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ABSTRACT: Two-layer freestanding heterostructure consist-
ing of VS2 monolayer and graphene was investigated by means
of density functional theory computations as a promising
anode material for lithium-ion batteries (LIB). We have
investigated lithium atoms’ sorption and diffusion on the
surface and in the interface layer of VS2/graphene hetero-
structure with both H and T configurations of VS2 monolayer.
The theoretically predicted capacity of VS2/graphene hetero-
structures is high (569 mAh/g), and the diffusion barriers are
considerably lower for the heterostructures than for bulk VS2, so that they are comparable to barriers in graphitic LIB anodes
(∼0.2 eV). Our results suggest that VS2/graphene heterostructures can be used as a promising anode material for lithium-ion
batteries with high power density and fast charge/discharge rates.

■ INTRODUCTION

Li-ion batteries (LIB) are the most popular power sources for
mobile electronic devices. The main advantages of these
batteries are big specific capacity, high efficiency, long lifetime,
and operational safety. On the other hand, a growing level of
requirements and an expansion of application fields raise new
challenges for the accumulators and the electrode materials
used. A big number of recent investigations1−5 focus on the
search for new active anode materials or, alternatively, the way
to enhance the properties of known materials by modification
and nanostructure design.
Having high specific surface area, electroconductivity, and

elastic moduli,6 graphene appears to be a promising material
base for power storage devices. However, Liu et al.7 have shown
that pure graphene-based lithium storage matrices suffer from
negative effects while lithium clusterization and phase
separation occur. Despite that, graphene sheets were
successfully used as anode material in Li-ion accumulators
and were confirmed to exhibit good electrochemical proper-
ties.8,9 Also, BC3, a graphene-derived material, is also a very
promising anode material.7,10

Along with graphene, planar transition metal compounds
have been extensively investigated recently. Unique properties,
due to the layered structure, high specific surface area, and
presence of d-electrons, provide 2D transition metal materials,
such as oxides and dichalcogenides, with important applications
in different fields of nanoelectronics.11−17 Series of inves-
tigations have shown monolayers of molybdenum disulfide as a
prospective anode material for LIB with good performance and
remarkable specific capacity.18−20 However, despite low lithium
diffusion barriers and high capacity,21 MoS2 is a semiconductor

with a significant band gap of 1.8 eV, which considerably affects
the material’s electrochemical properties. Opposed to MoS2
nanosheets, zigzag-type nanoribbons exhibit metallic conduc-
tance22,23 and high lithium mobility at the surface, although
lithium is bounded stronger than to nanosheets.21 However,
commercial-scale MoS2 nanoribbon production is currently an
unpromising problem.
Another prospective electrode material is vanadium disulfide

(VS2). Intercalation of VS2 by Li+ was first done in 1977 by
Murphy et al.,24 and later, it was suggested as a cathode for
LIB.25,26 As an anode material, Li0.8VS2 was tested in refs 27
and 28, where the specific capacity was found to be lower than
200 mAh/g. Once again, VS2 attracted attention after its 2D
conductive phase was synthesized and then used in a
supercapacitor with big specific capacity and high cycling
stability.29,30 A theoretical study in ref 31 proposed VS2
monolayer as a material for LIB anode. Lithium atoms are
easily adsorbed on the monolayer surface with the maximal
theoretical capacity of 466 mAh/g (corresponding to Li2VS2)
and with the diffusion rates higher than in graphite and MoS2.
Having the unique properties of graphene and transition-

metal oxides and dichalcogenides, composites and hetero-
structures based on these compounds are expected to have even
more promising capabilities. Advances in properties of
graphene/transition-metal dichalcogenide (oxide) nanocompo-
sites may result from a variety of factors, such as changes in
morphology and chemical composition,32 tuning of electronic
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transport, increase in number of active states, and buffering due
to volumetric expansion.33−39 Composites of graphene and
MoS2 have been studied in detail,40−43 including their
performance as LIB anode, for example, MoS2/rGO (reduced
graphene oxide) has specific capacity of 1300 mAh/g, high-rate
capability, and cycling stability.40

Earlier, a composite consisting of the VS2 flakes with 50 nm
thickness on graphene nanosheets (VS2/GNS) was obtained
and investigated as LIB anode and cathode material by Fang et
al.44 The VS2/GNS nanocomposites have shown good
characteristics as a cathode material both at high and low
charging rates with initial capacity of 180.1 mAh/g. As anode
material, VS2/GNS exhibits good reversible performance with
528 mAh/g capacity even after 100 cycles at 200 mA/g. It was
suggested that interactions between the graphene and VS2
provide both good electron transport and mechanical
strengthening resulting in excellent electrochemical properties.
The VS2/GNS composites may be promising electrode
materials for the next generation of rechargeable lithium ion
batteries and need further investigations including investigation
of lithiation processes at the atomic scale in order to
understand the mechanism of lithium penetration. A major
limitation of the work was that the monolayer thickness was not
achieved; by reducing the number of stacked VS2 layers, the
sorption properties of the composite may improve.
Another concern is the material degradation. Metal

dichalcogenides’ inclination for aging with structural degener-
ation was shown recently.45−47 As a proposed countermeasure,
combining the dichalcogenide monolayer into a heterostructure
with an inert outer layer, such as graphene or h-BN,48 can
prevent aging and can preserve the unique properties.
This article is devoted to a study of lithium sorption and

diffusion in freestanding VS2/graphene heterostructure. Sorp-
tion energies and diffusion barriers on the surface and in the
interlayer space of the heterostructure are calculated and
compared against bulk systems.

■ CALCULATION METHODS

In this work, the properties of VS2/graphene heterosturucture
are investigated by means of quantum-chemical modeling
within the framework of density functional theory (DFT)49,50

using plane-wave basis set and the projector augmented wave
(PAW) method51,52 as implemented in VASP.53−55 Generalized
gradient approximation (GGA) was used in the form of PBE
(Perdew−Burke−Ernzerhof) exchange-correlation functional56

as well as the Grimme dispersion corrections for van der Waals
interaction description (DFT-D3).57 For exploring transition
states and potential energy barrier calculations of lithium atom
passing from one position to another, the nudged elastic band
method (NEB)58 was used.
For the Brillouin zone sampling, the gamma-centered

Monkhorst−Pack scheme59 was chosen. The plane wave basis
cutoff energy Ecutoff = 400 eV was used. While the periodic
boundary conditions are necessarily applied to simulation cells
in the plane wave basis, one has to separate the monolayers
from the periodic images in the neighboring cells in order to
model an isolated 2D structure. For this purpose, a vacuum
spacing of 20 Å perpendicular to the monolayer’s plane was
made in the simulation cell. In all geometry optimizations, the
convergence criterion was so that the maximal force acting on
any atom was less than 0.01 eV/Å. All structures were
visualized in VESTA.60

■ RESULTS AND DISCUSSION

First, full geometry optimization was carried out for VS2 unit
cells of two possible phases: trigonal-prismatic (H) and
octahedral (T). As in our previous work,61 in the absence of
available experimental data for VS2 monolayers, we have also
conducted bulk geometry calculations, and the results for bulk
1T-VS2, obtained at the DFT-D3 level of theory (a = b = 3.16
Å, c = 5.79 Å), coincide well with those from the experiment (a
= b = 3.23 Å, c = 5.71 Å).62 The equilibrium monolayer lattice
constants are 3.17 and 3.16 Å for the T and H phases,
respectively, at the PBE with DFT-D3 level of theory.
Next, vertical VS2/graphene heterostructures were con-

structed to simulate single lithium atom sorption in the
heterostructures and to compare it with sorption on VS2
monolayer surface. The model of VS2/graphene heterostruc-
tures was adopted from ref 61, where VS2 and graphene layers
were stacked with a misorientation angle β = 20 between in-
plane lattice vectors of the layers. For this, √7 × √7 graphene
supercell was placed over 2 × 2 supercell of VS2. This cell was
used for calculation of higher lithium concentrations, while for
low lithium concentrations and particularly for calculation of
potential barriers, the cell was doubled in plane in two
directions. The dimensions of the k-point mesh were set to
12 × 12 × 1 for calculations in the smaller simulation cell and
to 6 × 6 × 1 for the doubled cell. Using these supercells, the
most preferable sites for lithium sorption on VS2 surface (sites
H, S, and V) and in the interface region between the layers of
graphene and VS2 (sites 1−4) were determined (see Figure 1,
Table 1).

The sorption energy of lithium on stand-alone VS2
monolayer or the heterostructure was calculated as

= − −E E E nE n( )/sorp total substrate Li (1)

where Etotal is the full energy of the substrate (monolayer or
heterostructure) with lithium atoms on it, Esubstrate is the energy
of the substrate without adatoms, ELi is the energy of one atom
in lithium crystal, and n is the number of Li atoms adsorbed on
the substrate.
According to the calculated sorption energies of the single

lithium atom, on the surface of VS2 and in the interface region
of VS2/graphene as well, the most energetically preferable sites
are above the vanadium atom (site V) for both T and H phases
(see Figure 1 and Table 1).

Figure 1. Lithium atom sites on VS2 surface: (a) H-VS2, (c) T-VS2; in
between graphene and VS2: (b) H-VS2, (d) T-VS2.
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The tendency is the same for the stand-alone VS2
monolayers (see Figure 1); however, the energies of sorption
on the heterostructure are higher. The sorption energy for
positions V, H, and S of Li atom is equal to −1.82, −1.74, and
−1.17 eV for H-VS2 monolayer and to −1.56, −1.44, and −0.88
eV for T-VS2 monolayer, respectively. The occupation of the
site V is more energetically favorable in both cases. As for the
sorption between graphene and VS2, the differences in sorption
energy in the sites 1, 3, and 4 are negligible for both phases;
however, the absolute values of Esorp are higher for the H phase.
The position 2 for the T phase is unstable, and the Li atom
went from 2 to 1 during the geometry optimization.
One can speculate about a correlation between the distance

from the lithium atom to the nearest vanadium atom and the
sorption energy. The smaller the distance to vanadium, the
higher the sorption energy for both H and T phases. The
distance from lithium to graphene varies insignificantly and
does not contribute to the changes in sorption energy. There is
no significant effect on the magnetic properties of vanadium
disulfide by adsorbed lithium atom at the PBE level of theory.
Further, single Li diffusion was modeled for the interface

region of VS2/graphene (Figure 2c, d) and, for comparison, on
the surface of VS2 monolayer (Figure 2a, b); the influence of
underlying graphene on the corresponding barriers in the
heterostructures is negligible. For diffusion on the surface of
both T and H phases, the easiest way for Li atom diffusion is
V−H−V; however, the barrier height for the V−H−V
transition is a bit lower for the H-VS2 phase (0.18 eV) than
for the T-VS2 phase (0.23 eV). The results are consistent with
the previous calculations,63 where the potential barriers for the
H phase monolayer were obtained.
The diffusion of Li atom in the interface region of T-VS2/

graphene heterostructure is limited by the 1−4 transition
(Figure 2d). For the H-VS2/graphene heterostructure, the most
preferable diffusion path is 1−4−3 (Figure 2c). In that, the
barriers of 1−4, 4−3, and V−H transitions are almost equal, so
that the diffusion in between the layers and on the surface may
proceed with equal rates.
The diffusion barriers inside the interface region of the VS2/

graphene heterostructure are lower than the barriers in bulk T-
VS2 (which were previously estimated as 0.24 eV63) and are
comparable to the barriers in graphite, the most popular LIB

anode material.64 Thus, the combination of VS2 with graphene
makes up a prospective material with good lithium capacity,
remarkable electronic conductance, and high sorption/
desorption rates.
As the energy barriers for Li atom transitions in the interface

region of the heterostructures are low, it should be easy for
lithium to diffuse in the interlayer space. Next, the maximal
amount of lithium x, that can be sorbed in between graphene
and VS2 (VS2/Lix/C3.5), was determined using the bigger
simulation cell for x < 0.25 and the smaller cell for higher
concentration. It was assumed that Li atoms occupy the most
preferable sites in the interface region, that is, above vanadium
atoms. Descriptions of all the concentrations considered and
the lithium atom distributions can be found in the Supporting
Information, Figures S1 and S2. According to the results (see
Figure 3), the sorption energies increase monotonically with
the amount of lithium inside the interface region. The maximal
amount of lithium that can be sorbed in the interface region of
VS2/graphene heterostructures is 1.75 Li atoms per VS2 unit,
and further filling of the structure leads to the positive values of
the sorption energies, which means that higher lithium content

Table 1. Structural and Magnetic Properties of the Heterostructures with Single Li Adatom in Different Positions

bond length, Å

Li position sorption energy, eV magnetization, μB per u.c. Li−V Li−S Li−C

H-VS2
between graphene and VS2 1 −1.99 12.60 2.91 2.35 2.29

3 −1.98 12.62 2.97 2.38 2.39
4 −1.94 12.64 3.45 2.36 2.34
2 −1.48 12.77 3.65 2.19 2.23

on VS2 surface V −2.01 12.53 2.94 2.36
H −1.96 12.55 3.47 2.37
S −1.32 12.63 4.09 2.21

T-VS2
between graphene and VS2 1 −1.84 3.72 2.78 2.31 2.36

2 (went to 1) −1.84 3.72 2.78 2.31 2.36
3 −1.81 3.86 2.84 2.32 2.52
4 −1.77 4.18 2.74 2.27 2.34

on VS2 surface V −1.87 3.82 2.79 2.31
H −1.84 3.72 3.27 2.28
S −1.41 4.18 3.96 2.19

Figure 2. Transition barriers between local minima for single lithium
atom on the surface of (a) H-VS2 monolayer and (b) T-VS2
monolayer and in the interlayer space between graphene and (c) H-
VS2 and (d) T-VS2.
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is energetically unfavorable. The increase in sorption energies
comes from Coulomb repulsion between positively charged Li
atoms that are placed in closed space between the layers. This
also explains well the vanishing difference between the sorption
energies in the H and T phases. The difference in the geometry
of the second (outer) layer of sulfur atoms is only noticeable at
low Li concentrations and is obscured by the short-range
repulsion forces.
The density of 1.75 Li atoms per VS2 unit stored in between

the layers of the heterostructure is significantly higher than the
capacity between the layers of bulk T-VS2 (1 Li atom per
formula unit) or graphite (0.166 Li atoms per carbon atom)
and is even higher than the sum of these capacities. A possible
reason for the enhanced capacity of the interface is the
following. The energy of lithium sorption on any substrate can
be divided into three parts: attraction of Li atoms to the
substrate, mutual repulsion of Li atoms, and deformation of the
substrate. The first term does not change significantly from the
bulk VS2 (or graphene) to the case of the heterostructure, but
the third part should have a considerable impact on the overall
sorption energy. A rough estimate of the difference in the
deformation energies can be obtained by estimating the binding
energies between layers in VS2 or graphene. The energy needed
to pull apart the monolayers in the heterostructure is 0.35 eV
per cell. According to our calculations, for the cell of the same
size, one needs 0.69 eV to pull apart the layers of bigraphene. In
case of two-layered T-VS2, the energy is 1.00 eV.
Thus, the maximal possible lithium content in the interlayer

region corresponds to a formula VS2/Li1.75/C3.5. Taking into
account sorption on the outer surface of VS2 monolayer and
graphene31 with formation of Li/VS2/Li1.75/C3.5/Li0.583, the
overall capacity can reach a value of 569 mAh/g. This is close to
the experimentally obtained capacity of 528 mAh/g after 100
cycles for multilayered VS2/GNS nanocomposites44 and is
much higher than the theoretically possible 466 mAh/g31 for
VS2 monolayer. Also, no chemical bonds are broken during the
lithiation up to this concentration, which argues for good
reversibility of this process. However, if chemical trans-
formations were considered for the heterostructure, the amount
of lithium able to be sorbed could be even higher than 569
mAh/g.
Importantly, during the lithiation, the heterostructure retains

its graphene-inhereted transport properties. The calculated
partial densities of states (pDOS) from the carbon atoms show
linear sections corresponding to the Dirac cones insignificantly
affected by the impurity states coming from Li−C interactions.
The vertex of the cone is not overlapped by any other bands,
although it is shifted 1.4 eV downward (for x = 1) in

accordance with n-doping of the graphene monolayer by the
electrons transferred from lithium atoms (Figure S3).

■ CONCLUSIONS
Quantum-chemical calculations show that lithium can be
effectively adsorbed on the surface as well as in the interplanar
space of VS2/graphene heterostructures with the sorption
energies similar to those for bulk T-VS2 (∼2 eV). However, the
diffusion barriers are considerably lower for the heterostruc-
tures and are comparable to barriers in graphitic LIB anodes
(∼0.2 eV).
The sorption energies become positive only when 1.75

monolayers of Li atoms per VS2 are sorbed in the interface
region of the heterostructure. This results in overall lithium
capacity of 569 mAh/g which agrees well with the recently
reported experimental results.
Thus, the combination of VS2 monolayer with graphene

makes up a prospective material with good lithium capacity,
remarkable electronic conductance, and high sorption/
desorption rates.
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