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A B S T R A C T

β12-borophene is a recently fabricated two-dimensional (2D) allotrope of boron that has many unique electrical,
mechanical and chemical properties that make it an excellent candidate as a cathode material in lithium sulphur
(Li-S) batteries. Ab initio calculations were performed to determine β12-borophene's applicability as a Li-S
battery cathode material. Binding energies of sulphur (S8) and various lithium polysulphides (Li2Sx,
x=2,3,4,6,8) on the β12-borophene surface were calculated, along with the diffusion barriers for Li2S6 and
Li2S4. Our calculations suggest a moderate adsorption of sulphur and a strong adsorption of all lithium
polysulphides, implying β12-borophene would sufficiently inhibit the dissolution of lithium polysulphides into
the electrolyte, preventing the “shuttle effect”. Through an exhaustive adsorption site sampling the binding
energies were determined to be −1.19 eV for S8, −2.98 eV for Li2S8, −2.77 eV for Li2S6, −3.08 eV for Li2S4,
−3.48 eV for Li2S3, −3.79 eV for Li2S2, and −4.57 eV for Li2S. The diffusion barriers for Li2S6 and Li2S4 were
determined to be moderate, ensuring efficient diffusion, with the lowest diffusion energy barriers being 0.61 eV
and 0.99 eV for Li2S6 and Li2S4, respectively. The strong binding energies and moderate diffusion barriers
suggest β12-borophene would be an excellent lithium polysulphide immobilizer in Li-S cathodes.

1. Introduction

With the recent boom in the electric vehicle market and the need for
grid level energy storage, the demand for cheaper, safer, and more
energy dense batteries is greater than ever [1,2]. The lithium sulphur
(Li-S) battery is a rechargeable battery made primarily from lithium
and sulphur; it is inherently safer than Li-ion, more environmentally
friendly, and possesses a higher theoretical energy density [2–7]. A
two-electron redox site provided by sulphur, coupled with the high
capacity of the Li-metal anode gives Li-S batteries a staggering
theoretical specific capacity of 1672 mA h g−1 and a theoretical energy
density of 2600 W h kg−1 [6,7]. During discharge lithium dissociates
from the anode, into an electrolyte medium, and then undergoes an
electrochemical reaction with elemental sulphur at the cathode to
produce Li2S. During the formation of the final Li2S product multiple
lithium polysulphides, Li2Sx (x=2,3,4,6,8), are produced [3,6].

Large scale commercial use of Li-S batteries has yet to be seen due
to technical obstacles causing low coulombic efficiencies, permanent
capacity losses and short cycle lives. These technical issues mainly stem
from the construction of the sulphur cathode. Elemental sulphur and
Li2S are both insulators, so a conductive material additive is required to

provide a conductive path through the electrode. In small scale
commercial Li-S batteries carbon is added to the cathode to provide
a conductive path; however, another issue occurs during discharge
[38]. During discharge, the lithium polysulphides that are formed have
a tendency to dissolve into the electrolyte solution, deposit onto the
anode and create a passivation layer, preventing the redeposition of
lithium during charging. This issue is known as the “shuttle effect”, and
is the main cause of short cycle lives and capacity loss [2–7]. To
mitigate these issues, a conductive material that also sufficiently
adsorbs the lithium polysulfides is needed as an additive to replace
or compliment the carbon in the sulphur cathodes.

With the recent advancements in synthetic methods, high theore-
tical surface areas, and unique electronic properties, nanostructued
two-dimensional (2D) materials appear to be emerging as an ideal
candidate for Li-S cathode materials [8]. Many nanostructured carbon
materials such as nanoporous carbon, graphene, doped graphene and
graphene oxide, have already shown promise theoretically and experi-
mentally as potential Li2Sx anchor materials [9–12,39,42,45,46]. Other
2D structures, such as transition metal oxides, sulfides and chlorides,
and phosphorene have also displayed their ability to sufficiently
immobilize the lithium polysulphide species [13–17,43,44]. One
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potential candidate for Li2Sx immobilization in Li-S batteries is
borophene.

Borophene is a recently fabricated 2D allotrope of boron that has
been synthesized as three different allotropes on Ag(111) substrates
[26–29]. The β12-borophene allotrope has proven to be an extraordin-
ary anode material in Li-ion and Na-ion batteries, and is therefore a
promising candidate as an anchor material in the cathodes of Li-S
batteries [18–20]. β12-borophene is an intriguing 2D material as it is
intrinsically metallic, giving it a high electrical conductivity [21,22]. It
possesses a high stiffness, tensile strength and chemical stability
making it suitable for the harsh environments present in batteries
[23–25]. β12-borophene's performance as Li-ion and Na-ion battery
anodes, and unique properties suggests it is the best place to start for
an inquiry into the application of borophene in Li-S battery cathodes
[26–29]. To investigate β12-borophene's potential as a Li-S battery
cathode material, ab initio simulations were performed to determine
the adsorption energies of the Li2Sx compounds on the β12-borophene
surface and the barriers associated with their diffusion.

2. Computational details

First principles calculations are performed based on the density
functional theory (DFT) framework, as implemented in the Quantum
Espresso (QE) suite [30]. The generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional was used
for the exchange-correlation [31]. Vanderbuilt pseudopotentials were
utilized to perform geometric relaxation and electronic structure
calculations, while PAW pseudopotentials were utilized for Bader
charge analysis calculations. The cut-off energy for the plane-wave
expansion was set to 60 Ry. To accurately describe the 2D structure
and eliminate any artificial interlayer interactions a vacuum space of
20 Å was used. Both the atomic positions and the lattice constant were
relaxed using a convergence threshold of 10−6 eV for energy and
10−3 eV Å−1 for force. A Monkhorst-Pack k-point mesh was used with
sizes of 13 × 13 × 3 for the geometrical relaxation, 4 × 4 × 1 for the
adsorption calculations, and 20 × 20 × 1 for the electronic structure
calculations [32]. The DFT-D2 method was used to take into account
the long-range Van der Waals interactions [33]. The activation energy
barriers for the diffusion of Li2Sx across the borophene surface was
calculated using the climbing image nudged elastic band (CI-NEB)
method, where images along the minimum energy pathway (MEP) are
created between designated initial and final atomic positions [34]. A 4
× 3 supercell was used as the surface for the binding energy and CI-
NEB calculations.

The adsorption energies (Eads) were calculated using the following

equation:

E E E E= − −ads B Li S B Li S+ x x2 2 (1)

where EB+Li2Sx is the energy of β12-borophene after the adsorption of
the Li2Sx species of interest, EB is the energy of the free standing β12-
borophene supercell, and ELi2Sx is the energy of the free standing Li2Sx
species of interest. Negative values for Eads are indicative of a
spontaneous adsorption, and indicate the binding energy.

Charge density difference calculations were performed to gather
insight into the electronic interactions between the Li2Sx species and
the β12-borophene surface. The charge density difference (Δρads) for
each system was calculated using the following equation:

ρ ρ ρ ρ∆ = − −ads B Li S Li S B+ x x2 2 (2)

Where ρB+Li2Sx is the charge density of β12-borophene after adsorption
of the Li2Sx species of interest, ρB is the charge density of free standing
β12-borophene, and ρL:i2Sx is the charge density of the free standing
Li2Sx species of interest.

3. Results and discussion

3.1. Crystal structure of β12-borophene

The relaxed structure of β12-borophene can be seen Fig. 1. The
lattice parameters of the unit cell were determined to be a=2.92621 Å
and b=5.06337 Å, giving good agreement with previously calculated
and experimentally determined lattice parameters of a=2.926 Å and
b=5.068 Å, and a=3 Å and b=5 Å, respectively [18,29]. The structure is
very unique, having a significant concentration of vacancies, with the
vacancy sites occurring in periodic rows.

3.2. Adsorption of Li2Sx on the β12-borophene surface

A comprehensive adsorption site sampling for each Li2Sx species
and S8 was performed. Each compound was tested at the 11 symme-
trically unique sites on the β12-borophene's surface, as seen in Fig. 1,
and at two different rotational orientations to obtain the most stable
adsorption site. The various orientations and positions tested can be
seen in Fig. 2. The binding energies at each orientation and position
vary, as seen in Fig. 2 and Fig. S1, but through the meticulous
adsorption site sampling the most stable site was determined for S8
and each Li2Sx species. The most stable S8 and Li2Sx configurations on
the β12-borophene surface can be seen in Fig. 3. S8 and each Li2Sx
species binds strongly to the β12-borophene surface, with the strongest

Fig. 1. Left The β12-borophene 4×3 supercell structure, with the irreducible unit cell shown by the black rectangle, the 11 symmetrically distinct binding sites shown in red. Right Band
structure and projected density of states shown.
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binding energy for each compound being: −1.19 eV for S8, −2.98 eV for
Li2S8, −2.77 eV for Li2S6, −3.08 eV for Li2S4, −3.48 eV for Li2S3,
−3.79 eV for Li2S2, and −4.57 eV for Li2S, as seen in Table 1. These
large binding energies coincide with previous findings of boron's role as
a lithium polysulphide immobilizer, where boron doping of graphene
was found to increase the binding strength of various Li2Sx species
[40]. These binding energies are smaller than single vacancy graphene,
which has binding energies for large lithium polysulphides (Li2S8, Li2S6
and Li2S4) as strong as –4.64 eV [10]. Contrarily, the binding strength
of β12-borophene is significantly stronger than other previously studied
2D materials, such as phosphorene and monolayer ReS2, which achieve
binding energies as strong as –2.5 eV and −2.66 eV, respectively
[16,35]. It is noted that there is a general trend of increasing binding
strength with the decreasing lithium polysulphide size, and it is also
noted that all Li2Sx species have significantly stronger binding energies
when compared to S8. The binding energy of S8 is significantly lower

than the Li2Sx species due to the lack of lithium participating in
bonding. The moderate binding energy of S8, and increasing binding
strength with decreasing Li2Sx size assures that the formation of Li2S
on the β12-borophene surface is still spontaneous.

It has previously been suggested that binding energies stronger
than −2 eV could produce significant distortion to the lithium poly-
sulphide structure, preventing it from participating in the subsequent
reactions [15]. However, structural deformation is only observed for
the large lithium polysulphides (Li2S8 and Li2S6), when bound to the
β12-borophene surface, as seen in Fig. 3. When compared to other
theoretically and experimentally investigated 2D Li2Sx immobilizers,
such as titanium based MXenes, less structural deformation is ob-
served on β12-borophene, at comparable binding energies [41,47]. It is
also noted that these lithium polysulfides have high internal degrees of
freedom, making them more susceptible to entropic effects, which are
not taken into account at 0 K DFT calculations. Entropic effects should

Fig. 2. Top) View of initial Li2S6 positions at all tested sites. Bottom) Binding energy of Li2S6 on the β12-borophene surface at each site.
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therefore decrease the binding strength of each Li2Sx species, suggest-
ing these strong binding energies are preferential as they will be more
stable at operating conditions.

It is observed that in all Li2Sx systems the lithium atoms sit above
the β12-borophene's intrinsic vacancies. This is due to the difference in
electronegativity between boron and lithium, as the “dangling bonds”
of the boron atoms on the edge of the intrinsic vacancies can facilitate
the greatest electron transfer, as seen in Fig. 4. All of the Li2Sx species

bind very closely to the β12-borophene surface, with Li2S binding the
closest with a distance of 1.73 Å, as seen in Table 1. These very close
binding distances coincide with the strong binding energies. From the
charge density plots, seen in Fig. 4 and Fig. S2, and the Bader charge
analysis, seen in Table 2, it is evident that both lithium and sulphur
actively participate in bonding with the β12-borophene surface. The
lithium-borophene bonding is characterized with electron transfer
from the lithium atom to the β12-borophene surface, due to the
difference in electronegativity of lithium and boron. The sulphur-
borophene bonding is characterized by electron transfer from the
β12-borophene surface to the sulphur atoms, due to the difference in
electronegativity of sulphur and boron. The active participation of both
lithium and sulphur when binding to the β12-borophene surface creates
a constructive bonding character creating the large binding energies
seen in Table 1. It is noted that there is an overall charge gain for Li2S8
when bound to the β12-borophene surface, while there is an overall
charge loss for the rest of the Li2Sx species when bound to the β12-

Fig. 3. Top and side view of bound (a) Li2S8 (b) Li2S6 (c) Li2S4 d) Li2S3 (e) Li2S2 (f) Li2S, and (g) S8 systems.

Table 1
Binding energies and corresponding shortest distance of Li2Sx compounds on the β12-
borophene surface.

Li2S8 Li2S6 Li2S4 Li2S3 Li2S2 Li2S S8

Binding Energy (eV) −2.98 −2.77 −3.08 −3.48 −3.79 −4.57 −1.19
d Li2Sx-B (Å) 1.77 1.93 2.02 1.85 1.87 1.73 1.91
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borophene surface, as seen in Table 2. This charge gain in Li2S8 can be
explained by the high sulphur concentration in the Li2S8 species,
coupled with some sulphur backbone decomposition on the β12-
borophene surface.

3.3. Electronic characteristics of β12-borophene with bound Li2Sx
species

β12-borophene is an ideal Li-S battery cathode material candidate
due to its high electrical conductivity. To ensure β12-borophene is still
conductive after adsorption, projected density of states (PDOS) calcu-
lations were performed on the bound system for each Li2Sx species. The
PDOS plots of Li2S8, Li2S4, and Li2S2 can be seen in Fig. 5, as examples
of long, medium and short chain lithium polysulphides, and the PDOS
plots of Li2S6, Li2S3 and Li2S can be seen in Fig. S3. All Li2Sx bound
systems have significant density of states at the fermi energy, meaning
β12-borophene remains metallic after adsorption, and therefore con-
ductive. From the PDOS plots the bonding character of the lithium

polysulphide chains and the β12-borophene surface can be determined.
There is a very small contribution of electron states from lithium in all
systems, signifying the bonding character between the lithium atoms
and the β12-borophene surface is mostly ionic. This ionic interaction is
corroborated by the Bader charge analysis of an average electron
transfer of 0.87–0.89 electrons from Li to the β12-borophene substrate
in each system, as seen in Table 2.

Sulphur's contribution of electron states varies with lithium poly-
sulphide size. In the Li2S8 bound system substantial electron states
come from sulphur, and from the PDOS plot significant overlap in
states between the sulphur 3p orbitals and boron 2p orbitals is
observed, signifying a covalent bonding character between sulphur
and the β12-borophene surface. As the lithium polysulphide chain size
decreases sulphur contributes less electron states, which can be
explained by the decrease in sulphur concentration. The overlap
between sulphur 3p states and boron 2p states is still observed,
signifying the bonding character is still covalent. However, in Fig. S3
(c) minimal sulphur states are observed, with no hybridization
occurring, signifying a more ionic bonding character. This ionic
bonding character is corroborated with the Bader charge analysis, with
sulphur gaining 0.94 electrons from the β12-borophene substrate, as
seen in Table 2.

3.4. Diffusion of Li2Sx species across β12-borophene

During the discharge of a Li-S battery rapid diffusion into the
cathode is required to obtain maximal capacity, therefore the diffusion

Fig. 4. Example differential charge density (DCD) between Li2S2, the β12-borophene surface, and the bound system, with top and perspective views. The orange represents the spatial
region of charge gain, and the green represents the spatial region of charge loss.

Table 2
Bader charge analysis of each Li2Sx species, with average electronic charge gain for S and
Li shown.

Li2S8 Li2S6 Li2S4 Li2S3 Li2S2 Li2S

QSavg (e−) 0.33 0.21 0.33 0.46 0.66 0.94
QLiavg (e−) −0.87 −0.87 −0.87 −0.88 −0.89 −0.89
QLi2Sx (e

−) 0.89 −0.45 −0.40 −0.39 −0.45 −0.83

Fig. 5. Projected density of states of (a) Li2S8 (b) Li2S4 (c) Li2S2 bound systems, as examples of long, medium and short chained lithium polysulphides.
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of the larger lithium polysulfides across the β12-borophene surface
needs to be quantified. The diffusion coefficient is proportional to the
activation energy barrier through the Arrhenius equation:

D e∝
E

k T
− a

b (3)

where Ea is the activation energy required for the diffusion, kb is the
Boltzmann constant, and T is temperature. NEB calculations were
performed to determine the energy barriers associated with diffusion of
the most abundant large lithium polysulphides present during dis-
charge, Li2S6 and Li2S4, across the β12-borophene surface [36,37]. The
diffusion was tested in both the x and y direction starting from the
strongest binding site for each Li2Sx species. The calculated barriers
can be seen in Table 3 and Fig. 6.

The diffusion barriers in the zigzag direction of the Li2Sx species are
1.13, and 1.18 for Li2S4, and Li2S6, respectively. In both Li2Sx species
the armchair direction had the lower diffusion energy barriers, with
diffusion barriers of 0.99, and 0.61 eV for the Li2S4, and Li2S6
respectively. The minimum diffusion energy barriers are lower than
some other nanostructured materials such as TiO2/TiN decorated
graphene, which has a diffusion barrier as low as 1.04 eV for Li2S4

[39]. However, they are still not as low as the diffusion barriers on
black phosphorene, which has a minimum diffusion energy barrier of
0.28 eV and 0.19 eV for Li2S4 and Li2S6, respectively [16].
Interestingly, the lowest diffusion energy barrier of Li2S6 is comparable
to that of Li ions across the β12-borophene surface, with the minimum
diffusion energy barrier of a Li ion across the β12-borophene surface
being 0.66 eV [18]. It is also noted that the preferred diffusion
direction of a Li ion has previously been determined to be the zigzag
direction, while the lithium polysulphides are found to prefer the
armchair direction [18]. This difference in preferred diffusion paths
shows the sulphur-borophene interaction plays a major role. These
moderate diffusion energy barriers will allow for efficient transport of
Li2S6 and Li2S4 into the cathode, and at operating temperatures
diffusion barriers may be even lower due to lower binding energies.

4. Conclusions

In summary, β12-borophene was investigated as a potential lithium
polysulphide immobilizer for Li-S battery cathodes. By exhaustive
adsorption site sampling the strongest binding energies for S8, Li2S8,
Li2S6, Li2S4, Li2S3, Li2S2 and Li2S species were determined to be −1.19,
−2.98, −.77, −3.08, −3.48, −3.79 and −4.57 eV, respectively. The
binding energies of the Li2Sx species on the β12-borophene surface
are quite strong; however, structural distortion is only seen in Li2S8
and Li2S6. Therefore, β12-borophene may sufficiently prevent the
dissolution of the Li2Sx species into the electrolyte. After adsorption
of S8 and the Li2Sx chains the metallic character of β12-borophene is
preserved, maintaining the ideal electronic properties needed as an
electrode material. The smallest diffusion barriers associated with the
diffusion of Li2S4, and Li2S6 across the β12-borophene surface were
determined to be 0.99 and 0.61 eV, respectively. The strong binding

Table 3
Computed diffusion energy barriers across the x and y directions of the β12-borophene
surface.

Lithium Polysulfide Species Diffusion Energy Barrier (eV)

Zigzag Armchair

Li2S4 1.13 0.99
Li2S6 1.18 0.61

Fig. 6. Energy profile associated with the diffusion of Li2S4, and Li2S6, across the β12-borophene surface in both the zigzag and armchair directions, starting from the determined
strongest binding site, and ending at a symmetrically equivalent site.
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energies and moderate diffusion energy barriers, as determined
through the presented method, suggest β12-borophene would be an
excellent lithium polysulphide immobilizer in Li-S battery cathodes to
prevent the dissolution of lithium polysulphides. In future works, other
borophene allotropes should be investigated, as the staunch differences
in atomic and electronic structures may also provide favourable
electrode properties.
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