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ABSTRACT: In a quest to mitigate the undesirable shuttling effect
that hampers the performance of Li−S batteries, we adopted first-
principles calculations to study the anchoring mechanism of lithium
polysulfides on antimonene phases, i.e., α-Sb and β-Sb. The anchoring
mechanisms of LiPSs on α-Sb and β-Sb were studied through
calculations of binding energy, charge transfer, and vertical binding
distances from the monolayer to LiPSs. The results indicated that
pristine α-Sb and β-Sb showed significant physisorption/chemisorp-
tion interactions toward LiPSs due to the considerable Eb values
(0.71−1.68 and 0.96−2.07 eV, respectively). Meanwhile, with single
Sb vacancy, the binding strength was enhanced (0.83−2.91 eV) for
the β-Sb monolayer. Furthermore, we substituted the Sb atom with
the Sn/Te atom and found stronger Eb (1.32−5.69 and 0.45−4.81
eV). All these bindings of LiPSs were much stronger than their
interactions with those of electrolytes (DME/DOL) (Eb values: 0.20−1.16 and 0.17−1.07 eV). Also, we investigated the
redistribution of electrons and the influence of electronic states near the Fermi level in DOS for LiPSs on α-Sb and β-Sb. Our
findings suggest that pristine and defected β-Sb monolayers could be an excellent anchoring material for Li−S batteries.

■ INTRODUCTION
Finding electrochemical energy storage systems having high
energy densities, long lives, reduced masses, and smaller sizes
along with environmental compatibility, cost-effectiveness, and
worldwide consumer allocation has been an outstanding
problem.1−6 Alkali ion batteries, especially lithium-ion batteries
(LIBs), are in high demand due to their intriguing structural
and chemical features. It is well known that graphite, which is
made up of graphene layers stacked together, has been
extensively used as an electrode material in LIBs. Due to the
larger contact area between the electrolyte and electrode, it is
necessary to improve energy density and increase surface-to-
volume ratio, which is highly in demand.7−10 However, despite
having a well-developed technology, metal-ion (Li-ion)
batteries are hampered with low energy density and therefore
are unable to cope with the soaring demands for energy.
Li−S batteries have established much interest over the past

few years, and enhancing the performance of this class of
batteries by emerging suitable anchoring materials is a great
challenge.10−15 Sulfur exists in large quantities in nature,
having advantages like cost-effectiveness and less toxicity,
motivating researchers to utilize it as a cathode in future
rechargeable batteries.15 However, the application of Li−S
batteries has been hindered by several reasons: (i) a drop in
lithium anode capacity and poor Coulombic efficiency because
LiPSs dissolve in commercial organic electrolyte solvents; (ii)
limiting the rate performance of the batteries because of the

poor ionic/electronic conductivity of sulfur; and (iii) a large
volumetric expansion of sulfur (∼80%) during lithiation from
the conductive scaffold.10 Therefore, the most important
limiting factor to enhancing the performance of Li−S batteries
is by using highly ordered LiPSs. Therefore, innovating
efficient ways to trap LiPSs has been one of the important
challenges for the realistic application of Li−S batteries.1,2,5,6,16
Recently, enormous efforts have been made to settle the

abovementioned problems. Due to the quantum confinement
effect, various 2D materials17−19 have been investigated to
anchor LiPSs, such as graphene, borophene, phosphorene,
silicene, metal oxides, sulfides, MXene, etc.20−23 Other than
graphene, analogues have brought about the investigations of
an assortment of materials extending from transition metal
dichalcogenides (for example, MoS2, MoO3, MoSe2, WS2, and
WSe2), h-BN, to other essential p-block materials (Si, Ge, As,
Al, Sn, Sb, and In).24−27 Recently, it has been discovered that
electrode materials having defects not only anchor LIPSs
effectively to inhibit the shuttle effect but also prevent their
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circulation structure from breaking down. Further, defect-
induced electrode materials can also expose more active sites
for highly efficient sulfur capture and accumulation and
dynamically promote its redox reaction.28,29 The interesting
features in structural defects such as vacancies, heteroatoms,
chemical functionalizations, and interlayers in materials are
probable to be promising anchor sites for LIPSs, consequently
preventing the shuttle effect and enhancing the retention
capacity of Li−S batteries.30−34

Antimonene allotropes, α- and β-phases, displayed semi-
conducting behaviors with outstanding structural stability
verified by phonon dispersion spectra, mechanically and
thermally.35−37 Both α-Sb and β-Sb monolayers were also
reported as excellent candidates for ultraviolet optical nano-
devices.38,39 The antimonene monolayers show good potential
for LIBs and sodium-ion batteries.40 In addition, α-Sb and β-
Sb monolayers have been successfully synthesized experimen-
tally by several approaches.41−47 Apart from these, antimonene
monolayers have been explored for various other practical
applications.42,48−51 Motivated by these fascinating properties
of free-standing pristine antimonene monolayer materials, we
have focused on their applications as anchoring materials for
Li−S batteries. We studied the structural and electronic
properties of pure and defect-induced α-Sb and β-Sb
monolayers by DFT calculations. Moreover, the binding
energies of different LiPSs at different orientations and active
sites on α-Sb and β-Sb surfaces were calculated. Also, the
physical/chemical interactions of LiPSs with organic liquid
electrolytes DOL/DME were investigated for comparison.
Further, to check the effect of LiPSs on the surface of α-Sb and
β-Sb monolayers, we have investigated the electronic density of
states (DOS) and charge transfer mechanism. To enhance the
binding strength of LiPSs on the surface of the Sb monolayer,
we considered the vacancy and foreign atom substitution in Sb
monolayers.
Computational Methods. The DFT framework was

performed throughout this project as implemented in the
VASP code.52 For the exchange−correlation functional, the
generalized gradient approximation (GGA) within Perdew−
Burke−Ernzerhof (PBE) was used. The projector augmented
wave (PAW) pseudopotentials in the form of plane-wave basis
set were used.53 The cutoff energy has been set as 500 eV. The
electronic structures were fully relaxed until the force on each
atom was less than 10−3 eV/Å. The Monkhorst-Pack (MP)
grids54 used for irreducible Brillouin zone (BZ) sampling were
a (20 × 20 × 1) K-point for the pristine Sb monolayer and (5
× 5 × 1) K-point for (3 × 3 × 1) and (3 × 4 × 1) supercell α-
Sb and β-Sb monolayers, respectively. The Li anode was
oxidized by the discharge process. The electrons shift over an
external thread to the cathode, and the Li ion moves toward
the cathode through a porous separator. Then, it reacts
together with different sulfur concentrations to form Li2Sn (n =
1, 2, 4, 6, and 8) polysulfides. The adsorption energies of S8/
Li2Sn molecules, Eads or Eb, are defined as

= + − +E E E En nads Substrate S /Li S Substrate S /Li S8 2 8 2 (1)

where ESubstrate is the total energy of pristine and defected α-
Sb and β-Sb monolayers, ES8/Li2Sn is the total energy of isolated

S8/Li2Sn molecules, and ESubstrate + S8/Li2Sn is the total energy of
the absorbed state on the surface of the Sb monolayer with
LiPS molecules. By definition, Eads > 0 signifies repulsion
among interacting species, and as a result, there is no

adsorption. Meanwhile, a negative value Eb shows attraction,
which indicates that the adsorption site is favorable as well as
stable. Visualization structural analysis (VESTA) was used for
all further calculations and analyses including the output
structure.55 To incorporate the long-range interaction in the
system, the van der Waals correction scheme of the Grimme
(DFT-D3)56 was applied for geometry optimization and S8/
Li2Sn molecule adsorption.

■ RESULTS AND DISCUSSION
Structural and Electronic Properties. First, we opti-

mized the structures of antimonene allotropes with two phases
α-Sb and β-Sb monolayers, as presented in Figure 1a,b. Both

α-Sb and β-Sb monolayers have nonplanar structures. The
calculated structural parameters are a = 4.74 Å and b = 4.36 Å,
and the corresponding bond lengths between Sb−Sb are 2.95
and 2.87 Å for α-Sb, which is presented in Figure 1a.
Meanwhile, the lattice parameter of the β-Sb monolayer is a =
b = 4.07 Å and the bond length between Sb−Sb is found to be
2.84 Å. The calculated values of lattice parameters and bond
lengths are consistent with previously reported works.35,38 In
addition, each antimony (Sb) atom in the antimonene system
is identical with threefold bonds in both phases. Due to
different atomic arrangements in the α-Sb monolayer, it has
three different angles between Sb atoms, as shown in Figure 1a.
However, in the case of β-Sb, the monolayer has hexagonal
arrangement due to the fact that it has the same angle (91.47°)
between Sb atoms (see Figure 1b).
The electronic band structures are calculated to understand

the nature of electronic properties, as shown in Figure 2. The
α-Sb monolayer shows a semiconducting behavior with band
gaps of 0.18 eV (see Figure 2a) and 0.25 eV with PBE and
HSE06, respectively. Meanwhile, the β-Sb monolayer shows
band gaps of 1.37 and 1.99 eV with PBE and HSE06,
respectively (see Figure 2b). The α-Sb monolayer is a direct
gap semiconductor between the X and Γ points, while the β-Sb
monolayer has an indirect band gap between the Γ and M
points, as presented in Figure 2a,b, which is in agreement with
the available literature.35,38,47 Also, we have investigated the
PDOS, as presented in Figure 2c,d. Figure 2c shows that states
of Sb 5p orbitals dominate the VBM and CBM, whereas the
deep energy of the valence band is derived from the states of 5s
orbitals in the case of the α-Sb monolayer. Similar orbital
contributions are found in the β-Sb, in which the VBM and
CBM are made by 5p orbitals, as presented in Figure 2d.

Adsorption of LiPSs on α- and β-Sb Monolayers.
Usually, during the discharging process in Li−S batteries, the

Figure 1. Top and side views of optimized structures of (a) α-Sb and
(b) β-Sb.
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lithium ions decompose from the anode and interact with the
sulfur cathode to form the LiPSs, such as Li2S8, Li2S6, Li2S4,
Li2S2, and Li2S, as demonstrated by theoretical and
experimental studies.57−59 Before proceeding to a detailed
investigation of α-Sb and β-Sb monolayers as cathodic
anchoring materials for Li−S batteries, it is interesting to
first optimize these LiPSs. The variation of bond length in S8
and Li2Sn (n = 1, 2, 4, 6, and 8) between Li−S and S−S bonds
is presented in Figure S1. It is evident that the length of the
Li−S bonds decreases with the decrease in the concentration
of sulfur in the Li2Sn cluster (n = 1, 2, 4, 6, and 8), while the
S−S bonds vary depending on the number of sulfur atoms,
which indicates that Li2Sn chain species (n = 4, 6, and 8) are

easier to ionize in Li cations and polysulfide anions in the
electrolyte than Li2S2 or Li2S, which is consistent with the
literature.60

Now, we have explored the interaction of LiPS species with
α-Sb and β-Sb monolayers. We have considered all the possible
orientations of LiPSs on the surface of α-Sb and β-Sb
monolayers, and the most stable configurations are shown in
Figures 3 and 4. After the structures are optimized, the vertical
distance between α-Sb and β-Sb surfaces and LiPS species are
more than 2.0 Å. In the case of long chain Li2Sn (n = 4, 6, and
8), the lithium atoms are shifted at the hollow side of the
hexagonal arrangement of α-Sb and β-Sb surfaces and sulfur
atoms are oriented to be parallel to the antimonene monolayer.

Figure 2. (a, b) Electronic band structures of α-Sb and β-Sb and (c, d) corresponding projected densities of states (PDOS) of α-Sb and β-Sb,
respectively.

Figure 3. Optimized structures of pristine α-Sb with the PBE functional for (a) Li2S@Sb, (b) Li2S2@Sb, (c) Li2S4@Sb, (d) Li2S6@Sb, (e) Li2S8@
Sb, and (f) S8@Sb.
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However, in the case of short chain Li2Sn (n = 1 and 2), the
lithium atoms are slightly displaced from the hexagonal
arrangement of antimony atoms in α-Sb and β-Sb surfaces
due to the restriction of bonds between lithium and sulfur
atoms. Additionally, the Li atoms bonded with the Sb atoms of
α-Sb and β-Sb surfaces with a bond length of 2.83 Å and Sb to
S bond length (which is located just above the Sb atom) is
found to be 2.58 Å in short chain Li2S species, as shown in
Figure 3a. Also, bond lengths between the Li2S2 species and
antimonene surface are 2.83 and 2.99 Å for Sb−Li and Sb−S,
respectively (for pristine α-Sb, as shown in Figure 3). The
vertical distance between α-Sb and β-Sb surfaces to LiPS
species varies from 1.98 to 2.81 Å (see Table 1) for pristine α-
Sb and β-Sb.

Adsorption of LiPSs on Defected Antimonene
Monolayers. Furthermore, we have studied the single Sb
vacancy from the pristine β-Sb phase due to the significantly
better binding strength than the pristine α-Sb phase. Similar
trends are found in the defected antimonene surface, as shown
in Figure 5a−f. For Li2S species, the lithium atoms shifted
toward the Sb vacancy site and made a hexagonal arrangement
with the combination of Sb atoms. The bond length between
Sb and Li atoms is 2.83 Å, the same as the pristine case, and
the Sb to S bond length is 2.45 Å, which is shorter than the
pristine case. In the case of the single Sb vacancy system,
vertical distance varies from 1.20 to 2.33 Å (see in Table 2).

Moreover, we have further modified the antimonene
monolayer surface by substituting a single Sb atom with V
and VI group atoms, just the left and right atoms of Sb in the
periodic table. The V group atoms (Sn) are one-electron-
deficient, while VI group atoms (Te) are rich by one electron,
thus making the systems both p-type/n-type, respectively. This
modification of the antimonene surfaces significantly changes
the binding strength of LiPSs. The calculated Eb values are
−3.71 and −4.32 eV for Sn- and Te-doped systems in the β-Sb
phase of the antimonene monolayer. The negative Eb
represents that the Sn- and Te-doped systems are energetically
more favorable (see Figure S2). The most preferential
absorption sites are shown in Figures S3 and S4 for each
LiPS species on the surface of the β-Sb phase with Sn- and Te-
defected cases, respectively. After relaxation, the LiPS species
shifted more than 1.5 Å away from the antimonene surface.
In the case of Li2S species, the bond lengths between Li−Sb

and S−Sb are 2.46 and 3.17 Å, respectively, in which Li−Sb
bond length decreases and S−Sb bond length increases, as
compared to the cases without the dopant. Additionally, for
long chain Li2Sn (n = 2, 4, 6, and 8), each species shifted in an
upward direction to the antimonene surface, as presented in
Table 2. Additionally, species of LiPS are distorted to some
degree when adsorbed on these substrates. It was seen that the
variation of bond length of these adsorbed systems is less in S−
S bonds and Li−S bonds as they are elongated. It is also seen
that in the short chain Li2Sn, i.e., n = 1 and 2, the bond length
variation in Li−S is larger than that in long chain Li2Sn, i.e., n =
4, 6, and 8. This is because long chain LiPSs have more
chemical bonds in Li and S atoms, which makes elongation
difficult.
To investigate the anchoring performance, we have

calculated the Eb of different groups of Li2Sn (n = 1, 2, 4, 6,
and 8) and S8 in α-Sb and β-Sb (see in Figure 6). As shown in
Figure 6b, the Eb values on pristine antimonene with α-Sb (β-
Sb) are 1.68 (2.07) eV, 1.17 (1.35) eV, 0.98 (1.01) eV, 0.88
(1.16) eV, 1.11 (1.40) eV, and 0.71 (0.96) eV for Li2Sn (n = 1,
2, 4, 6, and 8) and S8, respectively. The β-Sb monolayer has
better anchoring performance than α-Sb. This is the reason we
further considered the β-Sb monolayer as an anchoring
material for Li−S batteries. The Eb is 0.96 eV for S8, increases
up to 1.40 eV for Li2S8, and further steadily decreases up to
1.01 eV for Li2S4. Also, in the case of Li2S2 and Li2S, the Eb

Figure 4. Optimized structures of pristine β-Sb with the PBE functional for (a) Li2S@Sb, (b) Li2S2@Sb, (c) Li2S4@Sb, (d) Li2S6@Sb, (e) Li2S8@
Sb, and (f) S8@Sb.

Table 1. Calculated Binding Energy [eV], Charge Transfer
Mechanism Calculated by Bader Charge Analysis, and
Corresponding Vertical Distance (d) from the Surface of Sb
to LiPS Molecules

binding energy
[eV] Bader charge [e] d [Å]

systems/LiPSs α-Sb β-Sb α-Sb β-Sb α-Sb β-Sb

Li2S 1.68 2.07 0.15 0.51 2.03 2.04
Li2S2 1.17 1.35 0.44 0.32 2.23 2.23
Li2S4 0.98 1.01 0.15 0.10 2.32 2.15
Li2S6 0.88 1.164 0.13 0.06 2.15 2.03
Li2S8 1.11 1.40 0.06 0.01 2.13 1.98
S8 0.71 0.96 −0.15 0.08 2.81 2.67
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slightly increases and is found to be 1.35 and 2.07 eV, as
displayed in Table 1, which presented similarity in the case of
the α-Sb monolayer. Furthermore, for single Sb atom vacancy
in β-Sb, the Eb for S8 is 0.83 eV, and the interaction becomes
slightly lower and influences the strongest interactions with a
value of 2.91 eV in the final stage (Li2S), which is noticeably
greater than that of Li2Sn species with the pristine α-Sb and β-
Sb phases of the antimonene monolayer.
Moreover, we further enhance the binding strength of LiPS

species with substrates as compared to LiPSs with organic
solvents by substituting Sn and Te atoms in place of single
antimony atoms in the β-Sb monolayer for excellent perform-
ance of anchoring materials for Li−S batteries. When we
replaced single Sb atoms and heteroatoms with Sn/Te, then
the β-Sb monolayer surface losses/gains one electron due to
the fact that the interactions between LiPS species and the
defected β-Sb surface are significantly enhanced. According to
that, the binding strengths are significantly enhanced as
compared to the previously discussed system. The binding
energies vary from 1.32 to 5.69 eV and 0.45 to 4.81 eV for Sn-
and Te-substituted atoms in the β-Sb surface for S8 and Li2Sn
(n = 1, 2, 4, 6, and 8) species (see in Table 2), which is better
than the previously reported works.30,34,61−67 These binding
strengths suggest that the defective β-Sb surface is an excellent
material that can effectively anchor the LiPS soluble groups
because of the greater binding strength.
Charge Transfer Mechanism, Electrical Conductivity,

and Interactions of LiPSs with Organic Electrolytes. We
have investigated the charge transfer between the LiPSs and
antimonene surface. The number of charges transferred in
different configurations of antimonene during the sulfur-
containing lithium process has been presented and is shown

in Figure 7 (also see Tables 1 and 2). The charge transferred
into the Sn-substituted antimonene monolayer (ΔQ) can be
found to be the largest in the entire process, leading to strong
binding energy and an enhanced anchoring effect. Meanwhile,
for Sb vacancy in β-Sb, hardly any electron is transferred
between the groups (S8 and Li2S8) and the antimonene
substrate, where the anchoring is due to vdW interaction.
Overall, we can see that the significant charge transfer
mechanism occurs due to the strong interaction between the
LiPS species and antimonene substrate, while single substitu-
tional Sb atoms have more charge transfer, which supports
stronger binding strength.
To check the charge transfer mechanism between the LiPS

species and Sb monolayer, the work function has been
investigated for Sn and Te substitute atoms in the β-Sb
system. The calculated work functions are 4.5 and 3.79 eV for
Sn and Te substitute atoms in the β-Sb monolayer,
respectively, which is lower than the pristine β-Sb monolayer
(4.87 eV). In the case of Sn, the electron-deficient property of
the Sn atom leads to the Fermi level to shift downward, while
the electron-rich Te atom causes the Fermi level to shift
upward in β-antimonene. It is also shown that the Sn-doped
system displayed p-type behavior, while the Te-doped system
exhibited n-type behavior in comparison with pristine
antimonene (see Figures S5 and S6 in the Supporting
Information). As a result, each species of the LiPSs and S8
donates more electrons to the Sn defected antimonene when
they are absorbed into the substrate, resulting in strong
interaction. It was also seen that the Li−S batteries have low-
electrical-conductivity sulfur and reducing products. Therefore,
the conductivity of the systems adsorbing LiPS species is
significantly important. Figures S7 and S8 in the Supporting

Figure 5. Optimized structures of single Sb vacancy in β-Sb with the PBE functional for (a) Li2S@Sb, (b) Li2S2@Sb, (c) Li2S4@Sb, (d) Li2S6@Sb,
(e) Li2S8@Sb, and (f) S8@Sb.

Table 2. Calculated Binding Energy [eV], Charge Transfer Mechanism Calculated by Bader Charge Analysis, and
Corresponding Vertical Distance (d) from the Surface of Defected β-Sb to LiPS Molecules

binding energy [eV] Bader charge [e] d [Å]

systems/LiPSs β-SbV β-SbD(Sn/Te) β-Sb β-SbD(Sn/Te) β-Sb β-SbD(Sn/Te)

Li2S 2.91 5.44/4.81 0.12 0.30/0.42 1.20 1.48/1.63
Li2S2 1.84 5.64/4.20 0.10 0.52/0.23 1.19 1.64/1.80
Li2S4 1.27 5.69/2.44 0.03 0.24/0.16 1.50 1.62/2.32
Li2S6 0.88 5.17/4.00 0.08 0.25/0.24 2.01 1.65/1.55
Li2S8 1.08 5.32/4.20 0.02 0.25/0.23 2.25 1.92/1.79
S8 0.83 1.32/0.45 0.01 0.10/0.08 2.33 2.59/2.73
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Information show the decomposed DOS before and after the
adsorption of LiPS species. Despite the fact that the pristine
antimonene shows a semiconducting behavior, it is reduced by
adsorbing LiPS species. From the relation of Eg and electrical
conductivity (σ ≈ exp ( − Eg/KBT)),

68 the narrow band gap
enhanced the electrical conductivity of the antimonene
substrate after the absorption of LiPS species, which will
considerably improve the Li−S batteries’ performance.
Last, we have calculated the structural properties of LiPSs

and 1,3-dioxolane electrolyte molecules (DOL)/dimethyl
ether (DME), as shown in Figure S1 (in the Supporting
Information). We have calculated the binding strength of these

two liquid organic electrolytes DOL and DME with the LiPS
cluster for the sake of comparison with those of α-Sb and β-Sb
substrates. The Eb values of LiPSs with the considered
electrolytes were calculated by

= + − +E E E Eb LIPSs DOS/DME LiPSs DOL/DME (2)

where ELiPSs + DOL/DME, ELIPSs, and EDOS/DME represent the total
energies of the electrolytes with LiPSs, the isolated LiPS
cluster, and the electrolyte molecule, respectively. On the other
hand, it is shown that DOL and DME have nearly similar Eb

values for LiPSs of 0.78−1.07 and 0.95−1.16 eV, respectively.
From the above discussion, the Eb values of LiPSs with
electrolytes (see Figure S9 and Table S1 in the Supporting
Information) are smaller than those with the α-Sb monolayer
for each step of the reduction of LiPSs, except Li2S6, while in
the case of the β-Sb monolayer, LiPSs have overall larger
binding energies than LiPSs with electrolytes. It can be
concluded from the results that LiPSs are anchored in the β-Sb
monolayer and do not dissolve in the electrolyte from an
energetic point of view. Also, the Eb values of Li2Sn with
electrolytes are smaller than those of Li2Sn with single Sb
vacancy in the β-Sb monolayer, except Li2S6 species. As a
result, the examined β-Sb monolayers can effectively suppress
the shuttle effect.69,70 In addition, we also examined the
defective antimonene monolayer, which significantly improved
the Eb of LiPSs with the substrate and has larger Eb than LiPSs
with electrolytes, so that the doped system could be a superior
anchoring material for Li−S batteries.

■ CONCLUSIONS

We have investigated the lithiation process and fully analyzed
the anchoring effect of antimonene allotropes with α-Sb and β-
Sb layered-structured materials. The α- and β-antimonene
displayed a distinct adsorption mechanism with LiPS clusters,
where the Eb is computed by the values of charge transfer from
the S-containing cluster to the Sb surface. The anchoring effect
is described by softening of Li−S bonds, while the destruction
of LiPS clusters is signified by strong binding strength. On the
basis of this, Sb monolayer materials can induce remarkable
changes with sufficient binding strengths of 1.32−5.69/0.45−
4.81 eV for Sn/Te-doped antimonene monolayers to have
physisorption interaction during the lithiation stage. Moreover,
the interaction of LiPS species avoids dissolution in the
electrolyte. The investigated results propose that antimonene
can be a promising anchoring material for Li−S batteries for
cathode materials, which provides theoretical evidence for the
investigated layered materials for the further progress of
battery performance.
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Figure 6. (a) Variations of bond length between Li−S and S−S after
adsorption on the surface of α-Sb and β-Sb monolayers with pristine
and defected systems. (b) Binding energies Eb (eV) of S8 and Li2Sn (n
= 1, 2, 4, 6, and 8) clusters on the surface of α-Sb and β-Sb
monolayers with pristine and defected systems. For comparison of
binding strengths of LiPSs with substrates and electrolytes (DME and
DOL) with LiPS species.

Figure 7. Charge transfer mechanism between the adsorbed LiPS
cluster and antimonene monolayer.
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