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A B S T R A C T

Ideal Li-ion battery materials should have a low Li-ion diffusion barrier and a suitable binding energy. Here, first-
principles calculations were performed to investigate the potential of SnS monolayer as a Li-ion battery material.
Our study reveals that Li ions can be strongly bonded on the SnS monolayer with a binding energy of around
2 eV, and donate electrons into the SnS monolayer. Consequently, Li intercalation of SnS monolayer gives rise to
a semiconducting to metallic transition, and leads to a good electrical conductivity. Interestingly, in spite of the
existence of strong chemical interaction, the energy barrier (0.45 eV) of Li diffusion on the SnS monolayer is
quite low. Moreover, the estimated open circuit voltage is about 1.98 V, which is much better than that of
commercial graphite. Thus, given these advantages, it is expected that SnS monolayer will be a promising anode
material for Li ion batteries.

1. Introduction

With the rapid development of consumer electronics, rechargeable
supercapacitors/batteries with high capacity and rate capacity have
attracted great attention from both basic research and industry appli-
cations [1–7]. Li-ion batteries (LIBs), one of the most widely studied
rechargeable batteries, are in high demand in the portable electronics
market, and their applications have expanded into large-scale electric
energy storage, such as in renewable power stations and hybrid electric
vehicles, because of their high specific-capacity density and stable cy-
cling capability [4–7]. Currently, graphite-based carbon materials are
widely used as the commercial anode materials for LIBs due to their
unique electrochemical and physical properties [4]. However, devel-
oping LIBs with much better performance is always one of the hottest
research topics [5–7]. On the other hand, the slow charging/dischar-
ging rate of present-day LIBs has limited further applications of LIBs in
real devices. Although large current rates may help the charging rate, it
may lead to fast decay of LIBs and safety problems. Generally, the
charging/discharging process of LIBs can be divided into three steps:
detachment from reservoir, transport in electrolyte, and diffusion in the
electrodes. In this sense, finding a suitable anode, which has fast Li-ion
diffusion, may provide an easy way to accelerate the charging/dis-
charging rates.

Previously, many theoretical studies have shown that lowering the
dimensionality of conventional anode materials via nanotechnology can
achieve higher capacity [8]. For instance, materials with low di-
mensionality, such as fullerene [9,10], carbon nanotubes [11–13], si-
licon/germanium nano-wires [14–16], and graphene [17–23] have
been intensively investigated for their potential as a replacement for
graphite as anode. Among them, graphene has attracted immense at-
tention because of its 2D crystal structure with atomic thickness, unique
electronic structure, high intrinsic mechanical strength, high thermal
conductivity, and large surface area [24,25]. Unfortunately, lithium
nucleation over graphene limits its application in terms of durability
[26]. Recent experimental studies demonstrated that monolayer phos-
phorene is a promising anode material for LIBs [27–29]. Li atoms form
strong binding with phosphorus atoms, and the energy barrier of Li
diffusion on monolayer phosphorene along the zigzag direction is only
0.08 eV, which leads to an ultrahigh diffusivity. According to the cal-
culated energy barrier, the diffusivity is estimated to be 102 (104) times
faster than that on MoS2 (graphene) at room temperature [28]. How-
ever, phosphorene is not stable under ambient conditions, and degrades
in air via light-induced oxidation. Considering their potential in LIBs, it
is necessary to find an alternative way to get around this problem. Until
now, it has not been clear whether the puckered structure of phos-
phorus plays the dominant role in the electrode of LIBs. Therefore, it is
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quite interesting to explore the possibility of anode materials with si-
milar structures.

Very recently, a new semiconductor material named herzenbergite
SnS has attracted great interest. Herzenbergite SnS is composed of earth
abundant elements and is relatively nontoxic [30]. The structure of
herzenbergite SnS is layered, consisting of strong Sn-S bonds within a
puckered sheet, and weak intermolecular interactions between the
layers that is similar in structure to that of black phosphorus (BP)
[31,32]. The 2D SnS monolayer can be mechanically exfoliated from
the layered bulk herzenbergite. Similar to phosphorene, the atomic
layered SnS nanomaterial has stacked puckered 2D honeycomb layers
[33,34]. Although tin compounds such as tin metal, tin oxides, and tin
sulfides with high theoretical gravimetric capacity and eco-friendliness
are promising alternative anode materials [35–42], there are major
drawbacks associated with these materials, including rapid deteriora-
tion and low retention of capacity, mainly originating from their high
volume changes during charge–discharge cycling [42]. To resolve this
issue, 0D nanoparticles, 1D nanowires/nanotubes, 2D nanosheets, and
3D core–shell/yolk–shell spheres of these electroactive Sn-based ma-
terials have been designed and fabricated to improve cyclic perfor-
mance and achieve high Li-ion storage [35–42]. However, only a small
number of studies have been carried out on tin sulfides compared to
their oxides because of their lower microstructural flexibility [39–42].
In comparison with the disulfide of SnS2, SnS shows high electrical
conductivity (0.193–0.0083 S cm−1) [43,44], indicating that SnS is a
promising anode material. Previously, SnS has been proved to be a
potential LIB material in experiments; however, theoretical under-
standing has still not been explored [44].

In this study, we employ first-principles calculations based on
density functional theory (DFT) to investigate the adsorption and dif-
fusion of Li on the SnS monolayer in order to assess the suitability of the
SnS monolayer as a host material in LIBs. Our calculations indicate that
Li atoms bind more strongly on SnS monolayer than on monolayer
graphene. The diffusion barrier values of the Li atoms are calculated as
approximately 0.45 eV on an SnS monolayer, which is a suitable dif-
fusion barrier for LIBs. The calculated open-circuit-voltage average
value is around 1.98 V, which is obviously higher than those of graphite
[45] and TiO2 electrodes [46], for which the average voltage is around
1.5 V. Thus, the SnS monolayer-based Li battery is able to provide a
much higher charging voltage. These results suggest that SnS mono-
layer holds great potential for use in LIBs.

2. Calculation methods

Our first-principles calculations were based on DFT with general-
ized gradient approximation (GGA) [47] for exchange correlation po-
tential. Perdew-Burke-Ernzerhof (PBE) functional was used for the GGA
as implemented in Vienna ab initio simulation package (VASP) [48]. A
3× 3×1 supercell was used to simulate Li adsorption on the SnS
monolayer. The distance between two adjacent Li atoms was around
10 Å, which can avoid the interactions between two Li atoms. Also, a
vacuum space of about 15 Å between SnS layers was used to avoid any
interactions. The structures were relaxed without any symmetry con-
straints and a cutoff energy of 500 eV. The convergence criteria of en-
ergy and force were set to 1× 10−5 eV and 0.01 eV/Å, respectively.
Reciprocal space was represented by a Monkhorst-Pack special k-point
scheme [49] with 3× 3×1 grid meshes for structure relaxation for
SnS monolayer. Self-consistent field (SCF) computations were per-
formed with k-points of 5×5×1 grid meshes for SnS monolayer. By
placing Li atoms at a different site, and relaxing the structure, the
binding energy per atom for the adsorption of n Li atoms is defined as

= − −+E E E nE n( )/b SnS Li SnS Li (1)

where Eb is the binding energy of Li on SnS monolayer, ESnS is the
energy of SnS monolayer supercell without Li atom, ELi is the energy of
isolated Li atom, and ESnS+Li is the total energy of SnS monolayer with

adsorbed n Li atoms. According to this definition, a more negative value
of Eb indicates a more energetically favorable (exothermic) reaction. To
denote the concentration of Li on the SnS monolayer, we use the no-
tation of LixSnS, as in previous studies. To obtain the open circuit
voltage (OCV) [50], we considered the reaction

+ →xSnS Li Li SnS,x

where x is the number of adatoms inserted in the per SnS molecular.
The electronic potential during this process can be written in the form
of Gibbs free energy

= −V
ΔG
zF

,f

where z and F are the number of valence electrons during the adatom
process and the Faraday constant, respectively; ΔGf is the change in
Gibbs free energy during the adatom process which is defined as

= + −ΔG ΔE PΔV TΔS ,f f f f

PΔVf is on the order of 10−5 eV and the term TΔSf is comparable to
26meV at room temperature; thus, the entropy and pressure terms are
negligible [50]. ΔGf is then approximately equal to the formation en-
ergy, ΔEf, involved in the adsorption process, which is defined as

= − +ΔE E E xE( ),f LixSnS SnS Li

where ELixSnS is the total energy of the composite system with x metal
atoms adsorbed in the per SnS molecular, ELi is the total energy of a
single Li in a bulk BCC structure and ESnS is the total energy of an
isolated SnS. The OCV is related to the formation energy by

= ≈OCV
ΔG

x
ΔE

x
f f

(2)

The climbing image nudged elastic band (NEB) [51,52] was per-
formed to find saddle points and minimum energy paths (MEPs) be-
tween a given initial state (IS) and final state (FS). The NEB method is
known as an effective tool for finding MEP and transition state (TS)
[53,54].

3. Results and discussion

As shown in Fig. 1, SnS is a layered puckered structure with weak
van der Waals (vdW) forces, which resembles BP. Similar to phos-
phorene, the 2D SnS monolayer was mechanically exfoliated from the
layered 3D bulk parent. As depicted in Fig. 1d, the calculated band
dispersion with PBE method shows that 2D SnS monolayer is an indirect
semiconductor with a band gap of 1.42 eV. In contrast to phosphorene,
the conductive band minimum (CBM) is contributed by Sn ions, while
the valence band maximum (VBM) is dominated by S ions. The calcu-
lated partial charge densities are closely related to the local chemical
bonding within the structures. For phosphorene, there is a strong s-p
hybridization, forming covalent bonding between P atoms. However,
for SnS, ionic bonding is favored between Sn and S atoms, leading to the
strong electron transfer, which is confirmed by the charge density plot.
Consequently, the calculated band gap is much larger in SnS than that
in phosphorene.

Next, we studied the possibility of single Li atom adsorption on SnS
monolayer. To avoid the interaction of Li atoms, we adopted a
3×3×1 supercell of the SnS monolayer. According to the symmetry
of the crystal structure, there are four possible sites for Li atoms on SnS
monolayer, namely, the top site of an S atom (TS), on an Sn atom (TSn),
the bridge site over an S-Sn bond (B), and the hollow site of a hexagon
ring (H), as shown in Fig. 2. By placing Li atoms at a possible site, and
relaxing the structure, we find that the Li atoms on TSn or TS site prefer
to stay at the H site, and while the Li atom is initially placed on the B
site, after structural relaxation, the Li atom will spontaneously move to
the HB site. Thus, it is natural to question whether the banding energy
of Li atom doping on H site is different from that on HB site. To find the
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answer to this question, the six representative configurations of Li atom
that decorated SnS are included in our research as shown in Fig. 2c.
According to equation (1), the adsorption energy of a Li atom adsorbed
on the SnS monolayer can be obtained. Based on our calculation, the
value of Eb ranges from −2.06 eV to −1.96 eV. As shown in Table 1,
the values are much larger than that which Li adsorbs on the monolayer
graphene (1.04 eV) [55], which guarantees a rapid loading process and
strong binding between the SnS monolayer and Li atoms. Table 1,
shows that H1, H2 and H3 are equivalent positions, while H4, H5 and

Fig. 1. (a) Top view of 3D bulk SnS/SnS monolayer. (b), (c) Side view of 3D bulk SnS/SnS monolayer. (d) Calculated band structures and partial charge density of 2D
SnS monolayer.

Fig. 2. (a) Top and side views of Li atom doping on SnS monolayer. (b) Four possible sites of Li atom doping on SnS monolayer. (c) H1 to H6 denote the
representative sites for Li atom to be adsorbed on SnS monolayer.

Table 1
Computed Li binding energies (Eb) in electronvolts for all examined Li ad-
sorption sites on SnS monolayer.

Site H1 H2 H3 H4 H5 H6

Eb −1.96 −1.96 −1.96 −2.06 −2.06 −2.06

F. Wang et al. Journal of Physics and Chemistry of Solids 121 (2018) 261–265

263



H6 are equivalent positions. These data indicate that there are two
kinds of lowest partial energy positions on the SnS monolayer, and we
chose H2 and H5 as two typical positions.

Although a pristine SnS monolayer is a semiconductor with an in-
direct energy gap, the adsorption of Li atoms will significantly modify
the electronic structure. As shown in Fig. 3, the SnS monolayer un-
dergoes a semiconductor-to-metal transition upon lithiation. By means
of differential charge density analysis (Fig. 3), we can see significant
electron transfers from Li atom to the SnS monolayer, leading to the

semiconductor-to-metal transition. Our research indicates that Li atoms
can bind to the SnS monolayer with moderate binding energies at an
average of about 2.0 eV. Moreover, from the calculated electronic
structures and differential charge density, adsorption of Li on H5 or H2
sites does not show significant difference.

On the other hand, the charging and circuit rate performance of the
Li battery is mainly determined by Li mobility on the electrode mate-
rial. It is desirable to quantify the diffusion of Li atom on the surface of
SnS monolayer. In this section, we discussed the diffusion of a single Li
atom on SnS monolayer. First of all, we explored the diffusion of Li on
the SnS monolayer between two neighboring H sites. Since there are
two different kinds of hexagon ring, we selected six representative
diffusive pathways: H1→H2, H1→H5, H1→H4, H1→H3, H2→H4 and
H2→H6 as indicated in Fig. 4a. After transition-states calculation, we
obtained the following results: Li atom can move easily from H1 to H2/
H4, whereas the energy barrier values of H1 to H3/H5 are so large that
the lithium atoms cannot move straight from H1 to H3/H5. Therefore,
the path of lithium atoms from H1 to H5 has to go through H2/H4
(Fig. 4b). The computed migration barriers of the Li atoms that diffuse
on the SnS monolayer are about 0.45 eV, close to that of graphene [56].
It has been well explored that the diffusion barrier determines the
charging/discharging process for LIBs. From the calculated energy
barrier (0.45 eV), which is a suitable diffusion barrier for LIBs, we
suggest that the SnS monolayer could be a potential anode material for
LIBs.

Open-circuit-voltage data are widely used for characterizing the
performance of Li batteries, such as state-of-charge and state-of-health.
According to equation (2), the open circuit voltage curve can be ob-
tained by calculating the binding energy defined here, which can also
be interpreted as the open circuit voltage (OCV) used in battery fields if
the entropy effects are neglected. Here, the calculated average voltage
is about 1.98 V, which is obviously higher than those of graphite [45]
and TiO2 electrodes [46], for which the average voltage is around 1.5 V.
Thus, the SnS monolayer-based Li battery is able to provide a much
higher charging voltage, which is in agreement with experimental re-
ports [44].

Fig. 3. Calculated band structures and differential charge density with an iso-
surface value of 0.02 e/Å3 of SnS monolayer with Li adsorbed (a) on H5 site, (b)
on H2 site. The red and blue regions indicate an increase and decrease in
electron density, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. (a) Six representative sites for Li atom to be adsorbed on SnS monolayer. (b) Two diffusive pathways of lithium atoms from H1 to H5. (c, d) Diffusion barriers
of Li atom on SnS monolayer from H1 to H5.
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4. Conclusions

To summarize, we performed DFT computations to disclose the Li
adsorption and diffusion on SnS monolayer. Our results demonstrated
that Li atoms can bind to the SnS monolayer with a binding energy
about 2.0 eV. The SnS monolayer undergoes a transition from semi-
conductor to metal upon Li adsorption, which dopes electrons into the
SnS monolayer. Also, for Li atom diffusion, the calculated energy bar-
rier is around 0.45 eV, which indicates the possibility of fast charging.
Furthermore, the average voltage of Li intercalation is estimated to be
1.98 V, which is suitable for high charging voltage applications. On the
basis of our present findings, SnS monolayer is expected to be a pro-
mising candidate as anode material for LIBs.
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