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Abstract—The processes of lithization and delithization of a perfect and defective (containing monovacan-
cies) silicene channel located on an Ni(111) substrate are studied in a molecular-dynamic (M D) experiment.
It is shown that such a system can exist up to 1 ns in time without destruction. The limiting amount of lithium
ions intercalated into the silicene channel modified by monovacancies is 20% higher than for a defect-free
structure. At the same time, the silicene sheets are not destroyed and retain their integrity. The predominant
observed arrangement of lithium atoms in the channel is above the centers of the hexagonal silicon rings. In
the channel formed by perfect silicene, the lithium mobility coefficient is twice as high as in a defective struc-
ture. In general, nickel as a substrate for a silicene channel can be a promising material in terms of achieving
high dynamic capacity of a silicene electrode for lithium-ion batteries.
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INTRODUCTION

Currently, there is a need to develop materials for
efficient and stable anodes suitable for next-genera-
tion high-performance lithium-ion batteries (LIBs).
Two-dimensional materials are considered as promis-
ing for such LIBs. In addition to the widely studied 2D
structures, such as graphene and silicene, borofen

(Bf), for which the theoretical expected charge capac-
ity is quadruple that of graphene and the expected
charge/discharge rate is 2—3 orders of magnitude
higher than that of a similar silicene electrode, has also
attracted the attention of researchers [1]. However,
this 2D material has been studied only theoretically
and has not been prepared experimentally. In addition
to LIBs, the possibility of creating sodium-ion batter-
ies (SIBs) is being considered [2]. The quantum-
mechanical calculations of the interaction of Na and
silicene in the context of the creation of SIBs indicate
the possibility of adsorption of sodium ions on silicene
sheets [2]. However, the interaction between Na and
Siis so strong that phase transition occurs with the for-
mation of a new stable structure of Na,Si,, which can
impede the rapid passage of the charge/discharge
cycles of such a battery. In contrast, silicene sheets
were successfully synthesized on various substrates:
Ag, Ir, and ZrB, [3—6]. This 2D material is resistant to
the intercalation of lithium at room temperature and
has extraordinary mechanical and electronic proper-
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ties. The estimated capacity of the silicene anode can
reach about 4200 mA h/g, which characterizes silicene
as an excellent new material for an LIB anode.

The quantum-mechanical calculations showed
that, without breaking the Si—Si bonds, the capacity
of silicene relative to lithium is 1196 mA h/g [7]. Due
to the presence of silicene corrugation, the anode
made from it has a fair amount of place to accept lith-
ium. The layered structure can play a decisive role in
maintaining mechanical integrity in lithium intercala-
tion/deintercalation cycles.

In molecular-dynamic (M D) experiments, lithium
adsorption processes were studied in 2D two-layer
structures on carbon [8§—10] and metal substrates [ 11—
14]. The interaction between silicene and lithium is
much stronger than between lithium and graphene
[15]. As aresult, a silicene sheet can hold more lithium
than graphene. According to the DFT estimates [16],
the Li/Si ratio in the Li,Si compound during the
adsorption and diffusion of lithium in one- and two-
layer silicene can reach up to x = 1. Moreover, the
number of silicene sheets does not affect the energy of
lithium adsorption. The creation of Stone—Wales
defects in silicene leads to an increase in the diffusion
of lithium through the sheets of this 2D material [17].
The applicability of silicene depends on its ability to
bind lithium. How much lithium can be retained and
easily removed from the silicene channel on a sub-
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strate, while leaving it intact? What effect will the
metal substrate have on lithium transport? How will
the properties of the 2D structure change, as a result of
lithiation and delithiation? These questions still
remain open.

The present work is dedicated to a MD study of the
possibility of using silicene on an Ni(111) substrate as
a new anode material for LIBs. It is also proposed to
consider the transport properties of lithium and the
effects of size in the sheets of a 2D silicon structure.

Molecular dynamic model. The calculations in the
study were performed by the method of classical
molecular dynamics. The interatomic interactions in
silicene are described by Tersoff’s multibody potential
[18]. The energy of the pair interaction of i/ and j
atoms taking into account the influence of other atoms
(multibody effects) is written as

Vi = fc(rif)[A exp(-1"r;) — Bby exp (_7‘(2)’77)]’ &

1,
1.1
fc('}'j) = §+ ECOS |:3'[(,;j _ R(l))/(R(2) _ R(l)):|’
0
a (2
ry < RV
RV <r. < R?
y >
r > R®
where r; is the distance between atoms of i and j,

parameters A and B determine the energy characteris-
tics of repulsion and attraction, b, is the multibody
coupling order parameter that describes how the bond
energy (attracting part of V) is formed with a local
atomic arrangement due to the presence of other
neighboring atoms. The function f. decreases from 1

to 0 in the region of R < B < R?®. Parameters R"

and R are selected in such a way as to include only
the nearest neighbors for consideration. The potential
energy is a multiparticle function of the positions of
atoms i, j, and k, and is determined by the parameters
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where parameters n, #;, and (3 specify the coupling
strength depending on the environment, §; is the
effective coordination number that determines the
average number of nearest neighbors, taking into
account not only the distances between them but also

the coupling angle 6,. This potential accurately
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describes the interactions of particles in semiconduc-
tors, in which the structure significantly affects the
properties of the material. The parameters of this
empirical potential are selected from the experiments.

Interactions between Si atoms belonging to differ-
ent sheets of silicene, as well as Li atoms and ions, were
described by the Morse potential [19]

D(r) = D, [exp{-20(r —1,)} — 2exp{-alr — 7,)}], (6)

where D, is the depth of the potential well, a is the

stiffness parameter, and 7, is the equilibrium bond
length. The parameters of the Morse potential to
describe Si—Si, Li—Li, and Ni—Ni (only considered in
order to calculate cross-interactions) interactions have
been taken from [19—21]. To represent the Si—Li, Ni—
Li, and Si—Ni cross interactions, the parameters are
obtained from simple interpolation relations [19]. The
interatomic interactions in the nickel substrate have
been described using the potential of the embedded
atom EAM [22].

The studied system consisted of two sheets of sili-
cene (channel) located on an Ni(111) substrate. The
surface of the silicene sheet had a 4 X 4 reconstruction,
where 6 of the 18 silicon atoms of a unit cell are dis-
placed by a distance of 0.074 nm perpendicular to the
surface up or down for the upper or lower sheets,
respectively. According to the earlier M D calculations

[23], the optimal values for the channel gap A, and the
distance between the silicene channel and the metal

substrate 7, _g; are 0.75 nm and 0.27 nm, respectively.
Perfect silicene sheets contained 300 Si atoms. Mono-
vacancies in these sheets were created by removing sil-
icon atoms in 9 places uniformly distributed over the
surface of 2D structure. The initial size x X y of the
silicene sheets of the studied system (before the start of
the lithization/delithization cycle) was 4.85 X 4.2 nm.
The simulation was performed in the NVT ensemble
at 300 K. At the beginning of each calculation (before
the implementation of the lithium intercalation pro-
cess), the system was geometrically optimized during
100 000 time steps.

The intercalation process of lithium consisted of
the rhythmic introduction of ions (one-by-one) into
the channel, and their subsequent movement, which
was directed by a constant electric field of 10° V/m.
This value of electric field ensures the passage of the
lithium ion through the investigated silicene channel,
was selected empirically by us in the preliminary MD
calculations. When charging modern LIBs with direct
current, the electric field in the range of 103 to 10*V/m
is used. There is a proposal for lithium-metal batteries
to be charged by pulsed current when the peak field
strength reaches 10° V/m [24]. The ion that entered
the channel and remained in it for 10 ps, acquires an
absent electron, and becomes a neutral atom. The fill-
ing of the channel with lithium ends as soon as the Li
atoms cease to enter the channel. After that, the pro-
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Table 1. Characteristics of perfect and defective silicene channel located on an Ni(111) substrate after one cycle of lithiza-

tion/delithization

Limit number
of lithium atoms
intercalated

Type of vacancy
in the silicene sheet

Change in channel volume
at its maximum filling with lithium
and after full deintercalation

Change in the distance between
substrate and channel

into a channel intercalation deintercalation intercalation deintercalation
Perfect 74 —21.8 —5.8% +30.7% +64.4%
Monovacancies 91 —10.3% +2.34% +59.25% +51.85%

cess of deintercalation starts. In this case, the field
with a strength of 10° V/m in the opposite direction
removes the Li* ion from the channel. The Li atom
assigned to exit the channel “loses” the electron, and
in the form of an Li* ion is removed from the channel
under the influence of the electric field. The time
allotted for the release of the ion is 20 ps. As a rule,
during this time the ion manages to exit the channel.

The LAMMPS code modified by us, which per-
forms parallel computations, was used for the MD cal-
culations [25]. Fragments of the program were intro-
duced to calculate the kinetic and mechanical proper-
ties of the system. The calculations were performed on
a hybrid cluster-type URAN computer at Institute of
Mathematics and Mechanics, Ural Branch, Russian
Academy of Sciences, with the peak performance of
216 TFlops/s and a 1864 CPU.

The self-diffusion coefficient of lithium atoms in
the silicene channel was calculated through the mean

square atomic displacement <[Ar(t)]2>

— tim L {[Ar)?
D = limo—([Ar)T’) . (7)
Here, T" = 3 is the dimension of the space. Averaging
over the initial moments of time is indicated through

(),

The surface roughness of the silicene sheet (or
arithmetic mean deviation of the profile) was calcu-
lated as in [26],

N
Ra Z%;k,-—f

where N is the number of nodes (atoms) on the sheet

of silicene, z; is the displacement of atom i in the
direction of axis oz, and 7 is the average value of coor-

dinate z for silicene; z; and 7 values are determined at
the same time.

MD calculation results. The configuration of a sili-
cene channel with monovacancies located on an
Ni(111) substrate is shown in Fig. 1. It refers to the
moment of completion of one lithization/delithization
cycle. The distortions of the sheets indicate that after
one lithiation cycle, the shape of the channel is not
completely restored to its original state. In addition to

. )
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information about filling the channel with lithium,
Table 1 shows the data on the change in the volume of
the silicene channel when the maximum number of
lithium atoms is in it and after complete deintercala-
tion. In all cases, except for the completion of lithium
deintercalation in the channel from defective silicene,
a decrease in the volume of the inter-sheet space is
observed. Figure 1 reflects the configuration of the
channel with monovacancies, the volume of which
increased by 2.34%. After intercalation, the channel
with defective walls has a denser filling with lithium
(by 23%) than the channel with perfect sheets. This is
due to the fact that lithium predominantly occupies
free spaces in the 2D structure itself (as confirmed by
the ab initio calculations [7]). When the channel is
filled, lithium attracts the silicene sheets, and the
channel volume decreases. In the case of a silicene
channel with the monovacancy defects located on an
Ag(111) substrate, identical results were obtained: after
completion of intercalation, the channel volume
decreased by 3.8%, and after deintercalation it
increased by 2.2% [12]. According to the quantum-
mechanical calculations, the volume of the silicene
channel should not change after a single cycle is per-
formed [16]. During cycling, a significant increase in
the distance between the nickel substrate and the adja-
cent silicene sheet was found in our model (Table 1).

The trajectory of the lithium ion, presented in Fig. 1,
shows an example of ion transport inside the channel:
+

from the Li;, point to the Li};, point—the movement
of an ion during lithization and the movement of an

ion between the Li;, and Li| ., points—the delitization
process. In addition to the external electric field,
which mainly controls the movement of the ion, the
field of Si atoms is an important factor. The collision
with the atoms of the silicene sheets can significantly
correct the trajectory of lithium, bending it and slow-
ing down the transport of ions in the channel.

The image of the horizontal projection of part of
the lower sheet of the silicene channel modified by
monovacancies and the upper layer of the Ni(111) sub-
strate makes it possible to trace the location of lithium
atoms at the time of complete lithization (Fig. 2a). The
preferred location of Li is the center of the six-mem-
bered Si-ring. Such a location is the energetically most
favorable location for the adatom according to the
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Fig. 1. Configuration of the “two-layer silicene with monovacancies on Ni(111) substrate” system after completion of the full

cycle of lithization/delithization; trajectory of one of the lithium ions in the process of lithization (Liit] and Li;id are starting and

ending points) and delithization (Li},;q and Li%, are starting and ending points).

quantum-mechanical calculations [14, 15]. In the case
of lithium adsorption in silicene at concentrations of
more than 20% (relative to the number of Si atoms),
this location of its atoms is preferable [7] (in compari-
son with the locations of Li above the middle of the
Si—Si bond). The average Li—Si distance obtained in
our MD calculations in the case of perfect silicene is
2.55 A; in the ab initio calculations [7], this value is
2.61 A. 1t should be noted that Li introduced into the
channel almost never occupies a vacant place in the
defect.

In the course of the MD calculation, it was found
that not all vacancies retain their original form during
the lithization process. Since there was a tendency to
reduce the number of dangling bonds that existed at
the boundary of the defect, during the calculation,
monovacancies were transformed into one 5-mem-
bered and one 8-membered rings. Such a rearrange-
ment of the structure is consistent with the ab initio
calculations [27].

The horizontal profile of the distribution density of
lithium (Fig. 2b) indicates the uneven distribution of
the Li atoms along the channel with a small compac-
tion in the middle and more significant compaction at
the end of the channel. In the vertical density profile
(Fig. 2c), three compaction zones can be distin-
guished, the most highly populated of which is the
zone located closer to the end of the channel. Note
that most of the lithium atoms are always located
closer to the upper sheet of silicene. Thus, in the case
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of a channel with defects, 54.9% of the lithium atoms
at the time of complete lithization are localized near
the top sheet. The fraction of Li atoms in the free space
between silicene sheets is small.

During a single cycle, both sheets of the silicene
channel turn out to be rather strongly curved (Fig. 3a).
Vertical distortion is added to the natural corrugation
of silicene (0.074 nm) due to the interaction between
the sheets of the 2D structure and lithium, as well as
between the sheets and the substrate (distortion is
more significant for the lower sheet).

During the filling of the channel with lithium and
its deintercalation, the roughness (average vertical
deviation) R, of both the upper and lower sheets of sili-
cene changes nonmonotonically (Fig. 3b). The verti-
cal middle line in the form of a dashed line (shown in
Figs. 4, 5) corresponds to the maximum degree of
channel saturation with lithium. This line passes
through the value of Nj; = 91 (number of lithium
atoms in the channel), when monovacancies are pres-
ent in the silicene sheets. Both in lithization and deli-
thization, the R, value at the end of the process is
higher than at its beginning. At the same time, the R,
of the lower sheet is almost always lower than that of
the upper one, which indicates the stabilizing effect of
the nickel substrate. In addition, more lithium atoms
are attached to the top sheet of silicene than to the
lower one. This creates an additional degree of rough-
ness. On the average, after a single cycle, the rough-
ness of the silicene channel obtained in these M D cal-
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Fig. 2. Schematic representation of the horizontal projection of a portion of the lower silicene sheet with monovacancies on the
Ni(111) substrate layer and distribution of lithium over the sheet surface (a); horizontal (longitudinal) (b) and vertical (c) lithium
density profiles in a silicene channel with monovacancies on Ni(111) substrate.
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Fig. 3. Schematic representation (xz-projection) of the arrangement of silicene channel on an Ni(111) substrate after completion
of the intercalation/deintercalation cycle of Li (a); change in the roughness of the lower and upper sheets of silicene with mono-

vacancies on an Ni(111) substrate during intercalation (left of the dashed line) and deintercalation (on right) of lithium (b).

culations on an Ni(111) substrate is lower than in the
similar MD studies on Ag(111) or Cu(111) substrates
[11—14].

The specific internal energy U;; of Li atoms
decreases with an increase in their number during
intercalation. One of the factors leading to this result is
related to the ionic pushing of Li atoms to energetically
more favorable positions (Fig. 4). A particularly strong
effect of the Li* ion on its related atoms, which causes
a decrease in Uy, is observed at the initial stage of
intercalation, when the channel contains no more
than 20 Li atoms. At the beginning of deintercalation,
the energy of U;; may decrease due to the ongoing
structural relaxation. Then it takes approximately con-
stant values, and at the very end of deintercalation
increases significantly, because the fraction of kinetic
energy in this period becomes dominant. The insets on
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the right show fragments of the configurations of per-
fect silicene and silicene modified with monovacan-
cies during deintercalation, when N;; = 25. On the aver-
age, the internal energy of the lithium atoms introduced
in the channel made of perfect silicene (—1.5 eV/atom) is
7.5% lower than the energy of lithium atoms interca-
lated into a channel with sheets containing monova-
cancies (—1.42 eV/atom).

Figure 5a shows the displacement of a lithium atom
along the surface of a defective silicene sheet after
intercalation into the channel. When the channel is
filled with a small number of lithium atoms, a newly
appearing electrically neutral Li atom, without experi-
encing the action of the external field, moves rectilin-
ear translational until it is fixed above the center of the
six-membered ring (the most advantageous position of
the adatom in the plane of a 2D structure [7]). Subse-
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Fig. 4. Internal energy of lithium atoms during intercalation (left) and deintercalation (right) in the perfect and defective silicene
channels on the Ni(111) substrate, Ny ; is the number of lithium atoms in the channel; the insets in the right show planar config-
urations of perfect silicene and silicene modified with monovacancies when 25 Li atoms are in the channel.

quently, as the channel is filled with lithium, the atom
performs only oscillatory motions near this equilib-
rium point in the channel.

The self-diffusion coefficient D of Li atoms exhib-
its strong fluctuations at the initial stage of intercala-
tion, which is related to the sufficiently large freedom
to move the Li* ion in a poorly filled channel (Fig. 5b).
Then the values of coefficient D either stabilize for a
short period (as is the case with perfect silicene
sheets), or immediately increase (the case of sheets
with monovacancies) due to the intense structural
rearrangement of the packing of Li atoms. The behav-
ior of the D value at the initial stage of deintercalation
strongly depends on the presence or absence of defects
in silicene. At the final stage of deintercalation, coef-
ficient D, as a rule, increases, because the movement
of the ion in the channel becomes increasingly freer.
The average value of Dy; for a system with perfect sili-
cene sheetsis 3.67 X 107 cm?/s, and for a channel with
defective silicene walls, it is 1.48 x 10~ cm?/s. The
large occupancy of the channel by lithium in the case
of monovacancies in the sheets prevents the intensive
movement of Li atoms, causing a decrease in the self-
diffusion coefficient. For comparison, the experimen-
tal value of the diffusion coefficient of lithium in a
similar 2D structure, bilayer graphene, is estimated to
be 7 X 103 cm?/s [28].

CONCLUSIONS

In a MD experiment, the process of intercala-
tion/deintercalation of lithium (cycling) in the two-
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layer silicene on an Ni(111) substrate system has been
considered. It is shown that a perfect silicene channel
can contain up to 74 lithium atoms, and a channel
modified by monovacancies can contain up to 91 lith-
ium atoms. In this case, the Si—Si bonds of the 2D
structure are not destroyed. During the entire single
cycle (up to 2.5 ns), similar systems of the same type,
having defects in silicene in the form of mono-, bi-,
and trivacancies, are stable; however, in the presence
of hexavacancies, the tendency to the destruction of
silicene is present in them. The most energetically
advantageous arrangement of intercalated lithium in
the channel is its location above the centers of six-
membered silicon rings. Moreover, the upper silicene
sheet is 15—20% more filled with lithium than the
lower one. The interaction between lithium and sili-
cene is quite strong. Having found its energetically
most favorable position, the lithium atom oscillates
around it, and does not move along the channel. No
tendencies toward the formation of lithium clusters
(which may become the initial phase of dendrite
nucleation) were observed in the model. This indicates
the stability of the silicene anode relative to working
cycles executing. At the same time, the interaction of
lithium with a 2D structure is not sufficiently strong to
lead to the destruction of the silicene lattice. The self-
diffusion coefficient of lithium atoms as a whole is an
increasing (during intercalation) and decreasing
(during deintercalation) function of the number of Li
atoms in a perfect channel. Values of D;; monotoni-
cally fluctuate when silicene sheets contain monova-
cancies. On the average, the D;; value for a system with
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Fig. 5. Schematic representation of the displacement of a lithium atom along the surface of a defective silicene sheet (a); self-dif-
fusion coefficient of lithium during intercalation (left) and deintercalation (right) in perfect and defective (with monovacancies)
silicene channels on an Ni(111) substrate (b).

perfect silicene sheets is noticeably higher than for a  a silicene anode will make it possible to obtain high
channel with defective walls. energy density and extend the LIB life cycle.

The Ni(111) substrate proves to be a reliable mate-
rial for supporting a two-layer silicene channel. Unlike
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