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Applying the methods of the electron-density functional and ab initio 
pseudopotential, the computational experiment is carried out, using the 
author’s software complex on atomic models that correctly reproduced the 
2D-layer structure of tin chalcogenides with intercalated Na and Li atoms. 
We obtain the spatial distributions of the valence electrons’ density, the 
energy reliefs of migration of the Na and Li atoms in the nanostructured 
SnS2 interlayer under various degrees of filling of the interlayers with 
metal atoms. As established, the motion of the Na and Li atoms is accom-
panied by the overcoming of energy barriers. Barriers depend on the de-
gree of filling of the nanostructured SnS2 interlayer with metal atoms. 
The optimum filling of the SnS2 interlayer with the Na and Li atoms in 
percentage of 75% is determined, at which the motion of the Na and Li 
atoms is accompanied by the least energy losses. The processes occurring 
inside the SnS2 layer during the migration of the Na and Li atoms are de-
termined by the interaction of metal atoms with each other, which are 
filling the layer, as well as by the interactions of the Na and Li atoms 
with a surface SnS2 layer consisting of sulphur atoms. The distributions 
of the valence electrons’ density, the energy barriers for migration of the 
Na and Li atoms in the intermediate SnS2 layer are compared. 

Методами функціоналу електронної густини та псевдопотенціялу із пе-
рших принципів, з використанням авторського програмного комплек-
су, що адекватно відтворює шарувату структуру халькогенідів Стануму 
з інтеркальваними атомами Na та Li, виконано обчислювальний експе-
римент. Одержано просторові розподіли електронної густини валентних 
електронів та перетини їх, енергетичні бар’єри міґрації атомів Na та Li 
в міжшаровому прошарку аноди акумулятора, виконаної з нанорозмір-
ного SnS2 за різних ступенів наповнености її атомами металу. Проана-
лізовано рух атомів Na та Li, що супроводжувався доланням енергети-
чних бар’єрів, величини яких залежали від ступеня наповнености на-
ноструктурного прошарку SnS2 атомами металу. Зафіксовано оптима-
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льну наповненість наноструктурного прошарку SnS2 атомами Na та Li в 
75%, за якої рух атомів Na та Li супроводжувався найменшими енер-
гетичними затратами. 

Key words: anode of battery, Na and Li atoms, nanostructured SnS2 films, 
electron density functional, ab initio pseudopotential, energy reliefs of 
migration. 
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1. INTRODUCTION 

Lithium-ion batteries (LIBs) are now the leading energy storage sys-
tems, but the insufficiency, fast consumption, and high coast of 
lithium resources concern on its sustainability [1, 2]. Sodium-ion 
batteries (SIBs) are appearing as alternative energy storage device 
for replacing lithium-ion batteries because of the Li-like electro-
chemical behaviour and the crystal abundance of sodium [3, 4]. 
Over the past decade, graphite has been considered as a state-of-the-
art anode material for LIBs. Unfortunately, it is an ineffective host 
for Na ions, showing the low theoretical capacity because of larger 
Na-ion radius [5, 6]. It is pivotal problem to develop high-
performance electrode materials and stimulate the commercial de-
velopment of the high-efficiency and low-price devices based on 
SIBs and LIBs systems [7–10]. 
 Two-dimensional (2D) layer-structured metal-sulphide materials 
have a great potential as anode materials for SIBs owing to their 
inherent structure-related properties in physical, chemical, electron-
ic as well as optical aspects [11–19]. Among these materials, SnS2 
can have high theoretical capacity and good reversibility due to its 
overwhelming merits such as large interlayer spacing and high re-
versible-conversion efficiency [20–27]. 

2. METHODS AND MODELS OF CALCULATION 

The results of the study of the properties of Na and Li atoms inter-
calated into the battery anode made on the SnS2 base were obtained 
using the author’s program code [28], which is based on the meth-
ods of the functional of electron density and ab initio pseudopoten-
tial [29–35]. 
 To reproduce the material of the battery anode for the accumula-
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tion of the Na and Li atoms in the form of two endless monolayers 
SnS2 (Fig. 1, a), the artificial orthorhombic-type superlattice was 
created (abc, 90); the object at issue is determined 
by means of parameters of the superlattice and the atom basis. For 
the simulation of film structure, the lattice cell parameters in the 
directions of the a and b crystallographic axes modelled the infinite 
nanostructured SnS2 film (Fig. 1, b); in a plane perpendicular to the 
surface, the c crystallographic axis was chosen, so that the transla-
tionally located films would not influence one another. The atom 
basis of a primitive cell consisted of 8 S atoms and 16 Sn atoms. In 
the SnS2 interlayer space, it could be arranged from 0 to 16 Li at-
oms per cell. Li atoms were placed according their location in a sol-
id state at low temperatures. 

3. RESULTS AND DISCUSSION 

The spatial distributions of the valence-electrons’ density and their 
sections were obtained (Fig. 2); the total energy of the atom system 
is plotted in Fig. 3; the energy barriers for migration of the Na [32] 
and Li [33] atoms in the battery anode made of SnS2 are presented 
in Fig. 4. The calculated results were obtained for the degrees of 
filling of the SnS2 layer by metal atoms from 12.5% to 100%. 
 Algorithm for calculating the energy barriers for migration of 
the Na and Li atoms was such that, for each atomic configuration 

       
              a                                 b                                   c 

Fig. 1. The direction of migration of the Na or Li atoms from each other 
into the interlayer of SnS2 layer within the cell (the view of a primitive 
cell with an atom basis) (a); the fragment of an infinite SnS2 film with the 
Na or Li atoms intercalated in its interlayer space (b); the cross section of 
the cell at c/2 level with indication of the locus of migration of the Na or 
Li atoms in the SnS2 interlayer (c). 



276 Yu. PRIKHOZHA and R. BALABAI 

corresponding to the elementary step of spatial migration (Fig. 1, c 
(top row)), the total energy was calculated by means of formula: 
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thus, generating the energy relief along the migration trajectory of 
the Na and Li atoms. Here, k is the vector within the first Brillouin 
zone, G is the vector of the reciprocal lattice, ( )ib k G  is the coef-
ficient of the expansion of the wave function, i enumerates occu-
pied states for a certain k, (G) is the coefficient of decay of the 
valence-electrons’ density, s enumerates atoms in an elementary 
unit cell, Ss(G) is a structural factor, 

L

sV  is a local (l-independent) 
spherically symmetric pseudopotential, l denotes the quantum or-
bital number, ,

NL

l sV  is a nonlocal (l-dependent) additive to 
L

sV , Zs is 
an ion charge, Ewald is the Madelung energy of point ions. 

 

Fig. 2. The (110) cross sections of the spatial distributions of the valence-
electrons’ density for the filling of the nanostructured SnS2 interlayers 
with the Na (top row) and Li (bottom row) atoms at the fullness degrees of 
12.5%, 25%, 37.5%, 50%, 62.5%, 75%, 87.5%, 100% from left to right. 
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 The length of migration trajectory was of 1.44 Å and 1.52 Å, and 
a displacement step was 0.36 Å and 0.30 Å for Na and Li, respec-
tively. The reference level of energy on the energy relief graphs was 
taken to be equal to 391.02 eV/atom, i.e., the value of the total en-
ergy of the system at zero filling of the SnS2 layer. The total energy 

 

Fig. 3. Graph of dependence of the energy barrier on the filling of Na and 
Li atoms in the interlayer nanostructured SnS2 layers. 

 

Fig. 4. Graph of the migration energy reliefs of Na (top row) and Li (bot-
tom row) atoms at degrees of filling of the SnS2 layer from 12.5 to 100%. 
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of the system is increased with the number of the Na and Li atoms 
in the SnS2 layer. 
 Figure 4 shows the energy curves during the migration of two Na 
atoms (two top graphs) and Li atoms (two bottom graphs) from each 
other at different filling of the interlayer with the Na and Li at-
oms, respectively. It can be seen that the movement of the interca-
lated Na and Li atoms into the SnS2 interlayer space was accompa-
nied by the overcoming of energy barriers, the magnitudes of which 
are dependent on the degree of filling of the SnS2 layer with metal 
atoms. The barrier value was determined by the difference between 
the minimum and maximum values on the energy-relief curve. 
Thus, the migration energy reliefs for the Na and Li atoms have 
one appearance when the SnS2 layer was filled up to 12.5% and 
25%, and the other appearance is at a percentage of 37.5% or more 
(Fig. 4). However, when the SnS2 layer was filled with 12.5–25% 
Na atoms, the energy reliefs have two highs and lows, while the 
same energy barrier was observed at the same filling with Li atoms. 
From these figures, it can be seen that, at the final step of the tra-
jectory, the motion of Na atoms, when the interlayer SnS2 is filled 
with 37.5% or more, the total energy of the system increases rapid-
ly, and on the contrary, this energy for Li atoms decreases. 
 Figure 3 shows that, for the intercalated atoms of both Na and Li 
in the interlayer space of the battery anode made of SnS2, there is 
an optimal filling of the layer with atoms of 75%, when the atoms 
in motion practically did not spend energy. 
 The presence of significant energy barriers on the migration tra-
jectory of the Na and Li atoms in the SnS2 layer up to 37.5% can be 
explained by the interaction of the Na and Li atoms with the SnS2 
surface layer consisting of sulphur atoms. The presence of such in-
teraction was confirmed by the appearance of cross sections of the 
spatial distributions of the valence electrons’ density for the indi-
cated degrees of filling (Fig. 2). The intense grey colour shows that, 
in the region of sulphur atoms close to the Na and Li atoms, there 
was a higher density of valence electrons. Starting from an inter-
layer fill of 62.5%, the density of valence electrons attached to 
SnS2 layers no longer had such features. 

4. CONCLUSION 

By means of the methods of electron-density functional and pseudopo-
tential of the first principles, using the author’s program code, we 
calculated the spatial distributions of the valence electrons’ density 
and their intersections, energy barriers for migration of the Na and 
Li atoms in the interlayer of the battery anode made of nanostruc-
tured SnS2 films containing 12.5%–100% intercalated atoms. 
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 It was found that, as the number of metal atoms is increased in 
the SnS2 interlayer space, the total energy of the atom system is 
increased too. The movement of intercalated metal atoms was ac-
companied by the overcoming of energy barriers, the magnitude of 
which depends on the degree of filling of the nanostructured SnS2 
layer with metal atoms. It was found that there is an optimal situa-
tion characterized by the lowest energy losses, when the SnS2 layer 
is filled with the Na and Li atoms in percentage of 75%. 
 The processes, which took place inside the SnS2 layer during the 
migration of the intercalated Na and Li atoms, were determined by 
the interactions of the metal atoms with each other filling the lay-
ers, as well as by the interactions of the Na and Li atoms with the 
nanostructured SnS2 surface sulphur layer. 
 From the analysis of energy barriers for the migration of Na and 
Li atoms, it can be concluded that the SnS2-based anode is better to 
be filled with Na atoms. After all, the total energy of the system at 
the intercalation of Na atoms in the nanostructured SnS2 layer is 
less than at the intercalation of Li atoms. 
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