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Abstract

Various transition metal dichalcogenides materials have been investigated from bulk to monolayer phases for different
advanced technological applications. Tin disulfide monolayer offers advantages as an anode material for Li/Na-ion batter-
ies, although it cannot be considered ideal for direct exploitation. We systematically performed a comparative study of the
adsorption and diffusion behaviour of Li/Na on a pristine SnS, monolayer and on a SnS, monolayer with S-vacancy for
enhancement of electrochemical performance, using density functional theory approach. Although all the adsorption sites
are exothermic, it was established that Li/Na adatoms mostly prefer to bind strongly on SnS, monolayer with S-vacancy but
avoiding the S-vacancy site. It was established that avoiding the S-vacancy site along the path, excellent diffusion barriers of
0.19 eV for Li and 0.13 eV for Na were achieved, suggesting possible ultrafast charge/discharge rate. Due to reduced molar
mass, the SnS, monolayer with S-vacancy has a slightly higher storage capacity than its pristine counterparts for both Li
and Na adatoms. The obtained open circuit voltage values are within the range of 0.25-3.00 V assuring that the formation
of dendrites can surely be averted for the envisaged battery operation. Understanding the effects of an S-vacancy on the
electrochemical properties of Li/Na on the SnS, monolayer allows us to consider possible improvements to energy storage

devices that can be applied as a result of improved anode material.

Keywords Tin disulfide monolayer - S-vacancy - Li/Na adatoms - Anode material - Density functional theory -
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Introduction

Lithium and sodium represent a large fraction of the materi-
als used in high density energy storage [1]. The continuous
rising global demand of Li-ion batteries (LIBs) will lead to
relative scarcity of lithium material, an exploration of other
similar materials is a matter of urgency [2]. In comparison,
the sodium of Na-ion batteries (NIBs), while having similar
properties to Li, is more abundant and cheaper [3, 4]. Just like
the Li ions in LIBs, the Na ions in NIBs require a suitable
platform material acting as electrode specifically anode for
good performance, with a graphite material serving a pur-
pose due to its abundance and non-toxicity [5]. The improve-
ment of performance of both LIBs and NIBs using electrode
materials other than graphite (low storage capacity and poor
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rate capability) is always necessary [6]. Astonishing physi-
cal properties of two-dimensional (2D) materials such as the
excellent electrical conductivity, high mechanical strength,
low dimensionality, excellent dynamic stability and ener-
getic stability [7-11] encourage researchers for exploration of
energy harvesting and storage in LIBs and NIBs, an important
field for future energy security, affordability and efficiency.
Graphene [12] has been researched in depth and has
proven to have exciting peculiar properties warranting it to
act as anode material for LIBs [13, 14], its setback is due
to weaknesses of Li binding, leading to the formation of
clusters that can nucleate to undesired dendrites [15—-19].
Thus, the theoretical and experimental avenues of improv-
ing binding in graphene were explored [20, 21]. Chemi-
cal modification (vacancies and atomic doping) to create
reactive sites for Li adatoms brought forward promising
results for improving novelty of graphene for energy appli-
cation [21-26]. Apart from graphene and chemically modi-
fied graphene, the focus is further directed to other various
2D transition metal dichalcogenides (TMDs) [27-34] which
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have attracted immense attention of researchers due to their
promise of serving as the electrode materials. The most
popular explored TMDs is the hexagonal 2D tin disulfide
(SnS,), which consists of three trigonal subplanes sandwich-
ing an Sn-subplane between two S-subplanes.

SnS, monolayer exists in nature as various polytypes
made up of H or T phases. The 1H-SnS, phase belongs to the
P6m2 group with ABA stacked subplanes, and the 1T-SnS,
phase belongs to the P3m2 group with ABC stacked sub-
planes [34, 35]. The H and T phases are used to denote some
polytypes of multi-layer SnS,, designating the number of
layers and their phase types, such as 1T, 2H, and 4H, with an
additional polytype being denoted as 18R. When comparing
the 1T-SnS, and 1H-SnS, monolayers, the former has been
found to be energetically more stable [36, 37]. Since material
stability is an important consideration for implementation in
nanotechnology, 1T-SnS, can be the preferred polytype for
anode materials.

SnS, monolayer possesses a larger lattice cell size leading
to high surface area in comparison to graphene [38], result-
ing in a higher storage capacity for the adsorption of Li/
Na [36, 39]. Wang et al. used solvothermal route to synthe-
sise anodes of 2D SnS, that have a capacity of 1200 mAh/g
for LiBs and 600 mAh/g for NIBs [40]. Theoretically, SnS,
monolayer has a high capacity of 1231 mAh/g for LIBs and
1136 mAh/g for NIBs [41]. The large storage capacity is a
requirement for accommodating as many ions as possible for
use in batteries. The SnS, monolayer has poor conductivity
due to its large band gap and a relatively large diffusion
barrier possibly leading to a negative impact on a charging/
discharging cycling performance [41].

For SnS, monolayer to be a high-performance energy
electrode material, a high adatom binding energy (high
stability), high number of reactive sites to improve storage
capacity, more pronounced electronic states within the band
gap (high electronic conductivity), etc. are required [36,
42, 43]. High-performance energy electrode material will
make it possible for high energy demand applications and
predicting new energy storage technologies. The effort to
improve the energy density, battery cycle life, and power
density in the SnS, monolayer has been an on going work.
More recently, previous studies have been undertaken to
study the SnS, multilayers interactions for LIBs [44]. The
studies of SnS, monolayer coupled with graphene-like mate-
rials for enhancing electronic conductivity and mechanical
strength [35, 45, 46] were considered unabated. The influ-
ence of atomic doping in SnS, monolayer has also been
tested with respect to energetic stability and electrochemical
properties for energy storage [41, 47-49].

The introduction of an S-vacancy in the SnS, monolayer,
particularly as an anode material has experimentally been
explored and verified with DFT calculations. Zhang et al.
[50] synthesised SnS, nanoplates with abundant S-vacancies
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using facile solvothermal techniques. Material characteri-
sation and electrochemical measurements analysis revealed
that SnS, nanoplates with S-vacancies have a small band
gap leading to a better electronic conductivity, high Li-ion
diffusion mobility, enhanced cycling performance and high
rate capability. Huang et al. [51] synthesised what is called
binder-free SnS, sheet array with high S-vacancy concen-
tration using hydrothermal technique for LIBs exploitation.
It was reported that this composite binder-free SnS, sheet
array with high S-vacancy concentration has a high capac-
ity of 2073.8 mAh/g, whereas the pristine SnS, powders
yields only 400.3 mAh/g [51]. DFT calculations indicated
that SnS, monolayer with high S-vacancy concentration has
lower band gap of 0.517 eV, suggesting an enhanced elec-
tronic conductivity suitable for LIBs [51]. Wang et al. syn-
thesised SnS, microspheres with S-vacancies through a one-
step solvothermal process, and the excellent high capacity of
486.2 mAh/g was achieved for NIB applications [52]. DFT
calculations of SnS, microsphere with S-vacancies revealed
a decreased band gap suggesting a good conductivity [52].
There is enough evidence of good electrochemical similarity
between LIBs and SIBs more especially when SnS, mon-
olayer is employed as an anode. The basic information of
comparison between Li and Na (differing in atomic radii)
on SnS, monolayer with S-vacancy is not sufficient more
especially on their stability, diffusion mobility etc. using
DFT methods.

In this work, we performed DFT calculations to system-
atically compare the energetic stability and electrochemi-
cal properties of the adsorption of Li/Na on a pristine SnS,
monolayer and SnS, monolayer with S-vacancy structures.
We look for improvements in the Li/Na binding energies,
voltages, storage capacities and electronic conductivity (den-
sity of states) through Li/Na adsorption on a SnS, monolayer
with S-vacancy. Our results indicate that Li/Na adatoms pre-
fer to bind strongly on SnS, monolayer with S-vacancy but
avoiding the S-vacancy site. We also considered the diffu-
sion of Li/Na across the SnS, monolayer with S-vacancy
by calculating activation energies, and it was established
that avoiding the S-vacancy site along the path, an improved
diffusion barrier of 0.19 eV for Li and 0.13 eV for Na is
achieved. The open circuit voltage average for Li (Na) on a
pristine SnS, monolayer is 2.06 V (2.03 V) and that on SnS,
monolayer with S-vacancy is 2.16 V (2.24 V). As a result,
these material systems will be able to yield significant charg-
ing voltage and thus, opening the door to experimental stud-
ies into the viability of S-vacancies or vacancies in general
in similar 2D materials.

Following this introduction (“Introduction”), we sum-
marise the computational methodology used to perform
our calculations and obtain results (“Methodology™), list
and discuss these results and what can be derived from
them with respect to the properties or SnS, (“Results and
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discussion”), and summarise our overall results and what
they mean for further studies regarding SnS, and similar 2D
materials (“Conclusion”).

Methodology

Structural optimizations and calculations of various prop-
erties of Li/Na on the SnS, monolayer were carried out
using the first-principles density functional theory (DFT)
methods [53]. The plane wave based DFT methods with the
projected augmented wave (PAW) method for pseudopoten-
tial generation [54] are implemented within the Quantum
ESPRESSO software suite [55]. Before each calculation can
begin, the electronic spin is imposed on each atom. For the
description of the electron exchange correlation potential,
the generalised gradient approximation with the Perdew-
Burke-Ernzerhof (GGA-PBE) flavour was adopted [56].
The kinetic energy cutoff for expansion of the plane wave
was set to 45 Ry (~600 eV), while that of charge densities
was set to 300 Ry (~4000 eV). These kinetic energy cutoff
values were chosen after convergence tests. Total energies
and forces convergence criteria were set to differences less
than 1x10~* eV and 1x103 eV/A, respectively.

A Monkhorst-Pack (MP) scheme [57] with a k-mesh of
5x5x1 sufficient to give a converged total energy was used
for the generation of the k-points for sampling the Brillouin
zone. Additionally, the electronic occupancy was set using
the Gaussian smearing method [58], with a spread of 0.01
Ry, to simplify the calculation at the occupied energy states.

For the calculation of density of states (DOS), we aimed
for greater accuracy of the energy levels, since the GGA-PBE
calculation alone tends to give underestimated energy levels.
To correct this error, DFT plus U with a Hubbard-U correction
parameter of 8 was used after a series of tests was performed.
Furthermore, it was found that this U value mainly improves
the highest energy bands of S atom. This correction allows
for an estimation of band gap closer to experimental values.

Fig. 1 A 5x5x1 supercell of

Additionally, the k-mesh is doubled to 10x10x1, for the cor-
rect exploitation of hubbard-U parameter. The Tetrahedra
method [59] was employed for electron occupancy.

To ensure the isolation of single Li on the SnS, monolayer
supercell, the periodic boundary conditions are obeyed. The
SnS, supercell test of convergence was performed starting
with 2X2, 3x3, 4x4, 5x5 and 6X6 sizes containing one Li
adatom. The Li binding energy differences for these super-
cells are 0.199 eV (2%x2 and 3x3), 0.018 eV (3%3 and 4x4),
0.013 (4x4 and 5x5) and 0.010 (5x5 and 6x6). Although the
test results start to converge at 3X3, the larger 5x5 supercell
has been adopted for all configurations studied. To avoid
spurious multi-layer interactions, the vacuum space was
set to a converged 15 A between SnS, layers. To take into
account the influence of the van der Waals dispersion cor-
rections on the energetic and structural stability, the Grimme
dispersion correction method (DFT-D3) was adopted [60].

To investigate Li/Na diffusion across the SnS, monolayer,
the nudged elastic band (NEB) method [61] was employed.
This was used to obtain a profile of the minimum energy
path between different sites of interest, whereby the diffusion
barrier can be calculated.

Results and discussion
Structures considered

Having disregarded the less stable 1H phase of SnS,, we
consider the 5x5 supercell constructed using a thermody-
namic stable 1T phase shown in Fig. 1. The chosen supercell
size was selected for having a greater surface area to allow
the creation of the S-vacancy at the middle of the cell obey-
ing principle of boundary conditions, and also allowing us
to investigate the different Li/Na adatom sites closer or fur-
ther away from the S-vacancy. In this study, Li/Na adatom
configurations on the different sites namely Hg,g , Tg,, Ty,
and Vg, representing the position on top of a lower layer S

SnS, with adatom sites of

interest. The sites are named Ty,

Hy,s,, T, and Vg representing f

on top S atom, at the centre of |4

hexagon, on top of Sn atom and B !
2
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(Hexagon site), on top of a central layer Sn, on top of an
upper layer S, and on top of the S-vacancy site are exam-
ined, respectively. These unique adatom sites were identi-
fied focusing on the lattice symmetry of SnS, monolayer as
shown in Fig. 1.

In the next section, the results of energetic stability and
relaxed structures of Li/Na adatom configurations on Hy, ,
T, and T on a pristine SnS, monolayer are compared with
those next to the S-vacancy (H§n52 T, and T§ sites).

Energetic stability and structural properties

To gain insight into the energetic stability of Li/Na adatom
configurations at Hg,s , T,, T, and Vg sites, we calculated
their binding energies E, (measured in eV) as the energy
difference between the relaxed adatom bonded with the
SnS, monolayer, isolated SnS, monolayer and isolated Li/
Na adatom, clearly described by the following expression;

Eg5,1aa = Esus, = "Euq
Eb = — " N

ey

with Eg, g | .4 been the total energy of relaxed Li/Na adatom
bonded with the SnS, monolayer, Ej,g, is the total energy
of the SnS, monolayer, E_, is the energy of an isolated Li/
Na adatom, and #n is the number of adatoms adsorbed on
the monolayer. In this work, the E, of Li configurations as
well as Na configurations at the different sites are indicated
in Table 1 and their relaxed configurations are presented in
the supplementary figure 1. E, describes the energy needed
to detach adatoms from the substrate, as such, positive
value reveals that adatoms would be attracted to the SnS,
monolayer and form a uniform Li/Na adatom dispersion,
while the negative value reveals a possible agglomeration
of adatoms forming an undesired bulk metallic material
above the substrate. Instinctively, as shown in Table 1,

Table 1 The calculated Li/Na binding energy E, and bond length
dyi/Na-sns, considered at various sites on the SnS, monolayer. Li/
Na configurations with * are those next to the S-vacancy sites on the
SnS, monolayer

Pristine SnS, monolayer

Site B, forLi(€V)  dy;_g,s (A) dya_sus, (A)

Ty 2.15 2.18 1.91 2.48

T, 274 (2.68[62]) 1.32 2.32(1.34[35]) 1.87

Hg,s, 2.75(2721062]) 1.42 233 (1.36 [35]) 1.92
SnS, monolayer with S-vacancy

E, for Na (eV)

Vg o 252 1.57 2.66 132
T: 289 2.11 2.65 2.42
T: 3.5 141 3.17 1.87
H, 3.39 1.66 2.95 2.00

SnS,
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all the configurations have positive binding energy values
(suggesting exothermic reaction), indicating that the SnS,
monolayer is a suitable platform for interacting with Li/Na
adatoms. Since they are not showing any possibility of form-
ing a metallic Li cluster after structural relaxation.

Comparing the Hg,g , T, and Tg sites on the pristine SnS,
monolayer, Table 1 shows that Hg, s and Tg, are the most
stable sites with almost equal E,,. This suggests that the Li/
Na dispersion on Hg,s and Ty, could co-exist under condi-
tions of finite temperature. This could be attributed to the
fact that the Li/Na atoms interact with equal number of near-
est neighbour S atoms in both sites (Fig. 4). T is the least
stable site for both Li and Na adatom configurations. In this
Ty site, an interaction of Li/Na with its nearest neighbour
Sn atoms is less energetically favourable. Table 1 shows that
our calculated E,, values for H, s, and Tg, configurations are
comparable to those reported by Lv et al. [62], calculated
from the same exchange correlation functional (GGA-PBE).
The E, results of Samad et al. [35] for Na on pristine SnS,
monolayer configurations are smaller by more than 1.0 eV
when compared to our values (same GGA-PBE functionals
used), the underestimation likely resulting from a used small
energy cutoff of 350 eV.

The E, values of Li/Na configurations on Vg site and on
its surroundings T*,n, T; and H;;;S, sites are also shown in

Table 1. It is noted that the E, values for Tfﬁn, Tf'; and H§n52

sites surrounding V¢ are significantly more than those of
their pristine counterparts. In this situation, the most stable
sites are still Tg and H and the binding energy of the

£

SnS,’
former has increased considerably. The Li/Na on T}, and

H, ¢ sites have the same 1% nearest neighbour S atoms or
2

the same coordination number. The Vg site is the least stable
for both the Li and Na configurations, due to its 1* nearest
neighbour atoms being Sn with less electronegativity (See
Supplementary Fig. 1). Various studies confirmed this obser-
vation and reported electronegativity as governing fac-
tor [51, 63—-65]. The improved E,, values suggest that Li/Na
would prefer to be dispersed above the Tj, and H;nSZ sites

without forming a metallic cluster. Although the E, results
indicate that pristine SnS, is ideally suitable for the LIBs as
an anode material, the s-vacancy suggests a possibility of
high-performance LIBs.

Table 1 shows the values of relaxed Li/Na heights
(dzi/Na—sns,) above the sites. The most stable site Hg,g
(although T, has a very similar binding energy) has a short
dy;_gus,0f 142 A anddy,_g,s, of 192 A. The shortest binding
lengths appear at T,. The least stable site T has the longest
height in both the alkali metal adsorptions. Due to the differ-
ence in electronegativity between S and Sn atoms, the 1* near-
est neighbour S atoms in Hg, are likely to accept the Li/Na
valence electron forming a strong ionic bonding with higher
binding energy (responsible for shorter d;; /y,_s,s,) than the
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(a) Li on pristine SnSy

(b) Li on S-vacancy SnSs2

(c) Na on pristine SnSo (d) Na on S-vacancy SnSa

Fig.2 Top and side views of charge density difference of Li/Na adatoms on SnS, monolayer calculated considering the issovalue of 0.002 elec-
trons/bohr3. The purple colour shows the region of charge density decrease while the cyan colour shows the charge density increase

1% nearest neighbour Sn atoms in Tg. Figure 2 presents the
electronic charge distribution around the Li/Na adatom above
the H,s, stable site of pristine SnS, monolayer as well as the
SnS, monolayer with vacancy. From the figures it is notable that
charge is concentrated nearby the adatoms, indicating that the
Li/Na adatom greatly influences the uniform charge distribution
of SnS, monolayer. Furthermore, it was found that the charge
mainly depletes (purple) from the Li/Na adatoms (pronounced)
towards S atoms (few). The charge accumulates (cyan) at the
middle of bond lengths between S and Li atoms.

We further examine the effect of multiple Li/Na atoms
on the stability, by calculating the E, with respect to the
gradual increasing of the number of adatoms, as shown in
Fig. 3. The Li/Na atoms are mostly adsorbed on the most

energetically stable site ( Hg,s and H ¢ ) and are increased
2

to match the number of Sn atoms on the supercell. The

gentle curvature of the graphs (Fig. 3) is a predictor that
SnS, can undergo a greater degree of lithiation/sodiation
without clustering, likely resulting in a high storage capac-
ity. Figure 3 also shows that E, decreases as the number of
Li/Na increases. This reduction in E, could be attributed to
electrostatic repulsive force arising between Li/Na atoms.
The E, reduces to 2.57 eV (2.61 eV) for Hg,g in pristine
SnS, (H;ns2 in SnS, with S-vacancy) for 25 Li adatoms and

reduces to 1.50 eV (1.79 eV) for T§, in pristine SnS, (H;nSz

in SnS, with S-vacancy) for 25 Na atoms. This decrease in
E, is an expected result of an increased number of adatoms,
similar to results from comparable studies on graphene-like
materials [64—67]. The binding energies are still far too high
to approach 0.00 eV suggesting that more adatoms can still
be accommodated before metallic Li/Na forms.

Fig.3 The variation in bind- a0 F
ing energies with respect to '
the gradual increasing of Li/ 37 F .
Na content x (from Li/Na, K
SnS,) adsorbed on Hg,s and _34F ‘
H ¢ sites in the pristine and % .
S-vacancy SnS, monolayer —=31r ’
el
L
- 28 F
2
L 25F
c
]
(o)) 22 F
=
e L
£1°
om
16 |
13F
1'0 [ L L

Li on pristine

Li on S-vacancy
Na on pristine
Na on S-vacancy

0.1 0.2

0.3

0.4 0.5 0.6 0.7 0.8
Adatom content x
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Diffusion of Li/Na adatom on SnS, monolayer

We examined the Li/Na mobility on pristine SnS, mon-
olayer and on S-vacancy in the SnS, monolayer by calculat-
ing the diffusion barriers. As discussed in “Methodology”,
we performed NEB calculations to obtain saddle points and
minimum energy paths following the fixed sites shown in
Fig. 1. The Li/Na adatom passes through four fixed points
(sites) on the SnS, monolayer along the path as follows;
Ty site > Hg,g, site > Tg, site — T site for pristine SnS,
monolayer and Ty site — Hg,g site — Tg, site — T for
S-vacancy in the SnS, monolayer. The resulting relative
energies along the path were plotted in Fig. 4a, b for Li and
Na, respectively.

Focusing on the pristine SnS, monolayer, the T, and
Hyg,s, sites are clearly visible as having a highest relative
energy peaks (Fig. 4a, b), which correlate directly with their
highest binding energies. The diffusion barriers or activation
energies recorded at the highest peaks are 0.612 eV (Li) and
0.417 eV (Na) for pristine SnS, monolayer. These results
agree quite well with those of Li on SnS (0.45 eV) [68].
These results are also on the same range with other gra-
phene-like materials, such as borophene (0.40 eV for Li,
0.22 eV for Na) [69], MoS, (0.47 eV for Li, 0.11 eV for
Na) [46, 70], MoO, (0.13 eV for Na) [67]. As shown in
Figs. 4a, b, the effect of V¢ increases the relative energy
peak at Hy,s, to 0.83 eV (Li) and 0.43 eV (Na) and reduces
at Tg,. It becomes apparent that the S-vacancy in SnS, mon-
olayer has high diffusion barrier but the Vg site itself has a
zero relative energy. Our calculated diffusion barriers are
within the category of suitable candidates for LiB and NiB.
However, our diffusion barriers could be much improved if a
more efficient path across the SnS, monolayer was selected,

1 T T

S-vacancy
Pristine
0.8 - B
s
A
> 06 | ,
o
9]
{=4
w
g
= 04 - A
©
]
<
0.2 B
0 1 1
Ts Hsns, Tsn Ts/Ns

Diffusion Path

(a) Lithium

avoiding the V site. Considering Fig. 4, a path limited to
moving as Hg,s, — Tg,, which when looking at Fig. 1 still
allows for movement to all Hg, sites on the SnS, mon-
olayer, gives us a much improved diffusion barrier of ~0.19
eV for Li and ~0.13 eV for Na, a significant improvement
suggesting much faster atom diffusion.

Electronic properties

We further investigated the electronic conductivity of SnS,
monolayer using total density of states (TDOS), in order
to understand its electrochemical performance. The TDOS
studied are for the pristine SnS, monolayer and S-vacancy
SnS, monolayer presented in Fig. 5. Thereafter, we focused
on TDOS with addition of one adatom (shown in Fig. 5)
and with those for 25 Li/Na adatoms on SnS, included as
supplementary material.

The pristine SnS, monolayer in Fig. 5 is an insulator with
a band gap of 2.44 eV measured between the valence band
maximum (VBM) and conduction band minimum (CBM),
indicating its deficiency for electronic conductivity. The
TDOS of one Li/Na adatom on the Hg, g site of pristine SnS,
shown in Fig. 5c, e show that the Fermi level shifts towards
the CBM, in agreement with the previous studies [64, 66,
67]. This reveals a possibility of electronic charges trans-
ferred (doping) into the system, and bringing up required
electronic conductivity feature. Figure 5 presents the TDOS
of SnS, monolayer with S-vacancy. It is noted that the effect
of S-vacancy maintains the insulating feature with a notable
band gap, measuring at 2.37 eV. Just like for pristine SnS,
monolayer, an addition of Li/Na atom introduces electronic
states within the band gap arising from CBM to the VBM
(see Fig. 5d, f). As an additional result, note that the pristine

0.5 T T
S-vacancy
Pristine

0.4 - R
s
L
> 03 4
o
9]
=
w
g
s 02 i
©
]
<

0.1 B

0 1 1
Ts Hsns, Tsn Ts/Ns
Diffusion Path
(b) Sodium

Fig. 4 Relative energies and diffusion barriers of an a Li or b Na adatom on SnS, monolayer. The Li/Na adatom follows Tg site - Hg,, site —
Ty, site > T site for pristine SnS, monolayer and Tg site — Hg,s, site = Tg, site — Vg for S-vacancy in the SnS, monolayer
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(f) Na adatom on SnSy with S-vacancy

Fig.5 The spin-up (green) and spin-down (blue) total density of states for the a pristine and b S-vacancy SnS, monolayers. The total density of
states also depicts the following: Li on ¢ pristine and d S-vacancy SnS, monolayers as well as Na on e pristine and f S-vacancy SnS, monolayers

and S-vacancy SnS, monolayers display no magnetic proper-
ties, with the spin-up and spin-down density of states being
identical. The addition of Li/Na adatoms does not impose
the spin polarisation on the material.

Looking at 25 Li/Na adatoms on Hg,g site of both pristine
and SnS, monolayer with S-vacancy, the Fermi level shifts
further into the CBM and more occupied states become
populated within the band gap as shown in (Supplementary
Fig. 2). This suggests that a modified SnS, monolayer with
topological defect can work well for LIBs.

Specific capacity and open circuit voltage

Another important property to evaluate the performance of
the SnS, monolayer as an anode material is the open cir-
cuit voltage (V). The V. represents the maximum volt-
age available from a cell, when no active current is flow-
ing. It is derived by looking at the intercalation of adatoms
onto the anode material, which decreases as intercalation
increases. Thus, to obtain V. for Li/Na adatoms on the
SnS, monolayer, first consider the chemical reaction process
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for binding Li/Na adatoms on the substrate. These reactions
are described by;

SnS, + xLi* + xe”

= Li SnS,
SnS, + xNat +xe” =

Na,SnS,,

with x being the number of atoms undergoing intercalation
during the reaction. Following this chemical reaction, we
would have a change in V., which will in turn cause a
change in the total energy of the cell. For a metallic adatom
anode, where the chemical potential of the adatoms is con-
stant, the electrical energy produced by intercalation is equal
to the Gibbs free energy G,. The relationship between V-
and G, is;

AG,

Voc = Y 2
where n is the number of adatoms in total adsorbed onto
the SnS, monolayer, and Faraday’s constant F is present as
a conversion factor between joule (J), the standard units of
energy for Gibbs free energy, and voltage V. The change in
Gibbs free energy G, is described by the equation;

AG, = AE, + PAV, — TAS,, 3)

where AE, is the change in internal energy, P is pressure,
AV, is the change in volume, T is temperature, and AS, is
the change in entropy. We approximate the calculations by

S-vacancy voltage
Pristine voltage

33F

31F

Voltage (V)
NOONN
w w ~

N
=
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17F

15F

13F
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Capacity (mAh/q)
(a) Lithium

assuming they occur at O K to further simplify the equa-
tion. As a result, we have that the term PAV, will be in the
order of 1073 eV, much smaller than the order of magnitude
for E,. Similarly, the TAS, term is of an order with thermal
energy, which is also negligible at 0 K. We are left with AE,,
which has the same magnitude as the binding energy such
that AE, = —AE,. With the approximation we can use the
following result [71];

AG, AE,
nF ~ 0CT e

“

We have that Faraday’s constant is absent, as the existing
measurements for E, are already in units of eV, making the
inclusion of F for calculating V- unnecessary. Some con-
version from eV to V must still occur through the cancella-
tion of the electron charge e, though for eV we have that e is
1. The formula we have now obtained is near identical to Eq.
(1) binding energy E,, bearing mostly a difference of units;

Eus,1aa = Esns, = NE4q
VOC = - .
ne

Unlike Eq. (1), it must be noted that E_, refers to the bulk
Li/Na energy calculated from the bulk body centred cube
(BCC) lattice. Looking at Eq. (5), it is clear that V. will
decrease simultaneously with binding energy as the num-
ber of adatoms increases, supported by Fig. 6a, b depicting
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Fig.6 The calculated open circuit voltage versus specific capacity for the pristine and S-vacancy SnS, monolayer with respective adatoms a Li
and b Na increasing. The maximum specific capacity is obtained at the lowest voltage
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our voltage as function of storage capacity for Li and Na
adatoms respectively. It is generally known that for the
maximum number of adatoms required on the SnS, mon-
olayer, the V. should approach 0.00 V. Just like for binding
energy analysis, the positive V. values reveal that Li/Na
adatoms on the SnS, monolayer are likely to bound, while
the negative values reveal undesired clustering. It is shown
on Fig. 6a, b that the V. value for Li (Na) reduces from
2.51 V(295 V) to 1.34 V (1.68 V) as the storage capacity
increases to the measured maximum on the 5x5X1 supercell
for the pristine SnS, monolayer. It is also noted that the Li/
Na adatoms on SnS, monolayer with S-vacancy have con-
stantly high V.~ compared to pristine, for the entire plot.
Qualitatively, the V. for Li (Na) reduces from 3.41 eV
(3.80eV) to 1.41 eV (1.70 eV) as the capacity increases to
the measured maximum. The open circuit voltage average
for Li (Na) on a pristine SnS, monolayer is 2.06 V (2.03 V)
and that on SnS, monolayer with S-vacancy is 2.16 V
(2.24 V). These values are within the acceptable range of
0.25-3.00 V [35, 51, 52]. As aresult, these material systems
will be able to yield significant charging voltage, and these
Vo values also indicate that the formation of dendrites can
surely be averted during the battery operation.

The theoretical storage capacity C can be calculated
using Eq. (3) below [71];

C= ,
Mg, ©)

where z is the number of valence electrons of the adatoms,
F is the Faraday constant with the value of 26,801 mAh/
mol, and Mg is the total molar mass of the 5X5X1 super-
cell for the pristine SnS, monolayer. The SnS, monolayer
with S-vacancy would have a slightly lower molar mass,
and consequently, a slightly higher storage capacity if we
consider Eq. (5). It is shown in Fig. 6a, b that the storage
capacity value at the maximum number of Li adatoms on a
pristine SnS, monolayer (SnS, monolayer with S-vacancy)
is 1172.65 mAh/g (1195.95 mAh/g) and that of Na adatoms
is 879.49 mAh/g (896.96 mAh/g). SnS, has been determined
to have a theoretical capacity of 1200 mAh/g for Li and 600
mAh/g for Na [35, 40, 72]. Practically, the maximum storage
capacity is determined at a point where the voltage reaches
0.00 V, since by that point there will be no potential for the
binding of additional adatoms [40, 66, 69, 73].

Conclusion

Using DFT approach, we systematically performed a compara-
tive study of the adsorption and diffusion behaviour of Li/Na
on a pristine SnS, monolayer and on a SnS, monolayer with
S-vacancy for enhancement of electrochemical performance.

We looked for improvements in the Li/Na binding energies,
V oc» storage capacities and electronic conductivity. Although
all adsorption sites are exothermic, it was established that Li/
Na adatoms prefer to bind strongly on SnS, monolayer with
S-vacancy but avoiding the S-vacancy site (there is possible
unwanted repulsive force between Li/Na and its surrounding
Sn atoms ions). It was also noted that a great number of Li/
Na ions can be stored on the substrate without forming bulk
metallic, due to the steepness of binding energy plot. The Na
ions with large atomic radii than Li ions have low binding ener-
gies. We also studied the diffusion of Li/Na across the SnS,
monolayer with S-vacancy by calculating activation energies,
and it was established that avoiding the S-vacancy site along
the path, an excellent diffusion barriers of 0.19 eV for Li and
0.13 eV for Na were achieved.

The effect of S-vacancy introduces some electronic states
leading to slight shrinkage of the band gap from 2.44 eV to
approximately 2.37 eV. An addition of Li/Na atoms further
introduces electronic states on the band gap from the CBM to
the VBM, and the induced states become more populated as the
number of Li/Na adatoms increases, suggesting the possibility of
enhanced electronic transmission performance which is a require-
ment for LIBs or SIBs. In this study, the calculated V- values of
our electrodes materials are higher than those of graphite and gra-
phene electrodes, owing to S atoms having more electronegativ-
ity than C atoms. It is also noted that the Li/Na adatoms on SnS,
monolayer with S-vacancy (created reactive sites) have high V-
values compared to its pristine counterparts. The obtained V.
values also indicate that the formation of dendrites can surely
be averted for the envisaged battery operation. Understanding
the effects of an S-vacancy on the electrochemical properties
of Li/Na on the SnS, monolayer allows us to consider possible
improvements to energy storage devices that can be applied as a
result of our improved anode material. Thus, opening the door to
experimental studies into the viability of S-vacancies or vacan-
cies in general in similar 2D materials.
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