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Abstract. Ongoing research on lithium-sulfur battery (LiSB) aims to overcome setbacks
caused by shuttle effects by exploring various cathode materials, with a particular focus on 2D
materials such as boron oxide (BO) monolayer. The BO is gaining popularity due to its unique
properties, such as ballistic electronic transport, mechanical strength, and large surface areas,
making it a promising candidate as a cathode additive in LiSB. In this study, density functional
theory (DFT) was used to investigate the interaction of lithium polysulfide (Li.Sx where x = 1,
2, 4, 6, and 8, as well as Sg) with BO. The focus was on calculating the adsorption energy,
charge density distribution, and metallic characteristics. The results showed Li.S« and Ss
strongly adsorbed on BO, with adsorption energy values between -0.34 and -1.64 eV, strong
enough to prevent them from decomposing during the electrochemical processes. The charge
density distributions support that there are strong electronic interactions in the systems,
significant for the enhancement of battery cycle life. Furthermore, it was found that post-
adsorption of non-conductive Li,S and Sz on BO, the metallic properties remained stable.
Overall, results support BO as the best candidate for the cathode electrode in the next-
generation LiSB.

1. Introduction

Enhancing energy storage systems to meet the growing demand has led to extensive investigations
into battery technologies, particularly metal chalcogenide-based batteries like lithium-sulfur (LiSB)
and sodium-sulfur batteries (NaSB) [1, 2], as well as lithium-selenium (LiSeB) and sodium-
selenium batteries (NaSeB) [3]. Additionally, lithium and sodium-oxygen batteries have been
explored [4, 5]. These systems exhibit significant potential due to their ultra-high theoretical specific
capacities and energy densities [1, 6]. Among these technologies, LiSB has emerged as a promising
candidate due to its low operational costs and environmentally friendly attributes [3]. During the
charging process, the sulfur cathode reacts with lithium ions from the anode, yielding products such
as Li,Sx and Sg [7].

Regardless the advantages over traditional lithium-ion batteries (LIB), LiSB faces several
challenges that impede the development of a viable system. Key issues include sluggish movement of
discharge products, poor electronic conductivity, and ineffective adsorption of discharge products by
the cathode, which leads to their dissociation into the electrolyte during discharging [7]. These
challenges are frequently linked to the materials selected for the cathodes. To address these
challenges, significant research has focused on modifying cathode materials by tailoring their electronic
properties and employing diverse fabrication techniques. Two-dimensional (2D) materials like



graphene [8] and silicene [9] are being explored for applications in metal-ion and air batteries [5],
due to their favorable structural and electronic properties. Moreover, the BO monolayer has attracted
considerable attention in recent years for its exceptional mechanical strength and intriguing
anisotropies, making it a promising candidate for various electronic applications, including as a
cathode additive in batteries.

Despite the extensive research on modifying the electronic properties of BO and its synthesis for
various technological applications, there is limited information regarding its utilization in energy
storage systems like LiSB. In this work, density functional theory (DFT) was employed to
investigate the effects of Li,Sx and Sg on the electronic properties of BO and determine its use as a
cathode additive in LiSB. The study focused on the electronic characteristics of BO following the
adsorption of Li>S and Ss. We meticulously optimized the crystal structure of BO and subsequently
optimized the configurations of Li,Sx and Sg on it. Furthermore, we calculated the adsorption
energies and associated charge density distributions for both the most stable and least stable
discharge products, Li,S and S, respectively. Finally, we assessed the electronic conductivity of BO
post-adsorption.

2. Computational Methods

In this study, the DFT implemented in the quantum ESPRESSO code [12] was used for performing
the calculations. The generalized gradient approximation (GGA) [13] within the functional of
Perdew-Burke-Ernzerhoff (PBE) [14] was used to treat the exchange and correlation energies. The
projector augmented wave (PAW) potential [15] was used to describe the core electrons. After
conducting convergence tests, a kinetic energy cut-off of 748 eV was used. In addition, Monkhorst-
Pack scheme [16] with a K-points sampling of 6 x 6 x 1 within the Brillouin zone [17] was used.
The optimization of BO structure was achieved until all its atomic positions had converged within an
energy difference of 10° eV and a Hellman-Feynman force convergence set to 1076 eV/A. To
calculate the adsorption energy of Li,S, and S, the following equation was used:
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Here, E compiex) denotes the total energy of the BO adsorbed with polysulfides, Esubstrate) is the total
energy of the pristine BO, E free—species)is the total energy of the free-species, and n is the total number
of adsorbed Li,S, and Ss. Additionally, to calculate the charge density distributions in the systems of
BO adsorbed with Li,S, and S;, the following expression was used:

Ap = P (complex )~ P (substrate )™ P ( free —adsorbate) - 2

Here prcomplex) Tepresents the total charge density for the complex system (BO adsorbed with Li,S, and Ss),
Dubstrate) 1S the charge density for the isolated substrate from the complex system, QOree—adsorbate)
charge density for the isolated Li,Sy and Sg from the complex system.

3. Results and Discussions

3.1 Adsorption of the Li,S, and S on the BO

Comprehending materials’ ability to adsorb species is very significant in the operation of the battery.
This is because during the electrochemical process, discharge products are adsorbed by the electrode
and are the ones that determine the specific capacity and energy density of the system. The stronger
(higher) the adsorption energy, the lower the diffusion, the more efficient the battery becomes.



Therefore, we introduced the molecules as discharge products on the BO. The discharge products
considered on the BO included the optimized molecules of Li,S, and Sg as shown in Figure 1.
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Figure 1: Optimized molecules:. Where the black and green balls denote Li and S atoms, respectively.

The molecules were tested at different adsorption sites on the BO based on its symmetry (Figure
2a), where it was determined that site H was the most stable; all the molecules diffused towards it.
Subsequently, we optimized all the configurations at the identified site and calculated their
corresponding adsorption energies as presented in Table 1.

Table 1: Calculated adsorption energies (eV) of the Li,S, and Sy on BO.

System Adsorption energy (eV)
Li.S@BO 164
Li.S,@BO -1.02
Li.S:@BO -1.03
Li>S¢@BO 077
Li.Ss@BO -0.58
S:@BO -0.34

M

Figure 2: Optimized Configurations: (a) Possible adsorption sites and (b) Li,S on BO, and (c) Sg on
BO. Where the black, blue, red, and green balls denote lithium (Li), carbon (C), oxygen (O), and
sulfur (S) atoms, respectively.
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The calculated adsorption energies for Li,Sx and S indicate that these species are strongly adsorbed
on the BO surface. This strong adsorption suggests that they can effectively prevent dissociation into
the electrolyte during the discharging process. Consequently, this finding highlights the potential of
BO to mitigate the ongoing shuttle effects in LiSB.



3.2 Charge density distributions of the Li,S and Ss on BO

As the discharge products are adsorbed onto the surfaces of BO, electronic interactions within the systems
are expected to occur. To investigate this, we calculated the charge density distributions, as illustrated
in Figure 3. Firstly, we probed for the Li,S on BO (Figure 3a), where it was observed that charge
accumulated (yellow) towards the BO from the Li atoms, suggesting electronic interactions. And for the Ss on
BO (Figure 3b), a different trend was observed with charge accumulation towards the adsorbate, supported by
the low adsorption energy obtained for Ss. Despite the charge being transferred towards the adsorbate, the
BO is able to anchor the molecule; this is very significant as it is being prevented from dissociating into

the electrolyte during the discharging process.

(b)

Figure 3: Charge density distributions: (a) Li,S on BO, and (b) Sgz on BO. Where charge accumulation and
depletion are denoted by yellow and cyan colors, respectively.

3.3 Metallic properties of the BO adsorbed with Li,S and Sg

The knowledge of the metallic properties of a material is crucial for its effectiveness as an electrode,
as this allows for efficient electron transport during electrochemical processes. To thoroughly
evaluate the metallic stability of BO, we performed detailed calculations of its electronic band

structure, as illustrated in Figure 4a.
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Figure 4: Calculated bands structures: (a) Pristine BO, (b) Li,S on BO, and (c) S on BO.

The findings indicated that pristine BO is metallic, characterized by the overlap of the valence and
conduction bands, which facilitates the free flow of electrons, an essential feature for a viable
electrode. Furthermore, we examined the alterations in the electronic structure following the



adsorption of non-conductive Li,S and Sg, as depicted in Figures 4b and 4c, respectively. The
results revealed that the adsorption of Li,S impacted the electronic band structure of BO, leading to
the formation of a band gap of 0.061 eV. Despite this gap, it was evident that the molecule was
strongly adsorbed, as indicated in Table 1. The small gap created suggests that electrons can easily
transition between the valence and conduction bands with minimal energy input.

In the case of Ss, it was observed that the valence and conduction bands still overlap despite the
low adsorption energy value reported in Table 1. This observation is significant as it highlights the
influence of BO on the adsorbate and promotes enhanced ion transport within the system.
Consequently, the use of BO as a cathode additive could lead to an improved cycle life for LiSB
applications.

4. Conclusion

In summary, DFT was used to investigate the influence of BO on the adsorbed Li,S, and S,
assessing its potential application in LiSB. The findings revealed that Li,S, and S; are strongly
adsorbed on BO, with adsorption energy values ranging from -0.34 to -1.64 eV, which is sufficient
to prevent their decomposition during electrochemical processes. The charge density distributions
indicate strong electronic interactions within the system, which are crucial for enhancing battery
cycle life. Additionally, it was determined that BO exhibits metallic properties, characterized by
overlapping bands, making it a significant candidate for use as an electrode. Interestingly, even after
the adsorption of Li,S and Sg, which are non-conductive, the electronic conductivity remained
stable. Overall, results support BO as an electrode material for next-generation LiSB.
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