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ABSTRACT

This work is devoted to a first principle study of changes in the structural, energy, and electronic proper-
ties of a silicene anode, represented by a bilayer silicene, as it is filled with lithium. The parallel folded
silicene sheets form a flat channel with an initial gap of 0.75 nm. Lithium atoms were deposited both
inside and outside the channel. The ratio of the amount of lithium to silicon varied in the range from
0.1 to 2.3. The maximum number of lithium atoms in the channel is revealed, which does not lead to
defect formation in the silicene walls. The types of clusters in the formed packing of lithium atoms are
defined and their stability is investigated. The tensile limit of silicon bonds in silicene sheets is found.
The cohesive energy between the surfaces formed by lithium and the walls of the silicene channel has
been established at various ratios of lithium to silicon. The change in the volume of the silicene chan-
nel is calculated depending on the amount of lithium deposited on it. The gravimetric capacities for
different degrees of filling of the silicene anode with lithium were obtained. The voltage profile of the
simulated anode was determined. The conductor-semiconductor and semiconductor-conductor transitions

were found when the silicene channel was filled with lithium.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Features of the electronic structure allow us to consider sil-
icene as an important material for use in microelectronic devices
[1]. With respect to other two-dimensional materials, silicene has
a more direct way to be introduced into semiconductor technology
based on the use of crystalline silicon. Silicene has beneficial bio-
compatibility effects and can be used for diagnostic imaging and
photo-triggered therapeutics [2]. Strong adhesion of silicene to the
metal, its chemical stability and high charge capacity and mobility
of charge carriers determine silicene as one of the best materials
for the anode of lithium-ion batteries (LIB) [3-5].

Rechargeable lithium-ion batteries power a wide variety of de-
vices. They are used in both portable electronic devices and electric
vehicles. It is possible to increase the specific capacitance LIB by
using new materials for negative electrodes (anodes). Silicon is one
of the best anode materials. It has a very high theoretical capacity
(up to 4200mAh g-1). However, during electrochemical lithiation,
silicon and lithium form an alloy LixSi. Alloy formation leads to ir-
reversible structural changes and is accompanied by a huge change
in volume [6, 7]. In this case, significant mechanical stresses arise,
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which ultimately destroy the anode [8]. Already during the first
reaction cycle, a solid electrolyte interface layer (SEI) is formed [9,
10]. The life cycle of the silicon anode can be increased by replac-
ing bulk silicon with thin silicon films. Films with thicknesses in
the nanometer range are especially attractive [11]. The use of thin
films significantly improves the characteristics of the electrodes,
increasing their resistance to cycling and significantly reducing the
volumetric expansion during lithiation.

The thinnest silicon films of monoatomic thickness were ob-
tained on both metallic and nonmetallic substrates. In silicene, as
in graphene, hexagonal rings are present. However, the arrange-
ment of Si atoms in silicene is not flat. Some atoms leave the plane
at a distance from 0.06 to 0.08 nm [12]. There is a high probabil-
ity of chemical interaction between Si atoms and substrate atoms.
Probably as a result of this, silicene has not yet been separated
from the substrate.

It was shown in a number of works that there is a significant
margin of safety for a two-dimensional silicon material when fill-
ing the space between silicene sheets with lithium [13-15]. When
vacancy defects are created in the walls of the silicene channel, its
resistance to filling with lithium is still high. However, in earlier
molecular dynamics studies [16-19] on filling the Si channel with
lithium, the ratio of Li / Si atoms remained rather low (<0.25).
When lithium is intercalated into bulk silicon, the Li / Si atom ra-
tio reaches a limit of 4.4 [14]. However, with such a high filling
with lithium, bulk silicon cannot withstand charging | discharging
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Fig. 1. Initial configuration of the silicene channel.

processes. In other words, cyclability rapidly destroys the silicon
anode. The transition to thin films should correct this situation to
some extent. However, a large amount of lithium in contact with
the silicene film can have a destructive effect on it. As a result, the
Li / Si ratio of 4.4 observed in bulk silicene can significantly de-
crease. Lithium accumulated in large quantities on the film surface
begins to group into clusters. In this case, the collective action of
Li atoms on individual Si atoms can tear them out of the film, i.e.
lead to its destruction. Taking this effect into account, the limiting
Li / Si ratios were established in the cases of lithization of single-
layer and two-layer silicene [9, 10]. In the first case, the limiting
ratio Li / Si is 1.25 [20], and in the second - 1.45 [15]. These limit
values for Li / Si should be considered very approximate, since in
their determination, the ratio Li / Si = 4.4 was used, which is ap-
plicable only to bulk silicon. At the same time, the establishment
of a more accurate value of the limiting Li / Si ratio of silicene
channel is extremely important for the design of silicene anodes.

The purpose of this work is to establish as accurate as possi-
ble the limiting value of the Li /Si ratio for silicene anodes, in the
design of which flat plates made of perfect silicene are used. In
addition, the task is to determine the changes in the structural,
energetic and electronic properties of the silicene channel depend-
ing on the filling of the channel with lithium. All calculations were
performed on a URAN cluster-type hybrid computer at the IMM UB
RAS with a peak performance of 216 Tflop/s and 1864 CPU.

2. Model

The present calculations, which are based on the density func-
tional theory (DFT), were performed without using any empirical
parameters. As initial data, only information on the chemical na-
ture of the system components was used. This approach makes
it possible to accurately predict some material properties. For the
calculations, the Siesta software package was used [21]. We con-
sider a channel formed by two silicene sheets separated by a gap
of 0.75 nm. The channel with such a gap was optimal for model-
ing lithium intercalation [13-15]. The channel used in this work is
shown in Fig. 1. Each silicene sheet was represented in the form
of a 3 x 3 supercell (18 silicon atoms), with two sublattices (lower
and upper) separated from each other by a distance of 0.44 A. It
is this height of the buckles that was set in the DFT calculation
for free-standing silicene [22]. The spatial translation period in the
z-direction was 35 A.

The study of the deposition of lithium atoms in the silicene
channel was carried out as follows. Taking into account the data of
[17], where the limiting Li / Si ratio was 1.45, we chose the study
range for the ratio of the number of deposit lithium atoms to the
number of silicon atoms from 0.1 to 2.3. Li atoms in the system
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Fig. 2. The initial arrangement of lithium atoms in the silicene channel at the ratio
Li/Si=1

could occupy the following locations: 1. the first 8 atoms were de-
posited in the inner volume of the channel in a position above the
hexagonal rings; 2. the next eight atoms were deposited over the
centers of the hexagonal rings outside the silicene channel; 3. Sub-
sequently, the deposition took place over silicon atoms both inside
and outside the channel. Fig. 2 shows an example of the arrange-
ment of Li atoms with a Li / Si ratio of 1.

Geometric optimization using the generalized gradient approx-
imation in the form of PBE [23]| was carried out for all consid-
ered systems. The dynamic relaxation of atoms continued until the
change in the total energy of the system became less than 0.001
eV. The cutoff energy of the plane wave basis set was 400 Ry.
The Brillouin zone was specified by the Monkhorst-Pack method
[24] using 10 x 10 x 1 k-points. After geometric optimization,
the resulting systems were tested for temperature stability using
first principle (ab initio) molecular dynamics simulations. In these
calculations, the Nose-Hoover thermostat [25] was used, with the
help of which the temperature was maintained at 293K. The time
step length was 1 fs, and the duration of each calculation was
2000 time steps. The systems obtained after a first principle cal-
culation were again subjected to geometric optimization. After all
these procedures, the band structures in direction I'-M-K-I" of the
systems were calculated, where points I', M and K are points of
high symmetry in reciprocal space. Brillouin zone of unstrained
silicene with high symmetry points and two paths I'-M-K-I" are
shown in Fig. 3.

For all systems considered here, the following characteristics
were calculated:

1. The specific energy of cohesion between the surfaces created
by lithium and the silicene walls of the channel was determined
according to the expression:

Econ(Si — Li) = (Etor — Eii — Esi) /N, (1)

where Eio is the total energy of the entire system, Ej;, Eg; are the
energies of lithium in the channel and silicene, respectively, and N
is the number of atoms in the system.

2. The specific energy of cohesion between silicene sheets with-
out taking into account the influence of lithium was determined
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Fig. 3. Brillouin zone of unstrained silicene with high symmetry points marked;
the figure shows two paths I'-M-K-T".

as:
Econ (Si — Si) = (Erot — Esic — Esip) /N, (2)

where Eg;, and Eg;; are the energies calculated for the lower and
upper silicene sheets, and Ng; is the number of silicon atoms in
the system.

3. The expression for the binding energy between lithium atoms
without taking into account the influence of silicene has the form:

Ey(Li) = (Ey — NiiEqwi) /Nui, (3)

where Ej; is the total energy of the lithium subsystem excluding
influence of the silicene channel, E;j; is the energy of a single
lithium atom, and Nj; is the number of lithium atoms in the chan-
nel.

4. The expression for the bond energy between silicon atoms
in the silicene sheet without taking into account the influence of
lithium and the second silicene sheet has the form:

Ey, (Si— Si) = (Esibsit — Nsij2E1si)/Nsij2. (4)

where Egjpsi; is the total energy, calculated for the lower or upper
silicene sheet, E;s; is the energy, calculated for one silicon atom,
and Ng; [ 2 is the number of silicon atoms in the silicene sheet.

5. The gravimetric capacity was calculated as:

Crs = xF/M, (5)

where x is the number of interacting electrons, F is the Faraday
number, M is the molar mass of the system.
6. The open circuit voltage was determined according to:

OCV = (Esi + NiiEiwi — Etot) /Me, (6)

where n, is the number of valence electrons in the system.
7. The voltage for constructing a voltage profile was calculated
according to the method proposed in [20,26] as:

V(N) = (Evinysi — Evinsi — (N2 = NiEmii) /(N2 — Ni e, (7)

where Ejjy,s; and Epjy, siare the total energies of systems containing
Ny and N lithium atoms, and E,; is the total energy calculated for
metallic lithium.

3. Results

Fig. 4 shows the band structure of a silicene channel with a gap
between the walls of 7.5 A. It can be seen from the figure that sil-
icene in this configuration retains Dirac cones and its semiconduct-
ing properties. The bond lengths in silicene sheets are 2.28 A; they
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Fig. 4. Band structure for an empty silicene channel.

coincide with those for an ideal free-standing silicene [27]. The co-
hesive energy between two silicene sheets is defined as 0.0002 eV.
Such a low Ecy,(Si-Si) value indicates an extremely weak interac-
tion of silicene sheets in this system.

The dependence of the calculated characteristics of the systems
on the amount of lithium in the silicene channel is shown in tables
S1-S3. Table S1 contains: 1. the average bond lengths between sil-
icon atoms (Si-Si) in the lower (Bottom) and upper (Top) sheets of
silicene; 2. the average bond lengths between silicon and lithium
(Si-Li) atoms in the lower (Bottom) and upper (Top) sheets of sil-
icene; 3. the distance between the upper and lower silicene sub-
lattices Az in the lower (Bottom) and upper (Top) silicene sheets;
4. average bond length between lithium atoms (Li-Li); 4. average
distances between silicene sheets AZ. Table S2 presents the fol-
lowing energy characteristics of the system: 1. cohesion energy
between lithium and the walls of the silicene channel (Eq,(Si-
Li)); 2. binding energy in lithium packings (E,(Li)); the binding
energy of silicon atoms in the lower (E,(Si,)) and upper (Ey(Sit))
sheets of silicene; cohesion energy between two sheets of silicene
(Econ(Sip-Sit)). Table S3 contains the following system characteris-
tics: open circuit voltage (OCV); average Voronoi charge for silicon
atoms (Qy(Si)); average Voronoi charge for lithium atoms (Qy(Li));
the total Voronoi charge calculated for lithium atoms (Qy); band
gap.

Fig. 5 shows the final geometric configurations of the silicene
channels containing 4, 8, 12, and 16 lithium atoms. The adsorp-
tion of 4 to 16 lithium atoms in the channel brings the silicene
sheets closer to 2.36-2.59 A. In this case, the average bond length
between the silicon atoms of the lower and Si atoms of the up-
per sheet is ~ 2.571 A. The obtained AZ value is close to the bond
lengths 2.41 and 2.75 A obtained in [28] for two-layer silicene of
various configurations. With the absorption of four lithium atoms,
the cohesion energy between silicene sheets is -0.306 eV. An in-
crease in the number of lithium atoms in the silicene channel
leads to an increase in the distance and specific energy of cohe-
sion between the silicene sheets. Thus, upon the adsorption of 20
lithium atoms in the channel, the cohesion energy between two
silicon sheets increases to -0.032 eV and remains high upon the
subsequent addition of Li atoms. This indicates a very weak inter-
action between the walls of the silicene channel when more than
20 lithium atoms are adsorbed.

Fig. 6 shows the dependence of the average bond lengths of Si-
Si and the specific bond energies of silicon for the lower and upper
sheets of silicene depending on the ratio of lithium to silicon in the
system. Open squares and circles in the figure represent the data
obtained for systems containing a defective silicene sheet. It is seen
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Fig. 5. Geometrical structures of the systems "silicene channel with lithium" during absorption: (a) 4, (b) 8, (c) 12 and (d) 16 lithium atoms.
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Fig. 6. Average lengths and specific bond energies in the upper and lower silicene sheets depending on the ratio of lithium atoms to the silicon atoms, open squares and

circles denote the characteristics obtained for defective silicene sheets.

that the formation of a defect in silicene leads to an increase in the
average length and specific binding energy in the silicene sheet.
There is a direct relationship between the specific binding energy
and the bond length in silicene sheets. The specific binding energy
for the top and bottom sheets of silicene without lithium absorp-
tion in the channel is -4.789 eV. The absorption of lithium atoms
in the channel leads to an increase in the average length and rela-
tive binding energy in silicene sheets. The bond length and energy
in a defect-free silicene sheet have growth limits of approximately

2.48 A and -4.52 eV, respectively. These values  are achieved at a
lithium to silicon ratio of ~ 1.

It is of interest to perform a cluster analysis of the lithium pack-
ings formed in and around the silicene channel. Let us use a purely
geometric criterion for the formation of a cluster, assuming that
the length of the Li-Li bond in a cluster cannot exceed 3.05 A [29].
The criterion for the bonding of the Li atoms belonging to the clus-
ter to the substrate was the condition that the length of the Li-Si
bond should be less than 3.1 A [30]. The cluster in contact with the
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(2)

(b)

Si

Fig. 7. Lithium clusters present in the model: (a) Li,, (b) Lis, (c) Li4, (d) Lis, and (e) Lig; their bond with Si atoms (dark circles) belonging to the channel wall is shown.

Fig. 8. The Li, clusters selected in the model that fill the silicene channel upon ad-
sorption of 84 lithium atoms by bilayer silicene; the connection of clusters with the
channel walls is represented by Li-Si bonds of the cluster atoms with the nearest Si
atoms in the wall.

channel wall must have at least one Li-Si bond. Obviously, the type
of clusters being formed depends on the number of Li atoms fill-
ing or surrounding the channel at each specific moment of lithiza-
tion. In Fig. 7 shows the clusters that can form in the system un-
der study when more Li atoms are introduced into it, than: (a) 7,
(b) 10, (c) 13, (d) 17, (e) 19. A further increase in the number of
lithium atoms in the system up to 84 does not lead to the forma-
tion of clusters of a new type, but increases the number of isomers
for the clusters shown in Fig. 7. Fig. 8 shows an example of filling
the region in the channel with lithium during the adsorption of 84
Li atoms at bilayer silicene.

We carried out an additional study of the thermal stability of
the Lin clusters (n = 2-6) selected in the model. Each of these
clusters was extracted from the final configuration of the system,

together with one of the silicene sheets, to which it was linked via
Li-Si bonds. In other words, Li atoms not belonging to the cluster
and the silicene sheet farthest from the cluster were removed from
the system. Then, for the reduced system, geometric optimization
was carried out using the generalized gradient approximation in
the form of PBE, after that first principle molecular dynamic calcu-
lation was carried out in a Nose-Hoover thermostat in the temper-
ature range from 300 to 500 K with a step of 50 K. The calculation
duration at each temperature was 1000 time steps (At = 1 fs).

Geometric optimization led to the following results: 1) the Li,
cluster disintegrated, and lithium atoms moved to positions above
the centers of the hexagonal ring (hollow position); 2) clusters Lis
and Lig were also transformed with the formation of isomers Liy
and Lis, respectively; moreover, one Li atom from the smaller clus-
ter moved to a position above the center of the hexagonal ring.

As a result of a first principle MD calculation, the following was
established: 1) the Li; isomer disintegrated at a temperature of
300 K, and the separated Li atoms took place above the centers
of hexagonal silicon rings; 2) the Liy isomer proved to be stable up
to a temperature of 450 K, but at a temperature of 500 K it disin-
tegrated to get individual Li atoms, these atoms were adsorbed on
silicene in the hollow positions; 3) the Lis isomer disintegrated in
the temperature range 400-500 K into individual Li atoms, which
were adsorbed on silicene.

Thus, after structural optimization and the 200 degree heating,
none of the Li clusters isolated in the model of a lithium-filled sil-
icene channel retained its integrity. The lithium clusters present in
the model turn out to be metastable. In the process of delitization,
they must decay into individual atoms, which will be removed one
by one from the silicene channel.

Defective structures appearing upon the adsorption of 40, 44,
72, and 84 lithium atoms in the channel are shown in Fig. 9. The
adsorption of 40 lithium atoms leads to rupture in the hexagonal
silicon ring of the lower silicene sheet; the length of one of the
three silicon bonds increases to 4.09 A. An increase in the number
of adsorbed lithium atoms to 44 leads to the rupture of two sili-
con rings (the Si-Si bond lengths reach 4.15 and 4.32 A). A further
increase in the number of lithium atoms in the system can lead
to both the formation of defects (60, 72, and 84 lithium atoms in
the system) and the restoration of the silicene structure (52, 68,
and 76 lithium atoms in the system) after an attempt to create a
defect. With a lithium to silicon ratio of 2.3 (84 lithium atoms),
lithium breaks hexagonal silicon rings in both the lower and up-
per silicene sheets. In this case, the rupture in the upper wall of
lithium occurs due to the rotation of the silicene supercell 3 x 3.
The formation of relatively stable structures when the channel 52,
68, and 76 was filled with lithium atoms was associated with the
placement of Li atoms added outside the channel, which slightly
influenced the stability of silicene.
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Fig. 9. The final geometric structure of the “silicene channel with lithium” system with the number of Li atoms: (a) 40, (b) 44, (c) 72, and (d) 84.

Thus, a perfect silicene channel does not collapse at all if the
ratio of the number of Li / Si atoms = 1 (36 Li atoms are absorbed)
or less than 1. In addition, the channel can become defective, but
relatively stable if the ratio Li / Si <2.11 (the limiting number of
adsorbed Li atoms is 76).

An increase in the lithium content in the channel can lead not
only to the formation of defective silicene, but also to the redis-
tribution of lithium in the channel. This is how lithium atoms
can escape from the channel. Thus, 1 atom in the case of ad-
sorption of 60 and 72 lithium atoms and 2 atoms in the case
of adsorption of 68 left the channel. The emission of Li atoms
does not occur when the channel is filled with 76 and 80 lithium
atoms.

Fig. 10 shows the dependences of the cohesion energy, open-
circuit voltage, the total Voronoi charge [31] transferred by lithium
and the distance between the walls of the silicene channel on the
ratio of lithium to the silicon atoms. It is seen that the cohesion
energy is minimal at the ratio Li / Si = 1. When Li | Si > 1, there
is a gradual increase in the cohesion energy associated with the
enhancement of the interaction between lithium atoms. When cal-
culating the specific gravimetric capacity of the system, three Li
| Si ratios can be distinguished, which can be used in Eq. (5) in
the form of the number of interacting electrons. The first value is
1. In this case, filling the silicene channel with lithium does not
lead to the formation of defects in silicene. The second relation is
2.3. At this value of the Li / Si ratio, the maximum filling of the
channel with lithium is reached. The third value 3.4 was obtained
by approximating to zero the polynomial of the 4th degree, which
describes the dependence of the specific cohesion energy between
the lithium surfaces and the walls of the silicene channel on the
Li / Si ratio. Substitution of these values into formula 3 gives the
following gravimetric capacities of the systems: 1) 954.3, 2) 2223.5,
and 3) 3244.6 mAh | g.

The total Voronoi elementary charge Q, for lithium atoms has
a maximum upon absorption of 44 lithium atoms. The drop in the
total charge is associated with the onset of destruction of the sil-
icene structure. In this case, lithium appears in the system, which
does not interact with silicene. In other words, Li atoms appear,
experiencing only Li - Li interactions. Fig. 11 shows the number
of lithium atoms that do not interact with silicon atoms, but have
only lithium bonds, depending on the Li / Si ratio. It is seen that
the filling of the silicene channel with lithium leads to the appear-
ance of lithium atoms that do not interact with silicon atoms. The
number of Li atoms that do not interact with silicon atoms was
estimated by analyzing the Li-Si "bond" lengths.

An increase in the number of lithium atoms in the system from
4 to 84 leads to an increase in the open circuit voltage (OCV) from
0.076 to 0.785 V, respectively. The OCV value for all considered ra-
tios Li / Si does not exceed 1 V, which indicates the absence of
metallic dendrites in the system [32]. However, as the extrapola-
tion of the obtained OCV (Li / Si) dependence shows, a further
increase in the amount of lithium in the system to the ratio Li /
Si = 3 will lead to an increase in the open voltage to a higher
value than 1V. Thus, at high values of the Li / Si ratio, dendrites
can form in the system.

Recall that the initial width of the silicene channel was 7.5 A.
When the ratio of lithium to silicon changes from 0.1 (1) to 0.4
(4), the channel contracts, which enhances the interaction between
silicon atoms of the upper and lower silicene sheets. With an in-
crease in the number of lithium atoms in the channel up to the Li
| Si ratio from 0.5 to 1.8, the distance between the channel walls
changes from 3.079 to 7.088 A. In this range of values of the
channel gap, the interaction between the channel walls is mini-
mized. When the Li / Si ratio is from 2 to 2.3 (3), the channel ex-
pands from 8.054 to 8.955 A, i.e. it becomes wider than it was at
the very beginning of the calculations. Knowing the change in the
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Fig. 10. Dependences of the cohesion energy between sheets of silicene and lithium
surfaces, open voltage, total Voronoi charge transferred by lithium and the gap be-
tween the walls of the silicene channel on the ratio of lithium atoms to silicon
atoms in the system.

distance between the walls of the channel, we can calculate the
change in the volume of the channel as:

Va/Va = SAZ(N)/SAZ(4) = AZ(N)/AZ(4). (8)

where Vy and V, are the volume of the silicene channel contain-
ing N and 4 lithium atoms, respectively, S is the area of the 3 x 3
silicene superlattice, and AZ(N) and AZ(4) is the distance between
the silicene sheets upon adsorption of N and 4 lithium atoms, re-
spectively.

The maximum physical absorption of lithium in a similar chan-
nel in the ratio of 1 Li to 15.7 Si was studied in the classical molec-
ular dynamics model [33]. In this case, at Li /| Si = 0.063, the
change in the channel volume was 26%. In this work, the Li / Si
ratio varied from 0.1 (1) to 1 and, while maintaining the defect-
free channel, such a change in this ratio led to an increase in the
channel volume by 97%. In the case of maximum channel filling,
when Li [ Si = 2.3, the increase in the channel volume was 278%.

During charging ion Li* moves from cathode to anode. Since
the operating voltage of the battery is completely determined by
the number of separated charges, the movement of a charged
particle between the electrodes causes a change in the potential
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Fig. 12. Voltage profile plotted as a function of the ratio of lithium atoms to silicon
atoms in the channel.

difference between them. The voltage profile obtained with this
model when filling the silicene channel with lithium is shown in
Fig. 12. As can be seen from the figure, the voltage decreases when
lithium is added to the system according to the received sequence:
LiSi,, Li3Siy, LiSi, LisSiy4, Lij»Si; and Li,Si. Fig. 9 also shows the volt-
age profile obtained using the DFT method in conjunction with the
random structure searching method [34]. It can be seen that first
principle MD calculations give a steeper descent of the voltage pro-
file, so that V reaches values of ~ 0.1 V much faster. Flat areas with
their corresponding phases were highlighted in the graph repre-
senting the results of this work, using the arithmetic mean of av-
eraging close voltage values. Most of the Li-Si phases shown in the
graph reflecting the results of this work were established in [20],
where, as a result of first principle calculations, a stronger chemical
interaction of lithium with silicene was shown in comparison with
the interaction of Li-graphene. Using DFT calculations, the LisSiy
compound was identified, which can be used as photovoltaic ma-
terials [35]. The Li,Si phase is an amorphous shell formed during
the initial intercalation of lithium into silicon [36].

The filling of the silicene channel with lithium affects the elec-
tronic properties of the system. Fig. 13 shows the band structures
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Fig. 13. Band structures of a silicene channel upon absorption of 4 to 52 lithium atoms onto it.

obtained for the silicene channel during the adsorption of 4 to
52 lithium atoms. It is seen that an increase in the lithium con-
centration in the channel leads to semiconductor-conductor and
conductor-semiconductor transitions. When Li / Si = 1, the sys-
tem acquires semiconductor properties with an indirect band gap
of 0.244 eV. Earlier in [37, 38], it was reported that the adsorption
of lithium on single-layer silicene in a 1:1 ratio leads to the ap-
pearance of semiconductor with a straight band gap of 0.388 eV.
At a Li / Si ratio of 1.4 (52 lithium atoms), the system is finally
metallized.

4. Discussion

The gravimetric capacity (954 mA « h [ g) obtained in this work,
which ensures the stability of an anode made of perfect two-layer
silicene, turned out to be lower than the corresponding character-
istic (1384 mA « h | g) calculated within the framework of clas-
sical molecular dynamics [15]. Perhaps this is due to the inaccu-
racy of the empirical potentials used and a different size of silicene
sheets (each sheet of silicene contained 54 atoms) in [15]. In ad-
dition, we found that the silicene anode has unconfirmed stability

up to a gravimetric capacity of 2223 mA « h | g. The anode was
formed from a free-standing two-layer silicene. Real silicene can
exist only on the substrate on which it is obtained. It was shown
in [39] that the substrate stabilizes silicene. Therefore, it is quite
possible that the actual achievable gravimetric capacity of the sil-
icene anode will be higher than 954 mA « h | g.

DFT calculations predict the existence of various stable Li-Si
phases [40-42]. Among them, Ll] Si], Li]25i7, Li7Si3, Li13Si4, Li]5si4,
and Liy,Sis. The presence of these phases was also confirmed us-
ing a DFT calculation with random structure searching in [34], in
which one more phase Li;;Siy was also found. The methods used
in [34, 40-42] determine the configurations of atoms correspond-
ing to a temperature of 0 K; such an important factor as the ef-
fect of temperature on the stability of configurations was not taken
into account here. First principle molecular dynamics calculations
were not performed. Each of the found phases corresponds to local
energy minima. Therefore, they can be considered as metastable
compounds of lithium with silicon. In general, the question of
how correctly the multiple phases, even metastable ones, are de-
termined for Li-Si is still open. The point is that these "phases"
were defined in too small systems. In this case, the locations of
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individual atoms had a noticeable effect on the energy of the sys-
tem, and the absence of molecular dynamics calculations did not
allow obtaining equilibrium (relaxed) systems in each case. More
accurately, the difference between Li-Si phases was determined us-
ing in situ X-ray diffraction [43]. In this experiment, it was shown
that at the end of the lithiation process, the amorphous Li,Si phase
crystallized into the metastable Li;5Si4 phase.
The energy stored by a battery E is given by:

E=/VdQy =Q/\V (9)

At the same level of the anode charging (up to Ni; /[ Ng; < 2.3),
the energy stored by the battery, calculated from the voltage pro-
file established in this work, turns out to be 7% less than one de-
termined from the voltage profile of work [34].

In [41], the experiment was carried out at low (room) temper-
ature. Cold nuclei of crystallization could form at the stage of for-
mation of the amorphous phase. However, they could not cause
the rapid crystallization described in the work. Since there is an
activation barrier for the initiation of crystallization, external heat-
ing of the system is necessary for its passage, which was not there.
Nevertheless, crystallization of an amorphous body is still possible
at low temperatures, if a hot crystallization center appears in the
system. The accidental appearance of a hot region is possible, for
example, due to the local accumulation of nucleation centers of the
crystalline phase [44]. The appearance of such a region stimulates
more intense nucleation and accelerated growth of the crystalline
phase with self-heating. It is this character of crystallization that is
described in [43].

In [45], on the basis of model concepts, multistage phase trans-
formations of crystallization - amorphization during the formation
of various lithium-silicon phases as a result of cycling were consid-
ered. Based on model concepts, it is argued that the energy barri-
ers separating the crystalline and amorphous phases are the main
reason for the prolonged voltage plateau for silicon electrodes. Ac-
cording to the data obtained in the model, the initiation of crys-
tallization is described using typical homogeneous nucleation. The
presence of fragments of the crystalline phase of Lij5Siy in the
corresponding amorphous phase is also allowed, which, as a rule,
can be observed experimentally in various systems. However, the
model does not explain the appearance of multiple specific Li-Si
phases during lithization of a silicon electrode and does not con-
sider the possibility of the local release of excess electrical en-
ergy required for the initiation of crystallization of the amorphous
Li15Si4 compound.

Intensive research to improve the functionality of the thin film
silicon anode continues. The procedure for the formation of amor-
phous thin lithium-silicon layers has shown itself as a promising
approach to reducing significant losses in the capacity of the an-
ode material [46]. The preliminary lithiation of thin silicon films
to incorporate lithium into the electrode material makes it pos-
sible to increase the electronic conductivity of the electrode, re-
duce irreversible power losses in the first cycle, and stabilize the
Coulomb efficiency. However, during cycling, the electrode surface
is oxidized, forming a LixSiOy film, which leads to a slow change in
the electrochemical properties of the electrode.

Liquid electrolytes used in lithium ion batteries may contain
compounds containing halogens, carbon, nitrogen, oxygen, and hy-
drogen, among them: LiN (SO,CF3),, LiClO4, LiPFg, LiBF4, or LiBH4.
The liquid electrolyte is in direct contact with both the cathode
and the anode. When charging the LIB, the anode is filled with
lithium. If the anode material contains cavities, they are filled with
Li atoms, which, due to the tendency to form a covalent bond, can
form Li, clusters [47]. A cationic cell in the form of a cluster easily
attracts the anion (F~, ClI7) present in the electrolyte and estab-
lishes a strong electrostatic bond with it [47]. There is also a pos-
sibility of CLip, NLip, OLiy, or HyLiy clusters forming. The stability
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of such clusters containing from 1 to 7 Li atoms was considered in
[48-53].

5. Conclusion

In the present work, we studied the stability of the silicene an-
ode with respect to its filling with lithium. The calculations are
based on the DFT method and first principle molecular dynamics
runs using a Nose -Hoover thermostat. The data obtained refer to a
temperature of 293 K. The structural, energy, and electronic prop-
erties of a silicene channel filled with lithium from the inside and
outside are calculated. The channel of perfect silicene remains sta-
ble when filled with lithium up to a gravimetric capacity of 954
mA h | g. However, the range of stability of the lithium-absorbed
silicene channel can be expanded if the channel is located on a
substrate. When the ratio of lithium to silicon is ~ 1, a minimum
of cohesive energy is achieved between the surfaces formed by
lithium and the silicene sheets, and the maximum bond stretch-
ing in the silicene sheets is also created. The absorption of lithium
leads to a constant change in the electronic conductivity, so that
there are semiconductor-conductor and conductor-semiconductor
transitions.

The use of a silicene anode with a substrate can provide a 3-
4 times higher charging capacity of lithium-ion batteries than is
possible with a conventional graphite anode.
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