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A B S T R A C T

Lithium–sulfur (Li–S) batteries, renowned for their potential high energy density, have attracted attention due
to their use of earth-abundant elements. However, a significant challenge lies in developing suitable materials
for both lithium-based anodes, which are less prone to lithium dendrite formation, and sulfur-based cathodes.
This obstacle has hindered their widespread commercial viability. In this study, we present a novel sulfur
host material in the form of a two-dimensional semiconductor boron nitride framework, specifically the 2D
orthorhombic diboron dinitride (o-B2N2). The inherent conductivity of o-B2N2 mitigates the insulating nature
often observed in sulfur-based electrodes. Notably, the o-B2N2 surface demonstrates a high binding affinity for
long-chain Li-polysulfides, leading to a significant reduction in their dissolution into the DME/DOL electrolytes.
Furthermore, the preferential deposition of Li2S on the o-B2N2 surface expedites the kinetics of the lithium
polysulfide redox reactions. Additionally, our investigations have revealed a catalytic mechanism on the o-B2N2
surface, significantly reducing the free energy barriers for various sulfur reduction reactions. Consequently,
the integration of o-B2N2 as a host cathode material for Li–S batteries holds great promise in suppressing the
shuttle effect of lithium polysulfides and ultimately enhancing the overall battery performance. This represents
a practical advancement for the application of Li–S batteries.
. Introduction

The growing adoption of electric vehicles (EVs) has spurred a fo-
used endeavor aimed at advancing rechargeable battery technologies
o attain superior electrochemical capabilities, particularly character-
zed by high-energy density, prolonged cycle-life, and high operational
emperatures [1,2]. Among the most commonly-used types on today’s
arket is the lithium-ion battery, which is based on the so-called Li-

ntercalation mechanism. [3,4]. However, their operational safety and
fficiency continue to raise significant concerns. Capacity degradation
ith aging is a principal apprehension, attributed to various mecha-
isms such as the formation and dissolution of the Solid-Electrolyte-
nterphase (SEI) [5,6].

Li–sulfur batteries (LiSBs) constitute an outstanding alternative
or electrochemical energy storage systems and have attracted con-
iderable attention due to their low price and increased theoretical
apacity of about 1675 mAh.g−1 and high energy density of about
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2600 W.h.kg−1 [7–13]. Diverging from conventional rechargeable bat-
teries featuring intercalated lithium compound cathodes and graphene-
based anodes, Li–S batteries operate through the reversible redox-
reaction of Sulfur↔Li2S at the cathode, involving numerous intermedi-
ate Li2S𝑛 species (n = 2, 4, 6, 8). The incorporation of an organic binary
solvent into the electrolyte composition facilitates the dissolution of
the insulating Li-polysulfides Li2S𝑛, thereby enhancing S-element uti-
lization and elevating energy density. Notwithstanding, the dissolution
and scattering of Li2S𝑛 within the electrolyte give rise to the depletion
of the S-containing cathode, alongside the phenomenon of the Li2S𝑛
shuttle effect, leading to a rapid reduction in specific capacity, energy
density, and coulombic efficiency [2,14,15,15].

Considerable efforts have been directed towards mitigating the
insulating and dissolution challenges associated with sulfur and lithium
polysulfides (LiPSs). In pursuit of advanced cathode materials, carbon-
based substances have emerged for their exceptional electrical con-
ductivity and robust mechanical properties, rendering them suitable
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candidates as hosts for sulfur cathodes in lithium–sulfur batteries [16–
20]. Despite this, the weak interaction of non-polar carbons with
polar LiPSs barely prevents the dissolution of Li2S𝑛 intermediates in
the electrolyte as well as the shuttling between the cathode and the
Li-anode [21,22].

Nanostructured polar inorganic materials, including transition met-
al-based metal oxides and sulfides, have demonstrated robust bind-
ing capabilities, effectively sequestering LiPSs [12,22–25]. However,
several of these inorganic hosts exhibit notably poor electrical con-
ductivity in comparison to conventional carbon-based host cathodes,
resulting in compromised rate performance and limited specific ca-
pacity. Additionally, porous carbon and metal-based van der Waals
(vdW) heterostructures have been shown to overcome shuttle effects
and enhance the exceptional electrochemical properties of LiSBs [26–
30]. Furthermore, a broad team of researchers remains engaged in
a continuous endeavor to conceive novel and intriguing materials,
serving as economically viable hosts for sulfur incorporation within
conventionally established LiSBs.

In recent years, substantial attention has been directed towards
the advancement of host cathode materials for LiSBs, resulting in
remarkable strides in the field. Within these versatile prospects, two-
dimensional (2D) materials have emerged as a particularly promis-
ing alternative, leveraging their distinct physical and chemical prop-
erties relative to their bulk counterparts, which can provide great
electro-chemical features [4,13,31,32]. Within this context, an exten-
sive spectrum of 2D materials, including 𝛽12-borophene [33], 𝛼- and
𝛽-phase phosphorene [34–36], hexagonal BN [37], graphene-supported
BN monolayers [38], transition metal sulfides, and carbonitrides [39–
43], have been systematically investigated through the density func-
tional theory and/or experimental approaches. This comprehensive
exploration has been undertaken with the aim of devising a host
cathode material that can engender enhanced high-performance Li–S
batteries. Notwithstanding these advancements, a substantial number
of the identified 2D materials grapple with various limitations, en-
compassing compromised stability, feeble LiPS’s adsorption impeding
the mitigation of the shuttle effect, inadequate charge and discharge
efficiency, poor electrical conductivity, inherent instability, and/or
cost-intensive manufacturing processes. Consequently, a pressing ruling
within the LiSB domain is the continued research and development of
an improved 2D sulfur host material endowed with elevated electro-
chemical characteristics, to meet the exigent requirements of enhanced
Li–S battery technologies.

Although graphene-like boron nitride (h-BN) has gained substantial
attention across considerable applications due to its wide indirect
band-gap (6 eV) [44,45], its non-performance as a host cathode an-
choring material in LiSBs can primarily be attributed to its substantial
band-gap, a characteristic incompatible with the requisite enhanced
electronic conductivity of cathode hosts [16,46,47]. Additionally, the
weak interaction between Li-polysulfides and the h-BN surface has
curtailed its suitability for LiSBs applications [37]. Addressing this,
Demirci et al. (2020) introduced a novel orthorhombic structure (o-
B2N2) of graphene-like boron nitride, derived from density functional
theory (DFT) calculations [48]. In-depth investigations into dynamic
and mechanical stability have confirmed the dynamical and mechanical
robustness of the o-B2N2 monolayer. Ab-initio molecular dynamics
simulations further revealed the monolayer’s structural integrity up to
1000 K for 10 ps. The newly proposed o-B2N2, characterized as a semi-
conductor with a direct narrow bandgap of 0.64 eV, unveils a plethora
of potential applications in the realm of energy-related systems. In
the current study, employing density functional theory calculations,
we unveil that the 2D orthorhombic boron nitride allotrope fulfills
the requirement of an optimal S-host cathode for Li–S batteries. The
enhanced electronic conductivity exhibited by o-B2N2 relative to its h-
BN counterpart addresses the insulating tendencies inherent to most
S-based cathodes. The robust binding affinity of the o-B2N2 monolayer
2

towards Li2S𝑛 (n = 8, 6, 4, 2, and 1) polysulfides effectively curtails the
dissolution of Li-polysulfides into the organic electrolytes, namely 1,2-
dimethoxyethane (DME) and 1,3-dioxolane (DOL). Furthermore, the
uniform adsorption configuration of Li2S on the o-B2N2 monolayer,
ensuring electrical contact, not only enhances the versatility of the
active materials but also promotes rapid conversion kinetics of Li2S to
Li2S𝑛 (n = 2, 4, 6, and 8) polysulfides. These insightful findings are
poised to stimulate forthcoming experimental explorations within the
realm of advanced Li–S batteries, leveraging the unique characteristics
of this novel 2D orthorhombic boron nitride allotrope.

2. Methods and computational details

Density functional theory

Through our study, we performed first-principles calculations within
the framework of Density Functional Theory (DFT) as part of the
Vienna Ab Initio Simulation Package (VASP) [49]. The generalized
gradient approximation in the form of Perdew Burke Ernzerhof (PBE)
functional [50] was adopted self-consistently through the approach
of the Projector Augmented Wave (PAW) by Kohn–Sham electron
wave functions expanded with an energy cutoff of 600 eV and the
convergence criteria during the structural optimizations were set to
10−6 eV and 10−3 eV/Å for energy and force, respectively. To mitigate
interactions between stacked layers and periodic images, a vacuum
layer of 25 Å was introduced along the 𝑧-direction throughout all
computations. To ensure the rigor and accuracy of our results, it was
crucial to select an appropriate k-point grid for our calculations. This
selection was based on a convergence test that probed the relationship
between total energy and various K-points. Our analysis indicated
that a Monkhorst Pack K-point grid of approximately 8 × 16 × 1
in the reciprocal space provided the most consistent results during
geometrical optimizations [51]. Additionally, we employed the Bader
charge algorithm to evaluate the charge transfer between atoms [52].

Gibbs free energy of sulfur reduction reaction (SRR)

Generally, the sulfur reduction reaction of an S8-molecule through
the discharging process of LiSBs is a 16-electron process along with the
production of 8-Li2S polysulfides [53].

S8 + 16Li+ + 16e− → 8Li2S
The rudimentary stages involved in the formation of one Li2S

molecule are given by [54,55];
*S8 + 2Li+ + 2e− → *Li2S8
*Li2S8 → *Li2S6 + (1/4)S8
*Li2S6 → *Li2S4 + (1/4)S8
*Li2S4 → *Li2S2 + (1/4)S8
*Li2S2 → *Li2S + (1/8)S8
Wherein (*) represents an active site on the material surface.
For each stage of the SRR, the reaction Gibbs free energy is given

through the following equations:

𝛥𝐺 = 𝛥𝐸 + 𝛥𝐸𝑍𝑃𝐸 − 𝑇𝛥𝑆, (1)

𝛥𝐸 is the differential adsorption energy calculated for intermediate
molecules adsorbed on the material’s surface, 𝛥𝐸𝑍𝑃𝐸 is the difference
in zero-point energies correction, and 𝑇𝛥𝑆 is the variation in entropy
from the adsorbed to the gas phase computed at 298.15 K.

The variation in Gibbs free energy at every electrochemical stage of
the SRR can be derived by the given equations;

𝛥𝐺1 = (𝐸∗𝐿𝑖2𝑆8
+ 𝐸𝑍𝑃𝐸(∗𝐿𝑖2𝑆8) − 𝑇𝑆∗𝐿𝑖2𝑆8

) + (𝐸∗𝑆8
+ 𝐸𝑍𝑃𝐸(∗𝑆8) − 𝑇𝑆∗𝑆8

)

− 2.(𝐸𝐿𝑖 + 𝐸𝑍𝑃𝐸(𝐿𝑖) − 𝑇𝑆𝐿𝑖),

𝛥𝐺2 = (𝐸∗𝐿𝑖2𝑆6
+ 𝐸𝑍𝑃𝐸(∗𝐿𝑖2𝑆6) − 𝑇𝑆∗𝐿𝑖2𝑆6

)

+ (1∕4)(𝐸∗𝑆8
+ 𝐸𝑍𝑃𝐸(∗𝑆8) − 𝑇𝑆∗𝑆8

)

− (𝐸∗𝐿𝑖2𝑆8
+ 𝐸𝑍𝑃𝐸(∗𝐿𝑖2𝑆8) − 𝑇𝑆∗𝐿𝑖2𝑆8

),
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Fig. 1. (a) Top and side views of a free-standing orthorhombic diboron dinitride o-B2N2 monolayer. The dashed lines show the unit cell. (b) he electron localization function
(ELF) of the o-B2N2 with the red (blue) zones indicating low (high) localized electrons. (c) The difference charge density of the o-B2N2 surface with the yellow and gray refer to
electron accumulation and depletion, respectively. (d) The projected band structure of the o-B2N2 monolayer through GGA-PBE calculation with corresponding total/partial density
of state.
𝛥𝐺3 = (𝐸∗𝐿𝑖2𝑆4
+ 𝐸𝑍𝑃𝐸(∗𝐿𝑖2𝑆4) − 𝑇𝑆∗𝐿𝑖2𝑆4

)

+ (1∕4)(𝐸∗𝑆8
+ 𝐸𝑍𝑃𝐸(∗𝑆8) − 𝑇𝑆∗𝑆8

)

− (𝐸∗𝐿𝑖2𝑆6
+ 𝐸𝑍𝑃𝐸(∗𝐿𝑖2𝑆6) − 𝑇𝑆∗𝐿𝑖2𝑆6

),

𝛥𝐺4 = (𝐸∗𝐿𝑖2𝑆2
+ 𝐸𝑍𝑃𝐸(∗𝐿𝑖2𝑆2) − 𝑇𝑆∗𝐿𝑖2𝑆2

)

+ (1∕4)(𝐸∗𝑆8
+ 𝐸𝑍𝑃𝐸(∗𝑆8) − 𝑇𝑆∗𝑆8

)

− (𝐸∗𝐿𝑖2𝑆4
+ 𝐸𝑍𝑃𝐸(∗𝐿𝑖2𝑆4) − 𝑇𝑆∗𝐿𝑖2𝑆4

),

𝛥𝐺5 = (𝐸∗𝐿𝑖2𝑆 + 𝐸𝑍𝑃𝐸(∗𝐿𝑖2𝑆) − 𝑇𝑆∗𝐿𝑖2𝑆 )

+ (1∕8)(𝐸∗𝑆8
+ 𝐸𝑍𝑃𝐸(∗𝑆8) − 𝑇𝑆∗𝑆8

)

− (𝐸∗𝐿𝑖2𝑆2
+ 𝐸𝑍𝑃𝐸(∗𝐿𝑖2𝑆2) − 𝑇𝑆∗𝐿𝑖2𝑆2

),

3. Results and discussion

The initial investigation encompassed the examination of structural
and electronic properties pertaining to the free-standing monolayer
configuration of 2D o-B2N2. The top and side views of the fully relaxed
o-B2N2 monolayer are depicted in Fig. 1(a,b) with a dashed line rectan-
gle delineating the unit-cell. It is clear that diboron dinitride crystallizes
in a graphene-like 2D structure with a sequence of B–B and N–N bonds
interconnected to each other and collectively formulate an orthorhom-
bic unit-cell under the D2ℎ symmetry. The optimized lattice parameters
are about a = 4.570 Å and b = 2.496 Å, and B–B, B–N, and N–N bond
lengths are observed to be 1.701, 1.438, and 1.438 Å, correspondingly.
These findings align cohesively with prior reports in the literature [48,
56]. Further insights into the chemical bonding characteristics of the o-
B2N2 monolayer were garnered through the computation and display
of the electron localization function (ELF) and the 2D projected differ-
ence charge density, as depicted in Fig. 1(c,d). This analysis aimed to
elucidate the intricate nature of chemical bonding within the o-B2N2
monolayer. The examination reveals that both the B-B and B-N bonds
are characterized by high localized electrons densities in contrast to the
N-N bond, which exhibits notably diminished localized electrons. This
observation signifies the robust covalent bonding character of both B-B
and B-N bonds, in juxtaposition to the comparatively weaker covalent
bonding nature of the N-N bond. Evidently, as illustrated in Fig. 1(c),
the charge distribution predominantly involves the transfer of charge
from B atoms to 𝑁 atoms, yielding a charge transfer of approximately
0.907 |𝑒| per atom as determined by Bader charge analysis.
3

The projected electronic band-structure with the projected density-
of-states is shown in Fig. 1(d) using the PBE functional. The o-B2N2
monolayer shows a semiconductor nature with a direct bandgap of
about 0.647 eV much smaller than the h-BN monolayer (4.446 eV),
where the VBM and CBM are located at X-point. which is very signifi-
cant for enhancing the rate performance as well as the specific capacity
of Li–S batteries. The rationale underlying the band gap narrowing can
be explained by the total and partial density of state as illustrated in
Fig. 1(d). It is obvious that the e-states around the Fermi level mainly
derive from the pz-orbitals of both B- and N-atoms. Compared to other
semiconducting boron nitride allotrope materials, the small band gap of
the o-B2N2 monolayer proves to be a very suitable sulfur host material
for Li–S batteries.

Furthermore, the sulfur-atoms typically occur in the electrode as an
orthorhombic structure with the chemical formula 𝛼-S8, being the more
stable molecular allotrope at ambient temperature. The primary re-
duced chemical components throughout the discharge process are Li2S𝑛
with n = 8, 6, 4, and 2, respectively, and Li2S as the final component of
S-reduction. Fig. 2(a,b) shows the fully optimized molecular structures
of S8, polysulfides Li Li2S𝑛 (n = 8, 6, 4, 2, and 1), and the organic
electrolytes 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL). All
the free-standing molecular structures are optimized in 3D shape in-
stead of linear-chains, in good agreement with the previous reports.
The Fig. 2(c) show the S-S and Li–S bond lengths, once can noticed
that as the number of S-atom increase, the Li–S bond length increase
from Li2S to Li2S6 and d𝑆−𝑆 decrease, indicating the high interaction
between Sulfur atoms. Consequently, it can be concluded that the long-
chain Li2S𝑛 (n = 8, 6, and 4) molecules are more conveniently ionized
into Li+ and polysulfide anions, leading to the so-called shuttling effect.

A large super-cell of about 3 × 4 × 1 of 2D o-B2N2 monolayer was
adopted as the anchoring material to study the binding strength of S8
and Li2S𝑛 (n = 8, 6, 4, 2, and 1) polysulfides. In the process of searching
for the most stable binding configurations, we have fully optimized
various orientations of S8 and LPSs clusters at possible binding sites
on the o-B2N2 surface. The principle, which consists of recognizing
the privileged binding site energetically, is derived according to the
binding strength formula given above by means of vdW and without
vdW correction:

𝐸 = 𝐸 + 𝐸 − 𝐸 (𝑆 = 𝑆 ∕𝐿𝑖 𝑆 ) (2)
𝑏 𝐵2𝑁2 𝑆 𝑆@𝐵2𝑁2 8 2 𝑛
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Fig. 2. (a) The optimized molecular structures of S8 and LiS2SS𝑛 (n = 8, 6, 4, 2, 1). (b) Optimized structures of organic electrolyte 1,2-dimethoxyethane (DME) and 1,3-dioxolane
(DOL). (c) The optimized bond lengths for S-S and Li–S for different polysulfides.

Fig. 3. The top and side views of the fully optimized structures of (a) S8, (b) Li2S8, (c) Li2S6, (d) Li2S4, (e) Li2S2 (f) Li2S clusters adsorbed on the most stable site of o-B2N2
monolayer through DFT-D3 correction.(g) Computed binding strengths of S8/Li2S𝑛 clusters on the o-B2N2 monolayer through DFT and DFT-D3 correction. (h) Comparison of the
binding strengths of Li2S𝑛 (n=8,6,4) clusters between the o-B2N2 monolayer and organic electrolytes, mainly, 1,3- dioxolane (DOL) and 1,2-dimethoxyethane (DME).
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Table 1
Computed binding strength of S8/Li2S𝑛 molecules on o-B2N2 surface using DFT and
DFT-D3, shortest binding height, charge transfer 𝛥Q (|𝑒|)a between S8/Li2S𝑛 and the
anchoring material.

S8/Li2S𝑛 E𝐷𝐹𝑇
𝑏 E𝐷𝐹𝑇−𝐷3

𝑏 𝛥Q h
molecules (eV) (eV) (|e|) (Å)

S8 0.053 0.747 −0.003 3.325
Li2S8 0.552 1.212 0.238 2.183
Li2S6 0.325 1.149 0.317 2.046
Li2S4 0.636 1.343 0.471 1.994
Li2S2 0.922 1.652 0.515 1.893
Li2S 1.115 1.786 0.753 1.554

a 𝛥Q > 0 reveals the electrons transfer from S8/Li2S𝑛 to the o-B2N2 surface.

Wherein 𝐸𝑇 𝑜𝑡𝑎𝑙 and 𝐸𝐵2𝑁2
refers to the total energies of o-B2N2 surface

after and before the adsorption of S8/Li2S𝑛 molecules, respectively,
𝐸𝑆 the average total energy of S8/Li2S𝑛 in bulk reference state with
a lattice constant of 25 Å. Typically, the use of the vdW-correction
significantly affects the binding strengths; therefore, the energies have
been evaluated with and without the vdW-correction. [4,57]. In this
context, the more the binding strength is positive, the more the binding
configuration is more stable, indicating an exothermic reaction and the
scattering distribution of the adsorbed S8/Li2S𝑛 molecules instead of
their clustering, Therefore, avoiding the issues arising from the forma-
tion of metal-dendrites or metal-clusters during the charge/discharge
process. Within the binding sites and orientations explored, the most
stable configurations with the lowest binding strength are illustrated
in Fig. 3(a–f). The binding strengths of S8 and Li2S𝑛 molecules on the
o-B2N2 surface are outlined in Table 1. The Fig. 3(a), it can be clearly
noticed that the S8 cluster adsorbed right above the B2N4-hexagon rings
and parallel to the o-B2N2 surface with the shortest binding height
of about 3.325 Å, very larger compared to the N–B, B-B, and N-N
bond lengths. The binding energy of a S8-molecule adsorbed on o-B2N2
monolayer is 0.747 eV through the vdW-correction, which indicate
that the binding is dominated by weak vdW interaction with a very
negligible charge transfer of about −0.003 |𝑒| transferred from the
o-B2N2 monolayer to the S8 cluster.

Additionally, it is worth highlighting that the adsorption of S8
cluster displays no structural deformation of the cluster and anchoring
material, while the high-order Li2S𝑛 (with n = 8, 6, 4) polysulfides
adsorbed on the o-B2N2 monolayer shows a very slight structural
deformation with respect to the isolated polysulfide molecules as dis-
played in Fig. 3(b,c,d) with high-affinity characteristics. High-order
lithium polysulfides exhibit a propensity to align parallel to the o-B2N2
substrate, predominantly through the formation of a Li-B bond. This
orientation and bond formation resonate with the Li bond chemistry
observed in various systems [58–60]. Such interactions suggest a direct
chemical bonding between the soluble Li2S𝑛 intermediates and the
o-B2N2 anchoring framework.

As shown in Fig. 3(g) and Table 1, the binding strengths of the high-
order Li2S𝑛 (with n = 8, 6, 4) on the o-B2N2 surface are approximately
1.212, 1.149, and 1.343 eV, respectively, ranging in the desirable
window of 0.8–2.0 eV, which can be regarded as an important factor in
assessing the applicability of anchoring materials for Li–S batteries.[61]
According to our findings, the weakening of the Li–S bond caused by
the dissolution of Li2S𝑛 molecules within the organic electrolyte could
be significantly reduced and prevented. Thereby indicating the 2D o-
B2N2 monolayer as a prospective anchoring material with a moderate
binding strength of Li2S𝑛 clusters.

Within the landscape of Li–S batteries, both the electrolyte and
associated Li salts critically influence the cell’s overall performance.
To comprehensively understand the anchoring capabilities of the o-
B2N2 to discharge S8/Li2S𝑛 products, it is essential to identify the
electrolytes’ intrinsic role, particularly 1,2-dimethoxyethane (DME) and
5

1,3-dioxolane (DOL), which we adopted in our study. These were
selected due to their inherent advantages that underpin efficient bat-
tery operation. Specifically, DME and DOL offer a balance of low
polysulfide concentrations and superior ionic conductivity, directly
influencing the battery’s kinetics and rate capabilities [62–64]. The
binding strengths of high-order Li2S𝑛 (n = 8, 6, and 4) clusters on
selected standard organic electrolytes, mainly, 1,3- dioxolane (DOL)
and 1,2-dimethoxyethane (DME), were derived based on the equation:

𝐸𝑏 = 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 + 𝐸𝑆 − 𝐸𝑆@𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 (𝑆 = 𝑆8∕𝐿𝑖2𝑆𝑛) (3)

Where 𝐸𝑇 𝑜𝑡𝑎𝑙 and 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 represents the total energies of organic
electrolytes after and before the adsorption of Li2S𝑛 (n = 8, 6, and 4)
molecules, respectively. In order to rationalize, we initially consider the
case of one Li2S𝑛 cluster binding with one organic electrolyte molecule.
The Figure S1 in ESI, depict the full relaxed Li2S𝑛@(DME/DOL)-
electrolyte systems. One can clearly notice that the binding of the Li2S𝑛
clusters on (DME/DOL)-electrolyte are primarily driven by lithium-
atoms of the Li2S𝑛 clusters with the O-atoms of the organic sol-
vent DME/DOL. As shown in Figure S1 (ESI), the computed binding
strengths of the high-order Li2S𝑛 (n = 8, 6, and 4) molecules with the
(DOL)-electrolyte are approximately 0.945 eV, 0.933 eV, and 0.980 eV
and with (DME)-electrolyte of about 0.835 eV, 0.892 eV, and 0.762 eV.
Which are significantly lower than the calculated binding strengths of
Li2S𝑛 polysulfides adsorbed on o-B2N2 surface, as shown in Fig. 3(h),
confirming the tendency of Li2S𝑛 to be anchored on the o-B2N2 surface
instead of being dissolved in the organic-electrolyte.

Therefore, to simulate the effects of solvent on the electrolyte
solvation, only the Li2S6 cluster on the o-B2N2 anchoring material upon
the presence of the (DME/DOL)-solvent electrolytes were considered as
a model to calculate the binding strengths. Owing to the interactions
between the Li-ions of the Li2S𝑛 and the O-atoms of the DME/DOL-
electrolyte, Only two DME/DOL solvent are able to be adsorbed and
coordinated with one Li2S6 cluster as presented in Fig. 4(a,b). One can
notice clearly that the addition of first and second DME/DOL solvent
slightly decrease the binding strengths of the Li2S6 on o-B2N2 surface.
Furthermore, the adsorption of the DME/DOL solvent on the o-B2N2
surface were computed as shown in Figure S2 (ESI), as a means of eval-
uating the binding strengths of S8/Li2S𝑛 and (DME/DOL)- electrolyte
solvent separately on the o-B2N2 surface. The binding strengths of both
DOL and DME organic solvent on the o-B2N2 surface was estimated to
be 0.502 and 0.473 eV, respectively. However, these binding strengths
are considerably lower compared to the ones for S8/Li2S𝑛 on the o-B2N2
monolayer which leads to the weakened interaction with the B-atoms
in the o-B2N2 monolayer. Consequently, one can expect that the o-B2N2
monolayer will efficiently eliminate the shuttle effect caused by the
migration of soluble Li2S𝑛 lithium polysulfides to the Li-anode.

For the low-order Li2S2 and Li2S clusters, one can notice that both
Li-atoms are located on top of the N-atoms, while the S-atom is bonded
to the B-atom of the o-B2N2 monolayer. Both the insoluble Li2S2
and Li2S clusters possess a high binding strength towards the o-B2N2
monolayer, and significant structural distortion (3(e,f)) with a buckling
parameter of about 0.137 Åand 0.578 Å, respectively. For instance,
the Li–S bond-length of the Li2S cluster after adsorption on o-B2N2
monolayer, increased by 0.473 Åand the Li–S–Li angle decreased by
roughly 31.052◦. The B-S between the o-B2N2 and Li2S2/Li2S clusters
possesses the smallest bond lengths of about 2.291/2.006 Åwithin the
Li2S𝑛 clusters, which leads to the high binding strengths of 1.652/1.786
eV.

Furthermore, given the advantage of uniform Li2S deposition to
minimize the cell-resistance of the anchoring material, we have ex-
plored several binding configurations of the Li2S cluster on the o-B2N2
host. We started by placing two Li2S clusters upon the (4 × 5)-supercell
of host material by using four different configurations. As a result of
full optimization, it is noticed that the two Li2S clusters tend to form
a clustering network instead of forming a separate Li2S cluster on the
o-B2N2 monolayer, as can be seen in Fig. 5(a). As the number of Li2S

clusters increases, the Li2S clusters show a tendency to form a chain on
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Fig. 4. The top and side views of fully optimized structures of (a) DOL molecules and (b) DME molecules decorated to the Li2S6 molecule adsorbed on the o-B2N2 anchoring
material, with corresponding binding strengths.
the o-B2N2 surface, as illustrated in Fig. 5(b) with a relative energy of
approximately 0.182 eV. Consistent Li2S cluster diffusion leads the in-
soluble Li2S clusters to electrical contact with the host material surface,
which enhances the suitability of the o-B2N2 monolayer as well as the
transformation of Li2S and other lithium polysulfides [65]. As a result,
the lithium polysulfide redox process has a fast kinetics diffusion. The
arbitrary adsorption of Li2S cluster is leading to the loss of contact with
o-B2N2 surface, drastically reducing the functionality and efficiency of
Li–S batteries. In this context, the oxidation capacity of the 2D o-B2N2
anchoring material has been investigated within the decomposition
process by means of a climbing image nudged elastic band approach
(CI-NEB) [13,66–68]. The computed decomposition energy profile of
the Li2S cluster on the o-B2N2 surface is estimated to be 0.837 eV,
significantly smaller compared to that of the graphene monolayer (1.81
eV), [68] yielding a rapid kinetic of the de-lithiation process.

Additionally, a more detailed understanding of the binding process
and the chemical bond formation, the electronic behavior after the
adsorption of S8/Li2S𝑛 products was surveyed through the computation
of the total and partial density of state projected on the S/Li-atom
of S8/Li2S𝑛 and their nearest neighboring B/N-atoms, as presented
in Fig. 6. In spite of the fact that the o-B2N2 monolayer exhibits a
semiconductor with a bandgap of about 0.647 eV, it is clearly indicated
that the band gaps of all the adsorption systems are reduced with an
intense electronic state near to Fermi-level, which promotes electrons
conduction and contributes electrons to the redox process of the ad-
sorbed lithium polysulfides. According to the electrical conductivity
given by the equation [36]:

𝜎 ≈ 𝑒𝑥𝑝(−𝛥𝐸∕𝐾 𝑇 ) (4)
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𝑏

Where 𝛥E refers to the band gap of the system, 𝐾𝑏 refers to the
Boltzmann constant. It is expected that the reduced band gap after the
adsorption of Li2S𝑛 products will improve the electrical conductivity
of the o-B2N2 host material through the lithiation process, which will
considerably boost the efficiency of Li–S batteries.

The interaction process can be displayed by the charge density
difference of Li2S𝑛 clusters adsorbed on o-B2N2 monolayer by means
of the formula below:

𝛥𝜌 = 𝜌𝑆@𝐵2𝑁2
− 𝜌𝐵2𝑁2

− 𝜌𝑆 (𝑆 = 𝐿𝑖2𝑆𝑛) (5)

Where 𝜌𝐵2𝑁2
and 𝜌𝑆@𝐵2𝑁2

denote the electron charge density of o-B2N2
and Li2S𝑛@B2N2 systems, respectively, and 𝜌𝑆 denotes the electron
charge density of isolated Li2S𝑛 clusters by keeping the same structural
parameters without any further structural relaxation. The Fig. 7(a–e)
illustrates the accumulation and depletion of charges for the different
systems represented as 3D isosurface distributed charge density plots.
One can clearly notice that a strong charge redistribution occurs be-
tween the Li2S𝑛 clusters and the o-B2N2 surface. It can be seen that
charge transfer takes place via two pathways: the first via the Li–S bond
while the second via the B-S bond in the case of Li2S𝑛 (n=1,2). A further
charge accumulation can be clearly seen in the zone adjacent to the B-
atom and Li-ions. With the decrease in sulfur concentration (Li2S8 ↦
Li2S), the amount of charge transfer typically rises, which is in line with
the binding strength tendency as summarized in Table 1.

Next, with the purpose of an in-depth understanding of the SRR
performance of the host cathode o-B2N2 material in the LiSBs dis-
charging process, the global reaction through the reversible formation
of Li2S from S8 and Li-bulk [69] were investigated and plotted in
Fig. 8. The first stage of the discharge process involves the double
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Fig. 5. Top views of fully optimized structures of two (a) Li2S clusters and four (b) Li2S cluster adsorbed on the o-B2N2 surface, with corresponding relative energies.
reduction of S8-molecule together with 2Li+ to form the long-chain
Li2S8 polysulfide, after which the Li2S8 undergoes a new reduction and
disproportionately with the step-wise formation of the three intermedi-
ate lithium-polysulfides (Li2S𝑥 with 𝑥 = 6, 4, and 2), ultimately driving
to the formation of the end-product Li2S polysulfide. It can be clearly
noticed that, following the spontaneous exothermic reaction from S8
to Li2S8 with a Gibbs free-energy of about −3.098 eV, the next four
reduction stages from Li2S6 to Li2S are endothermic (𝛥𝐺>O). On the
overall discharge process, the reduction stage from Li2S4 to Li2S2 serves
as the rate-limiting stage with a positive Gibbs free-energy 𝛥𝐺4 = 0.513
eV. For the purpose of comparison, the estimated Gibbs free-energy
in this work is small when compared to those obtained in the case of
N-doped graphene (𝛥𝐺 = 0.88 eV), single cobalt and vanadium atom
on nitrogen doped graphene (0.72 and 0.84 eV, respectively) [54,70]
which indicates that the reduction of sulfur is thermodynamically more
favorable on a 2D o-B2N2 monolayer and that can significantly reduce
the free-energy barrier of the sulfur reduction reaction during the
discharging process and hence enhance the electrochemical features of
LiSBs.

In summary, the two-dimensional orthorhombic o-B2N2 emerges as
a promising sulfur host material for Li–S batteries, endowed with a
plethora of potential advantages. While its theoretical attributes hold
promise, it is paramount to recognize the challenges it presents in
terms of experimental realization, given that it has only been predicted
theoretically and remains unsynthesized. Nevertheless, the captivating
properties of o-B2N2 are poised to spur further investigations into
2D materials for the forthcoming generation of sulfur-based batteries.
Notable potential advantages encompass:

1. Combatting Insulation: The inherent conductivity of o-B2N2
proficiently counters the insulation problems often associated
with sulfur-based electrodes, potentially bypassing a prevalent
hurdle in Li–S battery designs.

2. Affinity for Li-polysulfides: o-B2N2 displays a marked affin-
ity for long-chain Li-polysulfides, mitigating their dissolution
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into DME/DOL electrolytes, which could lead to batteries with
prolonged lifespans and consistent performance.

3. Facilitated Redox Reactions: The o-B2N2 surface’s propensity
to preferentially attract the deposition of Li2S catalyzes the
kinetics of lithium polysulfide redox reactions, possibly con-
tributing to faster charge and discharge rates.

4. Catalytic Efficiency: Our study unravels a pioneering catalytic
mechanism on the o-B2N2 surface that significantly lowers the
energy barriers for diverse sulfur reduction reactions, paving the
way for increased reaction efficiency.

5. Shuttle Effect Mitigation: Incorporating o-B2N2 as a host cath-
ode material holds immense promise in curbing the infamous
shuttle effect of lithium polysulfides. This suggests batteries with
better longevity and optimized performance.

Our study, while paving a novel avenue in Li–S battery material
science, strongly emphasizes the unmatched potential of o-B2N2 in
revolutionizing the design of advanced Li–S batteries. Therefore, it
is highly believed and hopefully, the current study can serve as a
guideline for experimental discussions on the promising and versatile
host cathode for Li–S battery.

4. Concluding remarks

In conclusion, our study has comprehensively examined the adsorp-
tion behavior of S8/LiPSs (Li2S𝑛, n = 1, 2, 4, 6, and 8) onto a monolayer
of orthorhombic diboron dinitride (o-B2N2) through systematic first-
principles calculations. The investigation reveals that the o-B2N2 mono-
layer exhibits characteristics of a narrow band gap semiconductor,
thereby affording superior electrical conductivity relative to the h-BN
monolayer. This inherent property assumes critical importance as it
ensures heightened sulfur utilization and improves the kinetics of elec-
trochemical processes. The interaction dynamics between the o-B2N2
monolayer and LiPSs are underpinned by a synergistic dual interac-
tion stemming from Li–B and S–B bonds. This interaction propensity
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Fig. 6. Total and partial density of states projected onto different atomic orbitals of (a) S8, (b) Li2S8, (c) Li2S6, (d) Li2S4, (e) Li2S2 (f) Li2S clusters adsorbed on o-B2N2 surface.
The Fermi level is set to zero.

Fig. 7. Sid view of difference charge density (𝛥𝜌)for (a) Li2S8, (b) Li2S6, (c) Li2S4, (d) Li2S2 (e) Li2S clusters adsorbed on the o-B2N2 surface, respectively. The yellow and cerulean
refer to electron accumulation and depletion. The isosurface is set to 0.0015 e.A−3. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 8. Free energy profile of sulfur reduction reaction (SRR) on the 2D o-B2N2 surface.
-

facilitates moderate interaction with LiPSs, guiding the homogeneous
deposition of Li2S with uniform propagation. These findings collec-
tively emphasize the pivotal role played by the o-B2N2 monolayer in
curtailing the shuttle effect of soluble LiPSs, thereby concurrently en-
hancing both the cycling performance and reaction rates. Notably, the
investigations also uncover a low free energy barrier associated with
the sulfur redox reaction (SRR) and decomposition energy barriers,
thereby enhancing the catalytic mechanism of Li2S during charging
and discharging processes. Given the abundant presence of both nitro-
gen and boron elements, this research is poised to provide a critical
foundation for the advancement of optimized sulfur host materials,
characterized by favorable electronic conductivity and an increased
affinity for LiPSs. As such, this work holds the potential to illuminate
the pathway for the future development of highly efficient and effective
materials for advanced energy storage applications.
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