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ARTICLE INFO ABSTRACT

Keywords: Silicon-based anodes are distinguished by an exceptionally high energy capacity, which is an order of magnitude
Defects superior to that of a graphite anode. The thin-film design of the anode creates the conditions for increasing the
Lithium ion specific energy, energy density and power density of LIB. Bilayer silicene on a nickel substrate is the anode
M.Olecmar dynamics material that can increase LIB performance. In the present work, using the molecular dynamic method, a detailed
Is\lilli(:rlle analysis of the packings of lithium atoms in silicene channels with different types of walls is performed. The
Stress occupancy of the channels with lithium depends on the type of defects present in its walls. Lithiation and

delithiation are carried out in the presence of a constant electric field. The type of substrate affects the packing of
lithium atoms in the channel and consequently on battery capacity and performance. The maximum filling of the
lithium channel is achieved when monovacancies are present in silicene sheets. It is shown that the most pre-
ferable location of Li atoms in a channel is their location over hexagonal Si cells. The most significant stresses in

silicene 0., are maximal in the presence of trivacancies in silicene sheets.

1. Introduction

The development of stable anode materials, providing a high energy
and power density during long-term cycling is a priority when creating
lithium-ion batteries (LIBs) of a new generation [1]. When improving
LIBs, complex synthesis procedures and the use of expensive materials
should be excluded [2]. In general, the use of silicon materials, meets
this requirement. In particular, the relative cheapness of silicon is due
to its wide distribution in the Earth's crust, as well as the ability of
silicon atom to bind to four lithium atoms, which makes it possible to
achieve an extremely high electrode capacity.

Silicon has a high theoretical gravimetric capacity
(~4200 mA h g~ 1), which is significantly higher than the capacity of
graphite (372 mA h g=') [3,4]. Although bulk silicon has a very high
capacity, it experiences a rapid degradation with each cycle due to a
substantial increase in the electrode volume (up to 300%) during li-
thiation [2]. Such an electrode swelling creates a large load on the
material [5,6]. Unlike graphite, lithium is introduced into silicon in the
form of neutral atoms, not ions [5].

Fundamental research aimed at finding reliable, high-performance
Si anodes allows a detailed study of the lithization mechanism,
knowledge of which is important for the construction of Si anodes. A
number of works are devoted to the study of changes in the mechanical

properties during lithiation of silicon [7-10] and silicene [11-13].

Silicene can be considered as a silicon analog of graphene. However,
there are some fundamental differences in the structure of these two-
dimensional materials. Unlike graphene, the Si atoms in silicene are not
in the same plane. If graphene can be obtained from graphite by ex-
foliating its layers, then such a possibility is not foreseen for obtaining
silicene, because there is no natural silicon multilayer material like
graphite. The two-dimensional form of silicon is prone to bending, more
specifically buckles. The silicene structure is formed not only on the
basis of sp? hybridization, but also with some participation of sp® hy-
bridization. The epitaxially grown silicene sheets are not detached from
the substrate.

Silicene having an atomic thickness can serve as a high-capacity
host of Li in lithium-ion rechargeable batteries [14,15]. During the
adsorption of alkali metals with silicene, a significant charge transfer
occurs from the metals Li, Na, and K to two-dimensional silicon, as a
result of which the metallization of silicene occurs [16]. The maximum
energy barrier for the migration of Li/Li* adatoms along the sides of a
silicene is only 1.70/1.75 eV [17]. A low-energy barrier means that Li
adatoms can easily penetrate into two-layer or multi-layer silicone [18].
Greater charge storage capacity and better energy density of silicene
compared with graphene are the basis for improving the performance of
LIBs.
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The presence of defects has a great effect on mechanical, thermo-
dynamic and electronic properties of two-dimensional materials.
Conducted experiments have provided clear evidence of the presence of
larger multivacancies in silicene [19,20]. The structure of the main
defects, their stability, and mechanism of formation to a certain extent,
they were considered in [19]. Sometimes small defects are introduced
purposefully for specific applications [20]. In particular, it is known
that the creation and elimination of point defects provides a simple way
for the targeted adjustment of the local structure, thermal stability and
the band gap of low-dimensional materials [21].

The proposal to use Ni as an inactive material in the construction of
the LIB anode was made in [22]. This is due to the fact that Ni has a
high electrical conductivity, low cost and good adhesion to Si. It is
extremely important to take into account the influence of the substrate
on the functioning of 2D materials in the LIB. The work [23] empha-
sizes the significant influence of “inert” materials included in the con-
struction of a thin-film silicon anode on the functioning of this elec-
trode. Based on computer simulation [24-26], we investigated the
ability of a pair of “two-layer silicene on an Ag(111) substrate” to be
represented as an anode material of a lithium-ion battery (LIB). It has
been shown that this pair is not the best option when using silicene for
this purpose [26]. It turns out that a nickel substrate can constitute a
worthy competition for a silver substrate in an electrochemical device.

The capacity of the film electrode on the nickel substrate will de-
pend on how the Li atoms are packed in a silicene channel. Since the
channel is rather narrow, the boundary conditions, i.e. the channel
walls will affect the nature of the packing of lithium atoms in it. We
used the channel walls formed by both perfect and defective silicene.
Defects were formed by removing one, two, three, and six compactly
positioned Si atoms. In certain cases, the capacity of the electrode can
be increased due to the high concentration of defects [11-15]. A more
detailed study of the processes occurring in the LIB can be performed
using computer simulation.

The purpose of this work is to study the effect of the Ni(111) sub-
strate on the physical properties of the silicene channel supported by it,
as well as on the determination of the effect of the type of vacancy
defects in silicene on the completeness of filling the channel with li-
thium and on the stresses generated in it.

2. Materials and methods

Silicene is almost impossible to separate from the metal substrate on
which it is obtained. Therefore, it is on this substrate that silicene is
supposed to be used as the anode material. In this case, the silicene
should have a fairly good electrical contact with an external electrical
circuit, and the substrate should not have contact with the cathode.

Investigations on the development of technology for producing
high-quality thin-film anodes are of considerable interest for the de-
velopment of flexible electronics. The use of thin-film electrodes does
not guarantee that all problems associated with premature LIB de-
gradation will be solved. For example, problems associated with the
appearance of cracks and peeling of the film from the substrate may
arise here [27].

The present study is based on the results of the classical molecular
dynamic (MD) calculations performed by us. We use Tersoff potential to
describe Si-Si interactions within each sheet of silicene. The parameters
of this potential are given in [28]. The Ni-Ni interaction was considered
in the model using modified potential of an embedded atom [29]. The
remaining interatomic interactions (Si-Si for different sheets of silicene,
Li-Li, Li-Si, Li-Ni, and Si-Ni) in the system were described by the
Morse potential with parameters taken from (see Table 1) [30-33].

2.1. Model

The unit cell of perfect silicene consisted of 18 Si atoms (Fig. 1), six
of which were above the main plane (in which 12 other atoms are
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Table 1

Parameters of Morse potential describing various interactions.
Interaction® Dy (meV) a(@m™h) I (Nm)
siV-si® 227.40 44.992 0.154
Li-Li 420.76 7.899 0.300
Li-Si 309.30 36.739 0.116
Li-Ni 420.63 11.049 0.288
Ni-Si 309.20 14.794 0.353

@ The upper indices at Si denote the belonging to the layer of atoms 1 or 2.
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Fig. 1. Top view of the silicene structure at the initial instant; light colored
circles are Si atoms displaced normally to the surface, dark circles are Si atoms
in the initial plane; an outline shows a unit surface cell of the silicene sheet.

located) at a distance of 0.074 nm. Such a structure was obtained in a
physical experiment on an Ag(111) substrate [32]. It was identified
using non-contact atomic force microscopy, scanning tunneling micro-
scopy, angle-resolved photoelectron spectroscopy, and low-energy
electron diffraction [34]. It was shown that a monolayer of epitaxial
silicene with such a structure occupies most of the surface on an Ag
(111) substrate [35].

Point defects in the form of mono- and bi-vacancies, as a rule, are
always present in silicene produced on metal surfaces. So, on the sub-
strate Ag(111), the concentration of mono- and bivacancies reaches
4.4 x 10" and 5.0 x 10 cm™2 respectively [36]. At this con-
centration, one defect will be contained in each area of 2 nm?. The low
stability of silicene is partly due to the high concentration of point
defects, their easy diffusion and tendency to coalescence.

In the calculations performed, the size of the silicene sheet was
4.8 x 4.1 nm (taking into account the size of Si atoms), and the width
of the gap between the silicene sheets was h; = 0.75 nm. Previously, we
established that, with this gap size, one Li* ion could move in a silicene
channel, without leaving it, for 100 ps, when the electric field strength
was 10% V/m [37]. Almost the same electric field (when creating a
working voltage of 1.5 V) is achieved in LIB, when a LiPON film
~30 um thick is used as a solid electrolyte [38]. The perfect silicene
sheet contained 300 atoms. We also performed calculations for chan-
nels whose walls are not formed by an ideal silicene. In this case, 9
vacancy defects were formed in each sheet of silicene. Four types of
defects were considered: mono-, bi-, tri-, and hexa-vacancies. Nine
identical defects were placed approximately evenly with a shift of
0.1-0.2 nm in each (x and y) direction for different silicene sheets.
Silicene sheet containing mono-, bi-, tri- and hexa-vacancies was
formed from 291, 282, 273, and 246 Si atoms, respectively. The
stacking of Bernal (ABAB ...) was exactly the same as for the graphene
sheets in graphite, which was carried out while creating flat, perfect
and defective silicene channels [39]. The equations of motion were
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solved by the Runge-Kutta method of order 4 with a time step
At=1x10""s

2.2. The processes of lithiation and delithiation

Li* ions were introduced into the silicene channel and were re-
moved from it in pairs under the influence of a constant electric field.
The Li atom has a very low diffusion barrier in a thin layer of amor-
phous silicon (~0.5 eV) [40]. The interaction of silicene with the
substrate and with Li atoms adsorbed and the presence of vacancy
defects in silicene can change the silicene buckle height Ah and the
Si—Si bond length L,,. We observed changes in buckle height and bond
lengths in the ranges of 0.06 < Ah =< 0.12 nm and
0.231 < L,, < 0.243 nm, respectively. The average Si—Li bond length
obtained was 0.265 nm, which is in good agreement with the data of
[41]. The adsorption energy values determined for lithium by us on
silicene were from 2.27 to 2.52 eV/Li (depending on the location of the
Li atom).

The pairwise introduction of ions into the channel, as well as their
pairwise removal from the channel, accelerates the modeling process
twice, however, the main goal of the chosen modeling method was to
show that taking into account the Coulomb interaction between two
ions does not distort the processes of filling the channel with lithium
and freeing it from lithium. We performed a similar simulation when
the processes of filling and emptying the channel with lithium were
performed in the presence of only one charged atom (while other atoms
had no charge) in the channel, including this was also done for other
systems [14,15]. We did not observe a numerical difference in the
maximum filling of the channel with lithium performed by these
methods. However, the exit of ions from the channel in the case of the
presence of the Coulomb interaction between the ions making up the
pair occurred somewhat faster than in the case when there was no such
interaction (since only one ion was present in the channel).

The ion introduced into the channel remains in it for 10 ps. This is
mainly due to the fact that the ion cannot overcome the barrier created
by the attracting interaction of other atoms. When a lithium ion is
converted to a Li atom (after a set time of 10 ps), the nature of its
interaction with other atoms (Si and Li) did not change, but the electric
field no longer had any influence on it. In other words, the transition of
the Li* ion to an atom meant a change in its electric charge from + le
to 0 (every 10 ps), which did not affect its interactions not related to the
presence of an electric charge. After every 10 ps, a new Li* ion was
launched into the channel. This procedure was repeated until the ions
could find a place in the channel. The limiting number of introduced
lithium atoms turned out to be 74 in the case of a channel from a perfect
silicene. All attempts to increase the number of Li atoms above this
value were unsuccessful, since the Li* ion eventually either left the
channel outward, or did not enter in the channel at all. At the end of
filling the channel with lithium, we obtained a system in which elec-
trically charged particles (ions) are completely absent.

During the process of delithiation, the charged particle was again
present in the system. The process of delithiation was carried out when
the direction of the electric field was reversed and the modulus of this
magnitude was increased to 10° V/m. The order of appearance of the
ion in the system also had an inverse order, i.e. the last of Li* ions that
got into the channel became the first one, etc. The lifetime of the ion
remained the same, i.e. was 10 ps. Ion always left the channel during its
lifetime and left the channel without the accompaniment of lithium
atoms. It was established in a separate series of calculations that such a
character of the inverse process is not related to the order in the se-
quence of conversion of atoms into ions. It was shown that a change in
the order of the exit of ions from the channel did not lead to any new
result. So that, when the choice of the outgoing ions was made ran-
domly, each ion came out from the channel alone without the accom-
paniment of other atoms.
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Fig. 2. The radial distribution function of a nickel and silicene (in insert) crystal
at 300 K. The inset shows the g(r) function obtained in the MD calculation for
freestanding silicene at the same temperature.

Fig. 3. The channel, formed by perfect silicene sheets, on the substrate Ni(111)
after 500 ps of the lithium filling process.

2.3. Determination of stresses and structural properties

Our method for calculating the stress distribution in silicene sheets
is as follows. We divide the sheets of silicene into elementary areas with
the normal vy (x, y, 2) and elongated either in the “armchair” direction
or in the “zigzag” direction. Next, the resulting force acting on each of
the areas is determined. In determining the resultant force, only those
interactions between particles i and j are taken into account, the force
vector of which pierces the given area [42]. In addition, the calculation
of 0,4(D) takes into account the directions a (x, y, z) of the velocities of
the atoms i and j [43]:

n n (uiuuj>u)
%(l)=<2%<mv;vé>>+5% DYDY

i i J# @

In expression (1), the following notation is used: n is the number of
atoms on the lth area, Q is the volume per atom, m is the atomic mass,
V4 is the a projection of the velocity of the ith atom, S; is the area of the
Ith surface element, f;” is the a projection of the force resulting from the
interaction of i and j atoms and passes though the Ith area, and y; is the
coordinate of the atom i; the symbol u denotes the coordinate of the
contact point of the straight line through the centers of the atoms i and j
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Fig. 4. x-y Projections of the top sheet of silicene with mono vacancies, on metal substrates: (a) Ag, (b) Al, (c) Cu, (d) Ni after the end of the lithiation/delithiation
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Fig. 5. (a) Horizontal (longitudinal) and (b) vertical profiles of lithium density
in a silicene channel with trivacancies on Ni(111) and Ag(111) substrates.

and the Ith surface element.

The method of statistical geometry is a powerful tool in the struc-
tural analysis of mainly irregular packing of various entities, including
those located in a limited space. This method consists in dividing the
three-dimensional space between entities. Each entity is assigned a
certain portion of the space in the shape of a polyhedron. In the original
version, the partition of space corresponded to the construction of
Voronoi polyhedra (VP) [44,45]. When constructing VPs for the
packaging of lithium atoms contained in a silicene channel, one can
include in considering the influence of the channel walls on the local
environment of the atoms. The influence of the channel walls is taken
into account by comparing the statistical distributions of elements of
polyhedra whose faces are solely due to the presence of Li atoms, with
the corresponding distributions of polyhedra with faces originating
from Li and Si neighbors. Polyhedrons formed together by Li and Si
neighbors surrounding the Li atom will be called combined polyhedra
(CP). Thus, cyclic structures of Li atoms form the faces of VPs and the
corresponding structures of Li and Si atoms create faces of CPs. The
difference in the sizes of the Li and Si atoms in the construction of the
CP is not taken into account. Small geometric elements in Voronoi
polyhedra, created by thermal fluctuations, make it difficult to carry
out reliable structural analysis. Elimination of small edges and faces of
VP can be performed by going into the analysis of simplified polyhedra
(SP) [46]. As in the case with VP, we will consider both SP and the
corresponding combined polyhedra (CSP) corresponding to them,
constructed taking into account both Li and Si potential neighbors. A
more complete description of the models used is given in Supporting
Information.
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Fig. 6. x—y-Projections of the upper and lower sheets of silicene with triva-
cancies on the Ni(111) substrate, at the time of complete lithiation (60 lithium
atom was adsorbed on the silicene surface). Si atoms form a network.

To perform parallel computations, we used the LAMMPS code in-
tended for molecular dynamic simulation [47]. We made the LAMMPS
extension by introducing our own fragment to calculate the mechanical
properties of the system. These calculations were performed on a hybrid
cluster calculator “Uran” at IMM UB RAS with a peak performance of
216 Tflop s~ ! and 1864 CPU.

3. Results and discussion
3.1. Model validation and simulation design

To test the selected interatomic potentials, using the 32000 atom
MD model of nickel crystal and the 9600 atom MD model of free-
standing silicene, we calculated the radial distribution functions g(r) of
these objects. Fig. 2 shows a comparison of the function g(r) calculated
by us for the Ni crystal at T = 300 K with the corresponding function
obtained experimentally [48]. The inset of this figure shows the func-
tion g(r) calculated by us for freestanding silicene at the same tem-
perature. The shape of this function exactly coincides with g(r) obtained
in the MD calculation under identical conditions and with the same
number of atoms [49]. The results of the performed verification give
reason to believe that the model we are using is adequate.

The configuration of the “Ni-Si-Li” system, referring to a time point
of 500 ps at the filling by lithium of the channel formed by sheets of
perfect silicene, is shown in Fig. 3. During this time, 50 lithium ions
were introduced into the channel. All Li atoms in the channel are visible
in the figure, because silicene sheets are shown as transparent. A sig-
nificant part of Li atoms is located on the outer surface of strongly
deformed silicone sheets. They can get there through the gap between
the impermeable side walls (not shown in the Fig. 3) and the edges of
the sheets. It is obvious that the majority of Li atoms belong to the
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upper sheet. There are no Li atoms that were significantly removed
from the “silicene channel on the Ni(111) substrate” system. This is the
result of the influence of the metal substrate, since in the absence of a
substrate the number of adsorbed Li atoms by each silicene sheet is
approximately equal.

Previously, we performed similar studies of the applicability of si-
licene on other metal substrates (Ag, Al, Cu) as an anode material
[11-13]. The effect of the substrate on silicene is shown in Fig. 4, which
shows the x-y projections of the upper sheets of a two-layer silicene
located on metal substrates after a complete lithiation/delithiation
cycle. As can be seen from the Fig. 4, the shape of defects (mono-
vacancies) is best preserved when silicene is on the Ni(111) substrate.
The use of this substrate also achieves the greatest filling of the silicene
channel with lithium during lithiation. On the Ag(111) substrate, the
shape of vacancies after the completion of the cycle becomes pre-
dominantly rounded; on the Al(111) substrate, some monovacancies
shrink or, conversely, expand; the same, albeit to a lesser extent, is
observed in the case of using a Cu(111) substrate.

3.2. Channel filling with lithium

The limiting filling of the channel with lithium led to the highest
height of the dome formed by the lower sheet of silicene. The highest
domes were formed for sheets of perfect silicene and silicene with
hexavacancies. The deformation of silicene sheets leads to a decrease
for space available for filling the channel with lithium, which in the
case of perfect silicene reached 22%. Strong deformations of silicene
sheets on the Ni(111) substrate contribute to the structural rearrange-
ment of vacancy-type defects in silicene. The magnitude of the vertical
deformation for sheets of silicene with defects as well as the volume
change of the inter-sheet space were not as strong as for perfect silicene.
The exception was the channel with hexavacancies, where the reduc-
tion in the volume of the channel after filling it with lithium was ~25%.
The horizontal (along the axis 0x) and the vertical (along the axis 0z)
profiles of lithium density in the silicene channel are usually of the
same type for both perfect silicene sheets and sheets with various va-
cancies-type defects. Fig. 5 shows the corresponding profiles of nu-
merical density in the case of presence of trivacancies in silicene. The
values of x and z are calculated from the entrance to the channel
(x = 0) and from the level of the lower sheet of silicene (z = 0).

Because of the obstacles to moving which connect with the de-
formation of the channel on the Ni(111) substrate, the Li atoms fill the
channel rather unevenly. As can be seen from Fig. 5a, the channel has a
more intense fill density in the intervals 1 < x < 2 and
3.0 < x < 3.6. The channel on the Ag(111) substrate is also filled
with lithium in the horizontal direction somewhat uneven, showing a
larger population in the first half of the channel length (57.5%) and a
smaller population in the second half of the channel length (42.5%)
(Fig. 5a). The vertical profile shows a denser filling of the channel with
lithium on the substrate Ni(111) in the middle part and a low content of
Li atoms immediately near the walls. If a similar channel located on an
Ag(111) substrate was filled with lithium, a different picture was ob-
served. The channel remained half-empty at mid-height, i.e., Li atoms
adjacent to the upper and lower sheets turned out to be separated. The
results of MD simulations show that the shape of vacancy defects is not
preserved when lithium fills the channel regardless of whether the
channel is on the Ni(111) substrate or the Ag(111) one.

Let us consider in more detail behavior of the defects and attribution
of the Li atoms to the silicene sheets by the example of a silicene
channel having trivacancies and fully filled with lithium. The in-
vestigated configurations refer to the instant 0.60 ns (or 6.0 X 10° Ab).
The xy projections of the upper and lower layers of the channel cut by
the mean (z = h,"/2) plane are shown in Fig. 6. The view is given from
the side of the plane z = h,"/2. Here, h," is the vertical channel size
after lithiation. xy projections show that after 100 ps, both the upper
and the lower sheets of the silicene retained the original number of
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Fig. 7. The angular distribution of the nearest neighbors for lithium atoms after instant when the silicene channel is completely filled: (a)-(e) on a Ni(111) substrate,
(f) on an Ag(111) substrate. Solid (colored) histograms are obtained when only Li atoms represent neighbors; dotted histograms correspond to the case when
neighbors are selected from both Li atoms and Si atoms. The types of defects in silicene and the neighbors under consideration (in parentheses) are indicated in the

captions in the margins of figures (a)-(f).

large defects — trivacancies. The shape of these defects is somewhat
better preserved in the top sheet. In the bottom sheet, some trivacancies
have adjacent smaller defects. Such defects are five-link, seven-link and
eight-link rings. The size of the last defect is close to half the average
size of the tri-vacancy in this sheet. There is an uneven “deposition” of
lithium atoms on the upper and lower sheets of silicene.

Separated by a conditional horizontal plane passing through the
midpoint of the initial gap, the lithium atoms were distributed as fol-
lows: 37 Li were based near the top sheet and only 23 - near the bottom
sheet. We notice that a significant part of Li atoms is located above the
centers of the hexagonal rings formed by the Si atoms of both the upper
and lower sheets. Near each sheet there are also local clusters of Li
atoms. There is a significant irregularity in the distribution of lithium
atoms over the area of silicene sheets.

3.3. Detailed structure of lithium in the channel

The angular distributions (6 spectra) of the nearest neighbors for Li
atoms that filled the silicene channel on the Ni(111) substrate contain
characteristic peaks (Fig. 7) related to angles of 30°, 60°, 90°, 120° and
150°, which indicates the location of a part of Li atoms over the centers
of hexagonal cells in silicene (Fig. 7). The sharp peaks in the 0 spectrum
of silicene with bivacancies on the Ni(111) substrate are more clearly
pronounced than the corresponding peaks in the same type of silicene
on an Ag(111) substrate. This indicates a larger number of Li atoms
adsorbed on the centers of hexagonal Si cells in the first case, as com-
pared with the second. When neighbors are selected from both Li atoms
and Si atoms, only the 0 distributions for silicene with three- and hex-
vacancies contain a pronounced small-angle peak (with 6 < 6°). In all
other cases, this peak is weak enough.
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Fig. 8. The distributions of simplified polyhedra and combined simplified polyhedra with respect to the number of faces (n). SPs and CSPs are built for lithium atoms
after the complete filling of a silicene channel, which is located: (a)-(e) on a Ni(111) substrate, (f) on an Ag(111) substrate. Solid (colored) histograms present the
case when only Li atoms represent neighbors; dotted histograms give an idea of the local packing of atoms when neighbors are selected from both Li atoms and Si
atoms. The types of defects in silicene and considered neighbors (in parentheses) are indicated in the captions in the margins of figures (a)-(f).

The distribution of simplified polyhedra by the number of faces in
each of the cases considered here extends to values n < 17 (Fig. 8).
Boundary conditions, i.e. the type of walls of the silicene channel, leave
their mark on these distributions. If the channel walls are formed from
perfect silicon or silicon with monovacancies, then the maximum values
of the n spectrum fall on n = 4. However, with an increase in the size of
defects, the maximum of the n spectrum begins to shift towards larger
values of n. So, in the presence of bi-and tri-vacancies, the maximum of
the n spectrum shifts to n = 5, and in the case of hexavacancies, its
location is defined as n 6. In addition, the intensity of of the n
spectrum at n = 4 for a channel with trivacancies is almost two times
lower than for the channel with bivacancies. The shape of the n spec-
trum for simplified polyhedral is also sensitive to the substrate material.
So if there are bivacancies in the channel walls for a channel on an Ag
(111) substrate, the maximum of the n spectrum falls on n = 4, while
for a channel on a Ni(111) substrate it is located at n = 5. In addition,

in this case the n spectrum for a channel on an Ag(111) substrate has a
more uniform distribution of faces according to the number of sides
contained in them. When the defects in the channel walls on the Ni
(111) substrate become large (that is, when there are three and hex-
avacancies), the n spectrum is divided into two parts, which differ
greatly in intensity.

Thus, the n spectrum of simplified polyhedra shows a high sensi-
tivity both to the type of defects in the channel walls and to the sub-
strate material on which this channel is located. The distribution of SP
faces by the number of sides almost does not change its appearance
when the size of defects in the walls of the silicene channel is changed.
Statistical analysis of VP and their faces does not give obvious structural
differences between the packings of lithium in the channels, which
differ in both the walls and the substrate on which they are located.
Corresponding distributions are presented in supplementary materials.
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3.4. System energy and stress distribution in silicene

The behavior of the specific internal energy <U.i/Ny;> of Li atoms

during lithiation and delithiation is reflected in Fig. 9. After the first
10-18 Li* ions enter the channel, a rapid decrease in energy <Uy;/N;>
is observed, which is caused by the presence of ions (atoms) in
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energetically favorable places in the channel. With further increase of Li
atoms in the channel due to their binding to Si atoms of the upper and
lower sheets of silicene, rapid decrease is replaced by a slow decrease in
energy <Uyi/Ny;>. Lithium ions (atoms) have the ability to bind with
defects. Ultimately, the energy <U;/Ny;> stabilizes in a neighborhood of
a certain level.

The initial stage of delithiation is accompanied by small energy
fluctuations. These fluctuations are associated with structural re-
arrangements caused by the exit of one of the ions from the channel. Up
to a certain point, this process continues with decreasing energy <Up;/
Ni;>. However, when a channel contains from 4 to 6 Li atoms, the en-
ergy <Upi/Ny;> may increase greatly due to the acquisition by the Li*
ion, and then the Li atoms, of high kinetic energy values. This phe-
nomenon applies to all the cases considered here, regardless of whether
there are defects in the channel walls. The internal energy of Li atoms
behaves in many ways identical when the channels are filled with li-
thium on Ni (111) and Ag (111) substrates. Thus, this characteristic is

not very sensitive to the type of substrate.

The most significant local stresses when division sheets of silicene
along the Oy axis are higher than in the case when the elementary areas
are elongated along the Ox axis. The distribution of stresses averaged
over both silicene sheets (located on the Ni(111) surface), when an
observation is carried out along the Oy direction, is shown in Fig. 10. In
this case, the stresses o, turn out to be higher than the stresses o,,.
Stronger o, stresses arise when lithium is introduced into a perfect si-
licene channel or a channel with walls that have mono- and triva-
cancies. These stresses are commensurate with the stresses o, arising
due to the filling the channel with lithium when the channel walls have
monovacancies, and the channel is located on an Ag(111) substrate.
However, the maximum values of local stresses are no more than 25%
of the tensile strength (12.5 GPa) of a silicene sheet [50]. Thus, when
the silicon channel is completely filled with lithium, the stresses arising
in its walls are not critical to the loss of the mechanical strength of
silicene.
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4. Conclusion

The results obtained in this article indicate that nickel is a very good
substrate material for silicon, when this combination is used as an
anode LIB. Based on a numerical experiment, we have established that
the mechanical characteristics of a silicene-nickel anode meet the ne-
cessary requirements for its use in LIB. The profile of the packing
density of Li atoms in a perfect silicene channel and in channels with
walls having vacancy-type defects showed a high intensity of filling
with lithium at the middle level in the channel gap. This feature is
caused by the influence of the Ni(111) substrate, since similar channels
on an Ag(111) substrate have a different type of lithium filling, so that
the majority of Li atoms concentrate near the channel walls. It should
be noted that the Ni(111) substrate exerts a stabilizing effect on the
structure of the defective silicene forming the channel walls when the
channel is filled with lithium. Even trivacancies in both sheets of sili-
cene mostly retain their shape and size. In silicene channels on metal
(Ag, Al, Cu) substrates, vacancy defects have largely changed their
shape and size. They can disappear or form the larger pores with a
jagged border as well as turn into rounded pores under the influence of
lithium introduced into the channel.

It has been established that the use of silicene containing mono-
vacancies can significantly increase the occupancy of the channel with
lithium. Consequently, the use of such a silicene as an anode material
will markedly increase the capacity of the electrode. Moreover, during
cycling there will be no stress in it, which can lead to the destruction of
the anode. Nickel substrate is not in direct contact with the electrolyte.
Therefore, the metal has a low likelihood of corrosion.

Thus, nickel remains a promising candidate as a substrate material
for silicene, oriented on the use in a new generation of electrochemical
devices.
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