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Lithium-ion batteries (LIBs) are the main energy storage devices that have found wide application in the 

electrical, electronics, automotive and even aerospace industries. In practical applications, silicene has been 

put forward as an active anode material for LIBs. This is facilitated by its high theoretical capacitance, 

strength, and small volume change during lithiation. Thin-film materials containing two-layer silicene and 

intended for use in the LIB anode have been studied by the method of classical molecular dynamics. Among 

the important characteristics obtained is the fillability of the silicene anode (under the influence of an electric 

field), which was determined depending on the type of vacancy defects in silicene and the type of substrate 

used. Both metallic (Ag, Ni, Cu, Al) and non-metallic (graphite, silicon carbide) substrates are considered. 

The behavior of the self-diffusion coefficient of intercalated lithium atoms in a silicene channel as it is filled 

has been studied. Based on the construction of Voronoi polyhedra, the packing of lithium atoms and the 

state of the walls in the channel has been studied in detail. The change in the shape of silicene sheets, as well 

as the stresses in them caused by lithium intercalation, are analyzed. It has been established that two-layer 

silicene with monovacancies on a nickel substrate is the most optimal variant of the anode material. The 

results of this work may be useful in the development of new anode materials for new generation LIBs.  
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1. Introduction 

Currently, lithium-ion batteries (LIBs) have found 

applications not only in portable electronics, but also in 

electric cars, power tools, medical devices, smart watches, 

drones, satellites, and utility-scale storage. Each specific 

application requires appropriate battery sizes and designs, 

as well as charging capacity and speed. The duration of 

modern batteries is up to one year, and in some cases they 

can function for several years. In the absence of stable 

electrolytes, it was possible to achieve lithiation of the 

anodes (negative electrodes) to potentials close to metallic 

lithium. The decomposition of the electrolyte is retarded 

by the formation of a solid electrolyte interfacial layer 

(SEI). The aluminum current collector on the cathode side  

 

 

resists corrosion for a sufficiently long time, also due to 

the formation of a stable passivation layer. Cathode 

materials successfully withstand the mechanical stresses of 

repeated volume changes associated with the removal and 

introduction of lithium. The used electrode materials 

actually work on the verge of their functional limits. This 

means that an even greater removal of lithium from the 

cathode will cause a loss of oxygen, i.e. lead to irreversible 

structural transformations. At the same time, an even 

greater filling of the anode becomes impossible due to the 

complete absence of vacancies in the lattice, which should 

be filled with lithium ions. Surface coatings, electrolyte 

additives, and morphology optimization allow for thinner 

separators and current collectors, ultimately allowing for 

higher voltages.  

New electrode materials are regularly researched. 

However, their commercialization is possible only if they 

are scalable. In addition, it is necessary to ensure that the 

volumetric and gravimetric energy densities reflect the 
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energy density of the electrode, and not of the material. 

In other words, the performance of an electrode 

containing enough active material to realize the required 

energy density must be ensured. In connection with this 

requirement, we can only talk about a limited number of 

new classes of battery materials. Among the new 

materials, one can mention carbon phosphates, which are 

identified as a new type of mineral structure [1]. At the 

same time, despite the appearance of a number of 

metastable structures, their identification is not at the 

proper level. First of all, this concerns the identification of 

resistance to cycling, as well as to structural 

reorganizations. The structure can be predicted 

theoretically. But the problem is whether such structures 

can be synthesized and how [2]. 

For the normal functioning of small-sized devices 

(microsensors, drug delivery microsystems, 

micromachines), it is necessary to create high peak 

currents in a limited volume [3, 4]. This can be done using 

a self-contained power source with a stable current, such 

as a lithium-ion battery. Until recently, the microbatteries 

had a thin-film two-dimensional (2D) architecture suitable 

for industrial production [5]. However, as it turned out, it 

is difficult to achieve high power and energy density for 

2D structures with a small size. It is possible to increase the 

power and energy density without a significant increase in 

volume by switching to three-dimensional (3D) 

microbatteries [6]. The design of these batteries makes it 

possible to increase the proportion of active material in 

LIB. 

Rechargeable microbatteries have the same working 

principle as standard LIBs. Charge carriers (lithium ions) 

passing between the cathode and anode generate electrical 

energy. The cathode and anode are separated by a liquid 

or solid electrolyte. The main difference between 

microbatteries and standard LIBs is their small volume, 

which can be less than 0.01 cm3. Due to the small volume, 

the geometry and materials of the electrodes are critical 

to the power and density of microbatteries [7]. 

To reduce the size of traditional LIBs, inactive 

materials such as separators must be removed. In addition, 

high energy efficiency can be achieved by the 

introduction of new electrodes and electrolytes. Although 

commercial liquid electrolytes have high ionic 

conductivity, they are not safe due to the risk of leakage 

[8]. Solid electrolytes are being actively developed for 

microbatteries at the present time. The main problem is 

their unsatisfactory bulk and interfacial characteristics [9, 

10]. A solid electrolyte for a microbattery should have: 1) 

high ionic conductivity (10-4 S·m-1) at room temperature 

[11], significantly lower (than ionic conductivity) electronic 

conductivity [12], high electrochemical and thermal 

resistance to electrode materials [13], resistance to the 

formation of lithium dendrites [14], low cost and toxicity, 

ease of synthesis, and the possibility of production on a 

large scale. 

There are two main groups of solid electrolytes: 

polymer-based electrolytes and inorganic electrolytes. 

The first type achieves high ionic conductivity (up to 

10–4 S·cm–1), is easy to manufacture, has flexibility, and is 

able to limit the change in the volume of an electrode such 

as Si [15, 16]. The second type of electrolyte is divided 

according to the structure of the material into crystalline 

and glass. For example, perovskites and garnet-type 

electrolytes are classified as crystalline, while lithium 

phosphate-containing compounds are characterized as 

glassy [17, 18]. 

Improving the performance of microbatteries is 

achieved by optimizing the architecture of the 3D 

batteries, which can be done automatically with finite 

element modeling. To achieve this goal, an automatic 

geometry generator and a performance simulator [19] are 

used. For example, a quick estimate of the internal 

resistance that relates the power and energy density can 

be made using a 3D porous electrode model that mimics a 

transmission line model.In the stationary mode of 

operation of the microbattery, modeled by the finite 

element method, ion transport in the electrolyte was 

described by the Nernst-Planck equation, and electrode 

potentials – by Ohm's law [20]. It has been shown that the 

polymer electrolyte used in the microbattery is able to 

provide more uniform electrochemical activity, but is not 

able to withstand such high currents as liquid electrolytes. 

Finite element modeling makes it possible to reveal a 

picture of some phenomena occurring over a time interval 

approaching the real time interval. This determines the 

main merit of such calculations. However, the tool in such 

studies is a macroscopic description of systems and the 

phenomena occurring in them. Such an approach is not 

always justified when the events associated with the 

individual behavior of atoms and ions that carry out 

transport and directly interact with the electrode 

materials come to the fore. The study of phenomena 

occurring in operating LIBs at the atomic level is not less 

important than the numerical solution of problems 

related to the functioning of chemical energy sources 

using the finite element method. At present, when a huge 

amount of experimental research is being carried out 

related to the development of new high-performance LIBs, 

the molecular dynamics study of the selection of electrode 

materials for them is especially important. 

Among all potential LIBs anodes, silicon seems to be 

the most suitable candidate to replace graphite. The 

reason for this is the following circumstances: 1) Si has the 
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highest gravimetric capacity among other candidates, 

with complete lithiation, there are 4.4 Li atoms per 1 Si 

atom [21]; 2) the average discharge voltage that the Si 

anode exhibits is 0.4 V, thus there can be a good balance 

between the open circuit voltage and the absence of an 

unfavorable lithium coating process [22]; 3) Si is widely 

distributed in the Earth's crust, so it is potentially cheap, 

environmentally friendly, and non-toxic [23]. 

The silicon analog of graphene, silicene, is built in the 

form of a hexagonal grid of silicon atoms. This two-

dimensional (2D) material is of interest both in terms of 

fundamental research and applications in the electronics 

industry. According to theoretical calculations, many of 

the physical properties of graphene are also characteristic 

of silicene. In particular, silicene should have massless 

Dirac fermions, the quantum spin Hall effect should 

manifest itself in it, and there is the possibility of 

superconductivity in silicene [24]. The bonds between 

silicon atoms in silicene are formed due to the formation 

of a mixed sp2/sp3 hybridization [25]. Silicene exhibits a 

strong interaction with a metal substrate, which can 

significantly change the remarkable electronic properties 

of this two-dimensional material [26]. This, in particular, 

was found in the epitaxial silicene layer on the Ag(111) 

surface [27]. However, if the interaction of silicene with 

the substrate is much weaker, then it can retain the 

important properties of free-standing silicene.  

Silicene, which has a structure with low buckles and 

partial sp3 hybridization of silicon atomic orbitals, cannot 

exfoliate from bulk silicon. The main method for the 

synthesis of silicene is an epitaxial growth on solid 

surfaces. Silicene was obtained on metal surfaces (Ag, Au, 

Ir) [28–30]. In addition, silicene was grown on ZrB2 thin 

films located on Si wafers [31], as well as on ZrC [32]. In 

addition, silicene was obtained by molecular beam epitaxy 

on bulk MoS2 [33]. A silicon monolayer can be grown on 

highly oriented pyrolytic graphite at room temperature 

[34]. Silicene covered up to 80 % of the entire surface, but 

along with it, small silicon clusters up to 1 nm high were 

also formed on the surface. DFT calculations showed that 

the Dirac cone is present in the silicene on the graphite 

substrate. 

Typically, the substrates on which silicene is grown 

correspond to single-crystal surfaces of the material. They 

are prepared in an ultra-high vacuum environment (base 

pressure 10-10 Torr) to obtain atomically well-defined 

surfaces of at least a few hundred square nanometers. Still, 

silver surfaces are most commonly used as substrates. This 

is due to the good agreement between the lattice constants 

of Si and Ag, which are in the ratio ¾, as well as the 

insignificant miscibility of the Si and Ag solid phases at 

temperatures below ∼1070 K. The high sensitivity of 

silicene to the chemical environment can be used to tune 

its electronic properties through molecular adsorption. 

A wide variety of battery designs suitable for a wide 

range of operating conditions at low cost can be obtained 

from simulation combined with experimental verification. 

It was shown that the complete lithiation of silicene results 

in the transformation of the band structure of the zero 

semiconductor into the structure of a semiconductor with 

a band gap of 0.37 eV [35]. Graphene otherwise behaves 

during lithiation, turning into a metal [36]. In addition, 

after delithiation, silicene largely restores its state. This 

distinguishes it from crystalline silicon, which is destroyed 

during cycling [37]. Regardless of the concentration of 

adsorbed Li atoms, lithium easily diffuses on silicene, 

overcoming a low energy barrier [38]. A detailed study of 

the physical properties of silicene shows that it is a suitable 

material for lithium-ion battery anodes [39]. 

Improving the performance of LIBs continues. Many 

works are aimed at increasing the energy density while 

maintaining service life and safety. This review highlights 

the main studies performed by the method of classical 

molecular dynamics, which touch upon the design of this 

thin film silicene anode, the dependence of the functional 

characteristics of the anode on the defectiveness of 

silicene, the size of the gap between silicene sheets, the 

type of substrate used to support silicene, the structure of 

the packings of adsorbed lithium atoms, the mobility of 

these atoms in the course of intercalation and 

deintercalation, stress in silicene sheets due to the 

incorporation of lithium into the channel formed by 

them, and some other issues. 

2. Materials and methods 

In LIBs, chemical energy is converted into electrical 

energy during the discharge process, i.e. when lithium 

ions move from the anode to the cathode. The lithium ions 

in the battery are electronically isolated. Figure 1 shows a 

schematic of a liquid electrolyte lithium-ion battery. A 

liquid electrolyte generally has a higher ionic conductivity 

than a solid electrolyte. However, solid electrolyte 

batteries are safer than liquid electrolyte batteries. 

Silicene is more often obtained on a metal substrate from 

which it is difficult to separate. The use of silicene as an 

anode material in this case involves the isolation of the 

metal substrate from an external electrical circuit. The 

design of the electrode must also provide for the isolation 

of the metal substrate from the electrolyte. As a result, 

contact with the chain should be carried out only through 

silicene. 

As the battery functions, a SEI is formed at its 

negative electrode. SEI education has both positive and 

negative effects. The positive effect is that SEI protects the  
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Figure 1 Schematic of a typical state-of-art lithium-ion battery. 

electrode against solvent decomposition at large negative 

voltage. However, the gradual thickening of the SEI layer, 

associated with irreversible electrochemical processes, 

leads to a gradual decrease in battery capacity. At present, 

a detailed picture of the adsorption and desorption of 

lithium on silicene sheets located on both metal and non-

metal substrates can be displayed by computer 

simulation. 

Such calculations were performed by the classical 

molecular dynamics (MD) method. Interactions between 

Si atoms in silicene were described by the Tersoff potential 

[40], and interactions between Si atoms belonging to 

different silicene sheets were represented by the Morse 

potential [41]. The Morse potential has also been used to 

describe the Li-Li, Li-Si, Li-Me and Si-Me interactions, 

where Me = Ag, Ni, Cu, Al. 

A silicene channel located on either a metallic (Ag, 

Ni, Cu, Al) or a nonmetallic (graphite, SiC) substrate 

served as a model for performing molecular dynamics 

calculations. The channel was formed by two parallel 

sheets of silicene. The channel gap varied from 0.24 to 

0.85 nm depending on the purpose of the work [42]. 

However, in most calculations, the channel gap was 

0.75 nm [41]. It is with this gap that a lithium ion entering 

the channel could migrate for a long time (up to 0.1 ns) 

along it when an external electric field with a strength of 

103–104 V/m was applied [43]. A close value of the electric 

field (when creating a working voltage of 1.5 V) is achieved 

in LIB, when a LiPON film ~30 μm thickness is used as a 

solid electrolyte [38]. In the works discussed here, the 

minimum value of the electric field strength was selected 

(from the range of 103–105 V/m), which ensured the 

intercalation or deintercalation process. Similar 

calculations with different electric field strengths were not 

performed. The value of the channel gap must be 

consistent with the magnitude of the electric field strength 

under the action of which lithium ions can fill the silicene 

channel. The Li+ ion entering the channel had an electric 

charge for a short time (10 ps), and then received one 

electron from a negatively charged electrode (represented 

by a silicene channel) and turned into a neutral atom. In 

this state, it remained all the main time spent in the 

channel. Thus, neutral Li atoms were accumulated in the 

channel. To free the channel from lithium, a constant 

reverse electric field has been applied. The strength of this 

field was usually an order of magnitude higher than the 

field strength at which the intercalation was carried out. 

During deintercalation, atoms in the reverse order of 

entering the channel, or randomly selected, again 

acquired an electric charge (losing an electron). The time 

interval after which any Li atom received an electric 

charge was also 10 ps. The emerging ions left the silicene 

channel.  

Silicene had a floral structure, the unit cell which 

contained 18 Si atoms, six atoms of which rose above the 

basal plane by the distance of 0.064 nm (Figure 2). It is 

this structure that was identified in the preparation of 

silicene on the Ag (111) substrate [44]. The buckled 

honeycomb lattice of silicene has been confirmed by 

various experimental methods including non-contact 

atomic force microscopy, scanning tunneling microscopy, 

angle-resolved photoelectron spectroscopy, and low-

energy   electron   diffraction   [44].   In  addition,  such  a  

 

Figure 2 Top view of the silicene structure at the initial instant; 

an outline shows a surface cell unit of the silicene sheet. 
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structure occupies the largest part of the surface of 

epitaxial silicene on the substrate Ag(111) [27, 45]. 

The mutual arrangement of the parallel silicene 

sheets corresponded to the Bernal stacking (ABAB...), as 

well as for graphene sheets in graphite [46]. To preserve 

the morphology of the silicene sheets and avoid their 

rotation during simulation, the edges of the sheets were 

fixed. A short-range force field acted at the edges of the 

channel during intercalation, which prevented the release 

of lithium atoms from it [47]. Flat channels formed both 

by sheets of perfect and defective silicene were studied. A 

sheet of perfect silicene was usually formed by 300 Si 

atoms. The defects were polyvacancies, which were 

distributed approximately evenly over the silicene sheets. 

Mono-, bi-, tri-, and hexavacancies were considered. Real 

silicene obtained on both metallic and non-metallic 

substrates contains defects. Defects can be initiated by a 

mismatch between the lattice parameters of the crystalline 

substrate and silicene, and also arise during the growth of 

Si clusters from different centers. In silicene grown on an 

Ag(111) substrate, mono- and bivacancies are present in the 

greatest amount. Their estimated number is 

4.4·1013 cm-2 and 5.0·1013 cm-2, for mono- and bivacancies, 

respectively [48]. According to this estimate, there is one 

defect for every 2 nm2. The presence of defects reduces 

the stability of silicene. The silicene channel was filled with 

lithium until all Li+ ions got into the channel. If at least one 

injected ion left the channel within 10 ps, the calculations 

were terminated.  

In what follows, we will refer to the silicene 

(graphene) as a two-dimensional silicon (carbon) material 

with a hexagonal cell structure , and thin films as a two-

dimensional silicon (carbon) material having the structure 

of bulk crystalline silicon (graphite). Only crystalline 

silicon films with a cubic face-centered lattice of the 

diamond type are considered. 

The molecular dynamics calculations presented in 

this review were performed at a temperature of 300 K, 

which distinguishes them from conventional DFT 

calculations, the results of which refer to a temperature of 

0 K. The data obtained in MD calculations, refer to the 

pressure range from 0.1 to 10 MPa. 

The detailed packing structure of lithium atoms in 

the channel can be examined by constructing Voronoi 

polyhedra (VP). In this case, structural characteristics are 

obtained, expressed in terms of topological and metric 

properties of Voronoi polyhedra. The topological 

characteristics include the distribution of polyhedra over 

the number of faces (n distribution) and the distribution 

of faces over the number of sides (m distribution). The 

metric characteristic is the distribution of the angles θ 

formed by the segments connecting the center VP (the 

vertex of the angle θ) with all possible pairs of geometric 

neighbors that give VP faces. The probability of finding 

the considered number of nearest geometric neighbors is 

reflected by the n distribution, and the probability of 

finding m-link rings visible from the center of VP along 

the nearest neighbor directions is given by the m 

distribution. The angular distribution reflects the most 

characteristic central angles (angles θ), under which the 

nearest geometric neighbors are located. 

To calculate stresses arising in silicene, every sheet is 

divided into elementary areas. The stresses )(lu  caused 

by forces in the  (= x, y, z) direction are calculated for 

each l-th area with u orientation. In these calculations the 

products of projections of atomic velocities and 

projections of forces 


ijf  acting on the l-th area from the 

side of other atoms are used if corresponding conditions 

are satisfied [49] 
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Here k is the number of atoms on the l-th area,   is the 

volume per atom, m is the atom mass, 
iv  is the  -

projection of the i-th atom velocity, and Sl is the l-th area. 

The conditions of summation over j in the last sum of 

expression (1) are reflected in both the lower and upper 

indexes of the sum; the force arising during the interaction 

of atoms i and j passes through the l-th area; ui is the 

current coordinate of atom i; in the upper bound of the 

sum, u is the coordinate of the point of contact of the 

straight line passing through the centers of atoms i and j 
with the l-th area. 

The calculations were performed using the LAMMPS 

program [50]. 

3. Anode material in the form of silicene and silicene 

on a metal substrate 

3.1. Lithium intercalation and deintercalation in a 

freestanding silicene channel 

Back in 1994, based on density functional theory 

(DFT) calculations, it was shown that a single atom-thick 

sheet of Si or Ge atoms in a curved honeycomb structure 

can be energetically stable [51]. However, the convincing 

experimentally confirmed growth of silicene on a single-

crystal Ag (111) silver substrate was carried out in [52], only 

18 years later. In this work, using scanning tunneling 

microscopy, a beautiful "flower pattern" of the canonical 

silicene phase could be seen on a silver plate. Silicene, a 
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two-dimensional material formed from Si atoms, should 

be characterized by adsorption properties similar to those 

of its bulk (three-dimensional) analogue, i.e. silicon. When 

lithium is intercalated into bulk silicon, a record 

theoretical gravimetric capacity (4200 mA·h·g-1) can be 

achieved, which is more than an order of magnitude 

greater than the capacity of graphite (272 mA·h·g-1) [53]. 

However, when lithium is introduced into bulk silicon, an 

extremely large increase in volume (up to 300 %) of 

crystalline silicon occurs [54]. After deintercalation, this 

material does not return to its original state, and after 

several cycles it cracks and crumbles. In this case, the 

electrode is destroyed, and the battery fails. A DFT study 

showed that a fully lithiated silicene sheet acquires the 

most stable thermodynamic state [39]. Through the 

theoretical studies of Tritsaris et al. [35] found that the 

diffusion of lithium on silicene occurs with low energy 

barriers (less than 0.6 eV). In addition, after complete 

lithiation, single-layer and double-layer silicene increases 

in volume by 13 % and 24 %, respectively. The absence of 

visible damage after delithiation was the basis for the 

assertion that silicene is a promising anode material with 

a high energy density and a long service life. 

Before studying the filling of a silicene channel 

located on any of the substrates with lithium, a free-

standing perfect silicene channel was filled with lithium in 

the molecular dynamics model [55, 56]. Lithium ions 

entered the channel under the action of a constant electric 

field with a strength of 103 V/m. Since there was no 

substrate, it was important to trace the shape of the 

channel during lithium intercalation and deintercalation. 

The channel gap was 0.75 nm. The gap size was selected 

empirically. It was important that, at a given electric field, 

the Li+ ion, on the one hand, could move quite freely 

through the channel, and, on the other hand, linger in the 

channel for a time interval at least an order of magnitude 

greater than the interval (10 ps) separating the launches of 

ions into the channel during intercalation. These 

requirements were fully met by a channel with a gap of 

0.75 nm. Si atoms forming the perimeter of silicene sheets 

were fixed in their positions during cycling. This ensured 

successful intercalation and deintercalation processes. 

It is of interest to compare the capacitances of real 

and calculated anodes in which silicon is present. The 

work [57] describes an anode made of a multilayer 

structure containing graphene oxide, carbon nanotubes, 

and silicon nanoparticles filling them. The anode material 

showed a capacity of 1211.15 mAh·g-1 after 100 cycles. An 

anode for microbatteries was fabricated by depositing 

graphene on floral silicene by chemical vapor deposition 

(CVD) [58]. Floral silicene was created by reducing silicon 

dioxide with magnesium. Within 500 cycles, the specific 

capacity of this combined anode was more than five times 

higher than the theoretical capacity of graphite. 

DFT studies have shown that the calculated capacity 

of lithium-filled silicene anodes is limited by their 

mechanical stability [59]. So the theoretical specific 

capacity of a single-layer silicene anode is estimated as 

1196 mAh/g [60]. For a two-layer silicene anode, it has a 

value of 1384 mAh/g [61]. 

In this computer experiment, a mixed method of 

filling the channel with lithium was used. At first, lithium 

ions were launched into the channel singly, but when the 

number of Li atoms in the channel reached 28, ions were 

launched into the channel in pairs while maintaining the 

same time interval between launches. As a result, 38 Li 

atoms were introduced into the channel. Attempts to 

introduce more atoms were unsuccessful. As a result of 

the intercalation, the channel acquired a convex shape; the 

silicene sheets turned out to be curved outwards 

(Figure 3). This resulted in a 26 % increase in channel 

volume. The intercalation of the first 13 Li atoms leads to 

the formation of a lithium cluster in the central part of the 

channel, which can be observed in the inset at the top of 

the Figure 3. The existence of the cluster was established 

both by geometric and energy characteristics. However, 

the further addition of lithium ions to the channel leads 

to the dissolution of the cluster, which disappeared 

already when the number of lithium atoms in the channel 

was equal to 15. 

 

Figure 3 The placement of 38 lithium atoms in the free-standing 

silicene channel obtained by the time of 0.52 ns. Inset: xy-

projection of the upper sheet of silicene with the selected area 

of the flat 13-atomic lithium cluster, related to the time instant 

0.15 ns. 
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Figure 4 Self-diffusion coefficients D of (a) lithium atoms and (b) 

lithium ions as a function of the number N of Li atoms present 

in the free-standing silicene channel. The left part of the figures 

(a) and (b) reflects the process of intercalation, and the right 

part - deintercalation; 1 – dependence D(N) obtained in the MD 

model, 2 – exponential approximation of the MD calculation 

data. 

Deintercalation was initiated by the random 

appearance of two Li+ ions among the Li atoms in the 

channel and was maintained by an electric field of the 

same (as in the case of intercalation) magnitude (103 V/m) 

but in the opposite direction. As a rule, the ions left the 

channel not singly or in pairs, but taking several Li atoms 

with them. In [55], the self-diffusion coefficient D was 

determined separately for Li+ ions and Li atoms. As a 

result of acceleration by the electric field, the value of D 

for the ions exceeded the corresponding characteristic of 

the Li atoms by several times (Figure 4). The self-diffusion 

coefficient for Li atoms after the initial burst exhibits a 

smooth behavior, turning into strong fluctuations in the 

region where Li+ ions were introduced into the channel in 

pairs. The coefficient D for Li+ ions after initial 

fluctuations comes to stable values. Initial fluctuations 

characterize rather a free movement along the channel 

between collisions of the ion with the walls of the channel 

or with the atoms that have appeared in the channel. 

Lithium deintercalation in a free-standing silicene channel 

proceeds with a sharp increase in the mobility of both ions 

and atoms. This is due to the manifestation of the 

Coulomb interaction between ions, the acceleration of 

ions by an electric field, and the gradual increase in the 

range of ions due to the release of the channel from ions 

and atoms. In Figure 4, the rise in the D coefficient during 

deintercalation is reflected by an exponential dependence. 

When studying the motion of a lithium ion in a 

silicene channel with walls containing vacancy defects, a 

fairly high stability of bivacancies was shown, which retain 

their shape when ions frequently hit the pore boundaries 

[56]. By introducing mono- and bivacancies into silicene, 

it is possible to control the charging/discharging process 

of the electrode. The size and distribution of defects in 

silicene affect its mechanical stability. Large 

polyvacancies, i.e. trivacancies and larger defects, not only 

weaken the strength of the silicene sheet, but also 

introduce randomness into the penetration of lithium ions 

through the silicene [62]. Vacancies in silicene if it is not 

loaded with lithium create a magnetic moment, and the 

adsorption of lithium on silicene causes a shift in the Fermi 

level and charge transfer from Li to the surface [63]. The 

data obtained can be useful in developing the design of 

electrodes for more advanced LIBs. 

3.2. Computational study of the functioning of the 

silicene-transition metal anode 

3.2.1. Intercalation/deintercalation of Li ions in silicene 

anode on Ag(111) substrate 

When filling with lithium, the silicene channel located 

on the Ag(111) substrate, the Morse potential was used to 

describe cross interactions, including interactions 

between Li atoms (Li+ ion) and Ag atoms [64–66]. 

All Morse potentials (Figure 5) used in [43, 61, 67–70] 

to study intercalation and deintercalation of lithium had 

 

 
Figure 5 Morse potential describing the interactions: Ag–Si, Li–

Si, Li–Ag, and Si–Si between the silicene layers.
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Figure 6 Internal energy of lithium atoms in the process of intercalation (left) and deintercalation (right) in various silicene channels 
on an Ag(111) substrate. N is the number of lithium atoms in the channel.

the same cutoff radius (rcut = 0.5 nm), so that, for 

example, each silicon atom could interact with silver 

atoms from no more than two surface layers. 

The Morse potentials used to describe the 

interactions of lithium, silicene with other substrates 

considered here (Ni, Cu, Al, graphite, silicon carbide) are 

presented in the Supplementary Materials. 

Figure 6 shows the behavior of the specific energy 

U  of lithium during its intercalation (in the figure on 

the left) and deintercalation (on the right). The abscissa 

shows the number N of the Li atoms in the channel. The 

graphs reflect the change in U  when the channels are 

formed by perfect silicene, as well as silicene with mono- 

and bivacancies. High values of U  at the beginning of 

channel filling are associated with the free movement of 

atoms and ions that do not experience deceleration along 

the channel. A further decrease in U  is defined with the 

binding of Si atoms to the top and bottom sheets of 

silicene. Gradually, Li atoms occupy the most 

advantageous places on the surface of silicene sheets, and 

the value of U  ceases to be dependent on N. The change 

in U  during deintercalation occurs in the reverse order. 

A silicene channel with a gap of 0.75 nm and walls 

with monovacancies was filled with 51 lithium atoms in 

0.51 ns. In order to consider the packing of lithium atoms 

in a silicene channel located on an Ag(111) substrate, a 

horizontal plane was drawn through the middle of the 

channel gap. The view from this plane to the top and 

bottom sheets of silicene is shown in Figure 7. During the 

considered period of time, 6 cavities were formed in the 

top sheet of silicene, and 7 cavities in the bottom sheet, the 

boundaries of which were formed by more than 6 Si 

atoms. Moreover, the two largest cavities are on the 

bottom sheet. Despite  the  fact  that  the  upper  and  lower 

 

 

 
Figure 7 Xy-projections of the upper and lower sheets of silicene 

with monovacancies on the Ag (111) substrate, at the time of 

complete lithiation (51 lithium atom was adsorbed on the 

silicene surface). 
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parts of the channel have approximately the same 

volumes, they are adjacent to a different number of Li 

atoms: 27 Li atoms to the top sheet and 20 Li atoms to the 

bottom sheet; 4 Si atoms (not shown in Figure) fell on the 

virtual horizontal plane. Most of the Si atoms adjacent to 

the top sheet and half of the Si atoms belonging to the 

bottom sheet are located above the centers of the 

hexagonal Si rings. 

Figure 8 shows the change in the self-diffusion 

coefficient of Li atoms upon intercalation and 

deintercalation of lithium into silicene channels formed 

by perfect silicene, as well as silicene containing mono- 

and bivacancies. When the channel was formed by perfect 

sheets, it was possible to fill it with only 39 Li atoms. In the 

case of the presence of monovacancies in silicene sheets, 51 

Li atoms were placed in the channel, and in the presence 

of bivacancies, the number of lithium atoms that entered 

the channel increased to 71. The mobility of the atoms in 

the channel with bivacancies was significantly higher than 

in other cases. This is due to the fact that, in the presence 

of divacancies, Li+ ions were launched into the channel in 

pairs rather than individually, as in the previous cases. Due 

to the Coulomb interaction between ions, the number of 

collisions between atoms and their frequency has 

increased. The fluctuations of the coefficient D, observed 

during the filling  of the  channel with ions,  also increased.

 

Figure 8 The coefficient of self-diffusion of lithium atoms in the process of intercalation (left) and deintercalation (right) in silicene 

channels on Ag(111) substrate; characteristic of the channel walls: (a) perfect, (b) with monovacancies, (c) with bivacancies. Removal 

of the lithium atoms that are outside the channel before the start of deintercalation is marked in the figure by dashed lines and dot-

dash lines. 
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During deintercalation, ions left the channel in the reverse 

order with respect to their entry into it. The behavior of 

D during deintercalation looks largely chaotic due to the 

arbitrary placement of lithium ions assigned to leave the 

channel. The self-diffusion coefficient of lithium during its 

deintercalation has much larger fluctuations than during 

intercalation. This is due to more or less similar conditions 

for the onset of intercalation of Li+ ions in the system and 

very different conditions for the deintercalation of ions, 

which can occupy very different places in the silicene 

channel and have different local channel shapes and 

different lithium environments. 

Since the lithium atoms in the channel interact both 

with each other and with the channel walls, it makes sense 

to consider two types of statistical distribution obtained 

by constructing Voronoi polyhedra. In the first case, the 

neighbors of Li atoms can be Li atoms, and in the second 

case, the neighbors of these atoms can include both Li 

atoms and Si atoms. Both types of distributions are shown 

in Figure 9 in the case where the silicene channel is formed 

by sheets of perfect silicene. When the channels are 

formed from sheets of defective silicene, the distinguishing 

features between the distributions of the two types do not 

change. A large number of 4–6-faced polyhedra (about 

44 %) in the distribution of polyhedra in terms of the 

number of faces with a maximum at n = 5 is observed 

when the n distribution is constructed on the basis of 

considering only Li atoms. When Si atoms also attach to 

neighboring atoms, the maximum of the n distribution is 

shifted by n = 9. Depending on which neighbors are taken 

into consideration, the distribution of faces by the 

number of sides (m spectrum) also changes. Faces with 

m = 4 (31 %) dominate in the m-distribution based on the 

analysis of polyhedra of the first type. The location of the 

maximum of the m distribution does not change when 

polyhedra of the second type are used for its construction. 

However, the proportion of quadrangular faces in this 

case decreased to 25 %. The shape of the angular 

distribution changes very little when Si atoms are included 

in the number of geometric neighbors. 

The performed calculations showed that vacancy-

type defects in silicene sheets placed on a silver substrate 

are not sufficiently stable. This creates a problem in using 

silicene on an Ag(111) substrate as an anode material. 

The use of silicene with vacancy defects for this 

purpose is expedient, because defects increase the 

adsorption capacity of the flat channel and, consequently, 

lead to an increase in the charging capacity of the silicene 

anode. Another disadvantage of this anode design is the 

relatively high cost of the substrate material. In addition, 

Ag is a sufficiently heavy metal that its use in LIBs will 

reduce the gravimetric energy density of the battery. 

 

Figure 9 Distribution of VP with respect to the number of faces 

(n), distribution of faces by the number of sides (m) and 

distribution of angles (θ) formed by the nearest geometric 

neighbors. VP are constructed for Li atoms in the case when 

they completely fill a flat silicene channel formed by perfect 

silicene sheets on Ag (111) substrate. The neighbors were formed 

either by Li atoms or by together Li and Si atoms forming 

channel walls. 

3.2.2. Silicene on Ni (111) substrate as anode material of 

lithium-ion battery 

High electrical conductivity, low cost, and good 

adhesion to Si stimulated the use of nickel as an inactive 

material in the design of the LIB anode [71]. Silicon has a 

high solubility in nickel, so good adhesion of Si to Ni 

substrate was observed. At the same time, the solubility of 

Ni in bulk silicon is extremely low. Bulk silicon has a low 

electrical conductivity, which significantly impairs battery 

cycling. When Si is deposited on a Ni(111) substrate at room 

temperature, a disordered 2D and/or 3D intermetallic 

compound is formed [72]. Si atoms are in strong 

interaction with Ni atoms and are embedded in the 

uppermost surface layer of nickel. Although the method 

for obtaining a continuous extended Si film on a nickel 

substrate has not yet been developed, it is of interest to 

study the behavior of silicene on a Ni(111) substrate during 

intercalation and deintercalation of lithium. The special 
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structure of silicene obtained by mixed sp2 and sp3 

hybridization allows us to hope for a stable 

heterostructure in the form of silicene on a nickel 

substrate. 

Molecular dynamics studies of lithium intercalation 

and deintercalation in a silicene channel on a nickel 

substrate are the subject of [73–77]. The filling of the 

silicene channel located on the Ni(111) substrate with 

lithium occurs upon a strong vertical deformation of the 

silicene sheets. The resulting distortion of the channel 

shape is accompanied by a reduction in its volume, which 

in the case of perfect silicene reaches 22 %. However, the 

presence of vacancy defects in the silicene sheets weakens 

vertical deformations until the defects become large. 

Thus, in the presence of hexavacancies, the decrease in the 

channel volume after its filling with lithium was ~25 %. A 

change in the shape of the silicene channel affects the 

distribution of lithium atoms in it. Figure 10 shows the 

number density profiles for packing lithium in a channel 

formed by silicene sheets with trivacancies. The entrance 

to the channel and the level of the lower sheet of silicene 

are represented by the values x = 0 and z = 0, respectively. 

The shape of the horizontal density profile indicates 

the uneven filling of the channel with lithium, with the 

highest filling intensity falling on the intervals 1 < x < 2 

and 3.0 < x < 3.6. 

 

Figure 10 (a) Horizontal (longitudinal) and (b) vertical profiles 

of lithium density in a silicene channel with trivacancies on 

Ni(111) and Ag(111) substrates. 

In the presence of the Ni(111) substrate, the 

morphology of the filling of the channel with lithium 

changes with respect to the morphology observed in the 

channel on the Ag(111) substrate. The uneven filling of the 

channel on the Ag(111) substrate was expressed in a higher 

population in the first half of the channel length (57.5 %) 

and in a lower population in the second half (42.5 %). The 

study of the occupancy of the channel along its height 

shows that in the channel on the Ni(111) substrate, the 

middle part of the intersheet space is mainly filled, while 

the walls contain few Li atoms. A different picture is 

observed for the channel on the Ag(111) substrate, where 

the content of Li atoms in space at the level of the middle 

of the channel height is not high, mainly Li atoms tend to 

be located near the surface of silicene sheets. 

After filling the channel with lithium, the shape of 

vacancy defects in the channel walls on the Ni(11) substrate 

changed. If we draw a plane through the middle of the 

channel height parallel to the silicene sheets, then the view 

of the channel walls containing trivacancies from the side 

of this imaginary plane at the time of 0.6 ns will be 

determined by the image shown in Figure 11. 

 

Figure 11 Xy-projections of the upper and lower sheets of silicene 

with trivacancies on the Ni(111) substrate, at the time of complete 

lithiation (60 lithium atom was adsorbed on the silicene 

surface). Si atoms form a network. 
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Figure 12 The coefficient of self-diffusion of lithium atoms in the process of intercalation (left) and deintercalation (right) in different 

silicene channels on a Ni(111) substrate. The maximum achievable number of lithium atoms in the channel is marked with a dash-

dotted line.

As can be seen from the figure, the shape of defects 

is better preserved in the top sheet of silicene. It can be 

found that after dividing the channel volume by a virtual 

horizontal plane, the filling of the upper and lower halves 

of the channel with lithium is not equivalent. The top half 

contains 37 Li atoms, while the bottom half contains only 

23 Li atoms. Regardless of which sheet the Li atoms belong 

to, most of them are located above the centers of the 

hexagonal rings formed by the Si atoms. The close 

proximity of the nickel substrate does not favor the 

deposition of lithium atoms on the wall of the silicene 

channel. 

The change in the self-diffusion coefficient of Li 

atoms in the channel on the Ni(111) substrate during 

intercalation and deintercalation is shown in Figure 12. 

The highest filling of the silicene channel (91 Li atoms) was 

achieved when the channel walls contained 

monovacancies. At the same time, in the presence of 

bivacancies in the channel walls, its filling turned out to be 

the lowest (41 Li atoms). The strongest fluctuations in the 

value of D are observed at the initial stage of intercalation, 

when the number of Li atoms introduced into the channel 

does not exceed 28. The final stage of intercalation, as a 

rule, occurs with a smoother behavior of the coefficient D. 
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An exception is the case when the channel walls contain 

trivacancies. This is largely due to the change in the shape 

of the channel during intercalation. Significant 

fluctuations in the coefficient D also occur during lithium 

deintercalation, but when not many lithium atoms were 

intercalated into the channel (cases with bi- and 

hexavacancies), deintercalation proceeds more smoothly. 

The location of a large number of Li atoms 

intercalated into a channel placed on a Ni(111) substrate 

leads to the appearance of a number of peaks in the 

angular distribution of the nearest geometric neighbors 

(Figure 13). These peaks are at 30 °, 60 °, 90 °, 120 ° and 

150 °. A comparison of θ distributions for lithium 

packings in channels on Ni(111) and Ar(111) substrates shows 

that the peaks in the θ distribution on a metal substrate 

are more intense, which is due to a larger number of Li 

atoms located above Si hexagonal rings. Note that when Si 

atoms are also included in the number of nearest 

neighbors, and trivacancies or hexavacancies are present 

in the walls of the silicene channel, a peak appears in the 

θ distribution at θ = 0 ° of not low intensity. This means 

that quite often among the triplets of atoms participating 

in the construction of VP there are cases when they 

(atoms) all lie on the same straight line. Moreover, in most 

cases, in the composition of such triplets of atoms, there is 

a Si atom, because the corresponding θ distributions 

constructed exclusively for the Li subsystem do not have 

peaks of such intensity at θ = 0 °. 

 

Figure 13 The angular distribution of the nearest neighbors for lithium atoms after instant when the silicene channel is completely 

filled: (a) – (e) on a Ni(111) substrate, (f) on an Ag(111) substrate. Solid (colored) histograms are obtained when only Li atoms represent 

neighbors; dotted histograms correspond to the case when neighbors are selected from both Li atoms and Si atoms. The types of 

defects in silicene and the neighbors under consideration (in parentheses) are indicated in the captions in the margins of figures 

(a) – (f).
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In the case of perfect walls of a silicene channel and 

for a channel with walls having monovacancies, the 

distribution of VP over the number of faces has an 

approximately dome-like shape, which disappears with the 

enlargement of vacancy defects in the channel walls 

(Figure 14). This applies not only to the n distribution, 

which belongs to the purely lithium subsystem, but also 

to the addition of the nearest geometric neighbors by Si 

atoms. There is a significant difference in the n spectra 

obtained for silicene channels containing bivacancies 

located on Ni(111) and Ag(111) substrates. This means that 

nickel and silver substrates have different effects on the 

formation of Li atom packing in the channel. 

The stresses acting in the direction normal to the 

surface of the silicene sheets turn out to be the strongest 

when lithium atoms are introduced into the silicene 

channel. Figure 15 shows the stresses averaged over both 

silicene sheets, which were obtained at the final stage of 

filling the channel on a Ni(111) substrate, with lithium (at 

NLi > 30). As can be seen from the figure, the most 

significant normal stresses arise in the walls of a perfect 

silicene channel, as well as in the channel walls containing 

mono- and trivacancies. Normal stresses of the same order 

were observed when lithium filled a silicene channel, 

which had monovacancies in the walls, when the channel 

was located on an Ag(111) substrate. 

Molecular dynamics modeling has shown that, in 

contrast to the Ag(111) substrate, the Ni(111) substrate 

maintains the shape of defects in the walls of the silicene 

channel   much   better   when   it   is   filled   with   lithium.

 

Figure 14 The distribution of Voronoi polyhedra with respect to the number of faces (n). VPs are built for lithium atoms after the 

complete filling of a silicene channel, which is located: (a) – (e) on a Ni(111) substrate, (f) on an Ag(111) substrate. Solid (colored) 

histograms present the case when only Li atoms represent neighbors; dotted histograms give an idea of the local packing of atoms 

when neighbors are selected from both Li atoms and Si atoms. The types of defects in silicene and considered neighbors (in 

parentheses) are indicated in the captions in the margins of figures (a) – (f). 
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Due to the higher adhesion between nickel and silicene 

(compared to the adhesion between silicene and silver), 

the self-diffusion coefficient of lithium atoms responds to 

a change in the size of defects in silicene to a lesser extent 

than in the case of using an Ag(111) substrate. In addition, 

on the Ni(111) substrate, a larger number of lithium atoms 

deposited on the channel walls are located above the 

centers of hexagonal Si rings than in the case of using the 

Ag(111) substrate. All these effects inherent in the use of 

Ni(111) substrates contribute to a higher level (more than 

10 % on average) of filling the channel with lithium during 

intercalation and free passage of the deintercalation 

process. Calculations show that silicene on a nickel 

substrate is suitable for use as an anode material. 

However, for the real use of such a heterostructure, it is 

necessary to create a technology for obtaining thin silicon 

films on nickel. The maximum local stress on the walls of 

a lithium-filled silicene channel does not exceed 18 % of 

the maximum tensile stress determined for silicene [78]. 

3.2.3. Applicability of silicene on Cu(111) substrate as 

anode material of lithium-ion battery 

Although silicene on a copper substrate has not yet 

been obtained, copper films on various silicon substrates 

have been repeatedly studied [79]. Moreover, the copper 

film on Si acquires a high hardness (2.5 GPa) [80]. The 

difficulty in obtaining a homogeneous thin film of copper 

is that Cu atoms easily diffuse into silicon. 

 

Figure 15 The distribution of the average σzx and σzz stresses in the sheets of silicene along the oy (armchair) direction when lithium 

is intercalated in a silicene channel located on a Ni(111) substrate. 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) – (f).
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Films of polycrystalline tantalum and amorphous 

tantalum nitride can serve as a barrier for diffusion of 

copper atoms [81]. Such barriers are highly stable, because 

no Ta–Cu compound is formed. 

Currently available methods will not be able to 

produce silicene in sufficient size and quality. The 

production of copper silicide Cu(3+x)Si presumably can be 

considered as one of the ways of industrial production of 

silicene. The Cu(3+x)Si structure contains ready-made 

monatomic silicon layers with a silicene-like arrangement 

of Si atoms. Copper silicide can be produced by low 

pressure chemical vapor deposition (CVD) or by 

magnetron sputtering on Si or Cu substrate. Then, by 

selective chemical etching of copper, free-standing silicene 

can be obtained and transferred to the desired substrate. 

The copper silicide film can be obtained over a large area. 

Thus, the problem of obtaining silicene on a large area 

surface can be solved. Methods for separating silicene 

from a native substrate and transferring it to an arbitrary 

target substrate are being developed [82]. In [83, 84], a 

molecular-dynamic study of the behavior of two-layer 

silicene on a Cu(111) substrate when it is used as an anode 

material was performed. A silicene channel with walls 

containing hexavacancies located on a copper substrate 

experienced significant structural rearrangements during 

lithium intercalation and began to break down. It was 

assumed that such a material is not suitable for an anode 

construction [83], and this variety of research is not 

considered further. 

The horizontal and vertical density profiles of lithium 

in silicene channels with an initial gap of 0.75 nm at the 

moment of its complete filling with lithium are shown in 

Figure 16. In the case of a channel with perfect silicene 

walls, as it is filled with lithium, the permeability 

deteriorates, as a result of which lithium is concentrated 

in the initial part of the channel. However, the presence of 

vacancy defects in the channel walls unloads its initial part 

when filled with lithium, and a higher value of lithium 

density shifts to the middle part of the channel. In the 

presence of bivacancies in silicene, a high density of 

lithium is also formed at the outlet of the channel. Filling 

a channel with perfect walls leads to the formation of a 

gap of 0.15 nm in the middle part of the vertical profile. 

This gap separates the channel into upper and lower parts. 

Moreover, about 58 % of all Li atoms located in the 

channel are located in the lower part of the channel. The 

gap disappears in the presence of vacancy defects in 

silicene, and the lithium density in the middle part of the 

channel increases. When the channel walls contain 

bivacancies, the number of Li atoms in the previously 

determined lower part of the channel is reduced to 53 %. 

 

Figure 16 Horizontal (longitudinal) and vertical profiles of 

lithium density in silicene channels on the Cu (111) substrates.

Figure 17 The xy projections of the upper and lower sheets of 

silicene with mono-vacancies on the Cu(111) substrate at the 

instant of complete lithiation (67 lithium atoms are in the 

channel). 
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The configurations of the monovacancy silicene 

sheets after completion of filling the channel with lithium, 

together with their associated Li atoms, are shown in 

Figure 17. The view of the bottom sheet from the side of a 

virtual horizontal plane drawn through the middle of the 

channel height reflects the strongly altered structure of 

silicene. As a result of the union of two monovacancies of 

the bottom sheet, a large hole was formed due to the 

destructive effect of the copper substrate on the silicene. 

The remaining vacancies in the bottom and top sheets 

have not changed much from their original form. It can be 

seen from the figure that 37 Li atoms belong to the top 

sheet of silicene, while only 30 Li atoms belong to the 

bottom sheet. 

At the initial stage of intercalation, high self-diffusion 

coefficients of Li atoms are observed in all types of 

channels considered (Figure 18). At this stage, in the 

presence of a significant freedom to move, a large value of 

the specific impulse is transferred from Li+ ions to Li 

atoms, which leads to an increase in the value of D. When 

the number of Li atoms in the channel becomes more than 

20, the relief of the channel walls begins to play a decisive 

role in the movement of Li atoms. In this case, in the 

presence of monovacancies in the channel walls, the value 

of D decreases, while in the case of the presence of 

bivacancies in the walls, D increases. During 

deintercalation, ions left the channel in the reverse order 

of their entry into the channel. In this case, in channels 

with perfect walls and in the presence of monovacancies 

in the walls, fluctuations in the value of D, as a rule, exceed 

the corresponding fluctuations observed during lithium 

intercalation. However, the relationship between 

fluctuations is reversed when there are bi- and trivacancies 

in the walls. Due to the influence of the relief of the 

channel walls, the downward trend in D begins to manifest 

itself first of all in the presence of bivacancies in silicene. 

Here, fluctuations of D do not decrease until the end of 

deintercalation. 

The angular distributions of the nearest geometric 

neighbors obtained during the first half of lithium 

deintercalation in the channel located on the Cu(111) 

substrate are shown in Figure 19. Sharp peaks in the 

angular distributions characterize a certain regularity in 

the packing of Li atoms, due to their placement above the 

centers of hexagonal Si rings. Five sharp peaks in the range 

0 °–180 ° with a multiplicity of 30 ° are traced in the θ 

distribution in the case of a channel with perfect silicene 

walls. The location of sharp peaks and their number 

change when there are vacancy defects in the channel 

walls. So, in the presence of trivacancies in silicene, only 

two sharp bursts remain in the θ spectrum. Thus, during 

the period of deintercalation, some of the Li atoms 

continue to remain above the centers of the hexagonal Si 

cells. 

However, the larger the size of defects in silicene 

sheets, the weaker this effect is. When Si atoms are 

included in the number of nearest geometric neighbors, 

this feature of the regular packing of atoms becomes 

stronger. 

The topological characteristics obtained on the basis 

of the construction of ordinary Voronoi polyhedra 

provide too detailed the structure information, that 

contains thermal fluctuations of atoms. Such 

characteristics are difficult to analyze. However, to a large 

extent, thermal fluctuations can be excluded from 

consideration by passing to the construction of simplified 

polyhedra [85]. We will denote the simplified polyhedra 

constructed for the autonomous packing of Li atoms in 

the channel as SVP, and similar polyhedra reflecting the 

structure of the extended packing of Li atoms through the 

SCP (simplified combined polyhedra). The extension 

implies the inclusion of Si atoms belonging to the channel 

walls in the number of nearest neighbors. 

 

 

Figure 18 The coefficient of self-diffusion of lithium atoms in the 

process of intercalation (left) and deintercalation (right) in 

silicene channels with perfect walls and silicene sheets having 

mono-, bi-, and trivacancies; the channels are located on the 

Cu(111) substrate. 
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Figure 19 The angular distribution of the nearest neighbors for lithium atoms in the period of deintercalation, when 30 Li atoms 

are left in the channel: (a) – (d) on a Cu(111) substrate. Solid (colored) histograms are obtained when only Li atoms represent 

neighbors; dotted histograms correspond to the case when neighbors are selected from both Li atoms and Si atoms. The types of 

defects in silicene and the neighbors under consideration (in parentheses) are indicated in the captions in the margins of figures 

(a) – (d). 

 

Figure 20 The distribution of simplified polyhedra with respect to the number of faces (n). Simplified polyhedra are built for 

lithium atoms after the complete filling of a silicene channel, which is located: (a) – (d) on a Cu(111) substrate. Solid (colored) 

histograms present the case when only Li atoms represent neighbors; dotted histograms give an idea of the local packing of atoms 

when neighbors are selected from both Li atoms and Si atoms. The types of defects in silicene and considered neighbors (in 

parentheses) are indicated in the captions in the margins of figures (a) – (d). 
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Figure 21 The distribution of the average σzx and σzz stresses in the sheets of silicene along the ox (zigzag) direction with limiting 

lithium filling of a silicene channel located on a Cu(111) substrate. Elementary areas are elongated along the axis oy. 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). 

The distribution of SVP and SCP by the number of 

faces is shown in Figure 20. These distributions are quite 

compact with maxima lying in the interval n = 6–8 for 

SVP and n = 7–11 for SCP. On the whole, the n 

distributions for SVP and SCP are quite close, and the 

distributions obtained for a channel with perfect silicene 

walls are the most symmetrical. 

The σzz and σzx stresses in the walls of a lithium-filled 

silicene channel located on the Cu (111) substrate are shown 

in Figure 21. As can be seen from Figure, the σzz stresses 

are always noticeably greater than the σzx stresses. In 

almost all cases, relatively strong bursts of local σzz stresses 

are observed, except for the case when the walls of the 

silicene channel contain monovacancies. Moreover, in 

channel walls made of perfect silicene, the highest surge 

σzz of stress occurs in the middle of the sheets, while for 

channel walls containing bi- and trivacancies, strong 

surges of σzz stress are found at the end of the sheets. Note 

that even the strongest local stress observed in the 

presence of trivacancies in silicene sheets is not critical, 

since it is no more than 26 % of the tensile strength of 

silicene (~15 GPa) [86]. 

Despite the fact that silicene on a copper substrate has 

not yet been obtained, thin films of silicon on copper have 

not only been created, but also investigated. Silicon films 

250 nm thick were deposited on a copper substrate by 

radio frequency (RF) magnetron sputtering [87, 88]. For a 

small number of cycles, the copper-silicon anode showed 

a capacity above 3000 mAh·g-1. However, as the number 

of cycles increased, the lithium-copper-silicon phase 

accumulated at the interface between silicon and copper. 

In addition, the plastic deformation in the copper 

substrate is increased. All this reduced the adhesion 

between the silicon film and the current collector and 

stimulated the destruction of the silicon film. Testing of 

silicon thin films deposited on metal substrates (e.g., 

copper or nickel) continues. Thin-film silicon contains 

nanometer-sized silicon elements. The resulting thin film 

silicon anodes are usually divided into nanocrystalline 

anodes and amorphous anodes [89]. As a rule, CVD is used 

to fabricate thin-film anodes from nanocrystalline silicon. 

To improve the performance characteristics of a thin-film 

anode, it is necessary to significantly increase the adhesion 

between the deposited silicon and the current collector. 

3.3. Computer test of silicene-aluminum anode for 

lithium ion battery 

The study of the anode material in the form of two-

layer silicene on an aluminum substrate was carried out in 

[41]. An example of lithium intercalation into a silicene 

channel located on an Al(111) substrate is shown in 

Figure 22. By the time point corresponding to the Figure, 

40 Li+ ions were  intercalated  into  the  channel.  The  ions 
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Figure 22 The channel, formed by perfect silicene sheets, on the 

substrate Al (111) during the intercalation process with lithium. 

 

Figure 23 (a) horizontal (longitudinal) and (b) vertical profiles 

of lithium density in a silicene channel with bivacancies on 

Al(111) and Ag(111) substrates. 

entered the outer surface of the top sheet of silicene 

through the gap between the impermeable side walls (not 

shown in the figure) and the edges of the sheets. As a result 

of deformation of the sheets, the volume of the channel 

made of perfect silicene decreased by 24 %, and for 

silicene with hexavacancies, by 32 %. 

In the case of the presence of bivacancies in silicene, the 

number density profiles of the lithium-filled silicene 

channel look as shown in Figure 23. The horizontal 

lithium density profile in the channel (Figure 23 a) shows 

a large accumulation of Li atoms at the entrance (x = 0), 

while the vertical filling of the channel is denser in its 

middle part (Figure 23 b). 

Let us divide the silicene channel containing 

monovacancies in its walls into parts equal in volume using 

the middle horizontal plane. The view from this plane to 

the top and bottom sheets of silicene is shown in 

Figure 24. It can be seen from the figure that there are 35 

Li atoms in the zone of the upper sheet, while the number 

of Li atoms in the zone of the lower sheet is only 20. Not 

all monovacancies in both the upper and lower sheets have 

retained their original shape. Some of the monovacancies 

are dragging on. Instead, cyclic formations are formed, 

predominantly oval in shape, enclosing smaller holes. But 

larger holes can also be formed in comparison with the 

initial ones. 

 

Figure 24. Xy-projections of the upper and lower sheets of 

silicene with monovacancies on the Al(111) substrate, at the time 

of complete lithiation (55 lithium atom was adsorbed on the 

silicene surface). 
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Figure 25 The coefficient of self-diffusion of lithium atoms in the process of intercalation (left) and deintercalation (right) in 

different silicene channels on the Al(111) substrate. The maximum achievable number of lithium atoms in the channel is marked with 

a dashed line. 

The change in the self-diffusion coefficient of Li 

atoms in silicene channels is shown in Figure 25. The left 

side of each of the presented figures reflects the process of 

lithium intercalation, and the right side - the process of 

lithium deintercalation. The numbers in the figures show 

the limiting number of Li atoms filling each channel. After 

initial strong fluctuations in D during intercalation, its 

behavior becomes smoother, especially in the absence of 

vacancies in silicene sheets, because the number of 

collisions of the ion and Li atoms with the channel walls 

increases. As a rule, lithium deintercalation occurs with 

small fluctuations in the D coefficient. However, the 
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frequency of moderate fluctuations increases when the 

vacancy defects in the channel walls become large. 

Sharp peaks in the angular distributions of the 

nearest geometric neighbors at angles of ~30 °, 60 °, 90 ° 

and less pronounced peaks at 120 ° indicate the location 

of some Li atoms above the centers of hexagonal rings in 

silicene (Figure 26). The peaks become less pronounced as 

the size of vacancy defects in the channel walls increases. 

The stresses σzx and σzz appearing during intercalation 

and averaged over both sheets of silicene are shown in 

Figure 27. The stresses σzz are the strongest in the presence 

of trivacancies in the channel walls. Figures 27 a and 27 f 

show that the stresses in the perfect walls of the silicene 

channel located on the Al(111) and Ag(111) substrates are 

comparable. However, in these cases, different 

relationships are observed between the values of stresses 

σzz and σzx. Thus, aluminum and silver substrates have 

different effects on the stress distribution in the walls of 

the silicene channel. 

 

 

Figure 26 The angular distribution of the nearest neighbors for lithium atoms after instant when the silicene channel is completely 

filled: (a) – (e) on an Al(111) substrate, (f) on an – Ag(111) substrate. Solid (colored) histograms are obtained when neighbors are 

represented only by Li atoms, dotted histograms correspond to the case when neighbors are selected from both Li atoms and Si 

atoms. The types of defects in silicene and the neighbors under consideration (in parentheses) are indicated in the captions in the 

margins of figures (a) – (f). 
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Figure 27 The distribution of the average σzx and σzz stresses in the sheets of silicene along the ox (zig-zag) direction when lithium is 

intercalated in a silicene channel located on an Al(111) substrate. Elementary platforms are elongated along the axis oy. The types 

of defects in silicene and the stresses in question (in parentheses) are indicated in the captions in the margins of figures (a) – (f). 

Aluminum has a number of important qualities that 

make it a candidate for use as an anode active material. 

Such qualities are relative cheapness, wide distribution in 

nature, and low weight. However, aluminum easily reacts 

with lithium to form several phases: LiAl, Li3Al2, Li2Al, 

and Li9Al4. At operating temperatures LIBs, when Al is 

fused with Li, the β-LiAl phase is formed [90]. Therefore, 

the use of aluminum as an active element of the anode is 

unpromising. However, the stable oxide layer on 

aluminum makes it possible to successfully use it as a 

current collector [91]. It was found that by obtaining the 

Li9Al4 compound with the electrode completely filled with 

lithium, it is possible to achieve the theoretical capacity of 

the aluminum anode (2235 mAh·g-1) [92]. If the formation 

of such a compound is prevented, then the service life of 

the aluminum anode can be significantly extended. Thus, 

the coating of aluminum nanoparticles with a TiO2 shell 

makes it possible to achieve a capacity of 650 mAh/g after 

500 cycles. 
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3.4. Computer study of properties of silicon thin films on 

graphite 

MD modeling of thin silicon films (including silicene) 

on graphite and the motion of a Li+ ion along a silicene 

channel on graphite was performed in [93–95]. The 

properties of two-layer silicene on graphite were studied 

in the presence of a lithium ion moving along a silicene 

channel under the action of an electric field. In [93, 94], in 

the MD model, the possibility of the existence of a Si(001) 

film of crystalline silicon 2.2 nm thick and two-layer 

silicene with an interplanar distance of 0.2481 nm [44] on 

graphite at a temperature of 300 K was considered. Figure 

28 shows the configurations of the studied films on a 

graphite substrate, obtained by the time of 200 ps. As can 

be seen from Figure, neither film was destroyed, and the 

distance between each of them and the graphite substrate 

remained the same (0.222 nm). At the same time, not only 

the studied silicon films, but also the graphite substrate 

underwent structural relaxation. Moreover, the adhesion 

between the substrate and silicene (0.15 eV/atom) turned 

out to be stronger than that with the Si(001) film (0.11 

eV/atom). DFT calculations show that the difference in 

adhesion energy between silicene and graphite formed by 

three and four graphene sheets is less than 1% [x15]. 

Therefore, when the modeling silicene on a graphite 

substrate is carried out, it is sufficient to restrict ourselves 

to a three-layer thickness of graphite.

 

 

Figure 28 System configuration: Si(001) film on graphite (а) and bilayer silicene on graphite (b) for the time instance of 200 ps. 

To check the crystallinity of the Si(001) film and 

preserve the silicene structure, the radial distribution 

function g(r) for the Si atom closest to the center of the 

sheet (or sheets) adjacent to graphite was calculated 

(Figure 29). In both cases, the function g(r) was calculated 

for the silicon layer(s) closest to the substrate; for the 

bottom sheet of silicene (consisting of 300 atoms) and for 

two (001) layers of Si film, each containing 128 atoms. The 

sharp peaks of the g(r) function indicate the retention of 

the crystal structure in films of both types. However, each 

of the films had its own structure, so that the intensity 

ratios of the first four peaks g(r) for the lower silicene 

sheet (1 : 0.46 : 0.30 : 0.23) differ strongly from the 

intensity ratios of the corresponding part of the Si(100) 

film (1 : 0.75 : 0.54 : 0.37). The validity of this difference 

follows from the fact that the honeycomb structure of 

silicene is fundamentally different from the structure of 

crystalline silicon. 

 

Figure 29 Radial distribution function for the central atom of the 

lower (256 atomic) Si (001) film on graphite; the inset shows RDF 

for the silicene sheet on graphite. 
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The passage of the Li+ ion through the silicene 

channel located on the graphite led to distortion (both in 

the vertical and horizontal directions) of the silicene 

sheets, the xy projections which in the presence of 

trivacancies in them are shown in Figure 30 [95]. As can 

be seen from Figure, the defects in the bottom sheet of 

silicene are distorted more than the defects in the top 

sheet. In the lower sheet of silicene, the number of pores 

increased, but they became smaller. Atoms with two 

dangling bonds also appeared in the bottom sheet. Thus, 

due to the lattice incompatibility of graphene (graphite 

sheet) and silicene, the structure of the defective silicene 

sheet that has contact with graphite changed more than 

the structure of the top silicene sheet. 

The Li+ ion moving inside the silicene channel in an 

external electric field performs a zigzag motion, passing 

from one channel wall to another (Figure 31). In this case, 

the channel walls are subject to significant vertical 

deformation. 

 

Figure 30 Xy-projections of the upper and lower sheets of 

silicene with trivacancies on the graphite substrate, with an 

interlayer gap of 0.75 nm and at the time of 100 ps. 

 

Figure 31 The configuration of the system "coupled sheets of 

silicene with bivacancies on graphite" with the initial gap 

between sheets hg = 0.80 nm is shown together with the 

trajectory of the lithium ion motion along the channel during a 

time of 32.5 ps; a constant electric field E acts along the 0x axis. 

 

Figure 32 Angular distributions for the geometric neighbors of 

the lithium ion during its motion along various silicene channels 
on the graphite substrate. 
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Therefore, an ion moving along the channel can be 

used as a probe for studying the structure of the channel 

walls. In this case, the tool used to determine the state of 

the channel wall is the analysis of statistical distributions 

obtained for the elements of Voronoi polyhedra with the 

center located at the center of the lithium ion. 

Polyhedra whose faces are formed from Si neighbors 

for the Li+ ion were built every 1000 time steps. Statistical 

distributions were obtained by considering from 600 to 

1000 polyhedra. Figure 32 shows the angular 

distributions constructed on the basis of considering the 

relative position of neighbors, determined by 

constructing such polyhedra. At the same time, Figure 32 

reflects only the cases when the walls of the channel were 

sheets of perfect silicene, as well as silicene containing bi- 

and hexavacancies. As can be seen from Figure, the shape 

of the resulting angular distribution depends on both the 

state of the walls and the gap hg of the channel. The peak 

intensities in the vicinity of the 30 ° and 45 ° angles 

increase with hg. However, an increase in the size of 

vacancy defects slows down the growth of the intensity of 

these peaks. In the angular distribution for a channel with 

perfect walls and a large gap (0.85 nm), a dome is formed 

in the range of angles from 120 ° to 180 °, which can be 

due to the strong curvature of the walls of such a channel. 

Figure 33 shows the face distributions of simplified 

polyhedra. These polyhedra do not have small facets, 

which most often appear as a result of small-scale thermal 

fluctuations [96]. In other words, these distributions can 

be used to identify more probable geometric neighbors 

located in the environment of the Li+ ion. Nevertheless, in 

contrast to the angular distribution (shown in Figure 32), 

here it is not possible to establish a regularity in the 

dependences of the number of the most probable faces on 

the gap size of the silicon channel and the size of defects in 

silicene sheets. 

 

 

Figure 33 Frequency of occurrence of the number nSi of Si atoms included in the more probable geometric neighbors of the Li+ ion 

during its motion along a perfect silicene channel and a channel whose walls contain different vacancy defects; hg is the width of 

the gap of the silicene channel which is on the graphite substrate.
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Figure 34 The number of Si atoms that form the averaged rings around the Li+ ion in channels with different gaps, the walls of 

which contain various defects; all channels are on the graphite substrate.

The transition to the consideration of simplified 

polyhedra made it possible to more easily interpret the 

statistics of m-membered rings or the distribution of faces 

over the number of sides. Face distributions of simplified 

polyhedra by the number of sides characterizing local Si 

structures encountered by a moving Li+ ion are shown in 

Figure 34. It can be seen that four-membered rings are 

predominant when the channel gap has a size of 0.70 nm, 

regardless of the presence of defects in the channel walls. 

In other cases, both four- and five-membered Si-rings are 

most often encountered when observed from the center 

of the Li+ ion in the directions of geometric neighbors. In 

most cases, the expansion of the channel increases the 

likelihood of observing five-membered rings. 

Stresses σzz are the most significant stresses acting on 

the walls of silicene channels, along which a lithium ion 

moved under the action of an electric field with a strength 

of 105 V/m. Here, the influence of the channel gap and the 

type of defects in the walls of the silicene channel on the 

stress distribution along its length (axis ox) is clearly not 

traced (Figure 35). The normal force acting on the 

channel walls and creating σzz stress is directed downward 

due to the attraction of the two-layer silicene to the 

graphite. Therefore, σzz stresses are almost always 

negative. The maximum absolute value (1.65 GPa) of the 

fluctuating stress σzz appears in the case of a silicene 

channel with perfect walls and a gap hg = 0.85 nm. This 

value is two or more times smaller than the corresponding 

characteristics observed when filling silicene channels on 

metal substrates with lithium and is ~12 % of the tensile 

strength of silicene [97]. Thus, the movement of a lithium 

ion through silicene channels is not associated with the 

formation of dangerous mechanical stresses in the channel 

walls. 

Scanning the walls of the silicene channel showed that 

the silicene sheets have a specific structure that is not 

similar to the structure of three-dimensional ordered or 

disordered materials. Two distinct peaks are observed in 

the   angular   distributions   of   the   nearest   Si   neighbors 
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Figure 35 Distribution of stress σzz(x) averaged over both sheets 

of the perfect and defective silicene along axis 0x (zigzag 

direction) coinciding with the direction of the electric field 

strength at different gaps; silicene sheets are on the graphite 

substrate. 

detected with the help of a lithium ion moving in an 

electric field along the channel. 

The intensity of these peaks is affected by both the 

channel gap and the type of defects in the walls of the 

silicene channel. The transition to the analysis of 

simplified polyhedra makes it possible to establish that for 

the Li+ ion in the silicene channel, it is possible to consider 

a neighborhood with the number of Si atoms from 4 to 21. 

In this case, m-membered Si rings containing from 3 to 8 

members in nearest neighbor directions are found. The σzz 

stresses are the most significant stresses that exist in the 

channel walls. However, even in the presence of 

hexavacancies in the channel walls, these stresses cannot 

lead to the destruction of silicene sheets. Thus, two-layer 

silicene on a graphite substrate may be a candidate anode 

material for LIBs. 

3.5. Lithiation of two-layer silicene on the SiC substrate 

Silicon carbide is a heat-resistant material that has 

found application in high-temperature rectifier diodes 

and field-effect transistors, light-emitting diodes, and 

ultraviolet radiation detectors. SiC is used for the 

manufacture of heat and radiation resistant integrated 

circuits, as well as for the creation of microwave devices. 

It was hoped that the combination of Si and C atoms 

in silicon carbide would make it possible to create a high-

performance anode material from it. In fact, it turned out 

that the capacity of such an anode with respect to lithium 

is not high enough [98]. Ab initio MD calculations suggest 

that layered SiC is a suitable anode material for use in LIB. 

Indeed, this material is characterized by structural 

strength, high electronic conductivity, low diffusion 

barrier (0.40 eV), and relatively high capacity 

(699 mAh·g-1) [99]. Calculations show that SiC is a 

semiconductor with an indirect band gap, which has a 

width of 2.35 eV [100]. After complete lithiation, SiC 

passes into the metallic phase. SiC retains its structure 

after the adsorption of Li atoms. In this case, the open 

circuit voltage is 1.5 eV. Such a voltage appears to be 

unfavorable due to the deposition of lithium metal, the 

formation of dendrites, and the formation of a solid 

electrolyte boundary. These factors lead to battery short 

circuits and other problems. It is quite logical to try to 

increase the anode capacitance by combining the SiC film 

with two-layer silicene. It is this variant of the combined 

anode that was considered in [101, 102]. 

In all previously considered cases, the silicene channel 

was filled with lithium in the horizontal direction; Li+ ions 

were launched into the channel parallel to its walls. In [101], 

along with the horizontal method of filling the channel 

with lithium, the corresponding vertical method was 

considered. In the vertical method, Li+ ions are directed 

into the silicene channel perpendicular to its walls in the 

presence of vacancy-type defects in the channel walls. 

Figure 36 shows a scheme for performing a 

computational experiment with vertical and horizontal 

filling of a silicene channel with lithium. The inset at the 

bottom of the figure shows a fragment of the upper layer 

of the SiC substrate on an enlarged scale. The plane of the 

substrate closest to the silicene is formed by hexagons with 

C atoms at the sites. The plane with Si atoms is located 

below the carbon plane. When the silicene channel was 

filled vertically, the launched lithium ions were initially 

located on the xy plane located 0.6 nm above the upper 

wall of the channel. In the case of horizontal filling, the Li+ 

ions were initially located in the zy plane, which was at a 

distance of 0.3 nm from the entrance to the channel. The 

ions were directed into the channel under the action of an 

electric field of the corresponding direction. The strength 

of the external electric field was 104 V/m. Ions were 

launched every 10 ps. 
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Figure 36 Schematic representation of the initial configurations (time moment t = 0 ps) of the simulated systems in the case of (a) 

vertical and (b) horizontal filling of the silicene channel with lithium ions; the silicene sheets are on on the SiC substrate and have 

vacancies of given sizes; the ions initial sites (open circles) belongs to (a) xy and (b) zy surfaces; the insert shows a part of the 

substrate upper layer and a unit cell. 

 

Figure 37 Configurations of intercalated systems after launching 151 Li+ ions to inject them into the silicene channel located on the 

SiC substrate; the intercalation is performed: (a) vertically and (b) horizontally; silicene sheets are modified with bivacancies; for 

convenience of visualization, the silicene sheets are represented as surfaces and the SiC substrate is shown as a shadowed object. 

Figure 37 shows the configurations of vertically and 

horizontally filled anodes related to the time of 1.51 ns. In 

the case of vertical filling, by this time, 41 Li atoms directly 

entered the channel, while 96 Li atoms remained outside, 

including those deposited on the upper silicene sheet. 

When ions were launched in the horizontal direction, 73 

Li atoms got inside the channel and 65 Li atoms remained 

above or on the surface of the upper silicene sheet. In 

addition, in this case, several (13) Li atoms penetrated into 

the SiC substrate, which was not observed when the 

channel was filled vertically. In both ways of filling the 

silicene channel, the Li atoms that got inside the channel  
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Table 1 – Average values of the lithium self-diffusion 

coefficients. 

Vertical lithiation Horizontal lithiation 

Vacancy type 

in silicene 

DLi, 

10-5 cm2/s 

Vacancy type 

in silicene 

DLi, 

10-5 cm2/s 

bivacancy 3.16 bivacancy 4.06 

trivacancy 2.88 trivacancy 3.72 

hexavacancy 3.05 hexavacancy 4.80 

 

or located outside on the surface of the top sheet of 

silicene were predominantly located above the centers of 

the six-membered Si rings. 

The behavior of the self-diffusion coefficient of Li 

atoms interacting with the anode during intercalation is 

shown in Figure 38. As can be seen from Figure, a strongly 

oscillating behavior of the coefficient D is observed both 

in the cases of vertical and horizontal filling of the channel 

with lithium. However, the number of stronger D 

oscillations is usually higher in the case of horizontal 

channel filling. The frequency and intensity of the 

oscillations of the coefficient D also depend on the type of 

defects in the walls of the silicene channel. The intensity 

of the oscillations decreases when there are trivacancies in 

the channel walls. Perhaps this is due to the complex, non-

smooth relief of the boundaries of these defects, which, to 

some extent, can "quench" strong oscillations of D. With 

any method of filling the channel with lithium, the 

frequency of strong oscillations of D increases in the 

presence of hexavacancies in the channel walls, which have 

smoother boundaries compared to three – and 

bivacancies. The dependence on the method of filling the 

channel with lithium is expressed in the fact that at the 

final stage of intercalation, for any type of defects in 

silicene, the intensity of the oscillations decreases 

significantly in the case of vertical filling of the channel. 

Perhaps this is due to the smaller number of Li atoms 

falling directly into the channel with this method of 

intercalation, since the frequency of collisions of Li atoms 

with the channel walls in this case can be lower. 

The average self-diffusion coefficients of Li atoms in 

the considered anodes presented in Table 1 can be affected 

by the substrate material, the number of silicene sheets, 

and the size and number of defects contained in the 

silicene sheets. Based on DFT calculations, it was shown in 

[103] that the coefficient of self-diffusion of Li atoms on a 

free-standing silicene sheet at a temperature of 300 K is 

5· 10-5 cm2/s. 

The statistical geometry method was used to study 

the packing structure of lithium atoms in the anodes 

under consideration. The distribution of VP by the 

number of faces for lithium packings obtained by 

horizontal and vertical filling silicene channels with 

various types of defects in their walls is shown in 

Figure 39. The common thing for the obtained n-

distributions is that their maxima fall on n = 4. As a rule, 

the horizontal filling of the anode with lithium leads to a 

shorter length of the n distributions. In other words, in 

this case, packings with a higher degree of crystallinity 

appear. This is connected to a certain extent with a large 

number of Li atoms inside the channel. However, in the 

presence of trivacancies in the channel walls, the length of 

n distributions for both methods of filling the anode with 

lithium is the same, and the intensity of the n-spectrum at 

n = 4 is higher in the case of vertical filling. 

 

 

Figure 38 Self-diffusion coefficients of lithium atoms in systems 

"defective silicene channel located on the SiC substrate" with 

various defects in the channel walls during vertical (lines and 

dots) and horizontal (histograms) intercalation of lithium.
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Figure 39 Distribution of Voronoi polyhedra according to the 

number of faces constructed for lithium packings in the 

silicene/SiC systems with horizontal and vertical intercalation; 

the two-layer silicene contained bi-, tri-, and hexavacancies. 

 

In the case of horizontal filling of the anode with 

lithium, the maximum in the distribution of faces over the 

number of sides falls at m = 3, when bi- and hexavacancies 

are present in the channel walls, and at m = 4, when there 

are trivacancies in silicene (Figure 40). When the anode is 

filled vertically with lithium, the maximum of m-

distribution corresponds to the value m = 4 in the 

presence of bi- and trivacancies in the channel walls and 

m = 5 when the defects in silicene are hexavacancies. All 

m-distributions for given bulk packings of Li atoms have a 

sufficiently large extent (up to m = 8), since they are 

derived for true (not simplified) VPs. Accounting for 

small-scale thermal fluctuations in the obtained m-

distributions complicates the structural analysis. 

Nevertheless, the appearance of fifth-order rotational 

symmetry in the presence of hexavacancies in the walls of 

a vertically filled silicene channel indicates an increase in 

irregularity in such a packing of Li atoms. 

The angular distributions of the nearest geometric 

neighbors characterizing the packings of lithium in 

"silicene/SiC" anodes, obtained by filling the electrodes 

horizontally and vertically with lithium, are shown in 

Figure 41. Angular distributions are presented here only 

for cases where the channel walls contain bi- and 

hexavacancies.  

The corresponding distributions for lithium-filled 

channels with walls containing trivacancies have a form 

similar to the presented distributions. All these 

distributions reflect the case when the packing of Li atoms 

is formed from a mixture of irregular and regular 

packings. Packing regularity is expressed in the presence 

of individual sharp peaks in the spectra, which in general  

 

Figure 40 Distribution of faces of Voronoi polyhedra according 

to the number of sides; the study is carried out for lithium 

packiges in the silicene/SiC systems with horizontal and vertical 

intercalation; the defects in bilayer silicene are bi-, tri-, and 

hexavacancies. 

form represent irregular packing. The highest sharp peaks 

are present in the vicinity of angles 36 ° and 63–66 °. Such 

peaks are more pronounced for cases where bivacancies 

are present in silicene, especially when the anode is filled 

vertically with lithium. In the same cases, these 

distributions contain less pronounced peaks in the vicinity 

of the 120 ° angle. Most of the discussed peaks are formed 

from the location of some Li atoms above the centers of 

the six-membered silicon rings. On the whole, there are 

more similarities than differences in the structure of 

lithium packings obtained by horizontal and vertical 

intercalation. 

 

Figure 41 Angular distribution of nearest geometric neighbors 

for lithium packings in silicene/SiC systems with horizontal and 

vertical intercalation; the data are presented for cases where the 

two-layer silicene contained bi- and hexavacancies. 
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Table 2 – Adhesion energy between single-layer silicene and 

metal (Ni, Cu, Al, Ag, Au) and non-metal (graphite, silicon 

carbide) substrates (eV/ elementary cell). 

Parameter Ni Cu Al Ag Au C SiC 

𝐸adh 2.9 2.0 1.1 1.2 1.0 0.3 1.1–1.7 

It is of interest to compare the structures of the Si and 

C subsystems of silicon carbide after filling the 

"silicene/SiC" anode with lithium using the method of 

statistical geometry. As an example, we use for this the 

results obtained when the anode in question is filled 

vertically with lithium. In this case, the analysis of 

topological properties was performed for simplified 

Voronoi polyhedra (SVP). In Figure 42, the distributions 

of faces by the number of sides for both subsystems are 

presented, when bi-, tri-, and hexavacancies served as 

defects in the walls of the silicene channel. The maximum 

of m distributions for Si-subsystems falls on m = 4, and 

for C subsystems – on m = 5. According to this feature, as 

well as the shape of the angular distributions of the nearest 

geometric neighbors determined using VP, the C 

subsystem turns out to be more disordered than the Si 

subsystem [104]. 

DFT calculations show that the adhesion energy 

between single layer silicene and Ni(111) substrate is much 

higher then 𝐸adh between perfect silicene sheet and other 

metal substrates (Table 2) [105, 106]. The adhesion energy 

between single-layer silicene and graphite has the lowest 

value among all considered substrates [107]. The 𝐸adh 

value between the silicene sheet and layered silicon 

carbide is not uniquely determined due to the continuous 

approach of Si atoms to the relaxing SiC substrate [108]. 

 

Figure 42 The distribution of faces of SVP by the number of 

sides constructed for the Si and C subsystems of SiC after the 

silicene/SiC system is vertically filled with lithium in 1.51 ns; the 

types of defects in silicene are indicated in parentheses. 

The voltage profile during the discharge of a SiC 

element was calculated in [109] using ReaxFF simulation. 

This profile indicates the possibility of using SiC material 

as an electrode with a theoretical capacity three times 

higher than the corresponding capacity of a graphite 

electrode. The mechanism of lithium intercalation was 

considered in the framework of the analysis of charge 

transfer and the study of electronic conductivity. It is 

noted that the SiC layered material is suitable for use in 

LIBs as a fairly effective anode material. SiC, C/SiC, and 

Si/C/SiC samples were obtained by carbothermal 

synthesis and the addition of electrodeposited silicon 

fibers, and their electrochemical behavior in the LIB anode 

cell was studied [110]. Their Coulomb efficiency after 100 

cycles was above 99 %. Significant efforts are required to 

test the combined "silicene/SiC anode" experimentally. 

4. Discussion 

To prevent a large increase in the volume of silicon 

during lithiation, silicon containing combined films were 

used as an anode. Higher capacitance and better 

capacitance retention than an amorphous silicon film are 

demonstrated by an amorphous Si/TiN film in which 

silicon nanoparticles were embedded in a TiN matrix [111]. 

The electrochemical characteristics of a multilayer Fe/Si 

film were studied, where Fe effectively suppressed the 

volume expansion of Si during cycling [112]. The Mg2Si 

nanocrystalline film showed stable behavior during 

cycling, providing a reversible capacity of 2200 mA·h·g–1 

for more than 100 cycles [113]. 

Metal substrates tend to overwhelm the outstanding 

properties of silicene. This problem can be solved, for 

example, by oxygen intercalation [114]. Other methods 

have also been used, such as the insertion of an atom-thick 

insulating sheet. A single layer of h-BN can serve as such 

a sheet [115]. In [116], it is proposed to synthesize quasi-free 

silicene on a thin CaF2 epitaxial film, which can be formed 

on a Si(111) substrate. In the absence of a metal substrate, 

the doping of silicene can be controlled, as well as easy 

extraction and transfer to a convenient substrate, 

including for use in flexible electronics [117, 118]. Potential 

applications of silicene extend to the fields of energy 

storage and conversion [119], sensors, as well as use in 

medicine and biology [120]. 

The creation of microbatteries with 3D architecture 

has faced certain difficulties, including the uneven 

distribution of current and voltage, the complexity of 

spatial design due to the small size of the battery, and the 

need to develop conformal electrolytes with high 

conductivity. However, wireless devices that perform 

discovery, computing, and communication functions are 
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being intensively developed for a variety of applications, 

including wearable medical devices, continuous 

monitoring devices in the industrial sector, and remote 

environmental monitoring devices. Due to the widespread 

use of wireless sensor devices, the need for full-fledged 3D 

batteries in a miniaturized form has increased. The 

development of architectural design continues. An 

excellent tool for this is 3D printing, which allows for 

flexible dimensions and geometries, which should 

eventually lead to higher current densities [20]. 

Battery geometry and material properties have a 

decisive influence on the charge conduction path. Using 

finite element simulations, it was possible to show that the 

incorrect location of the electrodes creates an 

inhomogeneous current density, which leads to uneven 

use of the active material and partially unused electrodes 

[121, 122]. Many details of the processes that occur in 

batteries during operation can be established by 

numerical simulations. At the same time, the complexity 

of the battery architecture fades into the background. 

Electrochemical processes in three-dimensional 

microbatteries were studied by the finite element method 

both in the case of using liquid [121, 122] and solid 

electrolytes [123, 124]. The non-uniformity of the current 

density causes mechanical stresses that affect the material 

of the components and the performance of the LIBs. 

Numerical studies make it possible to quantitatively 

characterize this effect [12]. 

To improve poor kinetics and thermodynamic 

stability at the electrode-electrolyte interface, the 

appropriate interface must be carefully studied. In 

addition to improving conductivity, the electrochemical 

window of solid state electrolytes must be optimized to 

ensure reversible deposition and removal of charge 

carriers and reduce interfacial resistance. Currently, the 

electrochemical window of inorganic solid-state 

electrolytes has reached a value of 3 V, but the 

corresponding conductivity is quite low. Therefore, it is 

necessary to significantly improve the mechanism of ion 

transport. This can be achieved by optimizing the 

structure and compositional design of composite solid 

state electrolytes [8]. Thus, a composite solid electrolyte 

with a high content of inorganic filler should have higher 

electrical conductivity and electrochemical stability, as 

well as higher cyclic stability. At low temperatures, the 

aging of a lithium-ion cell is associated with the deposition 

of lithium metal on the anode [125]. At the same time, an 

increase in temperature is accompanied by an increase in 

the SEI layer on the anode and an acceleration of cathode 

destruction. These effects lead to a decrease in capacitance 

and an increase in internal resistance. 

This review presents the work performed at the 

atomic level based on the developed molecular dynamics 

model. The computational developments discussed can 

first of all be extended to the description of 

electrochemical processes in microbatteries. The design of 

a microbattery with a silicene anode was proposed in [126]. 

In the review of the physicochemical processes of charging 

and discharging promising silicene anodes of a lithium-ion 

battery are considered. At the same time, the active two-

dimensional material silicene was placed on metal (Ag, Ni, 

Cu, Al) and non-metal (graphite, silicon carbide) 

substrates. In all cases, the launch of ions and their 

extraction from the anode element (silicene channel) was 

carried out under the action of an external electric field. 

The occupancy of a silicene channel with lithium was 

studied depending on the type of vacancy defects 

(mono-, bi-, tri-, and hexavacancies) present in its walls for 

each type of substrate under study. The self-diffusion 

coefficients of lithium atoms entering the silicene channel 

during charging of the anode element and leaving it 

during discharging are calculated. The value of the self-

diffusion coefficient of lithium atoms largely determines 

the battery charging rate. The morphology of the anode 

element was studied, as well as the change in its volume 

during cycling, the change in the roughness of silicene 

sheets after filling the channel with lithium was 

established. Particular attention is paid to the study of 

lithium atom packings obtained by filling the silicene 

channel with lithium and by removing lithium from the 

anode element. The structure of lithium packings was 

studied by the method of statistical geometry based on the 

construction of Voronoi polyhedra. In all cases, both 

topological and metric characteristics of lithium packings 

were obtained. As a rule, a mixed regular and irregular 

type of packing was observed, where the regularity was set 

by the placement of adsorbed lithium atoms over the 

centers of hexagonal silicon rings. The structure of the 

walls of the silicene channel was studied using the probing, 

where the probe was a lithium ion moving along the 

channel under the action of an external electric field, and 

the nature of the relief was determined based on the 

construction of Voronoi polyhedra. The distributions of 

mechanical stresses in the silicene walls of the anode 

element, which appear as a result of filling the channel 

with lithium, were calculated. As a rule, the most 

significant are stresses that are normal to the channel 

walls. However, the magnitude of these stresses is not 

critical, because is not more than 30 % of the tensile 

strength of silicene.  

Among the considered metal substrates, the nickel 

substrate proved to be the most suitable for the deposition 

of silicene on it and the use of this composite in LIB. In this 
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case, the presence of relatively insignificant (in relation to 

the tensile strength of silicene) local stresses σzz when 

moving along the silicene channel and the high level of 

filling of the channel with lithium during intercalation 

make the “two-layer silicene/nickel” the most successful 

combination for use as the LIB anode material. The use of 

two-layer silicene on a graphite substrate is also attractive 

in this respect. Although the use of such an anode material 

may be the low adhesion problem between the silicene 

and the substrate. 

 

Summary and outlook 

 

Lithium-ion (Li-ion) batteries are an advanced energy 

storage technology that plays a key role in today's 

industrial developments. Modern LIBs must have high 

energy density, high power density, and long service life. 

The computer simulation method makes it possible to a 

priori predict the operating characteristics of the 

electrodes of LIBs. Developments using this method are 

important for the acquisition speed, accuracy and 

characterization of properties important for safety, 

energy density and longer life. 

The results presented in this paper show that further 

research is needed in the following areas.  

– First, the silicene element design for the anode has 

been qualitatively established, but quantitative 

understanding has not yet been reached. For example, the 

size dependence of silicene anode properties must be 

quantified.  

– Secondly, the nature of the interfacial phase of the 

solid electrolyte on silicene has not been studied, 

knowledge of which will undoubtedly lead to an 

improvement in the Coulomb efficiency. The issue of 

creating effective coatings to protect silicene from 

oxidation and aggressive media, such as a liquid 

electrolyte, remains very important.  

– Third, the atomistic processes that occur during the 

insertion and extraction of lithium should be studied on a 

complete assembly of the entire LIB, including the 

electrolyte and separator (if necessary).  

In addition to computational methods, experimental 

methods of detailed investigation of the functioning of 

LIBs be effectively used, which will provide important 

information about real microscopic processes. Fourth, it is 

necessary to create methods for packing nanosized silicene 

into the electrode structure and study the mechanisms of 

deformation at the level of the entire electrode. Finally, 

large-scale and low-cost strategies must be developed to 

manufacture all components for modern LIBs with 

advanced features. 
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The Supporting Information is available free of 
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