cu,Br(IN),],, each Cu dimer bridged by
bromine is coordinated by four oxygen atoms
from two IN units and two nitrogen atoms from the
other two IN ligands, making each Cu adopt trigo-
nal-bipyramidal ~ coordination  geometry.  Abel
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etal. realized polymeric Fe-phthalocyanine (poly-FePc)
sheet by coevaporation of Fe and 1,2,4,5-tetracyano-
benzene.'? The poly-FePc with square symmetry can
be seen as embedding of transition metals into the reg-
ular pores of planar phthalocyanine sheets, where the
macrocyclic N groups offer the coordination sites.
Kambe et al. synthesized z-conjugated nickel
bis(dithiolene) nanosheet ([Ni3C1,S12],) via polymeri-
zation between benzenehexathiol and Ni(OAc),.'"!
This organometallic sheet is inherently cross-linked
by Ni-S covalent bonds forming square-planar Ni-S
coordination, and such a framework with hexagonal
symmetry is perfectly planar. Note that unlike the in-
plane covalent bonds in other 2D systems, the coordi-
nation bonds between metal ions and ligands in CPs are
much weaker.

Interesting properties and multifunctional appli-
cations of single-layer CPs were predicted via DFT
computations, and the unique functions mainly arise
from unsaturated metal centers as well as the organic
ligands. Although each [Cu,]** dimer in [Cu,Br
(IN),],, possesses one unpaired electron, the extended
[Cu,Br(IN),],, favors antiferromagnetic dimer-cou-
pling, and is semiconducing with a band gap of 0.47
eV. [Cu,Br(IN),], has strong tendency to adsorb NO
and NO,, stronger than H,, O,, CO, CO,, N, and
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NH;. They are chemisorbed with large adsorption
energies (~1eV) and can sensitively modify the elec-
tronic properties of [Cu,Br(IN),],,. This suggests its
potential application as NO or NO, molecular sen-
sors'%? (Figure 14).

The poly-FePc nanosheet is predicted to be an
antiferromagnetic semiconductor. Interestingly, a fer-
romagnetic half-metal would be realized when repla-
cing Fe centers with Mn.'” Poly-MnPc displays
metallic dy, and d,, orbitals that hybridize with
p electrons of Pc, which mediates the long-range ferro-
magnetic coupling. The Curie temperature of poly-
MnPc is predicted to be ~150 K, quite comparable to
the highest one achieved in Mn-doped GaAs.

The metal-phthalocyanine porous sheets have
many potential applications. The presence of regularly
and separately spaced transition metal atoms in the pol-
ymer lattices generates peculiar and tunable magnetic
properties, which are interesting for spintronics appli-
cations. Moreover, the uniformly embedded metal
atoms also generate intriguing gas adsorption and cat-
alytic properties. For instance, the poly-ScPc sheet is
predicted to be able to effectively capture CO, mole-
cules, which shows high selectivity for CO, as com-
pared with H,.'®* The single-layer poly-CoPc sheet is
found to be a promising high-activity nanocatalyst
for CO oxidation.'®

Nickel bis(dithiolene) 2D polymers also demon-
strate attractive properties. Such a sheet behaves as a
nonmagnetic indirect-band-gap semiconductor, and
its lowest conduction band comes from unoccupied
p, orbitals of S atoms, making S atoms accept electrons
from the occupied p, orbitals. Indeed, our computa-
tions verified that nickel bis(dithiolene) shows high
cycloaddition reactivity with ethylene, where they react
to form cis-interligand S,8'-adducts'®® (Figure 15).
When an extra electron is added, the adduct becomes
destabilized and spontaneously dissociates into

(a)
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ethylene and nickel bis(dithiolene) anion. Therefore,
ethylene would controllably bind to or release from
nickel bis(dithiolene) in neutral and reduction condi-
tion, respectively, making nickel bis(dithiolene) a pro-
spective electrocatalyst for olefin purification. Besides,
this 2D nickel bis(dithiolene) framework is predicted to
be a 2D organic topological insulator with unique
quantum transport properties.'®”>'%® This brings in
great potential for using this organometallic polymer
in spintronics and quantum computing.

Coordination polymers are an intriguing class of
2D porous materials, which allow elaborate and flexi-
ble control over the porosity, composition, and func-
tionality through proper structural design. Although
layered CPs can be easily synthesized from the perspec-
tive of chemists, substantial challenges remain for the
realization of single-layer CPs. Achieving isolated sin-
gle sheets of CPs with unique functionalities is an ongo-
ing but challenging target.

CONCLUSION

The recent blossoming of graphene has initiated tre-
mendous interest in exploring graphene-like materials.
In this review, we survey recent progress in the DFT
computational investigations on various graphene-like
2D materials, in which most of them have access to
experimental support, while a few of them are still
hypothetical in theory. We mainly devote ourselves
to predicting the fundamental electronic and magnetic
properties, and exploring their technical potentials.
Our studies only cover a small part of the large family
of noncarbon graphene-like materials, and there are
many more for our adventure in this rapidly rising area.
Many opportunities and challenges exist. For instance,
synthesizing graphene-like nanosheets or nanoribbons
with desired thicknesses or edges and improving their

(b)

FIGURE 14 | (a) [Cu,Br(IN),], and (b) [Cu,]** coordination environment. (c) Adsorption of NO and NO, on [Cu,Br(IN),],, only geometry around
metal sites is shown. (Reprinted with permission from Ref 102. Copyright 2012 American Chemical Society)
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FIGURE 15 | Nickel bis(dithiolene) nanosheet (upper), and schematics of its addition with ethylene (lower). (Reprinted with permission from Ref
106. Copyright 2013 American Chemical Society)

The fundamental investigations and technological
applications of graphene-like materials are still in its
very infancy, and they deserve more computational
and experimental efforts in the near future.

structural qualities are experimentally demanding.
Many prospects of graphene-like materials, such as
basic physical and chemical properties, and electronic
structure tuning, remain open to further explorations.
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