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TiS,—graphene heterostructures enabling polysulfide anchoring and

fast electrocatalyst for lithium-sulfur batteries:
A first-principles calculation
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Lithium-sulfur batteries have attracted attention because of their high energy density. However, the “shuttle effect”
caused by the dissolving of polysulfide in the electrolyte has greatly hindered the widespread commercial use of lithium-
sulfur batteries. In this paper, a novel two-dimensional TiS;/graphene heterostructure is theoretically designed as the
anchoring material for lithium-sulfur batteries to suppress the shuttle effect. This heterostructure formed by the stacking
of graphene and TiS; monolayer is the van der Waals type, which retains the intrinsic metallic electronic structure of
graphene and TiS, monolayer. Graphene improves the electronic conductivity of the sulfur cathode, and the transferred
electrons from graphene enhance the polarity of the TiS, monolayer. Simulations of the polysulfide adsorption show that
the TiS,/graphene heterostructure can maintain good metallic properties and the appropriate adsorption energies of 0.98—
3.72 eV, which can effectively anchor polysulfides. Charge transfer analysis suggests that further enhancement of polarity
is beneficial to reduce the high proportion of van der Waals (vdW) force in the adsorption energy, thereby further enhancing
the anchoring ability. Low Li;S decomposition barrier and Li-ion migration barrier imply that the heterostructure has the
ability to catalyze fast electrochemical kinetic processes. Therefore, TiS,/graphene heterostructure could be an important

candidate for ideal anchoring materials of lithium-sulfur batteries.

Keywords: lithium-sulfur batteries, TiS,/graphene heterostructure, anchoring material, shuttle effect
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1. Introduction

With the rapid development of electronics and elec-
tric vehicles, there is an increasing demand for rechargeable
batteries with higher energy density and longer cycle life.
Lithium-ion/sodium-ion batteries have been successfully used
in portable electronic devices and electric vehicles.!'™*! How-
ever, the lower energy density limits its large-scale application
in the future commercial markets. In recent years, lithium-
sulfur batteries have attracted extensive attention from re-
searchers because of their high energy density (2600 Wh/kg),
high theoretical capacity (1675 mAh/g), low cost, and non-
toxic nature.>-8 However, the development of lithium-sulfur
batteries is hampered by their own inherent limitations. First
of all, the poor electronic conductivity of sulfur and its dis-
charge products leads to the larger internal resistance of the
battery, which affects the performance of the battery rate. Sec-
ondly, there is the “shuttle effect” in lithium-sulfur batteries.
During the discharge process, lithium polysulfide is easily dis-
solved in the electrolyte and diffuses to the anode under the
action of concentration gradient, which leads to partial sul-
fur irreversible deactivation and reduces the utilization rate of
lithium, and seriously affects the cycle stability and coulomb
efficiency of lithium-sulfur batteries. Thirdly, the volume of
sulfur changes dramatically (up to 80%) during charge and
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discharge, which may lead to the collapse of the internal struc-
ture, and thus affects the cycle performance of the battery.

In order to solve the above problems, researchers have
made many attempts, especially at improving the shuttle ef-
fect of polysulfide. One solution is to combine sulfur with
the host material to build the composite cathode. At present,
two-dimensional (2D) materials are undoubtedly the important
candidates for the cathode host materials of lithium-sulfur bat-

12.13] transition

teries. For example, graphene,[~!"l Mxene,!
metal sulfide,['* and other two-dimensional materials have
strong mechanical stability, flexibility, and very large specific
surface area, which are suitable as cathode host materials for
lithium-sulfur batteries. Among all these cathode host mate-
rials, graphene is an ideal material for hosting sulfur because
of its high mechanical strength and electrical conductivity. It
can play a very important role in volume expansion suppres-
sion, multi-sulfur intermediate conversion, and electron trans-
port in the discharge process.!'>!6 However, because of the
non-polar feature of graphene, it cannot continue to play an
anchoring role in multiple cycles. Considering the great po-
tential of reduced graphene oxide (RGO) in the direction of
flexibility and the ability to enhance polarity, exploring the
application of RGO in lithium-sulfur batteries may be an im-
portant development direction. However, how to overcome the
problems of poor mechanical properties and electrical conduc-
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tivity for RGO still needs a lot of work. The current approach

7] adsorbing

is to change the polarity of graphene by doping,
groups, 8] or constructing van der Waals polarity heterostruc-
ture. The first two methods are more difficult to control ex-
perimentally, and the method based on heterostructure is more
maneuverable. A VSj/graphene composite structure has been
constructed as a sulfur material host by the Zhang group. "]
Benefit from the strong electrical conductivity of graphene and
the polarity of VS,, the shuttle and volume expansion of poly-
sulfides are effectively inhibited by structural reinforcement
and chemical anchoring. The capacity of 532 mAh/g can still
be maintained after 300 cycles at high magnification. Manti-
ram et al. also attempted to use MoS,/graphene heterostruc-
ture as a lithium-sulfur anode host material, maintaining a ca-
pacity of nearly 600 mAh/g after 500 cycles at 1 C rate.?]
Currently, there are few reports on the theoretical research on
the use of heterostructure as an anchoring material for lithium-
sulfur batteries.

In order to clarify the microscopic mechanism of the het-
erostructure enhanced lithium-sulfur battery, we designed a
novel 2D TiS,/graphene heterostructure as an anchoring ma-
terial for lithium-sulfur batteries in this work. Its structural
and electronic properties, the anchorage of polysulfides, and
the diffusion barrier of Li-ion were analyzed theoretically by
density functional theory calculation. The calculation results
show that TiS,/graphene heterostructure not only has excel-
lent electrical conductivity but also shows strong anchoring of
polysulfide and low Li-ion diffusion barrier, which proves that
TiS,/graphene heterostructure is an ideal anchoring material
for lithium-sulfur batteries. Our simulation provides theoreti-
cal guidance for further preparation of advanced electrode ma-
terials for lithium-sulfur batteries.

2. Computational method

All first-principles calculations in this paper were car-
ried out by using the density functional theory (DFT) in the
Vienna ab initio simulation package (VASP).*!l Perdew—
Burke—Ernzerhof (PBE) functional of the generalized gradi-
ent approximation (GGA) was employed to treat the electronic
exchange-correlation energy.!*?! The projector augmented
wave (PAW) method was used to describe the electron—ion
interactions,!>*! and the cut-off energy of the plane wave was
set to be 500 eV. The Monkhorst—Pack (MP) method of k-mesh
sampling was adopted for integration over the first Brillouin
zone. In the process of optimizing the 2D structure and cal-
culating the molecular adsorption, a 3 x 3 x 1 k-mesh sam-
pling was applied. The k-mesh sampling was increased to
10 x 10 x 1 when calculating the electronic properties. Both
cut-off energy and k-point mesh were carefully tested and en-
sured that the convergence error is within 1 meV. The energy
convergence criterion was all set to be 107> eV, and the force

was selected as 0.01 eV/A. In order to avoid the interaction be-
tween layers caused by periodic boundary conditions, we set
the vacuum layer in the z-direction at 13.9 A. Considering the
influence of long-range vdW interaction, Grimme’s DFT-D3

24231 The spin-polarized cal-

method was used to describe it.!
culations were implemented, and the results showed that the
effect of spin polarization on the results could be ignored. The
decomposition barrier of Li,S and the migration barrier of Li-
ion on the surface of the heterostructure were simulated by the
climbing-image nudged elastic band (CI-NEB) method.?%27]

In order to study the anchored properties of the
TiS,/graphene heterostructure, a large number of different ad-
sorption structures were constructed. By comparing the ad-
sorption energies, the adsorption structure with the lowest en-
ergy was selected as the best adsorption configuration. The

adsorption energy was calculated by

Eags = Esystem - (ESg/Lizs,, + Esubstrate) ) (D

where Egystem, Es, /LisS, and Egypstrate Tefer to the energies of
the adsorption system, isolated Sg/Li»S, molecule and sub-
strate, respectively. When calculating the binding energy of
long-chain lithium polysulfides with two solvent molecules, an
adsorption model of Li—O bond bonding between an O atom in
the solvent molecule and a Li atom in lithium polysulfides was

28291 In addition, to further investigate the interaction

used.!
between polysulfides and TiS,/graphene heterostructure, the
charge density difference diagrams (CDD) were drawn and the
amount of charge transfer between polysulfides and substrate
was quantitatively calculated by Bader charge analysis.3"!

The charge density difference (Ap) is defined as

AP = PLi,S, +substrate — (pLizs,, + psubstrale) ’ (2)

where Pr,s, +substrates PLiS, aNd Psubstrate indicate the charge
density of the absorption system, isolated Li,S, molecule and
substrate, respectively.

3. Results and discussion

Van der Waals heterostructures are usually formed be-
tween two-dimensional materials. The optimal lattice con-
stants of the used TiS, monolayer and graphene are 3.42 A and
2.46 A. Since the constituent monolayers have different lattice
constants, it is necessary to minimize strain when construct-
ing an atomic model of the heterostructure. The construction
method is as follows. We denote the primitive-cell basis vec-
tors of the constituent monolayer i as {a;, b;}, then the super-
cell basis vector can be expressed as n;a; + m;b;. To minimize
the interface strain of the constructing heterostructure, the
magnitude of the supercell basis vectors in monolayers i and
Jj should approximately match: |n;a; +m;b;| = [nja;+m;b;|.
In practice, we searched all sets of integers within 10, then
chose the smallest supercell for which the strain is less than

047101-2



Chin. Phys. B 31, 047101 (2022)

0.5%. The resulting heterostructure was finally constructed
with a v/13 x v/13 TiS, supercell (mn =1, m=4)and a5 x5
graphene supercell (n = 0, m = 5), and the lattice constant of
the heterostructure used the average of the lattice constants of
the two supercells. The total number of atoms correspond-
ing to this heterostructure reached 89, and the mean absolute
stress of the interface was only 0.08%. It satisfies the match-
ing requirements of a van der Waals heterostructure. 31321 Af-
ter atomic-position optimization and layer-shift confirmation,
the layer spacing between the TiS; monolayer and graphene is
confirmed as 3.35 A, which is a typical layer spacing (3—4 A)

for the van der Waals heterostructure.

To verify the stability of the TiS,/graphene heterostruc-
ture, the phonon spectrum of monolayer TiS, has been cal-
culated and found that there is no imaginary frequency in the
phonon spectrum, which implies that monolayer TiS; is a dy-
namically stable structure. The ab initio molecular dynamics
(AIMD) simulations were also carried out at three tempera-
tures of 300 K, 500 K and 1000 K, and it was found that the
structure did not undergo a phase change after 10 ps of time
evolvement. Therefore, the TiS,/graphene heterostructure is

theoretically a stable structure.
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Fig. 1. (a) The top and side views of the structurally optimized TiS,/graphene heterostructure. (b) Electronic band structure and density of
states (DOS) of TiS,/graphene heterostructure. (c) Charge density difference (CDD) between TiS, monolayer and graphene. The isosurface
level is set to 0.0004 e-A~3. The orange and green regions represent electron accumulation and depletion, respectively. (d) Planar average
charge density difference and the response electric field along the z-direction between TiS, monolayer and graphene.

The electronic conductivity is an important factor af-
fecting the rate performance of the electrode materials for
lithium-sulfur batteries. To investigate the electronic proper-
ties of TiS,/graphene heterostructure, we calculated its elec-
tronic band structure and density of state (DOS). As shown in
Fig. 1(b), the energy bands cross through the Fermi level, in-
dicating that the heterostructure has a good metallic property.
The orbital composition analysis shows that the formation of
the heterostructure does not significantly change the electronic
structures of the TiS; monolayer and graphene, which en-
sures that the graphene with excellent electronic conductivity
can improve the electronic conductivity of the sulfur cathode.
Moreover, the Dirac point of graphene shifts above the Fermi
level, leading to the formation of p-type doped graphene,
which implies that the charge of graphene is transferred to the
TiS; monolayer. To visually display the charge redistribution
between layers, the charge density difference (CDD) between

the TiS, monolayer and graphene was calculated. As can be
seen from Fig. 1(c), charge transfer exists between graphene
and the TiS, monolayer, and charge (0.43 e) is transferred
from the C atoms of graphene to the inner S atoms and Ti
atoms of the TiS; monolayer. The main charge redistribution
occurs between the layers, and this type of interlayer dipole
is conducive to the stability of the heterostructure. The planar
charge density difference (PCDD) and the associated response
electric field along the z-direction in Fig. 1(d) give a more
quantitative result. The positive value of Ap represents the
accumulation of charge, while the negative value represents
the dissipation of charge.*34! By using the Poisson equation
V2V (z) = —Ap /&, the integration of the charge density dif-
ference, Ap, along the direction perpendicular to the layers,
results in a response electric field (blue line in Fig. 1(d)). The
PCDD diagram also shows that charge transfer mainly occurs
at the interface between layers. A large response electric field
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appears at the interface, corresponding to the charge depletion
at the graphene surface and the charge accumulation at the
TiS, surface, which leads to the interlayer polarization. The
redistribution of charge in the TiS; layer also corresponds to
a small response electric field, leading to the intralayer polar-
ization. Therefore, the charge transfer enhances the polarity of
the TiS, material, and the outer surface of the TiS, monolayer
has a small amount of charge accumulation, which benefits the
enhance of the anchoring effect on polysulfides.

Before studying the adsorption of polysulfides on the sur-
face of the heterostructure, the structures of polysulfides have
been carefully optimized. In lithium-sulfur batteries, the cath-
ode sulfur usually exists as the most stable allotrope, orthog-
onal o-Sg.1*>! During the discharge, the lithium in the anode
is dissolved in the electrolyte and transferred from the anode
to the cathode, where it reacts with the sulfur in the cathode to
form a series of lithium polysulfides (Li;S,, n =8, 6, 4, 2 and
1). The most stable structures of polysulfides molecular after
geometric optimization are shown in Fig. 2. The results show
that all atoms in the polysulfides are neither in a straight line
nor in a plane. The polysulfides are more inclined to three-
dimensional (3D) structures rather than two-dimensional (2D)

(a)

chains, which is also consistent with the results of previous
studies.2%37] In addition, with the decrease of the number of
sulfur atoms in the lithium polysulfides, the length of the Li—
S bond becomes shorter and the bond cooperation increases
gradually. Therefore, compared with the short-chain lithium
polysulfides (Li;S,, n = 1, 2), the long-chain lithium polysul-
fides (Li2S,, n =4, 6, 8) tend to dissolve in the electrolyte and
ionize into lithium cations and polysulfide anions, resulting in

the shuttle effect.
21
Ss LisS LisS»

.33 a1

LisSy LisSe LisSg

Fig. 2. The optimized structures of polysulfides.

00— 000000000

Fig. 3. The top and side views of the most stable adsorption structures of (a) Sg, (b) Li»S, (c) LizS,, (d) LipS4, (e) LizSe, (f) LizSg
molecules adsorbed on the surface of TiS;/graphene heterostructure. The purple and yellow atoms represent the sulfur atoms in the

polysulfides and substrate, respectively.
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The ideal anchoring materials for lithium-sulfur batteries
should have reinforcing interactions with polysulfide interme-
diates to ensure their cyclic stability. Therefore, to evaluate
the anchoring effect of polysulfides on the surface of the het-
erostructure, we designed and optimized the adsorption struc-
tures of polysulfides with different orientations at different ad-
sorption sites on the surface of the heterostructure, and then
calculated the adsorption energy of these structures. The ad-
sorption configurations with the lowest adsorption energy are
shown in Fig. 3. The sulfur-atom ring of the Sg molecule
is parallel to the surface of the TiS,/graphene heterostruc-
ture, without the formation of the chemical bond between
them. The minimum distance between the TiS, monolayer
and Sg is about 3.27 A, which is much larger than the bond
length (< 2.7 A) of a typical chemical bond. During the dis-
charge process, lithium ions are inserted into the sulfur cath-
ode to form a series of lithium polysulfides. For long-chain
molecules Li;S¢ and LiySg, only one Li atom bonds with the
surface sulfur of the heterostructure, the other Li atom is far
away from the surface of the heterostructure, and the S atoms
of long-chain molecules form a ring, which is approximately
parallel to the surface of the heterostructure. The larger coor-
dination number of lithium limits its continued bonding with
more sulfur. Therefore, both lithium atoms in the short-chain
Li,S, (n =1, 2, 4) molecules tend to bond with the sulfur on
the surface of the heterostructure, and the sulfur-atom ring of
LipS4 are perpendicular to the surface of the heterostructure.
By observing all the adsorption structures in Fig. 3, it could
be found that all the polysulfides adsorbed on the surface of
the heterostructure have no obvious deformation and decom-
position. Therefore, when polysulfide molecules are formed,
they can be effectively anchored on the TiS, monolayer sur-
face without harmful side reactions.

It is well known that the shuttle effect of long-chain
lithium polysulfides (Li,S,, n = 4, 6, 8) dissolved in elec-
trolyte seriously affects the cycle stability and coulomb ef-
ficiency of lithium-sulfur batteries. Therefore, to study
whether the TiS,/graphene heterostructure can effectively an-
chor lithium polysulfides, we compared the adsorption ener-
gies of long-chain lithium polysulfides (Li;S,, n =4, 6, 8)
on the surface of the heterostructure and their binding energy
with two typical electrolyte solvent molecules (DOL, DME).
As shown in Fig. 4(a), the TiS,/graphene heterostructure can
maintain an appropriate adsorption energy higher than 1.5 eV
for long-chain lithium polysulfides. More importantly, the ad-
sorption energies of long-chain lithium polysulfides with the
TiS,/graphene heterostructure are significantly greater than
their respective binding energy with solvent molecules, which
indicates that TiS;/graphene heterostructure, as the anchoring
material of lithium-sulfur batteries, can prevent lithium poly-
sulfides from dissolving in the electrolyte, thus avoiding the

loss of active substances due to the shuttle effect. To make
the calculations of the adsorption energies more reliable, the
GGA-+U method has been adopted, and the U value of Ti
3d orbital is 2.1. As shown in Fig. 4(a), the adsorption en-
ergies calculated by the GGA-+U method are lower than those
calculated by the GGA method. This is mainly because the
GGA+U method enhances the locality of Ti-d orbitals and
the repulsive force between the electrons, and then decreases
the adsorption force between the polysulfide molecules and
the heterostructure. Nevertheless, the GGA+U modified ad-
sorption energies are still much higher than the binding energy
with two typical electrolyte solvent molecules (DOL, DME).
Therefore, it is possible to confirm the high-efficiency anchor-
ing effect of the heterostructure based on different methods.

—4.5

] GGA (a)
o —4.0F [J GGA+U
—+— DME ]
< 735 poL B
% —3.0f
§ i
g —2.5¢F
el
2 —1.5F
2
:ﬁd —1.0F
—0.5F
0 - - - - -
Sg L12S8 L1286 LIQS/I LIQSQ leS
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—~ 0.8 A
S
= 0.6}
el
> A
3
o 04 .
e
<
0.2} A

O 1 1 1 1 1 1
Ss LisSg LisS¢ LisSs LiaSe LisS
Fig. 4. (a) The adsorption energies of polysulfides with TiS,/graphene
heterostructure and their respective binding energies with two solvent
molecules (DME and DOL) based on the GGA and the GGA+U meth-

ods. (b) The proportion of van der Waals forces in a polysulfide-
TiS,/graphene heterostructure adsorption system.

To better understand the anchoring mechanism of the sub-
strate material for lithium polysulfides, we calculated the pro-
portion of vdW force in the adsorption energy (R), which is

defined as

EVdW __ rnovdW
R= ads ads

Evd

ads

x 100%, A3)

where E:g:” and E;QY dW indicate the adsorption energies cal-
culated with and without the vdW interactions, respectively.
As shown in Fig. 4(b), the vdW force plays a very important
role in the non-lithization stage. When Sg molecules are ad-
sorbed on the surface of the heterostructure, the R is close to
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100%, which is almost pure physical adsorption. With the
lithization process, the proportion of vdW force physical in-
teraction in the adsorption system decreases gradually. The
proportion of vdW force in the adsorption system of long-
chain lithium polysulfides (Li;S,, n = 4, 6, 8) is between
51% and 94%, which indicates that vdW force has an im-
portant contribution to the adsorption energy of long-chain
lithium polysulfides. While the R values of short-chain LipS
and Li»S, adsorbed on the surface of the heterostructure are
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21% and 34%, respectively, indicating that the adsorption be-
tween short-chain lithium polysulfides and the heterostruc-
ture is mainly based on chemical interaction. Hence, in the
simulation process of the lithium-sulfur batteries, the correc-
tion of van der Waals’s long-range interaction must be con-
sidered. Moreover, its huge vdW force ratio for long-chain
lithium polysulfides shows that it is very difficult to anchor
lithium polysulfide to the cathode because the vdW force is
much weaker than chemical bonding.
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Fig. 5. Planar average charge density difference (purple lines) along the z-direction between polysulfide molecules and TiS,/graphene het-
erostructure. The polysulfide molecules include (a) Sg, (b) LizS, (¢) Liz Sy, (d) LizS4, (e) LizxSe, (f) LizSs.

After discussing the adsorption system of polysulfides
and heterostructure, the z-direction PCDD of polysulfides-
adsorbed heterostructure was calculated to investigate the in-
teraction between polysulfides and heterostructure, as shown
in Figs. 5(a)-5(f). When polysulfide molecules are adsorbed
on the surface of the heterostructure, there was almost no
charge transfer for the graphene. The main charge transfer
occurs between TiS; monolayer and polysulfide molecules,
which is related to the newly formed covalent bond between

Li and surface sulfur at the interface. There is almost no
charge transfer between the non-lithium Sg molecule and the
substrate, which is directly related to the physical adsorption
between them. For the adsorption system with long-chain
lithium polysulfides Li,S,, (n = 6, 8), the charge is transferred
from the Li atoms of the Li,S, molecule to the surface S
atoms of TiS; monolayer, and the new Li—S bonds are formed
at the interface. For the adsorption system with short-chain

lithium polysulfides Li;S, (n = 1, 2, 4), the charge is trans-
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ferred from the Li,S, molecules to the TiS, monolayer in a
relatively complicated way. Both sulfur and lithium atoms in
the Li»S,, molecules provide the transferred electrons, which
is mainly related to the small sulfur coordination number of
lithium in the Li;S, molecule. In addition, we quantitatively
calculated the amount of charge transfer between Sg/Li,S,, and
the substrate through Bader charge analysis. The charge trans-
fer between Sg molecules and the substrate is almost zero,
which is also consistent with the analysis results of PCDD.
However, the amount of charge transferred from Li,S, (n =1,
2, 4, 6, 8) to the substrate ranges from 0.50 to 1.17. It can
be found that charge transfer is mainly used to form new Li-
S covalent bonds at the interface. These bonds play a vital
role in the anchoring of polysulfide molecules, and the amount
of charge transfer has the same law as the adsorption energy,
which further clarifies the internal adsorption mechanism as-
sociated with it.

The sulfur, as the cathode material of lithium-sulfur bat-
teries, has poor electrical conductivity, the electronic conduc-
tivity of the added anchoring materials should be excellent to
improve the weak conductivity of sulfur. The above calcula-
tions show that the TiS,/graphene heterostructure has signif-
icant metallicity, and the electronic structure near the Fermi
level of graphene is preserved. Therefore, graphene will pro-
vide very excellent electronic conductivity. To further illus-
trate the electronic conductivity of the anchoring material af-
ter the adsorption of lithium polysulfides, the total electron
density of state (TDOS) and the projected density of state
(PDOS) of TiS,/graphene heterostructure adsorbed polysul-
fides were calculated. As shown in Fig. 6, the Fermi level of
TiS,/graphene heterostructure after adsorption of polysulfides
has shifted. The abundant electronic states at the Fermi level
indicate that the adsorption system still maintains good metal-
lic properties, which greatly improves the poor electrical con-
ductivity of the sulfur-based cathode material. Atom-projected
state analysis shows that the states near the Fermi level are
mainly derived from the contribution of the TiS; monolayer.
Although the contribution of graphene seems relatively small
from the results of PDOS, its excellent electronic conductivity
will play an important role in improving the overall electronic
conductivity of the cathode. As shown in Fig. 6(g), there is
a potential barrier between graphene and the TiS,; monolayer,
which hinders the transfer of electrons between graphene and
the polysulfides. 38! However, due to the existence of tunneling
electrons, both graphene and the TiS, monolayer can be used
as conductive channels for electron transport, and the overall
conductivity of the heterostructure is stronger than that of pure
TiS,. Moreover, weaker adsorption dominated by vdW forces
corresponds to high tunneling barriers, such as Sg, Li»Sg, and
LiyS¢. While strong adsorption dominated by strong covalent
bonds corresponds to low or no barriers, such as LixS, (n =1,

2, 4). This strongly suggests that enhancing the interaction
between polysulfide molecules and the substrate is not only
beneficial for weakening the shuttle effect but can also reduce
the internal resistance of the electrode.
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Fig. 6. Density of states (DOS) of (a) Sg, (b) Li,S, (c) Li»S,, (d) Li»S4, (e)
Li>Se, (f) LioSg adsorbed on TiS;/graphene heterostructure. (g) The plane-

averaged electrostatic potential above the graphene for adsorption of Sg and
Li;S, (n=1,2,4,6,8).

The diffusion performance of Li-ion on the surface of
heterostructure is another important criterion for evaluating
heterostructure as the anchoring material of lithium-sulfur bat-
teries, which will significantly affect the charge-discharge per-
formance of the cell. The charge—discharge process of lithium-
sulfur batteries can be simplified as LipS — LiS + Lit +e™,
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that is the decomposition process of Li;S and the migra-
The CI-NEB method was used to
simulate these two processes and the corresponding po-

tion process of Li-ion.
tential barriers. As shown in Fig. 7, the path from site-
1 to site-2 simulates the decomposition process of Li;S.
This process is accompanied by the breaking of the Li-S
bond in LiyS. The decomposition potential barrier of LipS
is 0.28 eV. Compared to some other two-dimensional ma-
terials like FeS (~ 0.63 eV),?! graphene (~ 1.8 eV),B%]
V,CS; (0.53 eV), 140 v,CO, (0.43 eV),[*] blue phosphorene
(0.55 eV and 0.50 eV),[*! and CoS; (~ 0.56 eV),[?] the
TiS,/graphene heterostructure exhibits advantageous perfor-
mance. Such a small value indicates that the heterostructure
can effectively catalyze the decomposition of Li,S. The path
from site-2 to site-3 simulates the process of Li-ions getting rid
of the influence of the lithium polysulfide group. The migra-
tion barrier of this process is 0.22 eV, slightly lower than the
decomposition barrier of Li;,S, indicating that Li-ions can eas-
ily escape from the lithium polysulfide group. The path from
site-3 to site-4 mimics the process of free migration of Li-ions

Energy (eV)
e o o ©
— [ w [N

o
T

0 1 2 3 4 5 6
Reaction coordinate

Fig. 7. (a) The path and (b) potential energy curve of Li,S dissociation
on TiS,/graphene heterostructure.

on the surface of the heterostructure after getting rid of the
influence of the lithium polysulfide group. The calculated re-
sults show that the migration barrier of this process is equal
to that of the process from sites-2 to site-3, both of which are
0.22 eV. This value is close to that of other two-dimensional
materials such as V,CO; (0.26 eV),1 V,C (0.19 eV),[
Ti3CNO; (0.26 V), MoSe, (0.24 eV),*3 and Ti,NS,
(~0.19 eV).[**] Such a low migration barrier can greatly pro-
mote the conversion of lithium polysulfides to Sg molecules.

4. Conclusion and perspectives

In this paper, we comprehensively analyze the poten-
tial of TiS,/graphene heterostructure as an anchoring mate-
rial for lithium-sulfur batteries through first-principles calcu-
lations. The electronic structure calculations show that the
TiS,/graphene heterostructure has intrinsic metallicity, and the
formation of the heterostructure does not significantly change
the electronic properties of the two monolayer materials. The
excellent electrical properties of graphene can be used to im-
prove the weak conductivity of the sulfur cathode, and the
polarity of TiS, monolayer can be used to enhance the an-
choring effect of lithium polysulfides. The charge transfer di-
agram of the heterostructure shows that the formation of the
heterostructure leads to the charge transfer from graphene to
the TiS; monolayer, which further enhances the polarity of
the heterostructure and promotes the anchoring of polysul-
fides. The adsorption simulations of polysulfide molecules
and heterostructures show that the adsorption energy higher
than 1.5 eV endows the heterostructure with strong anchor-
ing ability. The analysis of the adsorption energy compo-
nents shows that the high proportion of vdW force may be an
important reason why lithium polysulfides are uneasy to an-
chor. Further charge transfer analysis also shows that there is
a corresponding relationship between the strength of adsorp-
tion and the amount of charge transfer. The calculation of the
electronic structure of the adsorption system shows that the
heterostructure system can still maintain metallicity after ad-
sorption, and graphene can also exert its excellent electronic
conductivity. The simulation of Li,S dissociation on the sur-
face of the heterostructure shows that the heterostructure can
well catalyze the dissociation of polysulfides, and the dissoci-
ated Li-ions can migrate freely on the surface. Therefore, the
TiS,/graphene heterostructure will be an ideal anchoring ma-
terial for lithium-sulfur batteries. We hope that our work will
encourage more experimental or theoretical research to further
explore the potential of other novel 2D heterostructures as an-
choring materials for lithium-sulfur batteries.
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