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First-principles calculations are performed to investigate the effect of strain on the electrochemical performance of
Janus MoSSe monolayer. The calculation focuses on the specific capacity, intercalation potential, electronic structure,
and migration behavior of Li-ion under various strains by using the climbing-image nudged elastic band method. The
result shows that the specific capacity is nearly unchanged under strain. But interestingly, the tensile strain can cause the
intercalation potential and Li-ion migration energy barrier increase in MoSSe monolayer, whereas the compressive strain
can lead to the intercalation potential and energy barrier decreasing. Thus, the rate performance of the MoSSe anode is
improved. By analyzing the potential energy surface of MoSSe surface and equilibrium adsorption distance of Li-ion, we
explain the physical origin of the change in the intercalation potential and migration energy barrier. The increase of MoSSe
potential energy surface and the decrease of adsorption distance caused by tensile strain are the main reason that hinders

Li-ion migration.

Keywords: Janus MoSSe monolayer, strain effect, specific capacity, migration behavior

PACS: 63.20.dk, 62.25.—g, 73.22.—f

1. Introduction

Two-dimensional (2D) materials represented by graphene
have received tremendous research enthusiasm.!'"" Among
many 2D materials, transition metal dichalcogenides (TMDs),
MX, (M =Mo and W; X = S, Se, and Te),[>'%14 have
emerged in recent years due to their moderate direct band
gap, good electronic transport properties, and the coupled

5,11

spin-valley property.!>-!!] Recently, researchers have success-

fully synthesized new MoS;-like TMDs by chemical vapor

deposition, 2D Janus MoSSe. Due to the broken in-plane

mirror symmetry, Janus MoSSe possesses the out-of-plane

dipole absent in conventional monolayer TMDs.!1>-16] There-

upon, a variety of properties of Janus MoSSe monolayer!!”}

or multilayer MoSSe!'®!1 have been widely studied, in-

[20-22 [23,24

I magnetism, 1 phonon

26-28

cluding electronic structures,

[25] 1 and so forth.

transports, photocatalysts, ! Unique
properties of MoSSe engender a versatility that has a potential
application and enabled its use in a wide range of scientific
fields, such as thermoelectrics, *°! optoelectronics. 3]

In addition, Janus MoSSe monolayer is a potential an-
ode material and has appeared in the field of ion battery in
recent years.3!=33] Shang e al.®!] calculated the energy bar-
riers of Li-ion on MoSSe surface and suggested that the rate
performance of the Janus MoSSe monolayer is comparable to
that of graphene and silicene. Zhou et al.'*?! reported that
heterostructures composed of Janus MoSSe monolayer and

graphene as promising anode materials for LIBs. The max-

DOI: 10.1088/1674-1056/abca24

imum lithium storage capacity of the heterostructure can be
enhanced to 390 mAh/g. And then, He et al.!*3 experimen-
tally verified that MoSSe with anion vacancies introduced in
situ had been achieved for the first time. The anion vacancies
in MoSSe could enhance the electronic conductivity, induce
more active sites, and obtain better ion storage performance.
Verified through the above works, MoSSe has a bright future
to serve as anode material.

However, previous studies focused on the lithiation re-
action in Janus MoSSe anode under zero strain condition. It
is well known that the external strain can be easily imple-
mented by introducing a specific substrate in the fabrication

34.35] Furthermore, deformation

of Janus MoSSe monolayer.|
and stress induced by insertion/extraction of Li in electrode
materials during the charging/discharging cycle process, !
which lead the 2D Janus MoSSe monolayer to form buckling
or puckered structures, and will affect the electrochemical per-
formance of the electrode. Recent theoretical works explored
the effect of strain on the electrochemical performance of 2D
electrode materials. For example, Ge et al.37) systematically
studied the effects of strain on the electron-phonon coupling
and phonon finite mobility of SnO by using first-principles
calculations. Their results show that the compressive strain
in the SnO monolayer results in a conduction band minimum
(CBM) consisting of two valleys at the I' point and along
the M-TI" line. Hao et al.®® investigated Li-ion diffusion on
strained graphene by using first-principles calculations; the re-

*Project supported by the Education Department of Jiangxi Province, China (Grant No. GJJ160337).
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sults show that the diffusion coefficient of Li-ion on the plane
of stretched graphene is gently reduced compared to without
strain, and the effect strongly depends on the magnitude of the
strain. Wang et al.3%) studied the adsorption property of Li
atoms on C3N under various strains by first-principles method.
Hao et al.[*") applied the density functional theory calculations
to study the strain effect on the Li-ion diffusion and electronic
structure of MoS,; the result shows that the strain can improve
electric conductivity that may benefit charge carrier transport.
However, to the best of our knowledge, theoretical studies of
the effect of different external biaxial strains on the proper-
ties of the Janus MoSSe as an anode material for LIBs are
scarce. Thus, it is meaningful to study the influence of the
electrochemical performance of Janus MoSSe monolayer un-
der strain.

In this work, we explore the specific capacity, intercala-
tion potential, electronic structures, and electrochemical kinet-
ics of Janus MoSSe monolayer under external strain by using
first-principles calculation method. We find that the change of
strain has little effect on the maximum storage of Li-ion and
the interaction potential. But interestingly, the electrochemical
kinetics of Janus MoSSe monolayer will change greatly under
different strains. Our results will reveal the Li-ion migration
mechanism under strain on the surface of MoSSe and evaluate
the strain effect on the charge/discharge process Janus MoSSe
monolayer as the anode of LIBs. Our results can help to study
MoSSe as an anode for LIBs.

2. Methodology

In this paper, all the calculations are performed by us-
ing the Vienna ab initio simulation package (VASP) based on
density functional theory (DFT).[*! The projector augmented
wave (PAW) method is used, and the exchange-correlation ef-
fect among electrons is described with generalized gradient
approximation (GGA), specifically the functional proposed by
Perdew—Burke—Ernzerhof (PBE).[*>%3 The Li 1s'2s!2p!, Mo
4p%5s'4d3, S 3s?3p*, and Se 4s%4p* electrons are considered
as valence electrons. For the plane-wave basis expansion, a
cutoff energy of 500 eV is applied to the wave function. In
order to describe the interactions between the adsorbed host
2D materials and Li-ions, a damped van der Waals (vdW)
correction (DFT-D2) has been added to the DFT exchange-
correlation functional to incorporate the effect of nonbond-
ing forces.[*43] The lattice parameters and the ionic positions
are fully relaxed until the net force on each atom is less than
0.02 eV/A. The convergence criterion of the total energy is
107> eV per atom. The Janus MoSSe monolayer is separated
with a 20 A vacuum layer in the z-axis direction to avoid the
interaction between the periodically repeated structures. We
utilize the Monkhorst—Pack k-points mesh of 11 x 11 x 1 for
primitive cell and 5 x 5 x 1 for 3 x 3 supercell in the structural

optimization and other calculations. To study the Li-ion lat-
eral migration on the MoSSe monolayer surface, the climbing-
image nudged elastic band (CI-NEB) method*®! is employed
to determine the Li-ion migration path and evaluate the energy
barrier. The spring constant is set to —5. Five images are in-
terpolated between the initial and the final states along each
pathway in our calculation. The phonon frequencies are cal-
culated by using PHONOPY code,*’! which can directly use
the force constant (Hessian matrix) calculated by DFPT, 3] as
also implemented in VASP.

Generally, the adsorption energy E,q is essential for un-
derstanding the Li-ion adsorption strength on the 2-D host ma-
terial. Thus, the amount of Li-storage on the MoSSe mono-
layer can be evaluated by the sequential adsorption energy,
which is defined as

Eaq = Ehost+(n+l)Li — Enost4nLi — ELi, (D

where Epogy(ny1)Li and EnostqLi are the optimized total
ground state energies of the 2-D host with (n+ 1) and n Li-
ions adsorbed, respectively. Ep; is the total energy of an iso-
lated Li atom. According to the definition of Eq. (1), negative
adsorption energy indicates that Li-ions are bound to the 2-D
host.

The intercalation potential is positive when the adsorption
energy is lower than the cohesive energy of the body-centered
cubic (BCC) phase Li-metal. Otherwise, from the thermody-
namical point of view, the formation of a Li dendrite is favor-
able when the intercalation potential becomes negative. There-
fore, the theoretical capacity of the 2-D MoSSe monolayer can
be evaluated by sequential adsorption energy. The maximum
theoretical capacity (Cyv) can be estimated by the equation

xF
- )
Myiosse

Cm @

where x, F, and Myosse are the maximum value of electrons
during the electrochemical process, the Faraday constant, and
the mass of Myjosse, respectively.
To further understand the sequential adsorption energy,
the intercalation potential V has been evaluated as follows:
ELi, host = ELiy, host — (%2 —x1)ELi

V= ; 3

(xp —x1)e

where ELix2 hosts ELiX1 hosts and Ep; are the total energies of the
Liy, host, Liy, host, and BCC phase Li metal, respectively.
According to this formula, a positive potential indicates ener-
getically favorable intercalation.

3. Results and discussion

3.1. The strain effect on structures of the monolayer Janus
MoSSe

The primitive unit cell of MoSSe monolayer is a flat
hexagonal lattice with a space group of P63/mmc (No. 194).

046301-2
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The S and Se atoms take the 4f Wyckoff position, while
the Mo atoms take the 2c Wyckoff position, as shown in
Fig. 1(a). The corresponding equilibrium lattice constant is
3.260 A, and the optimized Mo—S and Mo-Se bond lengths
are 2.423 A and 2.539 A, respectively. The thickness of the
Janus MoSSe monolayer triple layers is 3.231 A, which is in
good agreement with other results.['®2! The supercell lattice
constants of MoSSe, Li; /9MOSSe, Li, /9MoSSe, LijMoSSe,
and Li;MoSSe are 9.780 A, 9.868 A, 9.897 A, 9.918 A, and
10.025 A, respectively. Then we apply a compressive or ten-
sile biaxial strain in Janus MoSSe monolayer, varying from
—6% to 6% with an interval of 2%, which is readily achiev-
able strain range in real experiments.[*°% Here, the strain (&)
is defined as the ratio between the change of lattice constant

(a — ap) and the equilibrium lattice constant (a)
€= (a—ao)/a. 4)

A positive value means a tensile strain, while a negative one
means a compressive strain. To verify the stability of MoSSe
under different strains, we calculated the phonon spectra of
MoSSe. The phonon band structure of MoSSe is extracted
from a 3 x 3 x 1 supercell. Figure 1(b) shows the calculated
phonon dispersions relation under —6%, 0%, and 6% strain.
We also tested other strain values; please refer to ESIT, Fig. S1.
As shown in Fig. 1(b), the phonon spectra of the structure un-
der —6% and 6% strain show no imaginary frequency in the
Brillouin zone of MoSSe monolayer, confirming the stability
and thus the possibility of experimental realization.

(b) 14 —6% | 14 0% | 14 F 6%
| 12 12
= I I
10 10
;*N\ I .
8
£ 8
> 6 6
&)
g I I
5 4 4
o L L
[}
3 2 2
O Se | 0 0 | |
r K M r r K M r

Fig. 1. (a) Top and side views of MoSSe monolayer with 3 x 3 x 1 supercell, and Li-ion adsorption sites on the MoSSe surface. The unit cell is indicated
by the parallelogram. Green, yellow, purple, and emerald balls represent Li, S, Mo, and Se atoms, respectively. (b) Phonon dispersions of the MoSSe

monolayer under —6%, 0%, and 6% strain, respectively.

3.2. The effect of strain on the lithium storage perfor-
mance

3.2.1. The effect of strain on the specific capacity

To explore the effect of the strain on the specific capacity
of Li-ion, we investigated the adsorption behavior of Li-ion on
the Janus monolayer MoSSe under different strains.

First, we evaluate the adsorption sites and the maximum
adsorption capacity of Li-ion on the Janus MoSSe monolayer
supercell without strain. For the upper and lower surfaces of
the monolayer MoSSe supercell cell, six adsorption sites are
available. They are top site of Mo atom (denoted as Tyjo),
top site of S/Se atom (denoted as Tg/s.), and hollow site (de-
noted as H) on the side of the S layer or Se layer, as shown in
Fig. 1(a). For one Li-ion adsorption, there are six adsorption
configurations. After full geometry relaxation, depending on
the definition of the adsorption energy in Eq. (1), we calcu-
lated the adsorption energy of these six adsorption configura-
tions and listed in Table 1. Results show that the adsorption
energy at the Ty, site on both the side of the S and Se layer
is larger than those at the Ty /5. and hollow site, especially the
TwMmo site on the side of the S layer (—2.442 eV). It indicated
that Li-ion prefers staying at the Ty, site on the S layer.

Table 1. Adsorption energies (eV) for all Li-adsorption sites of the mono-
layer MoSSe.

Top site on Top site on .
Mo (Tyo) S/Se (Ts/so) Hollow site (H)
S side —2.442 —1.522 —2.288
Se side —1.774 —0.978 —1.621
(@) ® a0, 0
<7 9 v ‘099"
Q o v FC A0 20 -
/I; a U U U O Q. O O O
(& O O O
Q Q Qi
I BORCp } 8.8,
c © 54 0
O O O

Fig. 2. Top view and side view of the atomic structures of (a) Lij yMoSSe
and (b) Li;MoSSe.

In order to calculate the maxNum adsorption capacity of a
3 x 3 x 1 supercell of monolayer MoSSe for Li-ion, according
to Eq. (1), we calculated the sequential adsorption energies of
adsorption configurations (Li,MoSSe) by gradually increasing
the amount of Li-ion adsorbed. Our results indicate that the
T, site on the side of the S layer is the first choice for Li-ion

046301-3
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adsorption. So, when more Li-ions are introduced, they prefer
to stay on the S layer, until all sites are fully occupied, cor-
responding to Lij 9MoSSe (see Fig. 2(a)). And then, Li ions
start to occupy the Ty, site on the side of the Se layer, until
all the Ty, of the S and Se layer are fully occupied by Li-ions,
corresponding to Li;MoSSe (see Fig. 2(b)). In this adsorp-
tion configuration with the adsorption energies close to the co-
hesive energy of the BCC phase Li-metal (—1.999 eV/atom
calculated with the GGA-PBE potential in this study). Gener-
ally, if the adsorption energy is lower than —1.999 eV/atom,
Li-ion adsorption on the host is favored, corresponding to a
positive discharge potential. Otherwise, Li-metal formation is
favored, and discharge potential is negative. Thus, a3 x 3 x 1
supercell of monolayer MoSSe can store as many as 18 Li-
ions, corresponding to Li;MoSSe, as shown in Fig. 2(b). The
corresponding theoretical capacity is 258.8 mAh/g by Eq. (2).

Second, we investigated the adsorption behavior of Li
atom on the Janus monolayer MoSSe under strain. Similar to
section 1, we first examined the adsorption sites of Li atom un-
der strain. The result shows that the Li-ion still prefers staying
at the Ty, site on the S layer. Whereafter, we calculated the
sequential adsorption energies of Li,MoSSe under the strains
ranging from —6% to 6%. In order to facilitate comparison,
the adsorption energy of Li,MoSSe against strain and Li-ion
concentration is shown in Fig. 3. The black triangle, red cir-
cle, and blue square in Fig. 3 represent the adsorption energy
of Li,MoSSe under —6%, 0%, and 6% strain, respectively. As
can be seen from Fig. 3, the adsorption energies decrease with
the Li-ion concentration. This is because the attractive interac-
tion between Li-ions and the host (MoSSe) decreases and the
repulsive interactions between the adsorbed Li-ions increase.
Interestingly, we can see that the effect of strain on adsorption
energy is very small, especially Li; 9MoSSe and Li;MoSSe,
there is almost no effect.

In addition, we calculated the intercalation potential V by
Eq. (3). The intercalation potentials are presented in Table 2.
As shown in Table 2, when the Li content x is less than 2, the
intercalation potential V ranges from 0.123 to 1.205 V under
—6% compressive strain, 0.034 to 0.442 V without strain, and
0.057 to 0.410 V under 6% tensile strain. The intercalation
potential V under other strains is also calculated; please refer
to ESIf, Table S1. But when x is greater than 2, the interca-
lation potential V becomes negative. So, at the maximum unit
Li adsorption capacity, the insertion phase is still Li,MoSSe
with strain. The corresponding theoretical specific capacity of
the Janus monolayer MoSSe still is 258.8 mAh/g. In sum, both
compressive and tensile stresses have no effect on the theoreti-
cal specific capacity of the Janus monolayer MoSSe. Compar-
ing with 1.0 V for carbon (Li,Cs) and 1.12 V for graphite, >!]

MoSSe is suitable for anode electrode with such a small inter-
calation potential (0.442-0.034 V).

Table 2. Intercalation potentials V on MoSSe as functions of the Li content
in Li,MoSSe under strain (unit: V).

Strain
1/9 2/9 1 2 19/9
—6% 1.205 0.396 0.204 0.123 —0.294
0% 0.442 0.172 0.133 0.034 —-0.218
6% 0.410 0.616 0.214 0.057 —0.550
—1.2
A —6% -

S _1al 0 0%

L 1.6 o 6%

b>13 Cohesive energy of BBC-Li

= —-2.0 -R

5 o 8

.S —-24+gA

B o

S —2.8+t

0

o

<

—32FA
0 0.4 0.8 1.2 1.6 2.0

Li content ()

Fig. 3. The sequential adsorption energies as the function of Li content in the
LiyMoSSe under strain. Black triangles, red circles, and blue squares rep-
resent the adsorption energy of Li,MoSSe under —6%, 0%, and 6% strain,
respectively.

To study the strain effects on the interaction between Li-
ion and the host (MoSSe) and understand the physical origin
of the no change in adsorption energy, we calculated the equi-
librium adsorption distance of Li-ion adsorption on MoSSe.
Taking Li; 9MoSSe and Li;MoSSe as examples, the adsorp-
tion distance against various strains are presented in Figs. 4(a)
and 4(b). We can see that the adsorption distance of Li on Se
surface of MoSSe is less than that on S surface, and the ad-
sorption distance of Li increases under compressive strain and
decreases under tensile strain, for the side of the S and Se layer
in Lij 9MoSSe and Li;MoSSe. This is not consistent with the
change of adsorption energy.

Whereafter, we calculated the charge transfer of Li-ion
adsorption on MoSSe under strain by the Bader charge analy-
sis method.’? The analysis results are presented in Figs. 4(c)
and 4(d). The Bader charge of pure MoSSe monolayer under
different strains; please refer to ESIf, Fig. S2. A negative
value indicates charge depletion, while a positive value rep-
resents charge accumulation. As seen from Figs. 4(c) and
4(d), the electron gaining ability of S atom is greater than that
of Se, corresponding to that the adsorption distance of the
side of S layer is smaller than that of the side of Se layer for
the Li-ion. It was found that the charge transfer of Li atom
hardly changes with strain. The charge depletion of Li atom
is —0.888 e/per atom for Li; yMoSSe, and with —0.770 e/per
atom for LiMoSSe.
transfer is mainly between the elements of the adsorbent, i.e.,

Therefore, the strain induced charge

046301-4


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abca24
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abca24

Chin. Phys. B Vol. 30, No. 4 (2021) 046301

1.8
(a) Li; oMoSSe -m—S layer
Se layer
1.7
—~ 1.6}
=
=
1. -
5 I\.
\.
14f T,
—
—
1.3 1 L L 1 L L L
-6 -4 -2 0 2 4 6
Strain (%)
08 Li; 9MoSS
c 11/9 (0] e
o} "
—"
06l -m— S —-A- Mo
. —o- Se Li
)
— 0.5
——e—©
E g e
5 .
< -
O —0.9|
A
—1.0f \A\A\A\A
—11} A —a

Strain (%)

(b) Li;MoSSe _m—§ layer
2.0F Se layer
1.8+

=
[ ]
Il T~
a ]
1.6} T
\.
\.
\.
14f T
-6 -4 -2 0 2 4 6
Strain (%)
1.4
() LisMoSSe
—as—8—=1
13 o a—"
12} o—o—— *
) ——
& —* S N
° —E— —A— Mo
%f) —0.75 —e— Se Li
<
© _os¢t
—0.9 A\A
~——A— 4, A A a
—1.0 L L L L L L L

—6 —4 =2 0 2 4 6
Strain (%)

Fig. 4. The equilibrium adsorption distance of Li-ion on (a) Li; s9MoSSe and (b) Li;MoSSe under different strains. The gain or loss of Li, Mo, S,
and Se atoms in (c) Li; /9MoSSe and (d) Li,MoSSe with compressive, without, and with tensile strains (unit: e/per atom).

Mo, S, and Se. The nature of adsorption is the electrostatic at-
traction between Li and MoSSe. The attraction of S and Se to
Li is the main reason for the increase of the adsorption energy,
while the repulsion of Mo is the main reason for the decrease
of the adsorption energy. When the strain is applied, although
the number of electron gain of S and Se atom increases with
the strain, the electron loss of Mo atom also increases with the
strain, causing both attraction and repulsion to increase. Ac-
cordingly, the adsorption energy barely relies on the strain.

3.2.2. The effect of strain on electronic structures of
lithiated monolayer MoSSe

To study the strain effects on the electronic properties, we
calculated the total density of states (TDOS) of the adsorption
phases Li,MoSSe, from which we can learn more about the
physical origin of the strain effect. Figure 5 shows the TDOS
of MoSSe, Lij 9MoSSe, and Li;MoSSe under various strains.
As shown in the dark gray area in Fig. 5, we have found that
MoSSe is a semiconductor with a band gap of 1.018 eV. When
a —6% strain is applied, TDOS of MoSSe shows that the en-
ergy gap is slightly reduced to 0.768 eV, whereas a 6% tensile
strain is applied, TDOS of MoSSe shows the band gap dis-
appears and reaches a metallic state, which may be a great
benefit to charge carrier transport for potential applications in
ion batteries and other electronic devices. When Li atoms are
adsorbed, the density of states at the Fermi level increases
with the Li contents, leading to increasingly metallic prop-
erties of Li;MoSSe, as shown in Fig. 5. This indicates that

Li atom provides more active electrons. It is noteworthy that
both compressive and tensile stresses have little effect on the
density of states of LiyMoSSe at the Fermi level. The DOS
of Li; /9MoSSe and LipMoSSe under other strains are tested;
please refer to ESIt, Fig. S3.

60 | =IMoSSe —6%

—Li;9MoSSe
- ---LisMoSSe

20 I

40

i

0
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Fig. 5. TDOS of Janus MoSSe monolayer, Li; /9MoSSe and Li,MoSSe.

3.2.3. The effect of strain on Li-ion diffusion on mono-
layer MoSSe

Diffusion of Li-ion on MoSSe surface plays a key role

in circuit rate performance of batteries. To investigate the

strain effects on the Li-ion diffusion on MoSSe surface, we

calculated the Li-ion migration on MoSSe without strain and
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with —6%, 6% of strain by CI-NEB method. As we know,
the diffusion coefficient and migration energy barrier of Li-
ion are dependent on Li concentrations. For simplicity, here
we study two extreme cases: Li-ion and Li-vacancy migra-
tion, corresponding to the Li diffusion behavior in Li-poor
state (Lij 9MoSSe) and Li-rich phase (Li;79MoSSe), respec-
tively. Figures 6 and 7 show the migration paths and energy
barriers of one Li-ion and Li-vacancy migration on the MoSSe
with —6%, 0%, and 6% strain. For other strain’s values, please
refer toESIT, Figs. S4 and S5.

For the case of Li-ion migration, without strain, we can
see that Li-ion migrates from the most stable Ty, site to the
nearest neighbor Ty, site through a metal-stable site (H) on
both the side of the S layer and Se layer of MoSSe. During
this migration process, Li has to overcome an energy barrier
of 0.316 and 0.239 eV on the side of the S layer and Se layer
of MoSSe (see Fig. 6(c)), respectively. With a —6% compres-
sive strain, Li follows the same migration path, but the energy
barriers decrease to 0.267 and 0.216 eV (see Fig. 6(b)). In
comparison, the energy barriers of Li ions increase to 0.328
and 0.356 eV with a 6% tensile strain (see Fig. 6(d)).

For the case of Li-vacancy migration, we can see that Li
vacancy follows the same migration path on Li;7,9MoSSe, but
the energy barriers have increased. Without strain, as shown
in Fig. 7(c), the migration energy of Li vacancy on the S layer
and Se layer are 0.581 and 0.364 eV, respectively. There is
the same effect of strain on energy barriers of Li vacancy mi-
gration, as shown in Figs. 7(b) and 7(d). With —6% of com-
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pressive strain, the energy barriers of Li-vacancy on the side
of the S layer and Se layer of MoSSe are reduced to 0.403 and
0.297 eV, respectively. The opposite aspect is that the migra-
tion energy barriers of Li-vacancy increase to 0.584 and 0.588
eV with 6% of tensile strain.

Figure 8 present the migration energy barriers of Li-ions
and Li-vacancy against strain. We can see that the migration
barrier on Se surface of MoSSe is lower than that on S surface.
This is mainly because the adsorption distance of Li on Se sur-
face of MoSSe is greater than that on S surface, as shown in
Figs. 4(a) and 4(b). In the process of Li-ion migration, the
electrostatic interaction to be overcome is small. Note that the
compressive strain tends to affect the fast diffusion of Li on
MoSSe, and the effect of strain on Se surface is greater than
that on S surface. For example, the migration energy barriers
of Li-ion on the side of S layer decrease from 0.32 eV without
strain to 0.26 eV with —6% compressive strain. However, ten-
sile strain turns to increase the migration barrier, especially the
migration of Li-vacancy in lithium-rich phase, such as the mi-
gration energy barriers of Li-vacancy on the side of Se layer in-
crease from 0.35 eV without strain to 0.56 eV with 6% tensile
strain. This can also be explained by the variation of adsorp-
tion distances with strains. The adsorption distance increases
under compressive strains and decreases under tensile strains.
This is not consistent with the effect law of strain on MoS,.
A 6% strain increases the migration barrier of Li-ion on MoS;
by only 0.01 eV, indicating little influence on Li diffusion.
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Fig. 6. Migration path and energy barriers: (a) for one Li-ion migration on the MoSSe monolayer, (b)—(c) for energy profile of Li-ion diffusion with

—6%, 0%, and 6% strain, respectively.
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Fig. 9. PES of Li diffusion on Janus MoSSe monolayer with (a) —6%, (b) 0%, and (c) 6% of strain. The red arrow is the minimum energy path of
Li migration.

In order to further explain the effect law of strain on the  adsorbed ions laterally at different positions and allowing all
Li migration, we calculated the potential energy surface (PES)
of Li diffusion on MoSSe with —6% of strains, without strain,

and with 6% of strain. Here, PES is calculated by fixing the

other atoms and the ion height to relax. In our study, we con-
structed 20 structures along zigzag and armchair directions of
MoSSe and optimized a total of 400 structures to obtain the
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relative energy with reference to the lowest energy at the most
stable adsorption site. Figures 9(a), 9(b) and 9(c) show the
PES and Li diffusion path of Li migration on MoSSe under
—6%, 0%, and 6% strain, respectively. As shown in Fig. 9,
with the increase of tensile strain, a darker color of S site
shows a higher PES of S atom. At this time, the color of the
blue central region of the six-membered ring composed of Mo
and S atoms is gradually deepening from compressive strain to
tensile strain, and the part is the minimum energy path of Li-
ion. This shows that the PES of the migration path increases
with the stress, which leads to the increase of Li-ion migration
barrier (see Fig. 9(c)).

4. Conclusion

In summary, we performed systematic first-principles cal-
culations to explore the strain effects on the specific capacity,
intercalation potential, electronic structures, and migration be-
havior of Li-ion on MoSSe in the context of ion batteries. Our
results show that both compressive and tensile stresses have
little effect on the theoretical specific capacity of the Janus
MoSSe monolayer. We have found that strain has a great ef-
fect on the electronic structure of MoSSe. For example, when
a 6% tensile strain is applied, TDOS of MoSSe shows the band
gap disappears and achieves a metallic state, which may be of
great benefit to charge carrier transport for potential applica-
tions in ion batteries. Strain also has a certain effect on the
adsorbed MoSSe (Li,MoSSe), but the effect is small. For the
Li migration behavior, the compressive strain tends to affect
the fast diffusion of Li on MoSSe, and the effect of strain on
Se surface is greater than that on S surface. This can be ex-
plained by the variation of adsorption distance and potential
energy surface with strains. Overall, the above results show
the prospect of applying strain to energy-related technology
and provide theoretical guidance for exploring the effect of
strain on electrode materials.
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