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Abstract—The molecular dynamics method is applied to study structural and mechanical effects appearing
during the lithium ion motion in a dc electric field along a planar channel formed by perfect silicene sheets
and sheets containing vacancy-type defects. Mono-, di-, tri-, and hexavacancies of rather densely and uni-
formly filled silicene sheets are arranged one above the other on a graphite substrate. The times of Li+ ion
passage through silicene channels with various gaps are determined. The construction of Voronoi polyhedra
and truncated polyhedrons, whose centers coincide with the moving ion position allowed revealing the struc-
tural features inherent to the two-dimensional layered structure. The nature of stresses appearing in silicene
sheets most critical to ion motion over the channel is determined.
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1. INTRODUCTION
Usual lithium-ion batteries based on graphite

anodes cannot provide any longer satisfactory produc-
tivity, which includes high capacitance, high speed,
good cyclicity, and low price [1–3].

Two-dimensional (2D) materials are major candi-
dates to be an anode material and have recently
attracted considerable attention due to their unique
structural properties [4–6]. The point is that the two-
dimensional structure can provide a larger surface area
for disposing of lithium atoms. Furthermore, loose
packing between two-dimensional layers can facilitate
volume extension and compression caused by interca-
lation and deintercalation of lithium atoms. Most sili-
cenes synthesized to date are deposited on metal sub-
strates such as Ag(111) and Ir(111) [7, 8]. The strong
interaction between substrates and silicene grown on
them perturbs the electronic structure of freestanding
silicene [9, 10] and can induce surface reconstruction
[11]. As a result, very important promising properties
of freestanding silicene necessary for its applications
as an anode material are lost. Molecular-dynamics
simulation showed that graphene can be used as a sub-
strate for silicene instead of metal substrates [12, 13].
In contrast to metal substrates, the interaction
between silicene and graphene is mainly controlled by
Van der Waals forces, due to which unique silicene
properties can be retained. However, the application
of graphene for supporting silicene can currently be
considered to be no more than a hypothetical feasibil-
ity. The nanocomposite fabrication technology is not

developed. The quasi-continuous layer of two-dimen-
sional silicon on the inert highly oriented pyrolytic
graphite (HOPG) substrate was obtained at room tem-
perature under ultrahigh vacuum conditions in [14].
The presence of a small number of HOPG regions
existing together with formed small 3D Si clusters was
found. Scanning tunneling microscopy data indicate
the presence of a very small strain (0.05 nm) in sili-
cene. Van der Waals forces create the silicene–surface
bond. The existence of such interaction makes the per-
fect silicene monolayer on the HOPG surface stable at
both room temperature and at 350°C. The silicene
growth on the nonmetal inert substrate is an important
step in the way to obtaining silicon layers containing
no alloys and having properties close to freestanding
silicene. Silicene offers prospects of full compatibility
of its application with already existing silicon technol-
ogies. Furthermore, silicene on the graphite substrate
represents a less expensive decision than technologies
based on silver substrates [15]. The studies presented
in [15] point to fundamental difficulties in the use of
silicene sheets on silver substrates as an electrode of
lithium-ion batteries.

The objective of this work is to study the applicabil-
ity of layered silicon such as silicene sheets as a mate-
rial of the lithium-ion battery anode. The calculations
were performed using the LAMMPS package codes
[16] and the “URAN” hybrid cluster-type computer
of the Institute of Mathematics and Mechanics, Ural
Branch of Russian Academy of Sciences.
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Table 1. Morse potential parameters describing various
interactions

The superscript indicates belonging to the first or second silicene
sheet.

Interaction De, meV α, nm–1 re, nm

*Si(1)–Si(2) 227.40 44.992 0.154
Si–C 925.20 20.820 0.253
Li–C 1258.51 17.074 0.206
Li–Si 309.30 36.739 0.116
2. NUMERICAL MODEL
The Si–Si, Si–C, and C–C interatomic interac-

tions were presented by the Tersoff many-body poten-
tial [17, 18]

(1)

(2)

During the interaction of atoms belonging to compo-
nents p and q, the parameters λ(1), λ(2), A, B, R(1), and
R(2) are given by

Here the parameters A and B are energy characteristics
of repulsion and attraction; the many-body parameter
bij depends on local atom coordination around atom i;
the parameters λ(1) and λ(2) with the dimension of the
inverse length set the degree of repulsion and attrac-
tion, respectively; the parameters R(1) and R(2) with
dimension of length were chosen so that only nearest
neighbors are taken into consideration; the parameters
n, ni, and β define the bonding force acting on atoms
depending on an ambient medium environment; ξij is
the effective coordination number; indices i, j, k
denote carbon atoms; rij is the i–j bond length; θijk is
the angle between i–j and j–k bonds; g(θijk) is the
function of this angle, stabilizing the structure; the
parameter d sets the width of the sharp maximum in
the angular dependence g(θ); the parameter c defines
the height of this peak; and the function g(θ) has a
minimum at h = cosθ.

The Tersoff potential parameters determined for
the case of sp3 hybridization can be used to describe
the interactions in materials with sp2 hybridization
[19].

The Si–Si interactions between atoms belonging to
different silicene sheets were described by the Morse
potential [20]
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where De is the potential well depth, α is the rigidity
parameter, and re is the equilibrium bond length. The
interaction between the Li+ ion and Si and C atoms
was also presented by the Morse potential. The
parameters of this potential was determined from the
corresponding data for describing Li–Li [20], Si–Si
[21], and C–C [22] interactions. If Morse potential
parameters for the representation of the interactions
between atoms of type A and B, the parameters AB of
interactions are found from the simple interpolation
relations [21]

(4)

The Morse potential parameters used in this study are
listed in Table 1.

Based on the scanning tunneling microscopy data,
it was found that various regions of monolayers Si on
Ag(111) surfaces after reconstruction have different
structures [23, 24]. Among them, the largest area was
occupied by the structure defined as (4 × 4) sili-
cene/Ag, which corresponds to the silicene supercell
(3 × 3) on the Ag (4 × 4) supercell. This structure con-
sists of 18 Si atoms arranged in two sublattices. The
unit cell of such a rhomb-shaped silicene structure
contains 18 Si atoms. Six Si atoms of the unit cell are
displaced to a distance of 0.064 nm perpendicular to
the surface; other Si atoms are on the same (initial)
plane. Si atoms protrude from the initial surface are
displaced upward in the upper sheet of two-layer sili-
con, whereas such atoms in the lower sheet are dis-
placed downward. We performed a number of calcula-
tions of the silicene channel to choose an optimum
distance hg between silicene sheets. The calculations
were performed from the gap hg = 0.60 nm to hg =
0.85 nm with the step Δhg = 0.05 nm. The electric field
strength was 105 V/m. The ion began to completely
pass through the channel at the gap hg = 0.70 nm. This
gap significantly exceeds the distance of 0.2481 nm
between two-layer silicene sheets with AB packing
obtained from calculations within the density func-
tional theory [25]. In what follows, to study the ion
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NUMERICAL SIMULATION OF THE STRUCTURE 235
motion in the defect silicene channel, the gap varia-
tion range was decreased to 0.70 ≤ hg ≤ 0.85 nm.

Perfect silicene sheets containing 300 atoms each
were rectangular-shaped, 4.7 × 4.0 nm (twelve atoms
were arranged along each sheet edge). Nine mono- or
polyvacancies were arranged approximately uniformly
on the silicene sheet area, so that the number of Si
atoms in each sheet was 291, 282, 273, and 246 for
sheets with mono-, bi-, tri-, and hexavacancies,
respectively. The dc electric field of 105 V/m acceler-
ated Li+ ions along the 0x axis oriented toward “zig-
zag” silicene sheets. Silicene sheets were arranged
according to Bernal stacking of (ABAB…) using exactly
the same method as in bulk graphite. Graphene sheets
were arranged in parallel to silicene sheets outside the
channel. Therewith, the distance between silicene and
graphene sheets was the same as in [24], i.e., 0.286 nm.
Frontal edges of silicene sheets and graphene ones
were bought into coincidence. Each rectangular
graphene sheet contained 820 atoms; along its each
edge, 20 C atoms were arranged. The initial ion posi-
tion corresponded to the height hg/2. At t = 0, the ion
was at the point with coordinates x = 0.198 nm, y =
2.245 nm; i.e., it was slightly pushed into the silicene
channel approximately in the middle of the sheet
width.

Standard codes of the LAMMPS program allow
calculations so long as all system particles are in a
given closed space. Calculations are ceased if at least
one particle leaves this space. In order that this would
not occur, the studied functional model of the silicene
electrode was placed into a rectangular container. Fur-
thermore, the distance from any Si or C atom belong-
ing to the silicene–graphite system boundary to the
nearest container wall was no less than 0.5 nm at the
initial time. The distance from Si atoms of the upper
silicene sheet to the upper container wall was 1.15 nm.
Li+ ions interacted with the wall only when it
approached the wall to a distance of 0.25 nm. The
Lithium ion could interact with the container wall
according to the Lenard–Jones potential (12–6) with
the parameters σ = 0.1 nm and ε = 1 eV. These param-
eters are unrelated to any real material and are chosen
empirically to obtain an adequate model reproducing
the ion motion in the silicene channel. If the distance
to the wall was less than 0.1 nm, the repulsive force
affected the atom (ion), and its motion direction even-
tually changed to the opposite one. The equations of
motion were numerically solved by the fourth-order
Runge–Kutta method with time step Δt = 1 × 10–16 s.
The duration of each calculation with the gap hg was
1 million time steps. The silicene channel with gap
0.70 ≤ hg ≤ 0.85 nm was positioned on the graphite
substrate.

To calculate the stresses appearing in silicene,
sheets were divided into elementary areas. The stresses
σnα(l) arising under the action of forces in the α direc-
tion (α takes the values x, y, z) are calculated on each
PHYSICS OF THE SOLID STATE  Vol. 61  No. 2  2019
area with number l, having orientation n. In these cal-
culations, the product of the projections of atomic
velocities and projections of forces  acting on the
area l from the side of other atoms provided that the
corresponding conditions are satisfied [26],

(5)

Here k is the number of atoms on the area with num-
ber l, Ω is the atomic volume, m is the atomic mass, 
is the α-projection of the velocity of the ith atom, Sl is
the lth area. The conditions of summation over j in the
last sum of expression (2) are reflected in both sum
subscript and superscript; the force arising the interac-
tion of atoms i and j passes through the lth area; ui is
the current coordinate of the ith atom, u in the sum
superscript denotes the coordinate of the intersection
of the straight line passing through the centers of
atoms i and j with area l.

A structural analysis of small objects can be per-
formed using the statistical geometry method based on
constructing Voronoi polyhedra (VP) [27]. In the case
of a multiatomic system, atoms of the same type can
play the role of polyhedron centers, and atoms of the
other type are used to determine polyhedron faces. For
example, in the case of the “Li-silicene channel” sys-
tem, it is convenient to use the lithium atom as a center
and to choose the nearest neighbors among Si atoms.
Such hybrid polyhedra can be almost always con-
structed, since Si atoms are on both sides of the Li
atom, and silicene sheets do not represent an ideal
plane. However, hybrid polyhedra are not Voronoi
polyhedra in this case, since they do not completely
occupy the entire space occupied by molecules, with-
out voids and bridges. VP faces define cyclic structures
formed of atoms of the same type as the central atom
(VP center); whereas the faces of considered hybrid
polyhedra with the center coinciding with the Li atom
site define rings consisting of Si atoms. The Voronoi
polyhedra can be constructed in a multicomponent
system as well, if sizes of all atoms are identical. We will
not consider the difference in Li and Si atom sizes
when constructing polyhedra; i.e., we will consider VP.

The Voronoi polyhedra construction method can
be used not only to study the short-range order struc-
ture of a “infinite” or finite objects, but also to trace
the short-range order in the channel relief when mov-
ing the lithium ion in it. To this end, the constructed
polyhedron center should be made coincident with the
Li ion, and Si atoms of the channel in which the ion
moves are chosen as geometrical neighbors for the ion.
Polyhedra are constructed at regular time intervals
until the ion leaves the channel. Finally, the ion
motion in the channel under a dc electric field can be
presented as distributions of Voronoi polyhedra ele-
ments. A comparison of such distributions obtained
for various channels will provides some insight into the
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Fig. 1. Configuration of the system “coupled silicene
sheets with divacancies on graphite” at the initial gap
between sheets hg = 0.80 nm is shown together with the
lithium ion trajectory in the channel for 32.5 ps. A dc elec-
tric field acts along the 0x axis.

z,
 n

m

1

0

0 2 4 6
0

2
4

6

x, nm
y,

 n
m

E

Si

Li+

Li+

Si

C

Fig. 2. Projections onto the xy plane of the upper and lower
silicene sheets with trivacancies on the graphite substrate
with interlayer gap of 0.75 nm at the time point of 100 ps.
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causes of the stopping effect caused by the channel.
Therefore, we will refer to such a study as the statistical
geometrical method for representing the stopping
effect in the channel.

3. CALCULATION RESULTS
The general view of the system “coupled silicene

sheets with divacancies on graphite” in 32.5 ps from
the input into the channel with the initial gap hg =
0.80 nm of the Li+ ion is shown in Fig. 1. The Li+ ion
entering the channel on the left side (see Fig. 1) exe-
cutes not only horizontal, but also vertical displace-
ments, moving in an electric field whose strength vec-
tor is directed along the 0x axis. We can see that appre-
ciable vertical displacements of Si atoms occur during
the calculation in both upper and lower silicene sheets.
Therefore, displacements increase from silicene with
monovacancies to silicene with hexavacancies. A sim-
ilar pattern is observed for systems with Ag(001) and
Ag(111) substrates [15]. In the presence of both silver
and graphite substrates, Si atoms are rearranged in the
plane of the lower silicene sheet. On silver substrates,
significant structural transformations are observed in
the presence of defects in the upper silicene sheet.

Figure 2 shows the projections onto the xy plane of
the upper and lower silicene sheets with trivacancies at
hg = 0.80 nm, obtained by the time of 100 ps. Silicene
was placed on the graphite substrate. One can see that
the substrate significantly affects the lower silicene
sheet structure whose snapshot strongly changes to the
calculation end. At the same time, the upper sheet
PHY
retained not only all nine defects, but also, to a large
extent, their size and shape. The number of pores in
the lower silicene sheet lying on the substrate
increased, but the size of most pores became smaller
than the size of the initial trivacancy. Most pores
formed in lower silicene have winding boundaries;
however, there exist pores with smooth boundaries. It
is worth noting atoms with two dangling bonds
appeared in the strongly transformed structure of the
lower sheet. Thus, the lattice mismatch of silicene and
graphene (graphite surface) significantly affects the
defect silicene structure after passing throughout the
channel by the lithium ion.

Angular distributions of the geometrical neighbors
encountered in the ion path in channels with perfect
silicene walls and with silicene sheets containing bi-
and hexavacancies are shown in Fig. 3. Angles with
ions at their vertices and sides link it with the geomet-
rical neighbors are considered. We can see that these
characteristics significantly change not only with the
defect density of channel walls, but also with varying
its gap. As a rule, the intensity of peaks lying in the
SICS OF THE SOLID STATE  Vol. 61  No. 2  2019
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Fig. 3. Angular distributions of geometrical neighbors of
the Lithium ion during its motion in various silicene
channels.
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vicinity of angles of 30° and 45° is enhanced with
increasing gap. However, the growth of these peaks is
retarded with increasing defect sizes. These peaks are
formed due to the farthest geometrical neighbors. The
number of such neighbors increases with channel
expansion, and decreases with increasing defect size.
The behavior of these peaks is mostly caused exactly
by these factors. In the angular range 120° ≤ θ ≤ 180°,
angular spectra show high stability as the channel gap
increases, since the channel expansion weakly affects
the number of the nearest geometrical neighbors of
the ion.

Figure 4 shows the distributions of VP formed
around the Li+ ion moving in the channel over the
number of faces. These distributions also characterize
the number of Si atoms arriving at the nearest neigh-
borhood of the Li+ ion. In the case of the channel with
walls of perfect silicene, the Li+ ion most often
appears surrounded by nine Si atoms, if the gap hg ≤
0.75 nm.
PHYSICS OF THE SOLID STATE  Vol. 61  No. 2  2019
However, as the gap increases, the definiteness in
the determination of the highest numbers of Si atoms
surrounding the ion decreases. For example, at hg =
0.80 nm, the Li+ ion environment of 13 and 15 Si
atoms is most widespread; at hg = 0.85 nm, the Li+

environment of four Si atoms dominates.

The formation of vacancy defects in channel walls
makes the Si ion environment even more unpredict-
able. Only in the channel formed by silicene sheets
with monovacancies, with hg = 0.70 nm, the ion envi-
ronment of fifteen Si atoms is most probable. In other
cases, as a rule, there is high uncertainty in the deter-
mination of this characteristic.

Exclusion of small geometrical elements in Voro-
noi polyhedra made it possible to turn to an analysis of
more probable geometrical neighbors detected in the
Li+ ion environment. Truncated polyhedra without
small faces have more compact n-distributions with
maximum values n < 25 (Fig. 5). However, it is diffi-
cult to find a systematic feature in the dependences of
the number of the most probable faces on the silicene
channel gap hg and on the defect density in silicene
sheets in this case as well. We can see in Fig. 5 that
peaks with intensities higher than 15% exist only in
n-distributions for the channel with perfect walls and
with walls containing monovacancies.

The distribution of rings formed by Si atoms
around the Li+ ion moving in the channel with walls of
perfect and defect silicene at various gaps hg (m-distri-
bution) is shown in Fig. 6. For the gap hg = 0.70 nm,
the n-distribution peak shifts from m = 10 to m = 5 and
4 when going from the channel with perfect silicene
walls to the channel with walls containing bivacancies
and hexavacancies, respectively. In other cases shown
in Fig. 6, the m-distribution maximum is in the range
3 ≤ m ≤ 6. The effect of bi- and hexavacancies on the
formation of the short-range order around the Li+ ion
moving in the channel appears most appreciable in the
narrowest channels among the considered ones (at
hg = 0.70 nm).

The statistics of m-membered rings existing around
the moving Li+ ion becomes significantly clearer in
the case of the transition from Voronoi polyhedra to
truncated polyhedra. Figure 7 shows the distributions
for truncated polyhedron faces (mtr distributions)
characterizing the Li+ ion motion in silicene channels
with various gaps, whose walls are formed by sheets of
perfect and defect silicene. In this case four-mem-
bered rings dominate in the narrowest channels among
the considered ones (with hg = 0.70 nm) irrespective of
whether its walls contain defects.

Four- and five-membered rings are most frequent
in other cases shown in Fig. 7. Therefore, channel
expansion more often gives rise to the mtr-distribution
peak at mtr = 5.
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Fig. 4. Occurrence frequency of the number n of Si atoms included in the nearest geometrical neighbors of ion Li+ during its
motion in the perform silicene channel and the channel with walls containing various vacancy defects. hg is the silicene channel
gap width.
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The distributions of distances (r-distributions) to
the nearest geometrical neighbors of the Li+ ion at var-
ious gaps and channel types are shown in Fig. 8. The
defect formation in channel walls results in a decrease
in the standard deviation of the r-distribution. On
average, the decrease in the standard deviation in the
channel of defect silicene in relation to the channel of
perfect silicene is 19%. A change in the channel gap
causes an ambiguous change in the distance rmp from
the ion to the most probable geometrical neighbor.
The channel gap-averaged value rmp is 0.588, 0.542,
and 0.546 nm for the perfect silicene channel and
channels with mono- and hexavacansies, respectively.

The distribution of the most significant stresses
σzz(x) acting in the silicene sheet plane during the Li+

ion motion in the channel is shown in Fig. 9. Elemen-
tary areas are extended along the 0y axis. The electric
field of 105 V/m acts along the 0x axis.

Here an explicit dependence of the stress σxx f luc-
tuation intensity on the channel gap and on the type of
defects existing in silicene is not traced. Since the
forces creating the stress σzz are as a rule downward
PHY
due to silicene attraction to the graphite substrate, the
stresses σzz are almost always negative. The strongest
local stresses appearing during the Li+ ion motion in
the channel is no more than 1.65 GPa or 0.693 N/m in
magnitude. This value is 8.4 times lower than the sili-
cene ultimate tensile strength obtained in [28]. Thus,
when the Li+ ion moves in the channel formed by per-
fect or defect silicene sheets, dangerous local stresses
capable of silicene fracture do not appear.

4. DISCUSSION

The Li+ ion motion in the planar silicene channel
is much more complicated than in the similar
graphene channel. For example, an electric field
strength E = 103 V/m is sufficient for the Li+ ion pas-
sage through the perfect graphene channel ~4 nm long
without substrate at the intersheet gap hg = 0.60 nm
[29]. The lithium ion entirely passes through the per-
fect silicene channel in vacuum at E = 105 V/m, begin-
ning from the gap between channel walls hg = 0.75 nm
[30]. The Li+ ion motion in the silicene channel is
SICS OF THE SOLID STATE  Vol. 61  No. 2  2019
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Fig. 5. Occurrence frequency of the number n of Si atoms included in more probable geometrical neighbors of the Li+ ion during
its motion in the perfect silicene channel and the channel with walls containing various vacancy defects. hg is the silicene channel
gap width.
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even more complicated in the case of the presences of
vacancy-type defects in channel walls. For example, at
the gap hg = 0.80 nm and field strength E = 105 V/m,
the ion passes through the channel in a time shorter
than 35 ps, if its walls contain mono- and bivacancies,
but cannot leave the channel in the presence of tri-
and hexavacancies in its walls even for 100 ps [31]. In
the case where defect silicene was supported on both
sides by single-layer perfect graphene, the lithium ion
fully passed (for a time of <65 ps) through a narrower
channel (hg = 0.75 nm) with walls including mono-
and bivacancies. However, the Li+ ion could not over-
come such a channel with walls containing tri- and
hexavacancies for 100 ps [32]. Thus, the use of silicene
instead of graphene as an anodic material requires
expansion of the gap between adjacent sheets and a
significant increase in the electric field strength.

In this study, we found that an even narrower sili-
cene channel with gap hg = 0.70 nm provides the lith-
ium ion passage at an electric field strength of 105 V/m
if the channel is supported by a graphite substrate. In
this case, the channel passableness is retained not only
PHYSICS OF THE SOLID STATE  Vol. 61  No. 2  2019
in the presence of mono- and bivacancies in its walls,
but also in the presence of tri- and hexavacancies. The
times of lithium ion passage through the silicene chan-
nel on the graphite substrate are listed in Table 2.

The longest time for assignment through the chan-
nel with a gap of 0.70 nm (74.5 ps) was observed when
its walls contain bivacancies. The Li+ ion remains in
the silicene channel with gap hg = 0.75 nm and walls
containing bivacancies for 100 ps, but rather rapidly
passes through this channel (more rapidly than for
36 ps) in the presence of tri- and hexavacancies in its
walls. Trivacancies in the channel walls do not prevent
Li+ ion passage throughout it at all considered gaps
(0.70–0.85 nm) for a time, not exceeding 64 ps. In the
case of hexavacancies, the channel impassability for
100 ps arises only at gap hg = 0.80 nm. The strong
interaction with the substrate breaks the lower and
upper sheets of both the perfect and defect silicene on
Ag(001) and Ag(111) substrates and makes this mate-
rial inapplicable for designing the lithium-ion battery
anode [15]. Thus, the use of a graphite substrate to
support the silicene channel creates better channel
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Fig. 6. Number of Si atoms forming rings around the Li+ ion in channels with various gaps whose walls contain various defects.
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passability for a lithium ion, than the use of a silver
substrate or double-sided support of the silicene chan-
nel by graphene sheets.

In all cases at hand, the Li+ ion motion in the sili-
cene channel cannot be considered as particle motion
in a disordered medium.

This is indicated by the appearance of two peaks
with positions of <50° in the angular distribution of
the nearest geometrical neighbors. For disordered sys-
tems, there exists only one peak in this region [33].
The calculated distributions of polyhedra over the
number of faces are extended to a wide range of values
PHY

Table 2. Time of lithium ion passage through the silicene cha

Type of vacancies
in silicene 0.7

Perfect 45.4
Monovacancies 10.3
Bivacancies 74.5 Do not 
Trivacancies 64.0
Hexavacancies 16.7
reaching n = 30 in some cases. Such behavior of the
n-distribution is also uncharacteristic of disordered
systems. Furthermore, many calculated n-distribu-
tions have a large number of equiprobably distributed
face types. The latter feature is most likely a 2D-sys-
tem specific which is retained when going to the con-
sideration of statistical distributions for truncated
polyhedra. The shape of the distribution of VP faces
over the number of sides is controlled to a large extent
by both the gap hg and the type of channel wall defects.
Both these characteristics also affect the shape of
m-distributions constructed for truncated polyhedra.
SICS OF THE SOLID STATE  Vol. 61  No. 2  2019

nnel on the graphite substrate, ps

Gap, nm

0.75 0.8 0.85

42.2 20.4 73.6
12.2 24.3 16.5

leave the channel 35.2 16.8
13.8 21.2 25.9
18.2 Do not leave the channel 19.4
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Fig. 7. Number of Si atoms forming averaged rings around the Li+ ion in channels with various gaps whose walls contain various
defects.
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A similar statement is in general valid for distributions
of distances from the ion to the nearest geometrical
neighbors, i.e., Si atoms.

The silicene channel arrangement on graphite sig-
nificantly reduces maximum local stresses arising in
channel walls during the Li+ ion motion. For example,
the average value of |σzz|max obtained for the silicene
channel on graphite is lower than the similar charac-
teristic found in the case of the channel on Ag(001)
and Ag(111) substrates approximately by a factor of
2.4, and is 5.3 times lower than |σzz|max determined
when using a graphene support for the channel [15,
32]. The stress |σzz|max reduction when using a non-
metal substrate is associated with significantly weaker
Si–C interactions in comparison with Si–Ag interac-
tions. A sharp decrease in |σzz|max in the case of the sili-
cene channel on graphite can be explained by removal
of its second wall from the substrate to a distance
exceeding the distance between silicene and support-
ing graphene at least by a factor of 4.4. Furthermore,
the initial distance between lower silicene layers and
graphite rSi–C = 0.286 nm was larger than the distance
between silicene and graphene in the hybrid channel
PHYSICS OF THE SOLID STATE  Vol. 61  No. 2  2019
(0.222 nm). Therefore, the covalent interaction was
simulated between Si and C atoms in the silicene–
graphene channel using the Tersoff potential;
whereas, in this study, we consider the Van-der-Waals
interaction between Si and C atoms. Due to the very
weak effect of the graphite substrate on the upper sili-
cene sheet, the structure of this sheet can be retained
throughout the simulation even in the presence of
large defects in the sheet, such as tri- and hexava-
cancies.

5. CONCLUSIONS
The method for studying the 2D material structure

by moving a test particle along its planes, whose role is
played by the lithium ion in the case at hand, was pro-
posed. The method is based on the construction of
Voronoi polyhedra whose centers coincide with the
Li+ ion site. Scanning of sheets of perfect silicene and
silicene containing vacancy-type defects by moving
the lithium ion in the channel, showed that the chan-
nel formed by sheets features a specific structure
unlike to the structure of 3D ordered or disordered
materials. The structure of layered 2D materials is
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Fig. 8. Distribution of distances to the nearest geometrical
neighbors of the Li+ ion in the channel with perfect and
defect silicene walls at various gaps.
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characterized by the presence of two distinct peaks in
the angular distribution of the nearest geometrical
neighbors.

The positions of these peaks are subject to the con-
dition θ1, θ2 < 50°. The 2D silicon structure is
described by a very wide set of the nearest geometrical
neighbors determined for the moving center. Irrespec-
tive of the presence of defects of this or that type in sili-
cene sheets, the number of geometrical neighbors for
the lithium ion is in the range 4 ≤ n ≤ 30. An apprecia-
ble existence of the equiprobable distribution of vari-
ous geometrical neighbors is characteristic of n-spec-
tra of 2D silicon. Depending on the gap width in the
channel and the type of defects contained in its walls,
the most probable Si-atom rings forming around the
ion can contain from three to ten members. Elimina-
tion of small-scale f luctuations accompanying the ion
motion reduces the range of the number of members
in the abundant rings from four to five. Therewith,
four-membered rings of geometrical neighbors are
met more often than five-membered ones. The most
probable distances from the ion to the nearest geomet-
rical neighbors can be appreciably varied depending
PHY
on the gap in the channel and the type of defects con-
tained in its walls.

The stresses σzz acting in the silicene sheet plane
and caused by the forces perpendicular to this plane
are most significant during the Li+ ion motion along
the silicene channel.

Local stress σzz changes are notably smaller than
the ultimate strength of silicene during uniaxial ten-
sion.

Thus, coupled silicene sheets on the graphite sub-
strate are applicable to the structure of the lithium-ion
battery anode, including the case of silicene contain-
ing vacancy-type defects.
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