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Computer development of silicene anodes for
lithium-ion batteries: A review

Alexander Galashev **

Lithium-ion batteries (LIB) have many advantages, the main ones being high energy density, long service life,
small size, and low environmental pollution. This review is devoted to further development of LIBs based on
quantum mechanical calculations in order to use them for energy storage in the future. Energetically favorite
places occupied by lithium atoms on silicene are found. Lithium filling of free-standing two-layer silicene
and single-layer silicene on graphene was studied. The geometric, energy, charging characteristics, as well as
the open circuit voltage are determined. The effect of metallic (Al, Cu, Ni, Ag and Au) and non-metallic (C,
SiC and BN) substrates on the geometric, energy and electronic properties of silicene has been studied. The
effect of an intermediate nickel layer on the characteristics of the "silicene on a multilayer copper substrate"
system has been studied. The effect of nuclear transmutation doping (NTD) of the silicene/graphite system
with phosphorus on the density of electronic states of one- and two-layer silicene has been determined.
Promising applications for silicene and the advantages of its use as an anode in a lithium-ion battery are
discussed.

keywords: lithium-ion batteries, silicene, binding energy, DFT calculation, substrate

© 2022, the Authors. This article is published in open access under the terms and conditions of the Creative Commons Attribution (CC BY) license

1. Introduction

http://creativecommons.org/licenses/by/4.0/).

1.1 Current and future lithium-ion batteries

Lithium-ion batteries have found widespread used for
energy storage. The voltage of the battery is created by
the movement of lithium ions. Lithium is the lightest metal
and the most electropositive element used to create higher
density energy storage devices. When a battery is charged,
lithium ions move from the positive electrode to the
negative electrode, passing through a separator. The
separator in the form of a separating membrane avoids
short circuits when the electrolyte supplies lithium ions.
When the battery is powered by the load connected to it,
the ions move in the opposite direction, and the electrons
blocked by the separator pass through the load. Lithium
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batteries use unique active materials and chemical
reactions to store energy. Currently, six of the most
common lithium-ion batteries are in active use. Among
them are Lithium Cobalt Oxide (LiCoO2) batteries, which
have the abbreviation LCO. Lithium Manganese Oxide
(LiMn204) LMO, - Lithium Nickel Manganese Cobalt
Oxide (LiINiMnCoQO2) - NMC, Lithium Iron Phosphate
(LiFePO4) - LFP, Lithium Nickel Cobalt Aluminum Oxide
(LiNiCoAIlO2) - NCA, Lithium Titanate (Li-TiO3) - LTO
batteries are also used often. Typical specific energies of
these batteries are shown in Figure 1. It can be noted that
NCA has the highest specific energy, but the specific
power and thermal stability of LMO and LFP are higher
than those of NCA. At the same time, LTOs have a longer
life span. It has been established that the specific energy of
a battery is determined by the specific capacities of the
cathode and anode materials [1]. To achieve higher energy
and power densities of LIBs, all new composites of active
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Figure 1 Typical specific energy of batteries.
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materials are used in the design of their elements. Thus,
both separators and electrolytes are replaced. Their
continuous improvement is carried out taking into
account the increase in the safety of elements [2, 3].

Lithium-ion batteries are widely used in various
fields. They are used as batteries for electric vehicles,
smartphones, and other rechargeable systems. The anode
material for LIB is currently graphite. The Li+
concentrations up to which the adsorption/desorption
processes can be performed are limited by the ratio
C:Li = é:1. As aresult, the carbon anode limits the capacity
of the battery and slows down the charging process. Thus,
in order to create a new generation LIB, it is necessary to
increase the capacity and charge/discharge rate in the
battery operating cycle without increasing heat losses.

The most used anode materials at present are those
based on graphite or based on metals alloyed with lithium.
Anodes of the second type are safer in terms of dendritic
formation and ignition. In addition, carbon anode batteries
have low energy density and power. The disadvantage of a
negative electrode made of a lithium-containing metal alloy
is its low electrical conductivity and poor diffusion
coefficient of Li+ ions. Among all anode materials studied,
silicon proved to be the most suitable due to its highest
theoretical specific capacity (about 4200 mAh g), which is
ten times higher than that of conventional carbon anodes
(372 mAh gi) [4]. However, the practical application of
silicon anodes is currently facing many problems.

The huge volume change (about 300%) at full
lithiation creates an expansion/shrinkage stress during
cycling. Ultimately, this leads to severe cracking of silicon
and the formation of an unstable solid electrolyte interfacial
phase (SEI) on the Si surface. The formed SEI contributes to
the capture of lithium by the active material Si. The result is
an irreversible rapid loss of capacitance at a low initial
Coulomb efficiency (CE). The use of a silicon anode is also
complicated by the very slow diffusion of lithium in Si
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(diffusion coefficient D = 1044-103 cm2 s1) and low intrinsic
electrical conductivity of Si (105-103 S cm) [5-7].

Massive silicon anodes do not retain capacity well due to
the large volume change during cyding. Film silicon nitride
and silicon oxide anodes can serve as the alternatives [8-17].
They provide significant capacitance and good potential
retention. The silicon anode was strengthened using a carbon
additive, when C was introduced in the form of a Si-C
composite or as a sealing layer on the Si surface [I18-20].
However, a strong bonding tendency between Si and C results
in the formation of silicon carbide (SiC) [I8, 19]. For a time, SiC
was thought to be an inactive anode material for LIB.
However, subsequent studies have shown that SiC can be used
as LIB anode. For example, when using it, a reversible capacity
of 1200 mAh g! was achieved after 200 cycles [21]. It was
shown that the reaction of transformation of SiC into
elemental Si proceeds reversibly, followed by a reversible
reaction of fusion/dealloying of Si with Li+ [22].

Appropriately nanostructured materials have been used
to improve the structural and electrical properties of silicon-
containing anodes. Among them are nanotubes, nanowires,
nanorods, as well as porous and hollow or encapsulating Si
particles with protective coatings [23]. However, the
production of such nanostructured materials is associated
with a great complexity of technologies and multistage nature
[24, 25], which makes the production of such anodes
inefficient.

The rate of volumetric expansion of graphite during
lithiation-delithiation is only about 10.6% [26]. Therefore, the
use of silicon-carbon composite anodes seemed quite
encouraging. Such anodes, as a rule, had higher capacitance
and better cyclic stability [27]. However, poor first discharge
efficiency and poor conductivity and cycling performance
remain limiting factors for their application.

Recently, silicene has been intensively studied as an
anode material for LIB [28-33]. Silicene differs
significantly from graphene in a number of properties,
including electronic properties and structure. At the same
time, silicene has better mechanical properties that
determine the material strength (Young's modulus and
bulk modulus) than bulk crystalline silicon [34]. In
addition, the adhesion of an atomic-thick silicon film to
metal is much stronger than the adhesion between silicene
and graphite. Silicene can be used as a complementary
material to graphene if good technological control over
such material exists [35].

The specific energies of batteries are mainly
determined by the capacity of the anodes they use. The
technique for assessing the anode capacitance includes
determining the mechanical stability of silicene adsorbed
by lithium [36-38]. Estimated specific energies of batteries
with silicene anodes on metal (Ag, Al, Cu, Ni) and
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Figure 2 Estimated specific energies of batteries with a silicene
anode placed on various types of substrates.

graphite substrates, obtained on the basis of the data on
the mechanical strength of two-layer silicene [38], are
presented in Figure 2. During the evaluation we
considered a four-layer substrate material consisting of
close-packed planes, as well as the energy of Si-Si bonds of
silicene located on these substrates.

As can be seen from Figure 2, in the presence of a
silicene anode with a Ni substrate in the battery, the
specific energy of the battery is 27% higher than that of
the battery having a silicene anode on a graphite
substrate. The silicene-nickel anode is also the most
effective among the silicene anodes formed on the metal
(Ag, Al, Cu) substrates. A comparison of the data
presented in Figures 1 and 2 indicates that the use of
silicene anodes can increase the specific energy of
batteries by 4.8 times on average.

1.2 Some ways of modifying anode materials

Battery life can be increased by various methods of
physical or chemical attack on the anode material. For
example, a carbon electrode can be irradiated with an
electron beam to create strong C=C double bonds in the
material. By chemically modifying the surface of the
graphite anode, battery life can be greatly extended. The
use of additives to the electrolyte makes it possible to
suppress the destruction of graphite by the solvent. This
also contributes to the charge transfer of Li* ions. Here we
will look at a some more approaches to improve the
quality of the 2D material, both for use in the LIB and for
other applications.

Unmodified graphene is difficult to use in electronics
because it is a zero bandgap semiconductor. Violation of
the arrangement of atoms in the plane makes it possible to
open the band gap. The electronic structure of graphene
can be changed, for example, by mechanical deformation.
Silicon belongs to the same group as carbon and has four
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valence electrons. The increase in the size of the silicon
atom relative to the carbon atom is the main cause of
warping of silicene. A large distance between Si atoms
favors sp3 hybridization. Low-buckled free-standing
silicene is characterized by the o-11 orbital mixing, which
is closer to sp2 than to sp3 hybridization. Graphene is the
stiffest 2D material. The rigidity of warped silicene is
about five times less than that of graphene. Low hardness
values make it easy to introduce impurities. The
introduction of larger atoms maintaining a covalent bond
into a two-dimensional network leads to bond stretching
and a decrease in the bond energy. The predominance of
covalent and ionic interactions determines the bond
strengths in the plane. However, long-range forces due to
ionic interaction are not favorable for binding 2D
structures.

Doping of semiconductors is usually carried out to
change their electrical and optical properties. Impurities
are divided into donors and acceptors. The former
(donors) donate electrons to the conduction band, and
the latter (acceptors) accept electrons from the valence
band. Donors create n-doped materials, while acceptors
create p-doped materials. Silicene has a strong corrugation
which makes it difficult for ions to move between its sheets
when using silicene as the anode material. The charging
rate of LIB can be increased by increasing the electrical
conductivity of the anode. Heavy doping of silicene with
phosphorus (group V element) adds additional
uncompensated electrons to the system. The introduction
of a donor in the form of phosphorus increases the
electrical conductivity of the system. In addition, when
doping silicene with phosphorus and graphene with
nitrogen, the systems that include them can increase their
strength. This is due to the fact that the strength of Si-P
and C-N bonds is higher than the strength of Si-Si and
C-C bonds, respectively [39, 40]. Nuclear transmutation
doping allows one session of thermal neutron irradiation
to transfer part of Si atoms into P atoms and part of C
atoms into N atoms.

Silicene together with the substrate is a multilayer
assembly designed for use in various devices. Assemblies
with hybrid/hierarchical structures can include 2D
materials with new custom properties. In this case,
interlayer bonds can strongly affect both the possibility
of interlayer separation and the electronic properties of
the resulting heterostructures. Understanding the nature
of the appearance of such bonds is important for the
development of functional materials with desired
characteristics. Ab initio calculations are the tool by
which the initial structure, as well as the chemical and
physical properties of 2D materials are calculated [41, 42].
In addition, these calculations help to find possible
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synthesis routes and understand the process of monolayer
growth [42, 43].

The aim of the work is to test a new two-dimensional
material - silicene for its suitability as an anode of a
lithium-ion battery and to study in detail the conditions
for its use, including the study of the effect of substrates
on the stability of silicene and on its adsorption
characteristics.

The review is presented from the standpoint of
formation heterogeneous anode material including
silicene: an introduction to the problem is provided in
part 1, basic information about graphene and silicene is
presented in part 2, the DFT calculation method and
calculation of energy characteristics are described in part
3, polyatomic adsorption of lithium on a two-layer
silicene and a single-layer silicene placed on graphene, is
reflected in part 4, part 5 is devoted to the study of the
effect of various substrates on the silicene anode, and
finally, we briefly discuss the benefits of using a silicene
anode in part é.

2. 2D materials for energy applications
2.1 The first among open two-dimensional materials

In 2004, the first two-dimensional carbon material
was obtained - graphene, which has a honeycomb
structure and a thickness of one atom [44]. Graphene is
represented as a single layer of graphite having a
hexagonal lattice. The unit cell contains 2 carbon atoms.
Due to sp? hybridization, C atoms in graphene are
connected by strong sig and pi bonds. The tight binding
method is well suited for describing the electronic
structure of graphene [45, 44].

The band structure of graphene is distinguished by
the presence of the Dirac cone, which suggests the
existence of massless fermions, ultrahigh carrier mobility
[47], and many other unusual properties [45, 48]. In
particular, the possibility of achieving a half-integer [49,
50], fractional [51, 52], fractal [53-55] quantum Hall effect
was discovered.

In suspended graphene, phase transitions between
different fractional quantum Hall states were found [56].
The ultrahigh mobility of carriers in graphene, which is
the most important consequence of the massless structure
of the Dirac cone [48], has been experimentally verified.
Graphene was studied on a Si/SiO2 substrate, where
charge impurities are the main source of scattering [57].
The mobility of carriers in graphene, limited by such
scattering, was about 104 cm2 V- s' at low temperature.
Significantly higher mobility of carriers in graphene
(~6x104 cm2 V- s1) was achieved by placing graphene on
an h-BN substrate [58]. This increase is due to the fact that
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the h-BN substrate is flatter and has fewer charge
impurities. The theoretical mobility of carriers in
graphene is 2x105 cm2 V- s1 at room temperature [59, 60].
Studies of suspended graphene showed that the mobility
of carriers in graphene is limited by bending phonons at
temperatures above 10 K [6]. It was also shown that both
longitudinal acoustic (LA) and transverse acoustic (TA)
phonons restrain the mobility of carriers in graphene [62].

Ripples ~I nm high and ~I0 nm in size were found in
suspended graphene due to thermal fluctuations [63, 64].
Undoubtedly, such morphological changes affect the
electronic properties of graphene. In particular, as a result
of the action of ripples, nonzero densities of states at the
Fermi energy and charge inhomogeneity (electron-hole
pools) can form [65]. Corrugations can form on graphene
due to the roughness of the substrate. On SiOg, the height
of the corrugations can be 0.2 nm, and on mica, 0.02 nm
[66]. Due to the presence of impurities, the substrate can
induce an inhomogeneous charge distribution in
graphene [67, 68]. The presence of a substrate can also
lead to deformation, charge transfer, orbital
hybridization, etc. The band gap of graphene can be
opened using a large (up to 24%) uniaxial deformation
[69]. Dirac cones are preserved under moderate uniaxial
deformations. However, they are distorted and disappear
when shear deformation is added [70]. Graphene
deformation can be controlled by creating patterns on the
substrate [71].

The discovery of graphene stimulated the search for
other two-dimensional materials. Among a large number
(more than 100) of discovering two-dimensional materials,
there are compounds of group IV, binary systems of
elements of groups IlI-V, metal chalcogenides, complex
oxides, etc. [72, 73]. However, only some of them have a
Dirac cone (graphene, silicene, germanene, several
graphynes - sp-sp2 carbon allotropes, and some others)
[74-80]. Only Dirac cones in graphene received
experimental confirmation [49, 50]. Graphene is a zero
bandgap semiconductor. Therefore, unmodified
graphene is difficult to use in electronics. Violation of the
arrangement of atoms in the plane makes it possible to
open the band gap. The electronic structure of graphene
can be changed, for example, by mechanical deformation.

Graphene has extraordinary intrinsic strength.
Young's modulus and Poisson's ratio of graphene are
estimated as 1140 GPa and 0.19, respectively [81]. Graphene
is used as fillers to obtain polymeric materials with better
electronic conductivity. In epoxy polymer, an electric
field is used to align graphene. Conductive polymer
composites have conductivity in the direction of graphene
alignment by 2-3 orders of magnitude higher than
conductivity both along the transverse direction [82].
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The lithium ions and electrons entering the graphite
anode do not greatly distort its shape. Due to the slight
deformation of the shape, the graphite anode is not
subject to severe destruction during cycling, but has a
capacity that does not meet the growing social demands.
Graphene, as a single sheet of graphite, inherits its
electrochemical properties. Therefore, its use in its pure
form as an anode material is not advisable. However, the
excellent strength properties of graphene and high
electronic conductivity in plane make it a popular
component for creating composite materials and
heterogeneous structures. Recently, one-, two-, and three-
dimensional carbon-based materials, as well as porous and
core-shell structures, have been especially frequently
studied for use as anode materials [83].

2.2 Obtaining silicene and its structure

The experimental synthesis of silicene on an Ag(1ll)
substrate was carried out in 2012 [84]. It is from this
moment that the modern era of silicene is counted. In fact,
the atomic and electronic structure of silicene and
germanene was established somewhat earlier. In 1994,
Takeda and Shiraishi, using density functional theory
(DFT), showed that the atomic structure of silicene and
germanene is not perfectly flat, but contains buckles. The
presence of buckles makes the structure of these two-
dimensional materials energetically favorable. The band
structure of these systems was also calculated, but no
attention was paid to the presence of the Dirac cone in it.
This article did not have the desired effect for two main
reasons. First, doubts about the result obtained were
dictated by the theoretical works of Peierls (1934) [85] and
Landau (1937) [86], where it was shown that two-
dimensional (2D) materials cannot exist in nature. Second,
it seemed implausible that silicon could acquire sp2-like
hybridization, since it usually had sp3 hybridization
(Fagan et al. 2000]) [87].

Silicon has a high tendency to oxidize. Therefore, the
production of silicene must be carried out in an ultrahigh
vacuum. In addition, the coating must be carried out
under tight control to achieve sub-monolayer accuracy.
Molecular beam epitaxy is currently the most preferred
approach for fabricating silicon sheets. High demands are
also placed on the purity of the substrate for the
deposition of silicene. Most often, preference is given to a
silver substrate obtained by repeated sputtering of argon
ions and annealing. A silicon rod can be used as a source
of Si. A stable flow of silicon is achieved by passing a
constant electric current through it. The stability of the Si
flow is due to a sufficiently high vapor pressure below the
melting point of silicene. The substrate can be made not
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only from an Ag(lll) single crystal, but also from an Ag
film. This reduces the cost of the method for obtaining
silicene devices.

The temperature and speed conditions of Si
deposition on the substrate are of great importance for
the production of silicene. If the substrate temperature is
less than 400 K, the silicon atoms on the Ag(lll) substrate
tend to form clusters or disordered structures [88]. When
the substrate temperature exceeds 400 K, 5 more often
than other observed and even more different ordered
phases can be formed [89-92]. Such a variety of forms of
reconstruction is associated with the multiplicity of
possibilities for warping silicene. At present, there is no
consensus on the various phases of silicene grown on
Ag(lll) [93].

The silicene phases obtained as a result of
reconstruction are designated in the literature, both by
the Si lattice type and by the Ag lattice type. To avoid
confusion, it makes sense to define both phases. For
example, if the silicene phase is defined as 3x3 and the Ag
phase is defined as 4x4, then it is possible to designate this
silicene phase on the Ag substrate as Si(3x3)/Ag(4x4).
One of the first to be discovered was the so-called T-phase
[88], whose structural model was built on the following
experimental facts:

(i) This phase appears at the lowest temperature
regime, at which ordered phases of silicene already
appear. Other phases do not occur in this mode.

(ii) This phase has a periodicity different from other
ordered phases. In addition to the hexagonal close packing
indicated by large protrusions, there are parallel linear
chains formed by structural units.

(iii) This phase turns out to be a partially disordered
phase formed from local silicene fractions with incomplete
ordered packing. It can be considered as a "predecessor
phase" for more ordered phases such as 4x4 and
V13 x V/13.

The T phase can be considered as a “precursor” for
the formation of the 4x4 phase [88]. However, the island
structure of silicene without hydrogen bonding is
unstable [94]. For better joining, the hexagonal rings can
be deformed by allowing a new warping of the silicene. As
a result, the T-phase obtained by this method has a flatter
structure compared to free-standing silicene.

The ideally ordered phase, desighated 3x3 with
respect to silicene and 4x4 with respect to the Ag(lll)
substrate, is the first hexagonal phase that appears at a
relatively low substrate temperature. Such a structure is
formed due to the excellent correspondence between the
four lattice constants of Ag(lll) (ay; = 2.88 A) and the

three lattice constants of Si (ag; = 3.84 A), the mismatch
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is no more than 0.5%. In other words, the
Si(3x3)/ Ag(4x4) superstructure is easily constructed by
superimposing a free-standing low-bending silicene 1xI
lattice on an Ag(lll) -1x1 lattice in the same orientation. In
this case, the deformation of the interface turns out to be
minimal, which stabilizes the silicene structure. At the
domain boundaries between the a-4x4 phases, one can
also observe the 4x4-B phase, which has the same
periodicity as the a-4x4 phase [95]. The border 4x4-B
phase is less stable than the main o-4x4 phase. Its
stabilization is facilitated by the deformation of the
domain boundary.

The V13 x V13RI13.9° (V13 x /13 for short) phase
as a rule, is always observed together with the 4x4 phase
[26-100]. The silicene film formed by these phases can
completely cover the surface of the substrate. By changing
the annealing temperature, one can change the ratio of
areas covered by each of these phases. However, it is
practically impossible to obtain a single-phase surface,
since both phases have comparable thermal stability. In
addition, the densities of these phases are approximately
the same, so that the total area of the silicene film does not
change with the annealing temperature.

3. Calculation method. Energy estimations
3.1 Method of calculation

Due to the fact that the methods for obtaining silicene are
currently not sufficiently perfect, it is not yet possible to
carefully study the functioning of silicene anodes
experimentally. We restrict this review to consideration of
computational works devoted to the study of silicene anodes.
Moreover, we mainly pay attention to works performed on
the basis of first-principles calculations, including those using
ab initio molecular dynamics (MD).

Since the possibility of obtaining stable free-standing 2D
crystals is called into question due to the works of Peierls [85]
and Landau [84], the question of studying the stability of 2D
crystals comes to the fore. The instability of ideal two-
dimensional crystals appears due to the suppression of long-
wavelength phonons, which causes lattice melting at 7> O.

The static stability of single-element 2D materials can be
established by calculating stiffness tensors, Young's modulus,
and Poisson's ratios [IO1]. The dynamic stability is determined
from the calculated phonon dispersion of these materials. The
imaginary modes on the dispersion curves of phonons
indicate the dynamicinstability of the structure. An abnormal
decrease in the characteristic frequency resulting in
mechanical instability is defined as a "soft mode". The dynamic
instability created by the "soft mode" can be fixed in a cell that
has the shape of a hexagonal ring [102] (Figure 3). Figure 3 also
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Figure 3 The conventional silicene hexagonal cell (ring of é
atoms) in the undeformed reference configuration.

shows a figure (rhombus) that determines the directions for
laying hexagonal cells (honeycombs), as well as the
characteristic directions (armchair and zig-zag) of anisotropy
in the resulting packing.

When using silicene devices whose operation leads to the
creation of dynamic loads in a two-dimensional material,
attention should be paid to the mechanical properties of
silicene. Morphologically, silicene differs from graphene in
that graphene is completely flat, while silicene exhibits a
significant level of buckling. This happens because of the
rather strong bond between unoccupied molecular orbitals
and occupied molecular orbitals in silicene. This so-called Jan
Teller pseudo-effect [I03] introduces instability in highly
symmetrical configurations. As a result, the atoms in silicene
are not in purely sp? hybridized states. The wrinkling of
silicene leads to a decrease in the rigidity of the plane and
provokes the formation of linear chains of atoms. The values
of Young's moduli for silicene are practically isotropic, while
the critical strain is not isotropic [I04]. Under similar
conditions, graphene is many times (~10 times) stronger than
silicene.

DFT calculations make it possible to determine the
forces on each atom, the total energies of the system,
stresses, and stress—strain relationships of silicene under
the desired deformations. The SIESTA modeling package
used for the calculation is based on the Kohn-Sham
Density Functional Theory (KS-DFT) [105]. Exchange-
correlation functions are represented using the
generalized gradient approximation parameterized by
Perdew, Burke, and Ernzerhof (PBE) [106]. The 3s23p2
electrons in silicon atoms are explicitly included in the
calculation. The core electrons are modeled using the
projector augmented wave (PAW) and pseudo-potential
approach [107]. A plane-wave cutoff was performed at a
level of 400 Ry in many calculations [29, 36-38, 93]. MD
ab initio calculations were performed at a temperature of
300 K.

The original geometric structures were initially
optimized. The relaxation of the electronic degrees of
freedom stopped when the change in the total energy
was less than 0.00001 eV. Also, all initial atomic
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Figure 4 Brillouin zone with points of high symmetry.

structures were subjected to geometric optimization.
Moreover, the criterion for the minimum forces acting
on each atom was the value of 0.001 eV A -. The
expansion of the system was performed by the
periodic (Born-von Karman) boundary conditions,
with the help of which a physical quantity was
translated into a Fourier series, using the set of all
plane waves that satisfy the boundary condition.

The numerical errors caused by the deformation
of the system were leveled out by using a sufficiently
large 10x 10x1 k-grid representing the Brillouin zone.
The Brillouin zone of undeformed silicene with high
symmetry points is shown in Figure 4. In a number of
papers discussed here, the band structures in direction
-M-K- of the systems were calculated, where points T,
M, and K are points of high symmetry in reciprocal
space.

A vacuum region 15 A thick separated the system
from its image in the vertical direction. At first-
principles MD calculations, the Nose-Hoover
thermostat [108] was used, with the help of which the
temperature was maintained at 293 K. The time step
length was Ifs, and the duration of each calculation was
2000 time steps.

3.2 Energy estimates of lithiated silicene

Study of the nature of the interaction between
lithium and silicene occupies one of the central places in
testing silicene for the suitability of its use in
electrochemical devices. The energy and stability of
partially and fully lithiated silicene was studied using MD
modeling based on density functional theory (DFT) in
[109]. Overall, this study showed that lithiated silicene is
more stable, relative to its bulk counterpart, than bare
silicene.

The strength of the Li-Si bond in the LiSiix
compound was estimated from the adsorption energy of
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lithium atoms on both sides of the silicene surface. The
adsorption energy, or binding energy, was determined
according to the expression:

_ Esi—NyniEfi—EsitLi
Ead - N l 14 (l)
Li

where £, i+, and Ef; are energies calculated for free-
standing silicene, the silicene/lithium subsystem and the
lithium adatom, respectively, and M. is the number of
lithium atoms in the system.

The adhesion energy between lithium and silicene
was calculated according to the expression:

1 1
E _ Esi+Li—NLiELi—NsiEsi 2
adh — ’ ( )
Nyj+Nsj

where M is the number of Si atoms in the system, EJ; is
the total energy of a single silicon atom.

The Gibbs free energy of formation reflects the
stability with respect to the bulk analogs of Li and Si, and
it is given by

8G = Eqqn(x) — xULi — (1 — x)Us;, (3)

where Up; and Ug; are the chemical potentials of bulk
lithium and silicon, respectively.

The Uy; values are 1.612 and 1.794 and Us; are 5.426
and 6.123 eV/atom in the GGA and LGA cases,
respectively. The chemical potential of bulk silicon is
defined as —4.63 eV/atom [lI0]. In [108], four main
possible sites for the adsorption of lithium atoms in an
eight-atom silicene supercell were considered,
including a hollow, a bridge, an atom up, and an atom
down sites. The most energetically favorable is the
configuration obtained by adsorption of eight lithium
atoms, i.e. at lithium concentration x.i = 0.5. This state
is reached when all "atom down" locations are filled. A
fully lithiated silicene sheet, when each Si atom is
bonded to a Li atom, is commonly referred to as silicel.
The calculated adsorption energy for silicel Fad is
2.394 eV/Li. Figure 5 shows the optimized silicel
configuration and bond length data.

Figure 6 shows the adsorption energy for all
configurations with the lowest (L4 value. The
calculated adsorption energies for partially and fully
lithiated silicene range from 2.210 to 2.515 eV/Li, and
the average Si-Li bond length is 0.2639 nm. These data
indicate strong chemisorption of lithium on silicene in
all cases considered. Although the adsorption energy
reflects the strength of the Li-silicene interaction, it
does not describe adequate connection stability. In
particular, despite the fact that the adsorption energy
at xi = 0.33 is maximum, this type of lithiation does
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not give the most stable structure corresponding to the
minimum Gibbs free energy.

To evaluate the stability of partially and fully
lithiated silicene sheets, the Gibbs free energy change 6 G
was calculated for each structure. These values are
reflected in Figure 7. It should be noted that the difference
between the results of GGA and LDA is small (the
maximum difference for 6 G of pure silicene is 15%). This
difference does not affect the stability trend and other
findings. Shown in Figure 6, § Gis the energy of formation
for each compound. A positive § Gvalue indicates that the
formation is endothermic and produces a less stable
structure. It can be seen that with an increase in the
lithium content, the stability of the structure approaches
the stability of a bulk compound with the same atomic
ratio. The GGA (LDA) energy of formation of 0.015
(0.012) eV for LiosSios suggests that fully saturated
silicene is essentially as stable as a bulk compound with the
same lithium content.

¢ 1.03A

Figure 5 Relaxed geometric structure of fully lithiated silicene
(silicel) obtained using GCA [108].
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Figure é Dependence of lithium adsorption energy on lithium
content on silicene for configurations with the lowest
adsorption energies [108].
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Figure 7 Changes in the Gibbs free energy of the LixSil-x
compound with increasing lithium content, obtained using LGA
and GGA. The cases of pure bulk Si and pure bulk Li are
presented as §G = O. For fully lithiated silicene, the difference
between the LGA and GGA in Gibbs energy changes is
3 meV/atom [108].

4. Investigation of Li and Na filling of silicene and
silicene/graphene anodes

4.1 Filling a flat silicene channel with lithium

The channel for filling with lithium was formed by
two silicene sheets located one above the other, the gap
between them was 0.75nm. The characteristics important
for the analysis of the functioning of the silicene anode
were calculated [22]. Among them are the cohesive
energy, open-circuit voltage (OCV), the total Voronoi
charge [Il] transferred by lithium and the distance
between the walls of the silicene channel.

The binding energy between lithium atoms without
taking into account the effect of silicene was determined
as

1
_ EvLi—NLiEj,;
- 14
Nypj

EF 4)
where Ej; is the total energy of the lithium subsystem
excluding influence of the silicene sheets.

The bond energy between silicon atoms in the silicene
sheet without taking into account the influence of lithium
and the second silicene sheet is given by

l/u 1
ESi — ESi —NossiEsj (5)

Nossi

where Eéi/” is the energy, calculated for the lower or

upper silicene sheet and N, sg; is the number of silicon
atoms in one silicene sheet.

The gravimetric capacity of the battery cell in
question can be determined as:
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Table 1 - Dependence of the energy characteristics® of a free-standing silicene sheet adsorbed by lithium on the number of settled

Li atoms [22].

NLi/Ns; Ep, eV ES, eV Eb, eV Eadn, eV BG, eV
0.0625 4.631 4.786 - 2154 M
0.125 -4.491 -4.745 -0.236 2.219 M
0.1875 -4.375 -4.685 -0.252 2474 M
0.25 -4.273 -4.658 -0.511 2.223 0.411
0.3125 -4.161 -4.677 -0.548 1.961 M
0.375 -4.075 -4.649 -0.686 1.858 0.474
0.625 -3.782 -4.596 -0.908 1.574 0.134
0.875 -3.599 -4.557 -1.088 1.417 0.409
1 -3.541 -4.520 1172 1.390 0.645
1.125 -3.408 -4.551 -1.180 1.212 M
1.375 -3.250 -4.279 1.275 1.227 M
1.625 -3.052 -4.518 1.278 0.871 M
1.875 -2.942 4.492 -1.343 0.772 M
2125 -2.832 -4.520 1.385 0.652 M
2.375 -2.755 -4.530 -1.407 0.601 M

* f is total binding energy of all atoms in the system; 5, is binding energy of silicon atoms in a silicene sheet; £i» is binding energy
between lithium atoms in the lithium subsystem; £ is adhesion energy between lithium and silicene sheet; BGis band gap.

CTS :xF/M; (6)

where x is the number of interacting electrons, Fis the
Faraday number, Mis the molar mass of the system.

The open circuit voltage can be calculated according
to:

OCV = (Es; + NLELi — Erot) /e (7)

where E;,; is the total energy of the entire system, n, is
the number of valence electrons in the system.

The voltage profile was calculated according to the
method proposed in [36, 112] as:

N3 Ny m
(Episi—Erigi—(N2—N1)EL) (8)
7
(Nz—Nqp)ne

V(N) =

where E|%%. and E,' are the total energies of systems
containing N, and N; lithium atoms, and E[} is the total
energy calculated for metallic lithium.

The calculated energy characteristics presented by
expressions (2), (4) and (5) together with the band gap
created in silicene are presented in Table 1. As the number
of lithium atoms in the system increases, the total binding
energy and the bonding energy between silicon atoms
decreases in absolute value. Although after M./ Nsi =1 this

decrease for the Si-Si bond becomes non-monotonic.
There is an increase in the lithium atoms binding with an
increase in Li density in the channel. At Mi/N&s = 0.25
and in the range 0.375 < Mi/Msi < 1, free-standing
lithiated silicene becomes a narrow-gap semiconductor,
while at other considered values of adsorbed lithium, it
exhibits conducting properties.

The dependence of these characteristics on the ratio of
lithium to the silicon atoms is shown in Figure 8. As can
be seen from the figure, the adhesion energy passes
through a minimum, which is observed at Mi/ Asi = 1. At
the ratio M.i/ N =1, the filling of the channel with lithium
does not lead to the formation of defects in silicene. In this
case, the gravimetric capacity of the system is
954.3 mAh/g. The maximum filling of the channel with
lithium is achieved at M./ Nsi = 2.3, which corresponds to
a gravimetric capacity of 2223.5 mAh/g. It can be seen
from the Figure that OCV continuously increases with an
increase in the M.i/Nsi ratio. There is an empirically
established limit to the OCV value. If its value exceeds 1 V,
then dendrites can form in the system. For the system
studied in [37], the OCV value is always less than 1.
Extrapolation of the obtained dependence for OCV
indicates that dendrites between the electrodes can form
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only at Mi/ N = 3. The total Voronoi charge, having
reached a maximum at M./ Mi = 1.25, decreases with a
further increase in the considered argument. The distance
between the walls of the silicene channel increases
nonmonotonically as the Mi/ N4 ratio increases. When
the channel is initially filled with lithium until the value
M./ Nsi = 0.4 is reached, the channel, which has an initial
gap of 0.75nm, narrows. When the density of lithium in
the channel is low, the channel walls are pulled towards
each other through it. However, in the M./ Msi range from
0.5 to 1.8, the distance between the channel walls again
increases from 0.3079 to 0.7088 nm. This increase occurs
when density of filling the channel with lithium requires
an expansion of the channel gap. When the M./ N&i ratio
changes from 2 to 2.3, the gap increases from 8.054 to
8.955 A, i.e., it becomes even wider than it was at the
beginning of the calculation.
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Figure 8 The adhesive energy between the silicene sheets and the
lithium surface, open-circuit voltage, total Voronoi charge
carried by lithium, and the gap between the walls of the silicene
channel as a function of the ratio of lithium and silicon atoms in
the system.

REVIEW
06 T T T T
—vw— Galashev and Vorob'ev [37]
LiSi, —a— Morris et al. [113]
0.4 Lisi [LiSi . g i
—~ vy 1277 .
z L Yo LHSL,
- ASi )
& v [ ll.i,sL
& A
= o
L1 S
Z 0.2 e J Li_Si,
Li,Si I'—%S‘Q .
Y ¥—vyLiSi, Ut
0.0 T T T T T T T T
0 1 2 3 4

Figure 9 Voltage profile plotted depending on the ratio of
lithium atoms to silicon atoms in the channel.

The movement of a charged particle between the
electrodes causes a change in the potential. There is a
stepwise decrease in the stress profile with increasing Li/Si
ratio (Figure 9). The flat areas on the graph reflect the
observed Si-Li phases. MD calculations show that the
system goes through the following sequence: LiSiz, LizSis,
LiSi, LisSis, Lii2Siz, Li2Si, and Li7Siz. Figure 9 also shows the
voltage-age profile obtained using the DFT method in
conjunction with the random structure searching method
[113]. It can be seen that ab initio MD calculations indicate
a steeper descent of the voltage profile.

Most of the phases obtained in the MD calculation
[37] were also found in [36], where it was shown that
lithium interacts with silicene more strongly than
graphene.

4.2 Ab initio simulation of silicene/graphene anode for Li
and Na ion batteries

The currently used lithium-ion batteries, operating
with a graphite anode cannot provide satisfactory
performance [l14-116]. There are new requirements for
energy storage devices, which include large capacity, high
charging speed, good cycle performance and low price. As
an anode material, it is proposed to use two-dimensional
(2D) materials, the unique properties of which are largely
determined by their structure [1I7-123]. These materials
have a large surface area to accommodate lithium atoms.
In addition, the relatively large distance between the 2D
layers should moderate the volumetric expansion and
contraction caused by lithium intercalation and
deintercalation. The advantages of using lithium in a
rechargeable battery are the small size of this ion, the ease
of diffusion with a low energy barrier, and the large
penetration depth. However, the meager distribution of
lithium in the Earth's crust makes it an expensive material.

10
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The abundance of the sodium element determines its low
price [124-126]. Sodium-ion batteries are still being
considered as an alternative to lithium-ion batteries.
However, the diffusion of sodium ions is not as easy as the
diffusion of lithium ions. Due to their larger size and
weight, sodium ions cannot penetrate as deeply into the
material as lithium ions. However, when using two-
dimensional materials with weak van der Waals
interactions between layers to construct an anode, it is
possible to create a sodium-ion battery. In this case, the
main problem is to neutralize the large volume expansion
caused by sodium intercalations in order to maintain
structural integrity [127-13]1].

It is known that a strong interaction between a
metal substrate and silicene leads to the disruption of
the electronic structure of the initial silicene [132] and
can also cause surface reconstruction [133]. However,
to support silicene, graphene can be used instead of a
metal substrate [134, 135]. The interaction between
silicene and graphene is due to van der Waals forces,
as a result of which the internal properties of silicene
are largely preserved. Due to the high strength
characteristics of graphene, the silicene/graphene
heterostructure should have better mechanical
properties. However, it is necessary to study the
adsorption properties of such a heterostructure in
order to estimate the capacity of the anode built on its
basis. In addition, good structural stability of the
silicene-graphene anode must be ensured during the
charge/discharge process for both lithium and
sodium.

The diffusion properties of lithium and sodium in
the silicene/graphene heterostructure were studied.
The energy barriers for the diffusion of lithium and
sodium over the surface of silicene were 0.36 eV and
0.22 eV, respectively [29]. Additional tests of the
behavior of Li and Na atoms on the graphene surface
and in a channel formed on one side by a silicene sheet,
and on the other side by a graphene sheet, showed that
the energy barriers to diffusion are below 0.40 eV for
lithium and less than 0.30 eV for sodium. Such energy
barriers provide high charging rates when using
silicene/graphene anode in metal (Li or Na) ion
batteries.

The adsorption of Li and Na atoms on a
silicene/graphene heterostructure was studied at ratios of
the number of alkali metal atoms to the number of
heterostructure atoms from 0.02 to 0.42. The binding
energies of lithium and sodium at their various
concentrations are shown in Figure 10. These energies are
negative at all considered concentrations. It can be seen
that strong adsorption is retained at high concentrations
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Figure 10 The binding energy of lithium and sodium adsorption
onto the silicene/graphene heterostructure at different Li (Na)
concentrations.
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Figure I The calculated voltage profiles along with the
lithiation/sodiation process.

of Li and Na. Therefore, the use of a silicene/graphene
heterostructure as an anode will allow it to store a large
amount of charge carriers on this electrode.

The evaluation of the open circuit voltage was
performed according to equation (7). This characteristic
is shown in Figure 1. As can be seen from the figure, the
OCV becomes negative when the concentration of Li or
Na reaches a value of 0.42. This concentration
corresponds to a capacity of 487 mAh g+ when Li or Na
atoms are completely adsorbed on the outer surface of
silicene and on the inner surfaces that form the space
between silicene and graphene. The average OCV value
for the considered heterostructure is 1.07 V. when used as
charge carriers of lithium ions and equal to 0.84 V when
used as carriers of sodium ions. Such OCV values do not
allow for the formation of dendrites and provide a high
energy density. Thus, the use of silicene/graphene
heterostructure as an anode material makes it possible to

11
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create good performance characteristics of the battery
and provides mechanical rigidity of the anode.

5. DFT study of the behavior of silicene on various
substrates

In addition to the Ag(lll) substrate [136], silicene was
later obtained on a number of other substrates. It was
epitaxially synthesized on Ir (111) [137], Au [138], Ru (O0O0T1)
[139], MoS: [140], ZrB2 (0001) [141], ZrC (111) [142], and
graphite [143] substrates. The interactions of silicene with
silver [30, 33, 144], copper [30, 144, 145], aluminum [30,
32, 144, 146], nickel [4, 30, 144, 147], nickel with copper
impurity [148], graphite [149-151], nitrogen doped graphite
[31, 34, 152-154], and silicon carbide [I55] substrates were
studied by classical MD methods. Al adsorption on silicene
was studied using DFT calculations in [I156]. Dense two-
sided adsorption of Al on silicene led to an unstable
configuration. The chemical separation method with CaSi:
as a precursor was used to synthesize “autonomous”
silicene [I157].

5.1 Metal and carbon substrates

DFT modeling of silicene placed on metal (Al, Cu,
Ni, Ag, and Au) substrates was performed in [158-160]
and on a graphite substrate in [4]. The use of SIESTA
[161] or VASP [162] programs without changing the
basic codes when modeling heterostructures, extended
by periodic boundary conditions, require the creation
of a single period of spatial translations. In other
words, it is necessary, by means of scaling, to match
the superlattices for all the components that make up
the system. Superlattice alignment required an
increase in translation vectors by 4% in the aluminum
and silver substrates and by 3% in the gold substrate.
In the case of Si and Cu, the mismatch of supercells,
which is ~2%, does not require additional operations
for alignment. To combine the C-Si and Ni-Si systems,
modified superlattices were taken: the silicene cell was
increased by 4%, and the graphite (nickel) cell was
reduced by 4%. The substrate thickness varied from 1
to 5 (4 layers in the case of a graphite substrate) layers.

REVIEW

This was enough to determine the optimal number of
layers (i.e., limiting their number) to perform accurate
calculations for "silicene on metal film" systems.
Approximate modeling of silicene on bulk metal (Al,
Cu, Ni, Ag and Au) substrates can be performed
similarly by adding an additional lower metal layer to
the optimally obtained metal substrate, the atoms of
which are fixed in the z direction.

Figure 12 shows the types of combined silicene-
metal supercells. The silicene sheet was parallel to the
xy plane. To simulate silicene on substrates, 2x2 (C,
Cu, and Ni substrate) or 3x3 (Al, Ag, and Au
substrate) supercells were used. The silicene structure
is represented by two sublattices (lower and upper)
spaced 0.44 A apart. The substrate layers had 3x3 (C,
Cu, Ni) or 4x4 (Al, Ag, Au) supercells.

Table 2 presents the calculated adhesion energies
between silicene and the substrate obtained for various
substrate thicknesses. The adhesion energy when
adding layers varies in a very different way depending
on the substrate material. For example, when going
from one layer to two layers for Ag and Au substrates,
Eian almost doubles, which does not occur in the case
of other types of substrates under consideration. It is
noteworthy that in the end, £idn ceases to change much
when the next layer is added. This happens by adding
a fifth layer for all metal substrates and a fourth layer
to the carbon substrate.

()

uvwwsw

R o \v

Figure 12 An example of superlattice alignment: (a) 2x2 silicene
and 3x3 copper (111), (b) 3x3 silicene and 4x4 silver (111).

Table 2 - Adhesion energies (eV/cell) between silicene and substrates depending on the number of layers in the substrate.

Nsub C Al Cu Ni Ag Au
1 0.284 1.626 1.719 3.599 0.698 0.696
2 0.300 1.424 1.857 3.432 1.249 1.028
3 0.309 1.284 2.007 2.945 1.229 1.024
4 0.306 1.137 1.999 2.88l 1.256 1.054
5 - 1.144 1.997 2.899 1.241 1.046

12
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Table 3 — Characteristics* of systems «silicene on substrates» with a fixed bottom layer after geometric optimization.
Substrate Lsi-si Lsi-sub L sub-sub Asisi Asi-sub Ep” Eadn
C 2.259 3.576 1.447 0.626 3.495 4.408 0.300
Al 2.379 2.745 2.906 0.821 2.362 5.274 1.136
Cu 2.377 2.577 2.639 1.127 2.045 5.608 2.014
Ni 2.307 2.404 2.524 0.897 1.848 6.234 2.873
Ag 2.371 2.859 2.936 0.831 3.070 5.318 1.263
Au 2.394 2.920 2.980 1190 3.151 5.197 1.063
*Parameter designations are described in the text.
Some characteristics obtained in the model Ilevels. Based on DOS, many other physical properties

representing silicene on a "massive" metal or carbon
substrate are presented in Table 3. The massiveness of the
substrate was created by pinning the z-coordinates of the
lower layer of the substrate. The characteristics placed in
Table 3 are Lsisi is the average bond length between silicon
atoms in a silicene sheet; Lsisub is the average bond length
between the silicon atoms of the silicene sheet and the
atoms of the substrate; Lsubsub is the average bond length
between substrate atoms; Asisi is the distance between
silicene sublattices; Asisup is the distance between the
bottom sheet of silicene and the metal substrate; £Si is the
binding energy between silicon atoms in a silicene sheet;
Faan is the adhesion energy between the silicene sheet and
the substrate.

From a comparison of the data in Tables 2 and 3, it
can be seen that the adhesion energies between the
silicene/five-layer substrate and silicene/"massive"
substrate systems differ by no more than 1%. In both
cases, the adhesion energies can be ordered as follows:
Eanc< FEarv < FaAl < EBdanAe < Fan@ < FagnNi
Consequently, the lowest adhesion energy is observed in
the silicene/graphite system (0.3 eV), while highest
energy is observed in the silicene/nickel system
(2.873 eV). The following regularity was obtained for the
distance between the silicene and the substrates:
Asini < Asicu < Dsial < Dsiag < Asiau < Asic. Thus, the
smallest distance was obtained between the silicene and
the nickel substrate, and the largest between the silicene
and the graphite substrate. The bond lengths for metal
substrates correspond to those for cubic face-centric
lattices of these materials [163].

Density functional theory (DFT) calculations from
first principles make it possible to determine the
Density of Electronic States (DOS) and the band
structure. The DOS indicates the number of states that
can be occupied by electrons in a material. DOS
reflects these characteristics on a spectrum of energy

of a material can be directly calculated, such as the
effective mass of electrons in charge carriers, the
electronic contribution to the heat capacity of metals,
and the band gap of crystal structures. The band
structure shows the allowable levels of the electronic
energy of solid materials, i.e. it gives an idea of the
energies of crystalline orbitals.

The practical significance of the band structure lies in
informing about the electrical properties of the material.
In other words, the band structure determines whether
the material is metallic, semi-metallic, or insulating. This
two-dimensional representation of energies of the
material with a band gap also provides information on the
type of band gap (direct or indirect) as well as its
magnitude.

The partial spectra of the electronic states of the
systems “silicene on substrates with fixed z coordinates of
the lower layer” are shown in Figure 13. In all systems
without exception, silicene metallization occurs due to
interaction with the substrate. In the case of silicene on
copper, silver, and gold substrates, the 3p electrons of
silicon interact with the s and d electrons of metals. While
for silicene on a nickel substrate, the 3p electrons of
silicon interact with the 3d electrons of nickel, while for
silicene on an aluminum substrate, the interaction occurs
between the 3p electrons of silicon and aluminum.

The band structure and partial spectra of the
electronic states of the "silicene on a similar graphite
substrate" system are shown in Figure 14. The finite (non-
zero) value of the density of electronic states at the Fermi
energy level indicates the system acquisition of electronic
conductivity. Conductivity appears due to the interaction
of 2p electrons of carbon with 3p electrons of silicon. In
this case, the Dirac cone associated with the silicene
subsystem in the band structure turns out to be elevated
above the Fermi level, and the graphene Dirac cone is
located below the Fermi level.
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Figure 13 Partial spectra of electronic states of systems "silicene on «massive» aluminum, copper, nickel, silver and gold substrate".
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Figure 14 Band structure and partial spectra of electronic states of the "silicene on a «massive» graphite substrate" system, the Fermi
level is shown by a horizontal dotted line; the inset shows the Brillouin zone with high symmetry points that determine directions

in the band structure.

Figure 15 The geometric structure of silicene on (a) a single-layer, (b) two-layer and (c) three-layer copper substrate with an

intermediate nickel layer between silicene and copper.

The appearance of electronic conductivity improves
the physical properties of the silicene anode, because
contributes to an increase in the speed of its charging.

5.2 Copper substrate with an intermediate nickel layer

The most productive solar cells are made from high-
purity (solar) silicon [164]. The metal contact with the
solar cell can be made of copper coated with a thin layer
of nickel to create a diffusion barrier [165]. Nickel facing
Si forms nickel silicide, thereby reducing the contact
resistance between the metal and Si [166]. Thus, three
chemical elements (Si, Ni and Cu) are in close contact with
each other. Determining the electronic properties of such
a system is of considerable interest.

In [160], the silicene-copper substrate systems with an
intermediate nickel layer between silicene and copper
were studied based on quantum mechanical calculations.
The initial systems were created by replacing the upper
layer of the copper substrate with one layer of nickel (with
a copper substrate thickness of 2-4 layers). The geometric
structure of silicene systems on a copper substrate of
various thicknesses with an intermediate nickel layer is
shown in Figure 15.

The adhesion energy ES3N! between the nickel layer
and the copper substrate was calculated as

__ Etot—Esini—Ecu
Ncel

Cu—Ni _
Eadh -

()
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where Eg;y; and E¢, are the total energies calculated for
the silicene-nickel subsystem and copper substrate,
respectively, and N, is the number of silicene unit cells.

Some characteristics of the considered systems are
shown in Table 4. Among them, the adhesion energy
between silicene sheet and copper substrate with an
intermediate layer of nickel (ES}NY); adhesion energy
between the copper substrate and the nickel layer
(ES4NY); binding energies between silicon atoms in a
silicene sheet (E3'); total Voronoi charge calculated for
nickel (Q)), copper (QS") and silicene (Q).

Note that the distance between the silicene sheet and
the intermediate nickel layer decreases from 1.890 to
1.795A as the number of copper layers in the substrate
increases from 1 to 3. In this case, the adhesion energy
between nickel and copper increases from 2.356 to
2.889eV. The shortening of the Si-Ni distance is the
strong adhesion of silicene to nickel, which is ~6% more
than that to copper [30]. In addition, regardless of the
thickness of the substrate, the nickel intermediate layer
has an average negative charge of -LI14 a.u, which is
compensated by the positive charges of the copper part of
the substrate and silicene.

5.3 Graphene, boron nitride, and silicon carbide
substrates

In [29], the adsorption behavior of the lithium (sodium)
atom was studied for the silicene/graphene (Si/QG)
heterostructure. The concentration of deposit Li or Na atoms
did not exceed x = 1.375. At all considered concentrations of
Li and Na, negative binding energies of these metals with the
Si/G substrate were obtained. Adsorption for Na has always
been weaker than for Li. However, even when the surface was
completely filled with alkali metals, their binding energy with
the surface remained quite low (below 0.65 eV for Li and
below 0.55 eV for Na). It can be assumed that, due to strong
adsorption, lithium and sodium atoms can be effectively fixed
on the surface of the Si/G heterostructure, even at high
concentrations of them, and clustering will not occur during

REVIEW

discharge/charging. According to estimates, at the highest
concentration of lithium and sodium achieved here, the
capacity of the anode created from the Si/G heterostructure
will be 487 mAh g-. In this case, the outer surface of the
silicene and the interlayer space between silicene and
graphene should be completely adsorbed by lithium or
sodium atoms. In this case, the interlayer distance in silicene
will increase by approximately 20% upon lithium
intercalation, and by 40% upon filling the anode with
sodium. This estimate of the negative electrode capacitance
appears to be underestimated compared to other literature
data [36-38] due to the low lithium concentrations realized in
[29].

Among the nonmetallic substrates for silicene, graphene,
two-dimensional boron nitride, and one-, two-, and three-
layer two-dimensional silicon carbide were studied by DFT
calculations [167]. The adhesion energy of silicene with two-
dimensional nanomaterials was calculated according to the
expression:

Egatd = — R, (10)
Ncel
where E., is the total energy of the “silicene-two-
dimensional nanomaterial” system, Es;, E,q4 are the total
energies calculated for the silicene sheet and two-
dimensional nanomaterial, respectively.

Some metric and energy properties of the systems
"silicene — two-dimensional material" are presented in
Table 5. Among them: Lgsisy is Si-Si bond length in a
silicene sheet; Agsisiy is the distance between silicene
sublattices; Asi-2q) is the distance between the silicene sheet
and the two-dimensional material; Ej' is the binding
energy between silicon atoms in a silicene sheet; ES5;24 is
the adhesion energy between the silicene sheet and the
two-dimensional material; Qéi is the total Voronoi charge
of the silicon atoms of the silicene sheet; BG is the width
of the direct (d) or indirect (i) band gap of the combined
nanomaterial.

Table 4 - Energy characteristics® of systems silicene-copper substrate with an intermediate layer of nickel.

Necu ESNE ev ECUNE eV Est eV QY ev. Q&% a.u. Q3. a.u.
1 3.647 2.356 4.563 -1.058 0.676 0.382
2 3.449 2.725 4.615 -1.197 0.859 0.335
3 3.452 2.889 4.595 -1.089 0.705 0.379

*Parameter designations are described in the text.
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The lowest adhesion energy of 0.235 eV is observed
when silicene is in contact with two-dimensional boron
nitride. When silicene is on graphene or single-layer
silicon carbide, the adhesion energy is higher by 20.8 and
16.6%, respectively. An increase in the number of layers
in two-dimensional silicon carbide from one to three leads
to a significant increase (more than é times) in the
adhesion energy due to the onset of the SiC transition
from a two-dimensional to a bulk state (Figure 16). During
the formation of heterostructures, the total charge is
redistributed between original nanomaterials and p-n
junctions are formed. Thus, in the cases of silicene on
graphene and silicene on 2D boron nitride, the silicene
sheet acquires a negative charge of -0.214 and -0.062 a.u.,
respectively. Silicene on single-layer silicon carbide
remains virtually electro-neutral. However, the addition
of the second and third layers of silicon carbide leads to
an increase in the positive net charge of the Si atoms in the
silicene sheet.

Fragments of two-layer configurations composed of
silicene, as well as silicene and other layers (two-
dimensional silicon carbide, graphene and boron nitride)
are shown in Figure 17. The closest approach is observed
between the silicene sheets, while the largest gap is formed
between the single-layer silicon carbide and the silicene
sheet.

Figure 18 shows the band structures and electron
density of state spectra of two-layer silicene, silicene on
2D silicon carbide, silicene on graphene, and silicene on
boron nitride. It can be seen that in the two-layer silicene
and combined nanomaterials "silicene-boron nitride",
"silicene-two-dimensional silicon carbide" semiconductor
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Figure 16 Configuration of the system "silicene on (a) two-layer
and (b) three-layer two-dimensional silicon carbide" after
geometric optimization.
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(c) i 7 /‘
B uc({i% ‘N

Figure 17 Configurations of two-layer systems: (a) two-layer
silicene, (b) silicene on two-dimensional silicon carbide, (c)
silicene on graphene, and (d) silicene on boron nitride - after
geometric optimization.

properties are preserved. If the band gap in single-layer
silicene was 0.027 eV [168], then in two-layer silicene, it
expands to 0.265 eV; however, the Dirac cones are not
preserved, in contrast to the Si-2dSiC and Si-BN systems.

Table 5 - Metric and energy properties® of "silicene-2d material" systems.

2d Lsisiy A Asisiy, A Asioy, A ESt eV ESi;2d eV S a.u. BG, eV
Si 2.330 0.843 2.080 6.394 0.725 - 0.265 (i)
G 2.282 0.638 3.4l 4.312 0.284 -0.214 M
1SiC 2.398 0.487 3.677 4.323 0.274 0.020 0.047 (d)
2SiC 2.436 0.875 2728 4.216 1.148 0.252 0.078 (d)
3siC 2.475 0.868 2.596 4.160 1.771 0.448 0.017 (i)
BN 2.288 0.612 3.633 5.057 0.235 -0.062 0.012(d)

*Parameter designations are described in the text.
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Figure 18. Band structures and electron state density spectra of two-layer systems: (a) two-layer silicene, (b) silicene on two-
dimensional silicon carbide, (c) silicene on graphene, and (d) silicene on boron nitride; the red circle shows the top of the Dirac

cone for silicene, and the blue circle is that for graphene.

The interaction between silicene and graphene leads
to the appearance of conductive properties while
maintaining the silicene and graphene Dirac cones. The
vertices of the Dirac cone for silicene are at different
points of high symmetry when silicene is placed on
graphene (Figure 18b, point ') and on silicon carbide
(Figure 18c, point K). This is due to the use of different
superlattices for silicene: a 2x2 superlattice was used on
graphene, and a 3x3 superlattice was used on silicon
carbide. Such superlattices were installed for Dbetter
compatibility with substrate superlattices (3x3 for
graphene and 4x4 for SiC). Figure 18c shows that the
silicene Dirac cone (point K) shifts above the Fermi level,
while the graphene Dirac cone (point r) shifts below the
Fermi level.

Band structures and spectra of the density of
electronic states of combined nanomaterials of silicene in
combination with two- and three-layer two-dimensional
silicon carbide are shown in Figure 19. It can be seen that
the resulting combined nanomaterials remain
semiconductors, but the Dirac cones are not preserved.

Energy (eV)

Energy (eV)

Figure 19 Band structures and electron state density spectra of
silicene on (a) two-layer and (b) three-layer two-dimensional
silicon carbide.
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5.4 Simulation of nuclear transmutation doping of silicene
with phosphorus

In [169], on the basis of DFT simulation, mono- and
bilayers of silicene on a graphite substrate subjected to
NTD were studied. In this case, some of the silicon atoms
were replaced by phosphorus atoms, and some of the
carbon atoms were replaced by nitrogen atoms. The
replacement of Si by P was carried out in all possible
positions of Si atoms in silicene. The replacement of C
atoms by N was carried out only in the upper sheet of
graphene. The band structures and spectra of the
electronic state were calculated.

Geometric  optimization produced significant
changes in the structure of the doped Si/C system (Figure
20). Structural rearrangement resulted in an increase in
the average distance between the silicene sublattices,
which changed from 0.44 to 0.56 A and from 0.44 to
1.OIA for single-layer and double-layer silicene,
respectively.

The projections of the densities of states of the Si/C
system, depending on its modification by phosphorus and
nitrogen atoms, are shown in Figure 21. All systems on a
carbon substrate acquire conductive properties. The
number and arrangement of phosphorus atoms in the
silicene sheet and nitrogen atoms in the carbon substrate
only affect the degree of "metallization".

Similar the projected densities of states obtained for
the bilayer silicene on a carbon substrate are shown in
Figure 22. Replacing 1-2 C atoms in the graphite
substrate with N atoms results in a Fermi level shift. In
this case, the conductivity at the p-level of carbon
increases. Low conductivity at a band gap of 8 to 18
meV is observed in the absence of N atoms in the
carbon substrate and is determined by the position of
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P atoms in silicene. The bilayer silicene system acquires
semiconductor properties when two Si atoms are
replaced by P atoms. The following configurations
correspond to this situation: 1) both atoms are in the
lower sublattice of the lower silicene sheet; 2) both
atoms are localized in the upper sublattice of the lower
silicene layer; 3) one atom is located in the lower, and
the other - in the upper sublattice of the lower sheet
of silicene; 4) one atom belongs to the lower sublattice
of the lower layer, and the other atom belongs to the
lower sublattice of the upper layer of silicene. Note that
the PDOS shapes for configurations 2 and 3 are almost
identical and differ only in the band gap.

Thus, the Si/C system subjected to the NTD
procedure retains the conductive properties acquired by
silicene placed on a graphite substrate. A noticeable
deterioration in the electronic conductivity can occur
only in unlikely cases, when only the silicon part of the
system is doped. An increase in the electronic

conductivity of the anode is a positive factor for the
functioning of the LIB.

Figure 20 Unmodified single layer silicene on a graphite
substrate (left) and a similar two layer silicene after geometric
optimization (right).
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Figure 21 Projected densities of states of modified «monolayer silicene/C» systems in which a silicene sheet contains from O to 2 P
atoms, and a graphite substrate contains from O to 2 N atoms.
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Figure 22. Projected densities of states of modified systems of «bilayer silicene/C» in which a silicene sheet contains 2 P atoms, and

a graphite substrate contains from O to 2 N atoms.

6. Discussion

6.1 Features of the existence of silicene and the prospects
for its use

So far, the growth of Si honeycomb structures has
been recorded on a limited number of substrates such as
Ag, Au, Ir, ZrB2 and MoS;, and DFT calculations
combined with experimental observations indicate that all
obtained two-dimensional silicon superstructures deviate
from the structure of free-standing silicene. [88, 97, 13],

136, 170-174]. Among them, superlattices obtained on
Ag(ll) and ZrB2(000T1) are of particular interest, since the
observed electronic spectra for them can be easily
explained on the basis of the theoretical concept of
silicene. Epitaxial conditions, type and degree of buckling
of silicene can vary, which in turn affects the electronic
properties. The close relationship between structure and
electronic properties makes the atomic scale of the height
of bends on the surface a highly significant parameter in
the description of silicene. On the other hand, the
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structural flexibility associated with mixing sp2? and sp3
hybridizations may allow the design of desired properties,
such as the presence of a bandgap, which is difficult to
achieve in pure sp? hybridized graphene [I71]. The
behavior of silicene growth on the Ag(lll) surface strongly
depends on temperature and a number of other factors
[88, 97, 136, 141, 170, 172]. Among the presented
superstructures, subsequent annealing cannot make a
transition from one observed phase to another [I70];
therefore, there is an unnegligible energy barrier between
these phases.

Calculations by the density functional theory showed
that there are no true covalent bonds between the Si layer
and the Ag substrate [I75]. However, as the silicene and
Ag substrates approach each other significantly, the
electron densities of the closest atoms of these materials
overlap. The localized accumulation of electrons at the
interface indicates a weak chemical interaction between
silicene and the first Ag layer. The existence of a chemical
interaction between the Si layer and the Ag surface is
consistent with the hybridization effects considered in
[176, 177]. At the same time, the interaction between the
upper Si atoms and the surface Ag atoms differs
significantly from the interaction between the lower Si
atoms and the Ag substrate. Electrons flow from the Si
atoms to the Ag substrate, so that the upper Si layer is
positively charged, while the first Ag plane carries a
negative charge. Hence, we can conclude that an
electrostatic interaction occurs between the upper Si
atoms and the flat Ag surface. As a result of such an
interaction, a loss of stability of the hexagonally
structured Si layer can be observed. Thus, silicene located
on the Ag(lll) surface binds to the substrate both due to
the accumulation of charge density at the interface and
via electrostatic interaction. Weak chemisorption of
silicene on an Ag substrate was also observed in [178]. As
a result of the loss of electrons from the upper Si atoms
(0.13 e per one Si atom), the reactivity of silicene on the
Ag(lll) surface turns out to be lower than for suspended
silicene. Ab initio calculations show that a free standing
silicene can form a covalent bond with hydrogen and
NOg, as well as an ionic bond with halogens [179-181].

A significant number of works have been devoted to
the study of monolayer silicene [I82-185]. At the same
time, multilayer silicene is far from sufficient studied.
Separate two-layer silicene was considered in [186-189],
but the mechanism that determines the relative stability
of the obtained phases was not determined. In addition,
two-layer silicene can be both a metal and a
semiconductor, depending on the method of stacking
silicene sheets [I87-189]. Si surfaces seem to be a
convenient material for the manufacture of electronic
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devices. A certain similarity between multilayer silicene
and atomic layers of a massive silicon crystal parallel to
the Si (111) plane is intriguing. In fact, the split Si(lll) surface
has a 2x1 periodicity, but after annealing it transforms
into a more stable 7x7 superlattice. The 2x1 phase is
identified as a m-bonded chain structure [I190]. For the 7x7
phase [191,192], a “dimer-adatom” stacking fault model was
presented [193, 194]. The evolution in the reconstruction
of the surface phases of multilayer Si is not yet clear. Most
of the solar cells currently being manufactured are based
on three-dimensional (3D) Si. However, 3D-Si is not an
ideal material for optoelectronic applications due to the
relatively large direct band gap [195]. The discovery of
multilayer silicene materials with excellent optoelectronic
properties could provide a breakthrough in the
technology of future optoelectronics.

For a long time, the implementation of the epitaxial
synthesis of reconstructed multilayer silicene conserving
Dirac fermions seemed to be an impossible task.
Nevertheless, multilayer silicene was obtained. In [196],
using complex X-ray crystallography, it was demonstrated
that the preparation of multilayer silicene requires fairly
low growth temperatures (~200 °C), while the three-
dimensional growth of silicon crystallites occurs at higher
temperatures (~300 °C). The temperature-induced
transition to obtaining bulk silicon partly explains the
various experimental data and smooths out their
contradictory interpretation.

Bilayer silicene does not tend to undergo irreversible
structural changes during lithiation and delithiation
cycles. The relief geometry of silicene can be formed
during the drift of the Li+ ion between its sheets. In
addition to mixing sp2 and sp3 hybridizations, a possible
effect of the relief geometry of silicene is the establishment
of a Dirac-type electron dispersion. The abundance of Si,
its rare ability to retain Li, the flexibility of atomic layers,
and the low energy barrier to diffusion of Li+ ions make it
attractive to use silicene in lithium-ion batteries. With it, a
high energy density can be created and the life cycle of
the battery can be improved. Doping of two-layer silicene
with bromine or hydrogen leads to the appearance of anti-
or ferromagnetism at room temperature [197].
Consequently, new opportunities appear for creating
high-performance electronic devices based on the use of
two-layer silicene.

The area of potential application of silicene continues
to expand. The natural abundance of Na resources and
their relative cheapness make Na-ion batteries a promising
candidate for replacing lithium-ion batteries on a large
scale. In this regard, silicene retains a high potential for
use as an anode in sodium-ion batteries. In this context,
stand-alone silicene, graphene-silicene-graphene
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heterostructures, and graphene-silicene superlattices can
be applied in Na-ion batteries [I198]. Estimated capacities of
Na batteries using stand-alone silicene and graphene-
silicene superlattices for the anode are ~950 mAh/g and
730 mAh/g, respectively. Therefore, such anodes appear
to be highly competitive with graphite anodes having a
theoretical power of 372 mAh/g. In addition, diffusion
barriers in sodium electrodes are expected to be less than
0.3 eV.

The structure of silicene can be modified by
introducing -C=C- inserts (parts of acetylene) into all Si-Si
bonds [199]. This so-called c-silicyne (c-silicyne) has a flat
optimized structure, i.e. acquires the morphology of
graphene. Cssilicine has a zero band gap and semi-metallic
behavior in the non-magnetic state, but becomes a
semiconductor in the anti-ferromagnetic state. Tensile
deformation makes it possible to strengthen and even
linearly increase the antiferromagnetism in c-silicyne. The
heterostructure obtained by applying a stressed c-silicyne
sheet to a MoS2 monolayer can be a promising material
for high power solar cells with a conversion efficiency in
excess of 20%. C-silicine nanoribbons and nanosheets
have unique electronic and magnetic properties that have
a variety of potential applications.

Graphene substrate for silicene is significantly
preferred over a metal one. Unlike metal substrates, the
interaction between silicene and graphene is mainly of the
van der Waals type, which creates conditions for
maintaining the intrinsic properties of silicene. Moreover,
the incorporation of graphene provides better mechanical
properties and higher electronic conductivity, while also
protecting silicene from damaging environmental
influences. First-principles calculations show that
silicene/graphene heterostructures not only retain high
capacitance and low energy migration barriers for both
lithium and sodium, but also provide stronger adsorption,
better mechanical rigidity, and structural stability in
charge/discharge cycles compared to a free-standing
silicene [29].

Such heterostructures are attractive for use as the
anode of lithium/sodium-ion batteries. However, the
calculations performed on the basis of DFT in [29]
extremely idealize the situation. This is due not only to the
very small size of the system (consisting of 16 Si atoms and
36 C atoms) and the highly limited time of MD
calculations performed from first principles. In [29], first-
principles calculations using generalized gradient
approximation were applied to study the adsorption and
diffusion of lithium and sodium atoms on silicene,
graphene, and a silicene/graphene composite. Both
processes have been studied exclusively by calculating the
energy characteristics. No direct calculation of the
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diffusion coefficients was carried out. The initial positions
of the Li and Na atoms were determined in advance. The
energy characteristics also served as a source of
information for determining the direction of diffusion.

6.2 Benefits of using silicene anode

To date, graphite has remained the preferred anode
material, including LIBs operating in Li salt/organic liquid
electrolytes. These batteries suffer from excess
consumption of Li+, which is associated with the formation
of the solid electrolyte interface (SEI). The main share of
SEl education falls on the first cycle. Outwardly, it
manifests itself in an almost 10% loss in the capacity of
graphite anodes. SEI accumulates during the further
operation of the battery, i.e. the thickness of this film
increases due to the inclusion of an increasing amount of
Li+ in it. The SEI film creates electronic isolation and
prevents Li+ intercalation. As a result, the achievable
energy and power density LIB are limited. Due to the
expansion and contraction of the graphite lattice during
cycling, the SEl layer exhibit instability. The loss of lithium
ions from the electrolyte and the unstable behavior of SEI
lead to degradation of LIB [200-202].

It is widely believed that the higher capacity of the
silicon anode is achieved due to the formation of an alloy
of lithium with silicon [203]. The alloying reaction is
represented as [204]

Si + 4.4 Li* + 4.4 e & LiaaSi

Silicon is characterized as the champion in theoretical
capacity among all anode materials (second only to
hydrogen). However, during lithiation, the volume of the
silicon electrode increases greatly. This causes strong
stresses inside the material, which can lead to crushing of
the electrode material and its separation from the
collector [205]. The tearing SEI film requires a new
consumption of lithium for its recovery. The efficiency of
LIB cycling with a silicon anode is low [206, 207]. The use
of thin silicon films, as well as porous silicon, significantly
reduces the stress caused by the change in the volume of
silicon anodes [208].

The use of silicene as an anode material has its
advantages and disadvantages. Silicene can withstand large
deformations (> 0.15) with armchair, zigzag and biaxial
deformation [209]. The second-order elastic constants and
in-plane Young's modulus also indicate that silicene is
mechanically stable. The mechanical properties of silicene
demonstrate isotropic behavior: both in the “zigzag” and
“armchair” directions, the Young’s modulus of silicene is
close to 199.3 GPa, and the Poisson’s ratio is 0.17 [210].
According to [211], silicon is not an elastically isotropic
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material. The values of Young's modulus and Poisson's

ratio for it are 140-180 GPa and 0.265-0.275,
respectively.
However, silicene has a very low thermal

conductivity. Therefore, in order to remove heat from the
silicene contained in the electrochemical device, it is
necessary to contact the silicene with a highly thermally
conductive material, such as a metal. The thermal transfer
in silicene is dominated by longitudinal phonon modes
[212]. Restricting the free path of phonons reduces the
thermal conductivity. The use of silicene in combination
with silicon carbide does not increase the thermal
conductivity of the material. The thermal conductivity of
SiC phononic crystals is 30-40% lower than that of
silicene [213]. With an increase in the concentration of
vacancies in SiC crystals or an increase in temperature, a
significant decrease in thermal conductivity is observed
[214]. Limited thermal conductivity of graphene-filled
materials in the direction not aligned with graphene
alighment is also an obstacle to the use of
silicene/graphene anode material. The inherent
semimetallicity of both components (graphene and
silicene) largely limits their use in functional devices.

The demand for lithium-ion batteries continues to
increase. In this regard, and with an increase in the price
of lithium, there is a growing interest in Na+, K+, Mg2+ and
others, which can be obtained at a lower price. There is an
urgent need to optimize electrochemical devices,
including through the introduction of new efficient anode
materials [215].

Undoubtedly, an understanding of the physical
processes that occur with Li+ ions and other alkali metal
ions in the atomic scale is a necessary condition for the
development of more efficient batteries. The widely used
lithium-ion batteries are easy to maintain, but still not
safe. Thus, a catastrophic failure of lithium-ion batteries
was observed in the automotive industry and in aviation
[216]. Perhaps this is due to the imperfection of modern
technologies [214, 215].

The charge carriers in batteries are usually lithium
and sodium. Lithium has a higher gravimetric capacity.
However, there is much more sodium in nature.
Therefore, sodium is a cheap material for LIBs, especially
for their stationary version [l12]. Lithium-, sodium-, and
potassium-ion batteries were compared in detail in [219-
223].

First-principle modeling has been widely used to
study the lithiation of silicon-based nanomaterials for LIB
anodes. However, there is still a lack of fundamental
research on the formation and growth of SEI layers. The
combination of computational and experimental research
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will be critical to create the next generation of LIBs with a
long service life at an affordable cost.

7. Conclusions

In this review is the fundamental idea that the
structure of 2D materials largely determines their
properties. To date, extensive theoretical conclusions have
been made about the properties of 2D materials, for which
there is no experimental verification. Only a few
properties of 2D materials have been measured in selected
cases. For example, the stiffness and tensile strength of
quasi-freely suspended graphene have been measured by
atomic force microscopy nanoindentation. There are
problems not only in the preparation of suspended
monolayers, but also in the interpretation of experimental
data based on simple mechanical models. Changes in the
mechanical properties of monolayers due to interaction
with substrates during fabrication, handling, and
operation are still not well understood. This is especially
true for covalent and ionic interactions, which can change
the bond length and bond energy. Such interactions cause
changes in fundamental mechanical and electronic
properties.

The use of new 2D anode materials for next-
generation metal-ion batteries aims to achieve higher
energy density, better battery performance, and stable
cycle characteristics. The problem of achieving high safety
of an electrochemical device and its low cost is still
important for the solution. The goal can be achieved
through the use of silicon-containing materials, including
in the form of two-dimensional heterogeneous structures.
The effective surface area of the electrode can be
increased by structural modification of the material. As a
consequence, the first reversible capacity of the anode
material can be improved. An improvement in the
Coulomb efficiency can be achieved by increasing the
electronic conductivity of the material, for example by
heteroatomic doping. Based on the combination of
silicene with graphene, it is possible to form a layered,
extremely flexible and strong material with high
electronic conductivity and chemical stability in the
electrolyte. However, the addition of graphene leads to a
decrease in the electrode capacitance. It is possible that the
replacement of graphene in the heterostructure with
other 2D materials or the creation of more complex
silicon-containing and including graphene
heterostructures will help to obtain higher battery
performance.
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