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A B S T R A C T

To date, lithium-ion batteries have become one of the most important energy storage devices. Creating lithium
ion microbatteries using materials structured at the nanoscale allow you to create solid-state lithium-ion bat-
teries that have the fastest electrodes. In this work, we propose the design of an element of a lithium-ion current
source, which has a 10 times higher stored energy density than similar devices that are widely used at present.
The developed electrochemical cell has a fully solid-state design. The active material of the anode is silicene, a
solid-state electrolyte is used, the cathode is made of complex transition metal oxides, and an ultra-thin in-
sulating pad is used. The presented element of the secondary lithium-ion battery has a theoretical capacity of
3500 mAh g−1 and a high charging speed. The electrochemical cell is characterized by small size, low cost of
components and operational safety.

1. Introduction

On the way to creating personalized medical devices and ones for
intellectual linking of various biological organs, modern medicine
needs flexible, high-performance solid state microbatteries. Such bat-
teries are a major factor affecting the total weight and size of any im-
plantable and wearable devices. In particular, the need for radical
changes is seen in the use of potentially damaging orthodontic appli-
cations. Of course, every implantable device must pass a toxicity test
before it is used. Following the integration strategy, implantable flex-
ible electronic components should be equipped with a flexible battery
or even a battery module. Such a module can be created, for example,
by transferring several batteries to polyethylene terephthalate and their
connection using a composite material based on aluminum.
Furthermore, flat-panel printed micro-batteries without separators can
be designed for micro-level applications.

The disadvantage of modern batteries is their relatively low capa-
city, high weight and low charging speed [1]. It is possible to increase
the productivity and efficiency of this electrochemical device by using
new materials in its design. The main functional parts of the battery are
the cathode, anode, electrolyte and separator, which passes the desired
ions in a given direction. As the active material of the cathode of li-
thium ion batteries (LIBs), lithiated cobalt, nickel and manganese
oxides are intensively used. The use of nanomaterials with a small
particle size and a more uniform distribution of their size can improve
the electrochemical characteristics of the cathode material. A cathode

material is also created based on the lithium-iron phosphate compound
LiFePO4 having an olivine structure.

The anode material is mainly graphite and other carbon materials;
in particular, a mixture of graphite or graphite materials with “soft” or
“hard” disordered carbons. Recently, one is increasingly resorting to the
use of carbon nanotubes (CNTs) when designing the anode of a lithium
battery. The disadvantage of carbon anodes is their low capacity, the
theoretical value of which is only 372 mAh g−1 [2]. Anode materials
must have high characteristics of specific capacitance, be safe during
operation, give high current densities and have a low price. Such ma-
terials include silicon, tin, their compounds, transition metal nitrides, as
well as composites including these materials. As is known, silicon is
characterized by a high theoretical specific capacity (4200 mAh g−1)
and can be considered as the main candidate for use as an anode ma-
terial in LIBs [3]. However, crystalline silicon has a strong change in
volume during cycling, as a result of which it is rapidly destroyed. The
transition to thin-film silicon anodes avoids this drawback, but another
difficulty appears.

Thin-film silicon anodes have a relatively large capacity loss during
the charge-discharge process. However, the stability of this process
increases significantly with decreasing thickness of the silicon film.
Thin film anodes based on SnO2 have a rather high capacity (~700
mAh g−1) and good stability during the charge – discharge process [4].
However, during the first cathodic polarization, a significant amount of
electricity is expended on an irreversible capacity.

The standard liquid electrolyte is a 1 M solution of LiPF6 in a
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mixture of ethylene carbonate and dimethyl carbonate. The battery can
be made fully solid state. In a thin-film battery, a solid inorganic
electrolyte of the composition Li3,6Si0,6PO4 can be used. At present,
LiPON is often offered as an electrolyte for thin-film batteries. The
conductivity of LiPON at room temperature is almost two orders of
magnitude lower than that of conventional liquid electrolytes.
However, its integral resistance is acceptable for a typical electrolyte
thickness of the order of 1 μm.

The separator separates the positive and negative electrodes inside
the LIB and serves to prevent short circuits. Below a temperature of
130 °C, LIB can use a polyethylene separator, or, for example, a poly-
propylene separator with a polymer binder composite and cerium oxide
nanoparticles deposited on it.

After a large number of charge and discharge cycles, lithium den-
drites appear in the LIB with liquid electrolyte. They shorten battery
life, cause a point rise in temperature and short circuits. Moreover,
dendrites can grow so much that they destroy the battery cells, causing
an explosive chemical reaction between the electrodes and the elec-
trolyte.

A new polymer electrolyte for electrical double layer capacitor
containing alkali metal salts and ionic liquid to facilitate ion diffusion
was investigated in a temperature range of 30–120 °C [5]. The creation
of hybrid superacapacitors or “supercapattery” allows you to extract
good values of the specific power and energy from the same device.
Polypyrrole (PPy) in combination with a classic battery electrode can
improve the specific power of an element while maintaining good
specific energy. For this, in a battery based on an aqueous electrolyte,
for example, a PPy electrode connects to a zinc or lead-sulfate anode
[6].

Solid polymer electrolytes have a temperature limitation on the
mobility of cations, so that their real ionic conductivity is from 10−3 to
10−5 S · cm−1 [7,8]. A solid electrolyte in the form of an acicular
crystalline organoboron compound was proposed in works [9,10]. The
conduction mechanism is based on the interaction of the organoboron
compound with the anion of the Li salt. A large path of lithium ions is
created due to the corresponding structural orientation. The maximum
ionic conductivity (2.7–7.1) × 10−4 S · cm−1 is reached on a range of
30–60 °C.

So far, fully solid-state low-temperature batteries are under devel-
opment. For example, a battery was tested with lithium metal as the
anode and LiFePO4 as the cathode [9]. A low-temperature solid elec-
trolyte can be made on the basis of starch, the monomer of which
contains two -O-C-O- bonds, which promote the dissociation of lithium
salt [11]. A battery with such an electrolyte is capable of discharging
not only at room temperature, but also at −20 °C. At room tempera-
ture, the average ionic conductivity of the electrolyte was 3.10 × 10−4

S · cm−1. However, the average discharge capacity of the battery, ob-
tained during 200 cycles, was only ~114 mA h g−1. The main factor in
reducing the LIB performance when the temperature is lowered to

−10 °C is high charge transfer resistance Rct. The main contribution to
the increase in Rct is made by the anode (graphite) and cathode [12].
The use of traditional electrodes also creates the problem of rapidly
reducing the charge storage capacity with increasing charge/discharge
rate [13]. At the same time, the amount of energy delivered at high
power is reduced. Ways to solve the problem are reducing the thickness
of the electrode [14], enhancing solid-state diffusion [15], increasing
the porosity of the electrode [16], etc.

This article discusses the new design of the miniature LIB element,
on the basis of which it is possible to achieve very high energy con-
sumption and LIB power with stable security.

2. Materials and methods

In a typical LIB, energy is released during the transfer of lithium ions
between two electrodes – an anode and a cathode, with a cathode ty-
pically comprising lithium and transition metals such as cobalt, nickel
and manganese. The ions flow between the electrodes through a liquid
electrolyte.

The designs of electrochemical cells shown in Figs. 1 and 2, we have
developed on the basis of both first-principle and classical molecular
dynamics calculations [17,18]. The use of a graphite substrate for

Fig. 1. Xy silicene sheet projection, after lithiation process (after 50 ps): (a) silicene on graphite substrate; (b) silicene on Ag(111) substrate.

Fig. 2. Schematic diagram of LIB with liquid electrolyte.
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silicene leads to a significantly larger capacity of the electrochemical
cell than the use of metal (Ag, Al, Cu, and Ni) substrates for this purpose
[19,20]. Table 1 shows the values of the adhesion energy between the
metal substrate and the sheet of silicene (Eadh), the bond lengths be-
tween the metal atoms in the substrates and the total electric charge Qv,
which silicene acquired from the substrate when the number of Si
atoms and the metal substrate was 1: 2.67. The charge calculation Qv
was based on the estimation of the elementary charge of the atoms of
the system by the method proposed in [21]. This method uses the
partition of the space occupied by atoms into sections using Voronoi
polyhedra. Then, the charge density ρ, corresponding to this part of
space is taken into account as the charge for the atom.

The adhesion energy Eadh between silicene and graphite (0.03 eV/
atom) is significantly lower than that between silicene and the metals
we have examined [22]. Low values of Eadh contribute to the pre-
servation of the remarkable physical properties of silicene, including
ensuring the effective functioning of the anode. The largest negative
charge is transferred from the Ni substrate to silicene and the adhesion
energy in this case is the largest. The lowest charge is transferred to
silicene from the Al substrate at the minimum adhesion energy among
presented in Table 1.

Below are the results of the lithium intercalation process into the
two-layered silicene channel obtained by molecular dynamics (MD)
modeling. The Fig. 1 shows the snapshot of sheet of silicene directly
adjacent to the substrate at the final stage of the intercalation process in
the two-layered silicene channel placed on the graphite (Fig. 1a) and Ag
(111) (Fig. 1b) substrate (lithium is not shown in the figure). It can be
seen that silicene located on a silver substrate is more impressible to

destruction. This result is a consequence of the silicene high adhesion
energy to the metal substrate.

3. Results and discussion

3.1. Design of the electrochemical cell

Schematic diagram of LIB with liquid electrolyte is shown in Fig. 2.
The space between the cathode and the anode is filled with liquid
electrolyte. A separator is placed in the liquid electrolyte, separating the
cathode and anode parts of the battery and preventing it from short
circuiting. So far, it has not been possible to solve the problem of the
formation of a solid electrolyte interphase (SEI). Typically, the SEI layer
results from the decomposition of organic and inorganic compounds.
This occurs mainly after the first charge/discharge cycle. SEI contains
electrolyte and active material (lithium) components.

The degradation of a cathode made of layered transition metal
oxides, such as LiCoO2, occurs due to fatigue and its loss of free lithium.
The associated decrease in capacity can be slowed down by using an-
odes with stable potential and/or anodes containing lithium. To elim-
inate adverse reactions at the electrode/electrolyte interface, suitable
solid-state electrolytes can be used [23].

When using liquid electrolyte, the mechanical load during cycling
can completely break the separator if it was previously damaged. A
short circuit that occurs inside the cell creates very high currents and
causes the cell to overheat. The critical temperature is T= 200–220 °C.
At such temperatures, pressure rises, the cell breaks down, and the
electrolyte filling it enters into reactions, releasing volatile substances.

In this case, the electrode material decomposes, and as a result of
the reaction, hydrogen is released, which ignites from the spark. One of
the methods for solving this problem is the use of solid electrolytes.
Their variety is electrolytes, consisting of polymer chains forming a
rubbery lithium conductor. This method inhibits the growth of den-
drites. However, such complex materials cannot recover from damage.
Many modern solid electrolytes withstand the mechanical stresses that
appear during cycling, do not allow dendrites to grow, and thereby
largely solve the LIB safety problem.

The schematic diagram of the electrochemical cell under

Table 1
Adhesion energies between the metal substrate and the perfect silicene sheet,
the bond length between the atoms in the substrates and the total charge of
silicene.

Property Al Ni Cu Ag

Eadh, eV 0.341 0.898 0.852 0.414
Me-Me, Å 2.896 2.492 2.629 2.919
Qv, a.u. −0.339 −1.412 −0.955 −0.955

Fig. 3. Schematic diagram of the cell lithium-ion battery with a silicene anode.
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consideration is shown in Fig. 3. The LIB element is a fully solid. The
anode part of the element consists of a copper current collector, a si-
licon film deposited on it and perpendicular to it sheets of silicene, one
of which is on a graphite substrate. Both sheets of silicene are bonded to
a nanostructured silicon film by electrical discharge. Between the sheets
of silicene is a solid electrolyte, which through a molecular sieve is in
contact with the cathode. In a solid state battery, the separator can be
an order of magnitude thinner (3–4 µm) than in a “traditional” lithium
battery, or completely absent. Between sheets of silicene, including a
sheet located on a graphite substrate, and the cathode, an insulating
film is located, at the site of contact of which with the electrolyte a
molecular sieve is created. The sieve allows lithium ions to pass from
the solid electrolyte to the cathode and vice versa. When the cell is
charged, Li+ ions under the influence of a constant electric field exit the
electrolyte and rush mainly towards the film of nanostructured silicene.
Due to the movement along the lines of the electric field directed to-
wards the silicene sheets, as well as in collisions, they lose energy and
are deposited on the surface of silicene, and at high density they also fill
the central part of the silicene channel. Some ions are deposited on a
nanostructured silicon surface. Such a movement makes it possible to
fill the silicene channel with Li+ ions as densely as possible. When the
battery is discharged, lithium ions move in the opposite direction.

Thin-film solid electrolytes can be used in the cell - the so-called
antiperovskites, for example, Li3OCl, Li3OBr and Li3OCl0.5Br0.5, which
demonstrate high stability during cycling. Electrolytes with a garnet-
like structure: Li5La3Ta2O12, Li5La3Nb2O12 as well as sulfide type Li-ion
conductors: Li10GeP2S12, Li2Sn2S5 and others have high electrical con-
ductivity. Types of solid-state electrolytes and the prospects for their
use are well discussed [24]. The electrolyte is in a bound state. High
electrical conductivity is one of the main requirements for such an
electrolyte. The main strategies for increasing the ionic conductivity of
solid electrolytes are described in Ref. [24]. This battery is the most
environmentally friendly and practical in all respects. It has the highest
level of energy intensity. A schematic diagram of an electrochemical
cell for a secondary LIB is shown in Fig. 2. The anode (left) contains a
current collector (thin copper film), an insulator, and two sheets of si-
licene, one of which is located on a graphite substrate. Due to the close
density of graphite and silicon, the main factor affecting the specific
capacitance of the electrode will be a significantly higher adsorption
capacity of silicene. Therefore, the graphite substrate should be as thin
as possible.

In this design, the substrate and the sheets of silicene belonging to
the anode are isolated from the cathode. The upper silicene sheet does
not have a graphite substrate, which allows both sides of this sheet to be
used in the construction of the LIB. LIB can be obtained by joining in the
vertical direction of such cells. It is more advantageous to connect
mirror elements (relative to a plane parallel to the plane of silicene). In
this case, in principle, for two sheets of silicene (without support), each
of the surfaces can be used for lithium adsorption. Silicene sheets are
separated by a gap of 0.24–0.75 nm using a solid electrolyte (right). The
value of hg = 0.24 nm was determined in the DFT calculations as a gap
in a two-layer freestanding silicone [25]. To study lithium intercala-
tion/deintercalation in a silicene channel on metal substrates, a gap of
hg = 0.75 nm was used [26–28]. On the left, the sheets of silicene rest
on a film of silicon deposited on a copper foil. The cathode (right) is in
direct contact with solid electrolyte only. When charging the battery,
Li+ ions fill the silicene channel (anode element), and when discharged
through a solid electrolyte, they partially return to the cathode. The
main features of the electrolyte are the higher ionic conductivity and
high electrical resistivity. The cathode can be made of LiCoO2, ZrO2,
Al2O3, Li3PO4, LiNbO3, LiTaO3 and many other materials. High-energy
cathodes with high chemical resistance for LIBs are discussed earlier
[29]. External electrical circuits are conventionally shown. A battery
discharge is accompanied by a decrease in voltage between its elec-
trodes.

3.2. The implementation of the design of the electrochemical cell

Silicene on a graphite substrate was obtained experimentally by
direct deposition of silicon on a chemically inert graphite substrate at
room temperature [30]. Highly oriented pyrolytic graphite (HOPG)
12 × 12 × 1 (mm) in size was used as a substrate. A fresh graphite
surface was obtained by peeling off the HOPG substrate with tape in a
nitrogen atmosphere, and then transferred to an ultra-high vacuum
(UHV) chamber. High-purity silicon (Sil’tronix ST, ρ = 10–9

Ohm × cm) was evaporated from a tungsten crucible in the form of a
basket located 200 mm from the substrate. The deposition was carried
out under ultra-low pressure (10−10 Torr) with a constant speed of
0.01 nm/min (0.04 ml min−1) at room temperature. Due to the specific
nature of the HOPG substrate, which is formed by large and very flat
single crystals disoriented in the basal plane with respect to each other
around the growth axis (0001), it was not possible to perform reliable
low-energy electron diffraction studies. The diffraction pattern was
formed by a series of continuous circles with some spots reflecting the
crystal structure of each graphite single crystal. Using the scanning
tunneling spectroscopy and calculation of the band structure, the me-
tallic character of the deposited silicene was shown. DFT calculations
also reflect the presence of the Dirac cone. The size of the grown
homogeneous silicene structure was approximately 2 × 2 (μm).

A porous Si/copper film with a large surface area can be fabricated,
for example, by electrodeposition [31]. In addition, nanostructured si-
licon can be deposited on copper foil, which serves as a current col-
lector in LIB. You can use copper foil with a thickness of 50 nm and
even 20 nm. In this case, the adhesion between copper and silicon must
be reliable. For this, a film with a thickness of ~100 nm, consisting of
Ti-W (90%/10%) Ta, or TiN is deposited and serves as a bonding agent
for adhesive purposes between the silicon film and the current collector
copper foil. This minimizes the dissolution of copper and the formation
of dendrites.

Silicene does not exist in nature as a three-dimensional material,
because silicon atoms prefer sp3- rather than sp2 hybridization. This
makes the synthesis of free-standing silicene very difficult, if not im-
possible. However, by epitaxial growth of silicene, it is possible to ob-
tain it on metal substrates, and then use the outstanding properties of
this material by transferring it to an insulating substrate [32]. In ad-
dition, calculations from first principles show that the interaction of
silicene grown on hexagonal boron nitride with a substrate is very
small. As a result, quasi-free-standing silicene is realized on this sub-
strate [33].

Defects in single-layer materials in the form of vacancies are easily
induced by laser radiation or an electron beam. They are almost in-
evitable in the manufacture and processing of monolayers. Sometimes
small defects are introduced purposefully for specific applications [34].
For example, two-dimensional materials with defects are an excellent
membrane for gas separation [35].

The connection of sheets of silicene with nanostructured silicon
deposited on a copper foil can be carried out using an electric discharge
using a technology similar to splicing of optical fibers [36].

The 2 µm thick Li3OCl film used as an electrolyte demonstrates
excellent stability and compatibility with metallic Li [37]. Anti-per-
ovskite Li3OCl films with increased ionic conductivity are deposited by
pulsed laser deposition at temperatures below 300 °C. It was found that
the ionic conductivity of the Li3OCl films is 8.9 · 10−6 Cm cm−1 at room
temperature and 3.5 · 10−4 Cm cm−1 at 140 °C.

As a flexible insulator, an organic polymer poly (1,3,5-trimethyl-
1,3,5-trivinylcyclotrisiloxane) (pV3D3) can be used. It is obtained by
the method of initiated chemical vapor deposition (iCVD) [38]. Gaseous
monomers in a high vacuum react with polymerization initiators. As a
result, ultrathin (~8 nm) polymer films are formed on the substrate.
Uniform and pure ultrathin pV3D3 films with excellent insulating
properties, have a very large band gap (> 8 eV) and tensile strain re-
sistance of up to 4%. In the absence of solvent, the iCVD process allows
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conformally growing pV3D3 on plastic substrates, as well as on various
channel layers, including organics, oxides, and graphene.

The insulating pad separating the anode from the cathode is made of
an ultrathin pV3D3 film, on which holes are punched at the junction of
the solid electrolyte with the cathode using ion bombardment. A sieve
in the insulating pad between the electrolyte and the cathode allows
Li+ ions to flow from the electrolyte to the cathode in the discharge
mode and back when charging.

3.3. A specific example of the design of an electrochemical cell

Freestanding silicene is a narrow-gap semiconductor with a direct
band gap of about 0.15 meV [39]. It was found that when silicene forms
on graphite, the band gap increases to about 37 meV and becomes quite
comparable with the band gap of silicene on graphene (57 meV) [40].
The low electrical conductivity of this material should manifest itself in
a low rate of charging and discharging LIB. However, silicene on the
substrate can significantly change its electronic properties, including
becoming a conductive material [3].

The theoretical electric capacity (EC) of the material “silicene on
graphite” in mAh g−1 can be calculated as [41]:

=
+

EC n F
n m n m3.6( )

Li

C C Si Si (1)

where mSi and mC are the masses of silicon (Si) and carbon atoms (C);
nLi, nSi and nC are the number of Li, Si and C atoms in the supercell,
respectively; F - Faraday constant, F = 96 486.7 C mol−1.

It is possible to estimate the capacity of the silicene layer on gra-
phite, taking into account the fact that for the actually obtained silicene
and graphene at 2 nm2 there is 1 vacancy type defect (mono- or biva-
cancy) [3]. It is reasonable to assume that a maximum of 4 top layers
can be active in graphite, i.e. lithium ions that have passed through
defective silicene can drop to this level. It is this number of graphite
layers that can be limited to obtain a one-sided Si-C layer. For double-
sided graphite coating with silicene (Si-C-Si), eight-layer graphite can
be used. Then the composition of SiC7 will approximately describe the
ratio between the atoms of the active layers of silicene and graphite.
The initial coating of silicene with one layer of Li atoms corresponds to
the loading of 16 Li per supercell. Then, in accordance with (1), the
active material SiC7 corresponds to a capacity of 955.84 mA h g−1,
which is more than 2.5 times the capacity of graphite. If for each Si-C
layer, in addition to one layer located on graphite, there will be 1, 2, 3,
4 ones having 2 working surfaces, then the total capacity of the ob-
tained LIB element will be 2577, 3118, 3388 and 3551 mAh g−1, re-
spectively. Already with one additional layer of silicene, an electrode
capacity of almost 7 times higher than that of graphite will be achieved.
The active part of the anode element with a capacity of at least 3500
mAh g−1 is shown in Fig. 4.

One layer of silicene binds to the graphene layer (one layer of
graphite) with an adhesion energy of about 0.025 eV/atom [42]. This
energy is significantly lower than the adhesion energy between the
metal substrate and the perfect silicene sheet: 0.89, 0.41, 0.85, and
0.34 eV/atom for the (Ni, Ag, Cu, and Al) (111) substrates, respec-
tively. A graphite substrate cannot significantly change the physical
properties of free-standing silicene. Thus, such a substrate in contact
with silicene can successfully participate in intercalation/deintercala-
tion of lithium.

The actual charge capacity of a silicene electrode may decrease due
to the onset of mechanical instability. So, for a duo-layer silicene in the
absence of a substrate, the capacitance can drop to 1384 mA·h g−1 [22].
However, this value is still more than 3 times higher than the corre-
sponding theoretical characteristic of the currently functioning LIBs.
The high performance of microbatteries is made possible by a sharp
reduction in the thickness of their electrodes and electrolyte, which
reduces the diffusion path of ions by orders of magnitude. In addition,
ions in such super thin batteries, turn out to be significantly faster due

to a significant increase in the electric field strength. The field strength
increases greatly due to the small thickness of the used film materials.
Therefore, the force pushing the ions in the direction of the electric field
increases significantly. The microbatteries discussed here will be fully
functional even at room temperature.

The lithium diffusion coefficient (D) calculated by the molecular
dynamics method and averaged over the channel gap for the uni-
rradiated and irradiated (transmutation neutron doped) systems is
1.25 × 10–5 cm2 s−1 and 1.69 × 10–5 cm2 s−1, respectively. This is
only 5.4 and 4.0 times less than the self-diffusion coefficient of liquid
lithium at the melting point (6.8 ± 0.3 × 10–5 cm2 s−1) [43]. The
battery charging rate is already considered acceptable when the diffu-
sion coefficient of ions D in the anode is in the range from 10–10 to 10–13

cm2 s−1 [44]. The values of the coefficient D achieved in our model can
provide e a very high speed of charging the battery.

As component materials for a unit cell of a lithium-ion current
source, the following can be used:

(i) copper foil (industrial production) with a thickness of 20 nm and a
width of more than 2n μm as a current collector, where n is the
number of strips in the electrodes; the length of the foil is de-
termined by the size of the electrodes (see below);

(ii) nanostructured silicon with 5 sheets of silicene perpendicularly
attached thereto, one of which is directly adjacent to the graphite
substrate, with a thickness of not more than 8 layers, each silicene
sheet has a size of 4 × 2 μm, the graphite substrate has the same
horizontal dimensions, the gap between the silicene sheets is
0.75 nm, if they were not subjected to transmutation doping with
phosphorus, otherwise the gap can be reduced up to ~0.30 nm;

(iii) the electrical conductivity of Li+ polycrystals based on Li3OCl
(10−4–10−3 S cm−1) is one of the highest reported for crystalline
materials. The use of Li3OCl, Li3OBr or Li3OCl0.5Br0.5 can sig-
nificantly increase the electrolyte performance in miniature LIBs,
the width of one strip of the electrolyte film is 2 μm, and the length
is determined by the height of the unit cell of the lithium-ion
current source and the number of such cells; the number of bands
in the electrolyte corresponds to that in the LIB electrodes, de-
termined by the power of the created current source;

(iv) a cathode made of lithium cobalt oxide (LiCoO2), can be deposited
by radio frequency sputtering [45], the planar dimensions of the
cathode correspond to the dimensions of the anode components
and similar sizes of the used solid electrolyte;

(v) the insulating strip separating the anode from the cathode is made
of an ultra-thin pV3D3 film, the planar dimensions of the strip
correspond to that of the electrolyte and cathode.

Fig. 4. The active material of the multilayer silicene element for the anode with
a capacity of at least 3500 mAh g−1.
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3.4. Advantages of the proposed LIB design over other designs

A better understanding of the advantages of this anode design is
given by comparison with other previously proposed anodes.

Example 1. What happens when instead of silicene, silicon powder
(10 mm) is used as an anode component?

When using Si powders as the LIB anode, a large irreversible ca-
pacity (2090 mAh g−1) is created during the first cycle, and the number
of acceptable cycles is limited to only 10 [46]. In this case, crystalline Si
(c-Si) turns into amorphous Si (a-Si). This is due to the formation of the
c-Li15Si4 alloy during the first lithiation [47]. Complete introduction of
lithium leads to a large change in volume (up to 300%), which will soon
cause cracking and grinding of Si active materials [48]. Because of this,
there is a gradual loss of electrical contact between the Si and the
current collector, and the resulting film of solid SEI leads to a large
irreversible capacity and poor cycling performance.

Example 2. The use of other Si nanomaterials as an anode component.

Nanostructured Si materials with a particle size greater than 20 nm
are subjected to the same great deformations, stresses (as larger parti-
cles), and give a large change in the volume of Si during cycling [49].
However, between them, i.e. inside porous Si there is an empty space
that can also accommodate a large amount of lithium. Therefore, var-
ious nanostructured Si materials, including zero-dimensional (0D) Si
nanoparticles; one-dimensional (1D) Si nanowires, nanorods and na-
notubes; two-dimensional (2D) thin films; and a three-dimensional (3D)
porous structure can also be used as an anode material to improve
cycling [50].

Example 3. The use of a composite matrix in the design of the anode.

To partially remove the stress and increase the electronic con-
ductivity of the Si-based electrode, a composite matrix with high me-
chanical strength and high conductivity can be used. Such a solution
will prevent a decrease in capacity [51]. The composite structure can
significantly reduce the contact area between the active materials and
the electrolyte. This promotes the formation of a stable SEI layer [52].
Technology for creating MXenes materials uses various matrices (gra-
phite, amorphous carbon, metal, metal oxides) to improve the elec-
trochemical performance of Si-based anodes [53]. The formation of a
stable interface between the electrode and the electrolyte and electrode
reinforcement is facilitated by the functionalization of groups on the Si
surface. Such a procedure gives better bonding and preserves the in-
tegrity of the electrode when changing the volume of Si. A good re-
inforcing material is SiOx, giving a low volume change during cycling
[54]. Despite the fact that using SiOx a relatively stable cyclic pro-
ductivity is achieved; the use of this material leads to the formation of
silicates Li2O and lithium. Silicate formation leads to a large irreversible
capacity during the first cycle.

Example 4. Anode in the form of a 2D / 3D structure of active
materials.

The use of a copper current collector without a binder in the elec-
trode facilitates the transfer of electrons and ions throughout the
electrode, improves contact between Si particles and a copper collector,
and reduces the likelihood of breaking the connection of electrode
particles with an external circuit. For example, a Si/C multilayer film
electrode has a good-controlled Si-C interface due to its carbon coating
[55]. The active material of the anode in this case are porous Si na-
nowires that do not have a binder. A properly constructed 3D con-
ductive frame in Si allows you to increase the load density [56]. Im-
proving the mechanical properties of the electrode slows down
structural degradation during lithiation/deliteration processes.

Example 5. Anode in the form of a Si particle-graphite composite.

Si particles-graphite can be considered as well suited for next-

generation anodes [57]. They have high gravimetric ability, excellent
cyclability and are capable of producing high power density. The ad-
vantage of this design is that Si particles block the graphite mesopores
and prevent cracking of graphite flakes due to the appearance of high
stress caused by deformation. In addition, a low voltage is created in the
Si layer located in the internal macropores of graphite. All this leads to
minimal swelling of the electrode and to excellent stability during cy-
cling. The lithiation and delitiation of the graphite and Si component in
graphite composite electrodes during cycling can be observed using x-
ray equipment through operand energy [58]. Such a study allows us to
optimize the volumetric expansion of Si particles, to determine their
required number in mixed electrodes. Thanks to these measures, a
significant improvement in cycling, productivity and long-term stability
can be achieved.

The design of the electrochemical cell that we presented by the most
important characteristics (power, energy intensity, safety) significantly
exceeds the designs described in the above examples.

4. Conclusions

We have developed the design of the electrochemical cell, which in
its main parameters (capacity, power, safety) is noticeably superior to
existing analogues. Based on the union of hundreds or even thousands
of such unit cells, a new generation lithium-ion current source can be
created many times superior in terms of main parameters to existing
LIBs. A comparative analysis of the operational characteristics of the
proposed and the most famous to date LIB designs has been carried out.
It is shown that the proposed design exceeds the available ones not only
in all the main technical indicators, but has flexibility, extremely small
dimensions, a very high speed of charging the battery, low price and
high explosion safety. The materials necessary for its construction have
already been obtained. However, the manufacturing technology of such
an anode has not yet been developed. This work can serve as a starting
point for the serial creation of the fully safe electrochemical cell pre-
sented here and a new anode for the LIB based on it.
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