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Abstract—The motion of a lithium ion over a channel formed by sheets of perfect and defect (with monova-
cancies) silicene with a graphene support at different values of the channel gap is studied by means of molec-
ular dynamics. It is established that the lithium ion enters the channel and passes through it at gap widths of
0.75 and 0.8 nm; at the same time, the monovacancies in the silicene sheets have a decelerating effect on the
lithium transport over the channel. The ion passes through the channel in 12.6 and 8.6 ps for ideal silicene
and 27.7 and 31.8 ps for defect silicene, respectively. It is shown that graphene sheets have a stabilizing effect
that prevents the gap value from changing appreciably.
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INTRODUCTION
Silicene (graphene-like silicon) is a sheet formed of

single-layer silicon with a considerable effect of sp2-
hybridization and the formation of non-planar hexag-
onal cells. Its unique electron properties are leading to
the large-scale use of silicene in the production of
high-speed electron devices. The possibility of epitax-
ial growth in stable silicene on Ag (111) and Ag (100)
substrates in the form of narrow, virtually parallel peri-
odic bands 2 nm high was demonstrated experimen-
tally in [1]. Silicene is not an ideally f lat object. Since
sp3 hybridization in silicon is more stable than sp2

hybridization, the curved structure that is the average
state between the two types of hybridization for sili-
cene is energetically advantageous [2]. At room tem-
perature, the long silicene bands have a structure with
a wave-like curvature and can even intertwine in tubes
when they are in the free state [3]. Two-layer silicene
with AB-type packing can retain a stable 2D structure,
and it is easier to obtain such a system experimentally
than a monolayer sheet [4]. The cohesion energy of
two-layer silicene is 5.32 eV, the interplane distance is
2.481 Å, and the curvature in this case exceeds that of
single-layer silicene: 0.659 Å [4].

Introducing defects (vacancies) into two-dimen-
sional materials via laser irradiation or with an electron
beam allows us to alter their properties considerably
[5]. Point defects change the local structure and
reduce the thermal stability of silicene [6]. Any type of
vacancy results in considerable rearrangement of the
local structure of the hexagonal environment in sili-
cene. However, its ribbed structure reduces the sys-

tem’s energy and stabilizes vacancies [7]. In experi-
ments, defect silicene is obtained much more easily
than ideal silicene. This material is considered a
replacement for the graphite anodes in rechargeable
lithium-ion batteries. However, one of the main prob-
lems of using silicene as an anode is the considerable
change in the volume of a silicon electrode during lith-
ium transport [8]. It has been found experimentally
that introducing such materials as carbon-coated sili-
con nanotubes [9], nanocomposites [10], and nanow-
ires [11] into an anode can effectively suppress the
change of the volume and improve the battery’s
capacity. Density functional calculations show that
unlike crystal silicon, free two-layer silicene does not
undergo considerable structural changes during the
lithiation/delithiation process, and the change in its
volume is no greater than 25% [12].

The aim of this work was a molecular dynamics
study of the processes of lithium ion transport over
silicene channels of different widths and supported by
graphene sheets on both sides, and to consider the
effect of defects (monovacancies) created in silicene
on the structure of the system and the dynamics of
lithium ion passage.

MOLECULAR DYNAMICS MODEL

Interatomic interactions in silicene (Si–Si),
graphene (C–C), and between sheets of them (Si–C)
were represented by the multi-particle Tersoff poten-
tial [13] with the parameters in [14]. The Tersoff
potential is easily applied to bond orbitals, and param-
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eters fitted to sp3-hybridization can be used to describe
interaction in materials with sp2-hybridization [15].
The interaction between Si atoms belonging to differ-
ent silicene sheets was described by the Morse poten-
tial [16]. The parameters of this potential were deter-
mined using interpolation relations [16–18].

This model requires the reconstruction of a 4 × 4
surface. The unit cell of such a silicene structure con-
tains 18 Si atoms and has a rhombic shape. The six Si
atoms of a unit cell lie perpendicular to the surface at
distances of 0.074 nm, and other Si atoms are located
on the same (initial) plane. The initial structure of the
silicene sheet is close to the silicene surface observed
on Ag(111)-substrate [19]. If the Si atoms protruding
above the initial surface in the upper sheet of two-layer
silicene are displaced upward, such atoms protrude
downward in the lower sheet.

We first simulated a planar channel formed of two
sheets of perfect (defect-free) silicene supported by
graphene sheets from the outside. The lithium ion
passed over a channel having different values of the
gap  starting at 0.60 nm and ending at 0.80 nm with
the step  = 0.05 nm. Our sheets of perfect silicene
contained 300 atoms each and had a rectangular shape
of 4.7 × 4.0 nm (12 Si atoms lay along each edge of the
sheet). The silicene sheets were then modified with
defects. Nine monovacancies were spread almost uni-
formly over the area of the silicene sheet, so that the
number of Si atoms in each sheet was 291. A constant
electric field with a strength of 105 V/m accelerated the

 ion along the  axis oriented over the zigzag
direction of graphene sheet. The initial location of the
ion corresponded to a height of . At  = 0, the ion
was at the point with coordinates  = 0.198 nm,  =

gh
Δ gh

+Li ox

2gh t
x y

2.245 nm; i.e., it was slightly shifted into the silicene
channel. Silicene sheets were arranged in accordance
with Bernal packing (ABAB…) just as in volume graph-
ite. Graphene sheets were placed parallel to the sili-
cene sheets outside the channel, and the distance
between the two types of sheets was the same as in
[20]: 0.222 nm. The front edges of the graphene and
silicene sheets forming the entry into the channel
overlapped. Each rectangular graphene sheet con-
tained 820 atoms (20 carbon atoms along each
graphene edge). Boundary graphene and silicene
atoms were fixed over the perimeters of the sheets; i.e.,
the boundary conditions corresponded to a physical
experiment with a mounting frame.

The equations of motion were solved numerically
using the fourth-order Runge–Kutta approach with
time step  = 1 × 10−16 s. The duration of each calcu-
lation with gap value  for both perfect and defect sili-
cene was 1 × 106 time steps, or 100 ps. Calculations
were performed using the codes of the LAMMPS pro-
gram complex [21]. The calculations were performed
on the URAN cluster-type hybrid computer at the
Institute of Mathematics and Mechanics, Ural
Branch, Russian Academy of Sciences, with a peak
performance of 216 Tflop/s and 1864 CPU.

RESULTS AND DISCUSSION
The first series of calculations was performed using

defect-free silicene at four gaps of the graphene-sili-
cene channel (0.6, 0.7, 0.75, and 0.8 nm). The volume
configuration of the system with the gap of 0.75 nm
corresponding to a time of 9 ps (the time the ion exits
from the channel) is shown in Fig. 1. The passage of
the lithium ion inserts a correction into the change of
the shape of the graphene-silicene channel. A Li+ ion
could not enter the channel at the gap value of 0.6 nm,
so the shape of the channel was not altered apprecia-
bly. The gap of 0.7 nm allowed the ion to enter, but it
could not leave the channel. Considerable vertical
f luctuations (up to 0.25 nm) of the atoms forming the
lower silicene and graphene sheets were in this case
observed. At gaps of 0.75 and 0.8 nm, the ion passes
the channel correcting its sizes. The introduction of
the graphene structure prevents any major changes in
the volume of the system. For all considered configu-
rations, the system returns to a configuration close to
the initial one after the ion exits the channel, and any
sharp changes in the shape of sheet are smoothed.
However, the riff ling caused by the silicene structure
can now be traced in the graphene sheets.

The passage of a Li+ ion along the channel was also
studied in calculations with monovacancies in sili-
cene, performed at the same gap values. As with ideal
silicene, the ion could not enter a channel with a gap
of 0.6 nm. Neither could it enter a channel with a gap
of 0.7 nm. With such gaps, the Li+ ion made vertical
f luctuating motions near the left-hand boundary of

Δt
gh

Fig. 1. Configuration of the graphene-silicene channel
corresponding to the time of 9 ps, when the lithium ion
leaves the channel. The gap value is 0.8 nm. Coordinates of
the atoms are given in angstroms.
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the channel. As in our earlier series of calculations,
channel widths of 0.75 and 0.8 nm allowed comfort-
able transport of a Li+ ion over a silicene channel with
monovacancies. The shape and volume of the channel
varied only moderately (vertical displacements of
atoms were no greater than 0.12 nm). Table presents
data on the time required for a Li+ ion to pass through
a graphene-silicene channel in perfect and defect sili-
cene sheets. The presence of monovacancies in sili-
cene creates an additional obstacle to the propagation
of the ion by slowing it down. The time needed for the
Li+ ion to pass through the channel is in this case 2–
3 times longer than with the defect-free silicene struc-
ture.

A schematic of the trajectory of the motion of a Li+

ion through the channel is shown in Fig. 2 for (а) ideal
silicene and (b) silicene filled with monovacancies.
The gap value is 0.75 nm. Points 1 and 2 correspond to
the places where the Li+ ion enters the channel and
exits from it. When the silicene sheets forming the
channel are perfect, the transport of the ion under the
action of a field moving horizontally occurs almost
rectilinearly, and the Li+ ion easily passes through the
channel (Fig. 2а). With monovacancies in the silicene,
the trajectory of the ion in the channel is crooked, and
the Li+ tends to exit the channel through vacancies
(Fig. 2b).

During our MD calculations, we found there is an
energy barrier at the entrance to the channel. It was
shown in ab initio calculations [8] that an energy bar-
rier of 0.88 eV must be overcome for a lithium ion to
penetrate the thin silicon film on the (100) surface
from its valley to the internal tetrahedral cavity. The
energy for further propagation of the ion (near-surface
transport) is 0.50 eV. The energy barrier for the propa-
gation of the lithium in two-layer silicene in the free
state was estimated as 0.6 eV using the density func-
tional theory [12]. According to our MD calculations,
lithium ions with energies of 0.5–2 eV can easily enter
the graphene-silicene channel (and propagate in it)
when the channel gap more than 0.75 nm. These MD
calculations also indicate there is a barrier to the ion’s
exiting the channel. The determining factors are in this
case not only the initial ion energy and gap value but
also the channel’s configuration. As a result of the ten-
dency of silicene to create a rippled surface, the exit
from the channel could be narrowed, preventing the
Li+ from exiting the channel.

Figure 3 shows xy projections of the upper (а) and
lower (b) silicene sheets when the gap value was
0.6 nm. Projections correspond to a time of 100 ps,
and the sheets in this case initially contained nine
monovacancies each. Since the lithium ion did not
enter the graphene–silicene channel in this system
either, we were able to trace the life of defects without
regard for the ion. In the upper sheet, three monova-
cancies were transformed into two five-member rings
over time, one was transformed into a nine-member

Time a lithium ion exits graphene-silicene channel, ps

Defects
in silicene

Gap value between silicene sheets, nm

0.6 0.7 0.75 0.8

No Does not enter the channel Does not exit the channel 12.6 8.6
Monovacancies Does not enter the channel Does not enter the channel 27.7 31.8

Fig. 2. Trajectory of the motion of a Li+ ion in the
graphene–silicene channel: (а) defect-free silicene, (b)
silicene sheets filled with monovacancies. The gap value is
0.75 nm. 
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ring, and one was transformed into a five-member
ring. Similar changes for three of nine point defects
were observed in the lower sheet. This behavior of the
monovacancies is in agreement with the density func-
tional theory calculations when a monovacancy
formed by the removal of one Si atom is transformed
into two five-member rings or in one five- and one
nine-member ring with one broken bond [6]. Each
monovacancy prior to relaxation has three broken
bonds. Being metastable structures, monovacancies
can be reconstructed to reduce the number of broken
bonds in the system. When an even number of atoms is
eliminated in a two-dimensional structure, all broken
bonds are saturated after relaxation; when an odd
number of atoms is eliminated, broken bonds can be
left behind [6]. The energy of the formation of mono-
vacancies in silicene upon the removal of one Si atom
is estimated to be 2.610 eV [7]. The scenario of the
coalescence of several small defects into one large
defect is also possible. The energy of the formation of
two monovacancies (5.220 eV) is much greater than
that of one bivacancy (3.217 eV), assuming that one
bivacancy in silicene is a more energetically advanta-
geous structure than two monovacancies [7]. MD
ab initio calculations at a temperature of 500 K show
that two neighboring monovacancies in silicene can

combine and transform into a bivacancy structure in
2 ps [7]. In our calculations, the transformation of one
monovacancy into two five-member rings occurs in
3–4 ps. The formation of bivacancies was not observed
in this work, since all monodefects in our systems were
non-neighboring. When the gap value was 0.75 and
0.8 nm (and a lithium ion passed through the chan-
nel), we also observed the transformation of monova-
cancies into five-member rings in both silicene sheets.
When this happened, only two or three defects
evolved, while the others remained unchanged.

CONCLUSIONS
The passage of a lithium ion along a graphene-sili-

cene channel formed by sheets of perfect and defect
silicene at different gap values was considered by
means of classical molecular dynamics. With defect-
free silicene, the Li+ ion could not enter the channel
when it was 0.6 nm wide, or exit the channel if the gap
was 0.7 nm. When the channel walls formed by silicene
were modified with monovacancies, the ion could not
enter at these gap values. At gap values of 0.75 and
0.8 nm, the ion passed through the channel in 12.6 and
8.6 ps (ideal silicene) and 27.7 and 31.8 ps (defect sili-
cene), respectively. No appreciable changes in the
shape or volume of the graphene–silicene channel
were observed. In our calculations, the monovacan-
cies in silicene sheets had a tendency to transform into
a system of two five-member rings or one five- and
one nine-member ring.

The low energy barrier to the propagation of lith-
ium over silicene and the considerable resistance of
silicene to the processes of lithiation/delithiation form
a good basis for creating lithium-ion batteries with
higher energy densities and longer lifetimes.
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