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storage, battery energy storage systems (BESS) such as sodium-ion
batteries (NIBs) have gained significant research attention, particularly

Keywords regarding their anode materials. This study employs first-principles
DFT, Quantum Espresso, Density Functional Theory (DFT) calculations using Quantum Espresso
Borophene/Graphene, Boron- to compare the Na adsorption properties of borophene/graphene
Graphdiyne (B/G) heterostructures and boron-graphdiyne (BGDY) monolayers as

potential NIB anode materials. The adsorption energies of Na at three
distinct sites were computed based on the total energy of the pristine
structures and Na-adsorbed configurations. For the B/G
heterostructure, the adsorption energies at sites A, B, and C were
128.6418 eV, 80.2137 eV, and 0.8572 eV, respectively. Meanwhile, the
BGDY monolayer exhibited adsorption energies of 2.1973 eV, 2.0681
eV, and 2.8463 eV at the corresponding sites. These values indicate
weak or unfavourable Na interactions with both materials, attributed
to low charge transfer, weak orbital overlap, unfavourable adsorption
geometries, and unoptimized structures. Consequently, neither
material is currently suitable for NIB applications without further
modification. Future research should focus on structural optimization
and surface modifications to achieve negative adsorption energies,
enabling a more comprehensive comparison of their potential as anode
materials.

1. Introduction

Energy plays a crucial role in modern society, driving advancements and shaping daily life. The global transition
from fossil fuels to renewable energy sources has heightened the need for efficient energy storage systems (ESS)
[1]. Among various energy storage technologies, sodium-ion batteries (NIBs) have emerged as a promising
alternative to lithium-ion batteries (LIBs) due to the abundance, low cost, and environmental benefits of sodium
[2]. Sodium, the fourth most abundant element in the Earth's crust, offers a sustainable and scalable solution for
large-scale energy storage applications [3]. However, challenges such as the larger ionic radius of sodium
compared to lithium, unstable electrochemical performance, and insufficient energy capacities hinder the
commercialization of NIBs [4]. Addressing these limitations requires the development of advanced anode
materials with superior conductivity, reversibility, cycling stability, and high specific capacity [5].
Two-dimensional (2D) materials have gained attention as potential anode materials due to their unique
structural and electronic properties [6]. They provide high surface-to-volume ratios, multiple adsorption sites for
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Na-ion storage, and a smooth surface geometry that lowers diffusion barriers, enabling faster charge-discharge
rates and improved cyclic stability [7]. Among 2D materials, carbon-based structures such as graphene have been
widely studied due to their high electrical conductivity and mechanical strength [8]. Despite its excellent
properties, pristine graphene has a zero bandgap and weak Na adsorption, which limits its effectiveness as an
anode material [9]. To overcome this issue, heteroatom doping and heterostructure engineering have been
explored to enhance sodium storage performance [10]. Borophene, a 2D boron lattice, exhibits high conductivity
and ultrahigh theoretical capacity, making it a strong candidate for NIB anodes [11]. Studies by Zhang et al.
demonstrated that borophene phases such as f;, and y3 enhance the power density and diffusion rates of NIBs
[12]. Meanwhile, boron-doped graphdiyne (BGDY) has been proposed as an alternative due to its tunable
electronic properties and potential for improved Na-ion storage [13]. However, a comprehensive theoretical
comparison between borophene/graphene (B/G) heterostructures and BGDY monolayers as NIB anode materials
is still lacking.

Computational studies play a crucial role in understanding material properties at the atomic level, guiding
experimental efforts toward optimizing battery performance. Density Functional Theory (DFT), a widely used
first-principles approach, provides insights into the electronic structure, charge transfer mechanisms, and
adsorption energies of materials [14]. Quantum Espresso, an open-source DFT-based software package, is
particularly well-suited for this type of study due to its efficient handling of plane-wave basis sets, pseudopotential
methods, and ability to model complex material interactions [15]. Previous studies have successfully employed
Quantum Espresso to investigate adsorption properties in 2D materials, providing accurate predictions that align
with experimental findings [16].

In this study, first-principles calculations using DFT within the Quantum Espresso framework are employed
to compare the Na adsorption properties of B/G heterostructures and BGDY monolayers. The total energy of
pristine structures and Na-adsorbed configurations at three different adsorption sites is computed to evaluate
adsorption energies. This investigation aims to provide a theoretical understanding of Na-ion interactions with
these materials, analysing their adsorption behaviour through configurated total energy and calculated
adsorption energies. The results of this study contribute to the ongoing search for high-performance anode
materials, helping to identify structural advantages and limitations in 2D materials for sodium-ion battery
applications. By evaluating adsorption characteristics, this research aims to guide future advancements in
optimizing structural modifications and electronic properties of anode materials to enhance their electrochemical
performance, thereby facilitating the commercial viability of NIBs as a sustainable alternative to LIBs.

2. Research Methodology

The adsorption of sodium (Na) atoms at three distinct sites (A, B, C) on both the boron-doped graphdiyne (BGDY)
monolayer and the borophene/graphene (B/G) heterostructure was investigated using Density Functional Theory
(DFT) as implemented in the Quantum Espresso package. Quantum Espresso is a widely used open-source
software suite for electronic-structure calculations and materials modelling, based on plane-wave basis sets and
pseudopotentials [15].

The Perdew-Burke-Ernzerhof (PBE) functional within the Generalized Gradient Approximation (GGA) was
employed to describe electron exchange-correlation effects, which has been validated for structural and energetic
predictions in similar materials [16]. To address partial electronic occupancies arising from the metallic nature of
the systems, Marzari-Vanderbilt smearing was applied with a width of 0.01 Ry for BGDY and 0.02 Ry for B/G [17].

For the BGDY monolayer, van der Waals (vdW) interactions were accounted for using the Grimme-D3
correction, which has been demonstrated to improve the accuracy of long-range dispersion interactions in layered
materials [18]. The interaction between valence electrons and ionic cores was described using projector
augmented wave (PAW) pseudopotentials from the Standard Solid-State Pseudopotentials (SSSP) library,
ensuring an accurate electronic structure representation [19].

A plane-wave kinetic energy cutoff of 44 Ry and a charge density cutoff of 240 Ry were set, with the Brillouin
zone sampled using a Monkhorst-Pack grid of 9x9x1 k-points. The BGDY monolayer was optimized to a lattice
constant of 11.8 &, with convergence thresholds of 1075 Ry for total energy and 1078 Ry for the self-consistent field
(SCF) calculations [20].

For the B/G heterostructure, a supercell was constructed by layering a 3x3 borophene monolayer onto a 2x2
graphene monolayer, resulting in a 4.2% lattice mismatch with a lattice constant of a = b = 4.92081 A. The
borophene layer was positioned 4 A above the graphene layer, with interlayer distances ranging from 3.8 to 4.9
A. An 8x8x1 Monkhorst-Pack grid was employed, and the plane-wave kinetic energy cutoff was set to 500 eV. The
convergence criteria for forces and total energy were set to 10~ Ry/Bohr and 10° Ry, respectively [21].

These computational parameters are consistent with established practices in modelling 2D heterostructures,
ensuring accuracy and reliability [22]. By following validated computational methodologies, this study aims to
provide reliable insights into the Na adsorption properties of BGDY monolayers and B/G heterostructures,
contributing to the development of efficient anode materials for sodium-ion batteries (NIBs).
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The adsorption energy (E,45) was calculated as

(Eads) = ETotal energy — (EAdsorbed + EIsolated Na atam) (1)

3. Result and Discussion

3.1Total Energy Of Pristine Structure

(b)

Fig. 1 (a) Pristine B/G Heterostructure; (b) BGDY monolayer

The pristine structures of borophene and graphene were optimized using SCF calculations, with initial input
geometries specified in pw.x format. The borophene layer, characterized by triangular and hexagonal motifs, was
stacked with the graphene layer, forming a heterostructure (B/G) as shown in Fig. 1. The pristine B/G
heterostructure displayed a C-C bond length of 1.42 A&, while the B-B bond lengths in the borophene layer ranged
from 1.64 A to 1.89 A. Interlayer distances were set to 4.9 A (maximum) and 3.8 A (minimum), allowing sufficient
space for sodium (Na) intercalation [23]. The optimized lattice constants were 4.92 A for the B/G heterostructure
and 11.8 A for the BGDY monolayer, consistent with earlier reports on similar systems [20]. Based on the geometry
optimization, the final energy for B/G heterostructure is -155.7069Ry and -243.3368 for BGDY as per Table 1.

Table 1 Total energy of pristine structure

Pristine Structure Total Energy  Total Energy

(Ry) (eV)
BGDY -243.3368 -3310.7658
B/G -155.7069 -2118.5003

3.2 Total energy of adsorption sites of B/G

(b)

Fig. 2 (a) SitA (Lower/brige-like), (b) Site B (hollow site), (c) Site C (Alternate top)

The total energy values after introducing sodium (Na) adsorption on the Borophene/Graphene (B/G)
heterostructure are -3296.9084 eV at Site A (Lower/Bridge-like), -3345.3365 eV at Site B (Hollow site), and -
3438.2988 eV at Site C (Alternate top site). Based on the results indicate that Site A, with the lowest total energy,
is the most energetically favourable for Na adsorption, followed by Site B and then Site C. In density functional
theory (DFT) studies, lower total energy values correspond to more stable adsorption sites. Therefore, Na
adsorption is most favourable at Site A and least favourable at Site C.

The stability at Site A can be attributed to the enhanced coordination between Na and both boron (B) and
carbon (C) atoms. The bridge-like structure allows for increased charge transfer, stabilizing Na through
delocalized interactions across multiple atomic sites. This phenomenon is consistent with previous studies on
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borophene based materials, which indicate that adsorption stability is highest at bridge sites due to stronger
electrostatic and covalent contributions [24]. Site B (Hollow site) is the second most stable adsorption site, as
indicated by its intermediate total energy. The hollow site typically provides a high coordination number, where
Na is stabilized by interactions with multiple surrounding boron atoms rather than a single adsorption center.
This effect has been reported in studies of Na adsorption on two-dimensional materials, where hollow sites
generally provide strong adsorption due to increased electron density and enhanced binding interactions [25].

Conversely, Site C (Alternate Top site) is the least favourable adsorption site, as indicated by the highest
energy value of -3438.2988 eV. The positioning of Na directly above a single boron atom leads to low coordination
and weak binding, reducing adsorption stability. The absence of multiple interacting atoms results in higher
electrostatic repulsion and limited charge transfer, making the adsorption process less energetically favourable.
This observation is consistent with findings on Na adsorption in borophene and graphene heterostructures, where
adsorption at top sites often results in weak interactions due to the lack of multi-atomic coordination [26].

The stability of Na adsorption in the B/G heterostructure follows a stability trend of Site A > Site B > Site C,
where bridge-like adsorption sites offer the most favourable interactions due to their enhanced charge transfer
properties, while top sites are least favourable due to weak bonding and electrostatic repulsion

Table 2 Total energy of adsorption sites of B/G

Adsorption sites Total Energy  Total Energy

(Ry) (eV)
A -242.3183 -3296.9084
-245.8777 -3345.3365
C -252.7103 -3438.2988
3.3 Total energy of adsorption sites of BGDY
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Fig. 3 (a) Sit A (Above B); (b) Site B (Bridge Between B and C1); (c) Site C (Bridge Between B and C2)

From Table 3 computed total energies for these configurations were -352.3227 Ry (-4793.5944 eV), -352.3322 Ry
(-4793.7237 eV), and -352.2750 Ry (-4792.9455 eV) for Sites A, B, and C, respectively. Based on these values, Site
B exhibits the highest stability, followed by Site A, while Site C is the least stable.

The preference for the bridge adsorption site (B-C1) over the top site (B) and the alternative bridge site (B-
C2) was attributed to optimized charge redistribution and stronger bonding interactions between Na, B, and C
atoms. Prior computational studies have suggested that alkali metal atoms, such as Na, prefer bridge adsorption
sites due to enhanced charge transfer and electronic stability, reducing overall system energy [27], [28]. A study
[27] confirmed that boron-doped graphdiyne exhibits strong Na adsorption, making it a potential candidate for
sodium-ion batteries (NIBs). Similarly, research by [28] highlighted that the presence of boron improves the
adsorption and diffusion properties of Na, leading to improved anode performance. The least stable configuration
at Site C indicates weaker binding interactions, which could lead to increased Na mobility and lower adsorption
efficiency, as also observed in studies focusing on boron-doped graphene [29].

The trend aligns with previous DFT-based investigations on alkali metal interactions with carbon-based
materials, where bridge sites are often favoured over top or hollow sites due to their optimal adsorption energy
and structural stability. Additionally, boron doping plays a crucial role in modifying the electronic environment of
graphdiyne, enhancing its capacity to accommodate Na atoms, thereby influencing sodium-ion battery (NIB)
anode performance [27], [29].
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Table 3 Total energy of adsorption sites of B/G

Adsorption sites Total Energy  Total Energy

(Ry) (eV)
A -352.3227 -4793.5944
-352.3322 -4793.7237
C -352.2750 -4792.9455

3.4 Adsorption energy

The adsorption energy values for sodium (Na) at three different sites in both the borophene/graphene (B/G)
heterostructure and boron-doped graphdiyne (BGDY) monolayer were found to be large and positive, indicating
endothermic interactions. This suggests that Na adsorption on both structures is thermodynamically unfavorable.
The geometries at these sites were not optimized due to the extended duration of the calculations and failure to
achieve convergence. These unrelaxed geometries likely resulted in higher energy values. Furthermore,
inaccuracies in the choice of input parameters for the self-consistent field (SCF) calculation may have contributed
to the large positive adsorption energies, as previously noted in computational studies on sodium-ion interactions
with carbon-based materials [27].

Both the B/G heterostructure and BGDY monolayer exhibit significant challenges with Na adsorption, likely
due to inherent structural strain. The B/G heterostructure has a lattice mismatch of 4.2% between borophene and
graphene layers, causing structural distortions upon Na introduction. This strain is exacerbated by Na’s
interaction with the surface, preventing the system from reaching a stable configuration during relaxation.
Similarly, in the BGDY monolayer, the positioning of Na at sites A, B, and C creates unfavourable geometries that
hinder the relaxation process, preventing convergence. These issues indicate that the potential energy surfaces
(PES) for Na adsorption on both materials lack well-defined local minima, preventing stable Na adsorption, as also
observed in studies of alkali metal adsorption on boron-doped carbon materials [27]

The weak adsorption behaviour can be attributed to the electronic structure of both materials. The delocalized
m-electrons in the B/G heterostructure, while favourable for conductivity, do not form strong interactions with
Na’s partially filled 3s-orbital. The metallic or semi-metallic character of borophene inhibits charge transfer,
leading to weak or repulsive bonding interactions. Similarly, the BGDY monolayer, with its sp? hybridization and
acetylenic linkages, provides insufficient bonding sites for Na, resulting in low charge transfer and poor orbital
overlap. The lack of significant van der Waals interactions in both structures further contributes to the large
positive adsorption energies [29].

For comparison, the adsorption energy of Na at Site A of the BGDY monolayer was found to be 2.1973 €V,
significantly larger than the value of -1.22 eV reported by Muhammad et al. [20]. This discrepancy may stem from
differences in Na’s position and the parameters used in the calculations. The input files for BGDY were manually
generated, which may have introduced inconsistencies in atomic positions. For the B/G heterostructure, the
absence of reference input files led to variations in atomic positions, making the geometry optimization more
complex and time-consuming, which further prevented convergence.

Optimizing the input files and atomic configurations for both structures is crucial to improving the accuracy
of adsorption energy calculations. With proper optimization, the study could proceed with further calculations,
such as diffusion energy, specific capacity, and open-circuit voltage, and could investigate the trend in adsorption
with increasing Na concentration. Additionally, optimizing the BGDY bilayer and comparing it with the B/G
heterostructure could provide further insights into their adsorption properties. Prior studies suggest that a
bilayer structure may help stabilize Na adsorption by increasing interlayer interactions, thereby enhancing
sodium-ion storage efficiency [30].

Due to the unavailability of input files and the challenges in determining the atomic positions of Na, the
adsorption energy values could have been large and positive values. Addressing these limitations and optimizing
the structures will be necessary for advancing the study of potential anode materials for sodium-ion batteries
(NIBs). Further refinement of computational methodologies, including hybrid functionals and van der Waals
corrections, could provide more reliable adsorption energy predictions, as demonstrated in previous density
functional theory (DFT) studies on alkali metal storage materials [31].

Table 4 Adsorption energy

Adsorption energy (eV)
Structure
A B C
B/G 128.6418 80.2137 0.8572
BGDY 2.1973 2.0681 2.8463
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4. Conclusion

This study aimed to perform DFT calculations in Quantum Espresso to determine Na adsorption energy for
Borophene/Graphene (B/G) heterostructures and Boron Graphdiyne (BGDY) monolayers across three different
adsorption sites. The goal was to assess their suitability as anode materials for sodium-ion batteries (NIBs). The
adsorption energy values for the B/G heterostructure at sites A, B, and C were 128.6418eV, 80.2137eV, and
0.8572eV, respectively. These large positive values indicate that Na exhibits weak interactions with the B/G
substrate, making adsorption energetically unfavourable across all sites. The high adsorption energies at sites A
and B suggest strong repulsion between Na and B/G, while site C shows a lower value, though still deviating from
the expected range for stable adsorption. In the BGDY monolayer, the adsorption energy values at sites A, B, and
C were 2.1973eV, 2.0681eV, and 2.8463eV, respectively. While these values are lower than those in B/G, they
remain positive, indicating weak interactions between Na and the BGDY surface.

The observed large adsorption energies can be attributed to weak charge transfer, minimal orbital overlap,
and unfavourable adsorption geometries, which prevent strong Na binding. The intrinsic strain in the B/G
heterostructure further weakens interactions, while the rigid structure of BGDY restricts adsorption flexibility.
These factors suggest that both materials require further modifications to improve their potential as anode
materials. Future work should focus on optimizing atomic positions, introducing dopants or functional groups to
enhance charge transfer, and exploring bilayer or multilayer configurations for better Na stabilization. Additional
computational analyses such as diffusion energy and electronic structure calculations could provide deeper
insights into Na storage behaviour. Comparing results with experimental data will also help validate
computational predictions and refine the methodology.

Although the Na adsorption energy values deviate significantly from the desired range for effective NIB anode
materials, these results serve as a foundation for further material tuning and structural optimization.
Implementing advanced structural modifications and computational improvements will be essential in developing
a more comprehensive understanding of Na-ion storage mechanisms in these materials.
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