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Abstract

The functioning of the new anode materials in the form of silicene on copper and nickel substrates was tested by the method
of molecular dynamics. It is shown that, two-layer silicene, both ideal and with vacancy defects, on Cu (111) and Ni (111)
substrates is more preferable for intercalation of lithium than the corresponding material on Ag (111) substrate. In turn, a
higher capacity was found for a lithium-filled silicene channel on a nickel substrate than for a corresponding anode on a
copper substrate. In addition, local shear stresses in a functioning silicene anode on a Ni (111) substrate are lower than those
on a Cu (111) substrate.
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Electronic supplementary material The online version of this 1 Introduction

article (https://doi.org/10.1007/s10800-019-01344-9) contains
supplementary material, which is available to authorized users. The development of lithium-ion batteries (LIB) in the near

future may create conditions for their widespread use in
electric vehicles. To do this, it is necessary to meet signifi-
cantly higher requirements for both energy and power. In
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transport batteries currently used, it is necessary to replace
both electrodes and combustible organic electrolytes. The
anode material in the form of silicene on a copper or nickel
substrate is designed for lithium-ion batteries. In the last
two decades, various cathode materials have been intro-
duced for the lithium-ion battery. Among them are lithium-
nickel oxide, lithium-manganese oxide, and lithium-iron-
phosphate. However, graphite is still used as anode material.
The graphite anode has a non-high theoretical capacity
(~372 mAh g!), which is 10 times less than the capac-
ity of metallic lithium (3800 mAh g~!). In addition, when
performing the first cycle, there is an irreversible loss of
capacity of the graphite anode. Among the materials that
could be suitable for the manufacture of the anode, stand out
silicon and tin. Their theoretical energy densities are 4190
and 990 mAh g™, respectively. The reason that such anodes
still have not found use lies in their large swelling during
lithium intercalation. The formation of an alloy between Li
and Si is characterized by the reaction

44Li + Si — Li, ,Si (1

Tin can form with lithium an intermetallic compound
composition of which is similar to that reflected by reaction
(1), i.e., there can be 4.4 Li atoms per Sn atom. However,
along with this intermetallic compound, tin forms a number
of other compounds, in which a smaller number of Li atoms
are found per one tin atom [1]. An almost fourfold increase
in the volume of Si is accompanied by the appearance of
strong stresses in the electrode, because of which internal
cracks appear. Ultimately, when cycling, this leads to the
crumbling of the electrode. Electrode crumbling results
in loss of electrical contact and an increase in impedance.
Because of this, the electrode becomes unusable.

Attempts have been made to eliminate large volume
changes in lithiation using nanoparticles, porous structures,
nanocomposites, and thin Si films, including films with a
protective graphene shell that enhances electric and mechan-
ical properties [2]. In addition to massive volume expan-
sion, Si anodes were characterized by low conductivity and
the formation of unstable solid electrolyte interphase (SEI)
layers. It was shown that for satisfactory practical use, the
size of Si particles in a Si/carbon nanocomposite should be
less than 150 nm [3]. However, in the case of that study,
there were some drawbacks which reduce the efficiency of
the battery. In particular, the SEI remained unstable. The
sandwich-structured silicon thin film anodes should allow
to largely eliminating the unacceptable electrochemical and
mechanical degradation [4]. A stable film of SEI on the elec-
trode can be provided by the sandwich from silicon thin film
with lithium phosphorus oxynitride (LiPON) [5].

The development of proper anode material is still a chal-
lenge for the production of a new generation of ion batteries.
The improvements made for anodes with lithium [6], as well

@ Springer

as sodium and potassium [7] charge carriers, did not lead to
a significant increase in the capacitance of the electrode. As
an anode, it was proposed to use 3D Si structures formed on
the patterned copper current collectors. However, this design
only slightly improves the cycling characteristics without
sufficiently extending the life of the anode [8].

The need for efficient energy storage and transformation
devices is steadily increasing. The leading place among
these devices is taken by supercapacitors, which are reliable
and safe and have a high power density, and high charge—dis-
charge rate [9]. As the electrode materials, many oxides and
nitrides of transition metals were tested [10, 11]. However,
it is very difficult for these materials to produce an effective
current collection. Their practical application was negated
due to the larger contact resistance and high stiffness in the
joint [12]. Recently, an increasing preference has been given
to electrodes in the form of electroactive nanostructures
deposited on electrically conductive substrates. Such elec-
trodes are ideally suited for the development of new flexible
LIB [13]. Graphene-based flexible electrodes have a high
surface-to-volume ratio. In addition to flexibility, they have
a lightweight, better electrical conductivity, and own two-
layer capacity. Similar silicene-based electrodes using highly
conductive metal substrates, in addition to these qualities,
will have a much higher electrical capacitance. This makes
the nanocomposite material, “silicene on a metal substrate,”
the most promising candidate for use in flexible lithium-ion
batteries.

This article is devoted to the development of a new anode
material with a high specific capacity, which is a silicene-
copper or silicene-nickel nanocomposite.

2 Materials and methods

A silicene channel located on metallic Cu (111) or Ni (111)
substrates represented the anode in the model. The silicene
channel was formed by two silicene sheets with a size (x,
y) of each of them 4.8 X4.1 nm. Each sheet consisted of
300 Si atoms. The silicene unit cell contained 18 atoms, 6
(selected in a certain way) of which raised above the main
plane at a distance of 0.064 nm. Such a flower structure was
observed experimentally in silicene obtained on an Ag (111)
substrate [14]. The substrate overlying silicene in each of
the directions (x and y) was formed from four (111)—Ilay-
ers of a copper or nickel crystal and contained 1536 atoms.
Initially, the distance between the lower sheet of silicene
and the upper layer of the substrate was 0.26 nm, i.e., cor-
responding to the optimal value obtained in the DFT calcula-
tion [15]. The lithium ions were launched into the channel
alternately, one after the other, at regular intervals (10 ps).
It is known that, unlike graphite in silicon, an elementary
lithium particle is in the form of a neutral atom, and not as
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a charged particle, i.e., ion [16]. During the lifetime of the
Li" ion in the silicene channel (10 ps), it, as a rule, finds an
energetically favorable arrangement. The ion is fixed in this
position, and further, during the remaining intercalation time
(and some deintercalation time), exists as an atom. During
the time interval of 10 ps, it seems possible to calculate
the kinetic and mechanical (stress tensor) properties of the
system for a given number of particles (atoms). In order for
the calculations to be correct, each time when the number
of atoms in the system changes, these calculations are per-
formed again.

The initial location of the ions was chosen randomly on a
line drawn on the frontal plane (xOz at x=0) parallel to the
Oy axis at a distance hg/2 from each of the silicene sheets,
where 7, =0.75 nm is the gap between the silicene sheets
(channel height). The lithium ion had a positive electric
charge equal to an elementary electric charge. A constant
electric field acting along the Ox direction carried the ion
inside the channel. The electric field strength during the
intercalation of ions was chosen to be equal to 10 V/m, and
during deintercalation—103 V/m. The field strength range
of 10°~10* V/m is used to charge modern compact lithium-
ion batteries.

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. 1. During this time, 50 lithium ions were introduced
into the channel. All intercalating Li atoms are visible in the
figure, because silicene sheets are shown as transparent. A
significant part of Li atoms is located on the outer surface of
the strongly deformed silicene sheets. They can reach there
through the gaps between the impermeable sidewalls (not

2 electrolvte
"B

14 | Silicene

Fig. 1 The channel formed by perfect silicene sheets on a nickel sub-
strate after the intercalation process with lithium

shown in the figure) and the edges of the sheets. It is obvious
that a majority of Li atoms belong to the upper sheet.

The deintercalation in the silicene channel was also per-
formed sequentially, but in reverse order. In other words, the
last of the remaining ions during intercalation left the chan-
nel first and so on. Moreover, the time allotted to the ion to
exit the channel was 20 ps. During this time, the ion always
left the channel. In the channels under consideration, the
behavior of Li* ions during intercalation and deintercalation
was generally similar to the passage of these processes in the
silicon channel on the Al (111) substrate [17].

3 Calculation

Molecular dynamics (MD) calculations were performed
using the LAMMPS program [18], using parallel computa-
tions. The time step of integrating the equations of motion
of 0.1 fs allowed us to carry out correct calculations in the
NVT ensemble at 7=300 K without heating the system.

When using the LAMMPS program, the system should
not lose particles during the calculation, i.e., none of the
atoms must go beyond the rectangular container. Such a
container was created using the imposed force field. At the
initial moment of time, the distance from any Si or Cu atom
to the nearest container wall was not less than 0.5 nm, and
the distance from Si atoms of the upper sheet of silicene to
the upper wall of the container was 1.15 nm. Li* ions (or Li
atoms) interacted with the wall only when they approached
it at a distance of r <R ,.;=0.25 nm. This interaction
occurred in accordance with the Lennard-Jones potential
(12-6) with parameters 6=0.1 nm, e=1 eV. These param-
eters do not correspond to any real material. They are chosen
empirically in order to obtain an adequate model for study-
ing the processes of intercalation/deintercalation. When
the distance to the wall was less than 0.1 nm, the repulsive
force acting from the wall pushed the atom (ion) back to
the system.

The method of statistical geometry is a powerful tool in
the structural analysis of mainly irregular packing of vari-
ous 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 Voronoi polyhedron (VP) [19,
20]. In a restricted system, such as a channel filled with Li
atoms, VPs were built only when at least one Li atom was
in each half-space considered around the selected center (Li
atom).

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 y (x, y, z) and elon-
gated either in the “armchair” direction or in the “zigzag”
direction. Next, the resulting force acting on each of the
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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
[21]. In addition, the calculation of aya(l) takes into account
the directions a (x, y, z) of the velocities of the atoms i and j:

n | | n (u<uu>u)
= Zg(m) ) rs(Z X )
i l i J#i
@)
In expression (2), the following notation is used: n is the
number of atoms on the /th area, Q is the volume per atom,
m is the atomic mass, vil is the a projection of the velocity
of the ith atom, S; is the area of the /th surface element, fl‘]"
is the a projection of the force resulting from the interaction
of i and j atoms and passes though the /th area, and i; is the
coordinate of the atom i; the symbol u denotes the coordi-
nate of the contact point of the straight line through the cent-
ers of the atoms i and j and the /th surface element.

4 Results and discussion

Table 1 shows the comparison of the filling of the same
silicene channel located on Ag (111), Cu (111), and Ni
(111) substrates with lithium. Moreover, the channel could
have walls formed by perfect silicene, as well as silicene,
filled with defects: mono-, bi-, and trivacancies. On average
(not relative to the presence of defects in silicene and their
types), in the presence of a copper substrate, the amount of
intercalating lithium increases by 0.7%, and when a nickel

Table 1 The limit number of lithium atoms intercalating into perfect
and defective silicene channels on silver, copper, and nickel substrates

Vacancy type in silicene Substrate type

sheets - -
Silver Copper Nickel
Perfect 39 48 74
Monovacancies 51 67 91
Bivacancies 71 86 41
Trivacancies 79 60 60

substrate is used, it increases by 10.6% relative to the Ag
(111) substrate. In this regard, the nickel substrate is prefer-
able to both silver and copper. A positive factor is also the
fact that the maximum filling of the channel with lithium on
the Ni (111) substrate is achieved in the presence of mono-
vacancies in silicene. On Ag (111) and Cu (111) substrates,
this occurs when the silicene contains tri- and bi-vacancies,
respectively. With the increasing size of defects, the mechan-
ical stability of silicene decreases, and a channel with such

=
" Cu(111) substrate O L;:ﬁg{;‘j
3..
2.
i
o
= o 1 2 3 4 5
" Ni(111) substrate & Sizoms
000004 00 08
3] o.‘o.-..‘.é'o‘?' '.
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7
o
0 1 2 3 4 5
X/nm

Fig.2 The xy projections of the upper sheet of silicene with mono-
and trivacancies on the Cu(111) and Ni(111) substrates, respectively,
at the instant of complete lithiation

Table 2 Changes (in %) in the channel volume (relative to the initial state before filling the channel with lithium) at its maximum filling with
lithium and after complete lithium deintercalation in the silicene channels on copper and nickel substrates

(111) substrate Process direction

Type of vacancy defects

Perfect Monovacancies Bivacancies Trivacancies
Cu Intercalation +4.2 —-13.4 —19.1 —-14.6
Deintercalation +8.82 -1.96 +2.4 +2.3
Ni Intercalation -21.8 -10.3 -2.8 -73
Deintercalation -5.8 +2.34 +2.28 -21.6

@ Springer
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Fig.3 Angular distributions of the nearest geometric neighbors for
packings of Li atoms, corresponding to the limiting filling of silicene
channels on copper and nickel substrates. Captions in the margins of

walls undergoes more rapid destruction during cycling than
a channel with walls containing monovacancies.

Table 2 shows the changes in the volume of the silicene
channel at the end of the intercalation and deintercalation
processes, when the channel was placed on copper and
nickel substrates. After intercalation, a reduction in the vol-
ume of the channel is usually achieved, which is associated
with its significant deformation and the attractive effect cre-
ated by lithium filling up the channel. Only for a channel
with perfect walls on a copper substrate, a slight (4.2%)
increase in its volume was observed after the completion
of intercalation. The number of intercalating Li atoms (48
(Cu) vs. 74 for the nickel substrate) in this case also turns out
to be small. After deintercalation, the volume of the chan-
nel may either increase (as a rule, by a small amount) or
remain smaller than the initial one (before intercalation).
The channel with monovacancies on the Ni (111) substrate
has a moderate reduction (10.3%) of volume after intercala-
tion of 91 Li atoms. It is also characterized by a very small
(2.34%) increase in volume after deintercalation. Thus, the
use of a channel with monovacancies in this case is pref-
erable not only because of the maximum capacity reached

—_
Q.
N
2
-2
.

E trivacancies (Cu)

o « trivacancies (Ni)

the Figure inform the type of vacancies in silicene and the substrate
material (in brackets)

during lithium intercalation, but also because of the good
recovery of its volume during cycling.

The xy projections of the upper layer of the channel cut
by the mean (z = h; /2) plane are shown in Fig. 2. The view
is given from the side of the plane z = h; /2. Here, h; is the
vertical channel size after intercalation of lithium. The shape
of defects, especially trivacancies, is somewhat better pre-
served in the top sheet. In the bottom sheet, some trivacan-
cies have adjacent smaller defects. Such defects are five-link,
seven-link, and eight-link rings. The upper and lower parts
of the channel have approximately equal volumes, but the
numbers of Li atoms in them are different: with 37 Li atoms
present in the upper part and 30 Li atoms present in the
lower part, when the channel was located on a Cu (111)
substrate. In the case of using Ni (111) substrate separated
by a conditional horizontal plane passing through the mid-
point of the initial gap, the lithium atoms were distributed
as follows: 37 Li were based near the top sheet and only 23
near the bottom sheet. We notice that a significant portion
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

@ Springer
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Fig.4 The distribution of the average o,, stresses in the sheets of

silicene along the oy (armchair) direction when lithium is interca-
lated in a silicene channel located on Ni(111) and Cu(111) substrates.

atoms. There is a significant irregularity in the distribution
of lithium atoms over the area of silicene sheets.

Based on the construction of the Voronoi polyhedra,
the nearest geometric neighbors in the packings of lithium
atoms were identified. Figure 3 shows the distribution of
the angles @ of the relative position of these neighbors rel-
ative to the centers of the polyhedra. As seen from Fig. 3,
the substrate material has a significant effect on the shape
of the @ spectra. There are sharp peaks in the 6 distribu-
tions, which reflect the characteristic ordering of Li atoms.
The peaks at the angles kX 30° and kX 45°, where k is an
integer, correspond to an ideal crystal packing [22].

Such a packing appears in the silicene channel when
Li atoms are located above hexagonal cells formed by Si
atoms. Sharp peaks are much less pronounced when the
channels are located on a copper substrate. The intensity
of these peaks decreases as the size of vacancy defects in
silicene grows. Sharp peaks are significantly more pro-
nounced when the channel is placed on a nickel substrate.
This may be mainly due to an increase in the fraction of
Li atoms “attached” to hexagonal Si cells, since a change
in the total number of Li atoms in the channel (compared

@ Springer

Elementary platforms are elongated along the axis ox. The types of
defects in silicene and the stresses in question (in parentheses) are
indicated in the captions in the margins of figures (a)—(d)

with the use of a Cu (111) substrate) does not reduce the
intensity of sharp peaks, in the case of a Ni (111) sub-
strate. However, it should be noted that some of the sharp
peaks in the 0 distribution obtained with the nickel sub-
strate are shifted relative to the locations corresponding
to the crystalline packing. This indicates the presence of
a significant proportion of irregular packing of Li atoms
in the channel. The share of such a packing is especially
large in the channels on the Cu (111) substrate, for which
the @ distribution has a high irregular background. Impor-
tant information on the detailed structure of lithium in the
silicene channels, obtained after intercalation, is presented
in the Online Resource 1. It consists of the data obtained
by the statistical geometry method based on the construc-
tion of simplified Voronoi polyhedra (SPs).

The stress o generated by a force acting perpendicular
to the plane of silicene is the greatest when the channel is
filled with lithium when using substrates of either type.
The averaged distribution of stresses o, over silicene
sheets located on Ni (111) and Cu (111) substrates at the
time of the maximum filling of the channel with lithium is
shown in Fig. 4. Regardless of the presence of defects in



Journal of Applied Electrochemistry (2019) 49:1027-1034

1033

silicene, the local stresses o, in the silicene channel on the
copper substrate are noticeably higher than the corre-
sponding stresses appearing in the channel on the nickel
substrate. Moreover, the maximum values of the o,
stresses in the silicene channel on the Cu (111) substrate
are reached near the entrance of the ion to the channel,
when it has not yet lost much of its kinetic energy after
colliding with Si and Li atoms. In this case, the highest
value of the local stress 670 (6.45 GPa) is observed for the
perfect silicene channel on the Cu (111) substrate. The
resulting stress o** is about 43% of the ultimate tensile
stress az‘ﬁ‘ acting along the zigzag direction in silicene [23].
On a nickel substrate, the highest stress |o-$a"| (3.27 GPa)
is reached when trivacancies are present in the channel
walls. The magnitude of this stress does not exceed 21.8%

of the value of the o-z‘i:‘ stress.

5 Conclusions

The present study showed that both copper and nickel
substrate are more preferable candidates when creating
the LIB anode material, than the silver substrate. Sub-
strates of copper and nickel have different effects on the
capacitance and stress state created during the operation
of the silicene anode. The capacity of silicene channels
(both perfect and with vacancy defects) on a Ni (111) sub-
strate during lithium intercalation, as a rule, exceeds the
capacity of the corresponding Si channel created on the
Cu (111) substrate. The resulting maximum stresses in
the channel walls on the nickel substrate turn out to be
noticeably lower than the similar characteristics accom-
panying the process of lithium intercalation in the channel
on the copper substrate. These factors should be taken into
account when producing new advanced materials for the
LIB anode.
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