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A B S T R A C T

Owing to the increasing cost and limited resources of lithium metal, there is a growing interest in developing
energy storage systems that are more affordable, environmentally friendly, and have high energy densities.
This is also driven by the need to significantly reduce carbon dioxide emissions resulting from the use of
fossil fuels. The sodium–oxygen battery has emerged as a potential alternative, as the materials used for both
of its electrodes are among the most abundant and inexpensive elements on Earth. However, despite these
advantages, there are technical challenges in implementing it, such as the insulation of the cathode electrode
and failure to prevent discharge products from desorbing into electrolytes during discharging. In this study,
using density functional theory based on first principles, we investigated the electronic properties of free-
standing 𝛽12 and 𝜒3-borophenes after adsorption of sodium superoxide (NaO2). Our findings showed that the
adsorption energy of sodium superoxide on 𝛽12 and 𝜒3 borophene are −3.85 eV and −3.24 eV, respectively. The
large negative values of adsorption energy suggest that sodium superoxide is anchored spontaneously, which
is significant as it can be prevented from migrating to the negative electrode via the electrolyte during the
discharging process. Furthermore, the 𝛽12 and 𝜒3 structures showed moderate diffusion energy barriers of 0.89
eV and 1.37 eV and decomposition energies of 0.73 eV and 0.52 eV, respectively. The latter demonstrates
the catalytic effects of nanosheets on the decomposition of the sodium superoxide into separated sodium
(Na+) and oxygen (O2). Moreover, the decomposition energies being lower than sodium superoxide formation
energy (3.90 eV) in a vacuum, suggests nanosheets effects during the charging process. Most importantly, the
metallic characteristics of both crystal structures were preserved after the adsorption of sodium superoxide,
and the electronic conductivities were enhanced. This is significant to improve the cycle life of the battery,
as the materials can charge back the decomposed species during the charging process, thereby preventing
the formation of dendrites at the surface of the cathode. Ultimately, the predicted electronic properties for
both structures demonstrate their potential as cathode electrode materials for enhancing the electrochemical
processes of sodium–oxygen batteries.
1. Introduction

For the drastic effect of climate change due to high levels of carbon
dioxide emission to be significantly reduced, communities need energy-
storing systems that could exceed the current technology of lithium
batteries. To date, the lithium-ion battery is the most used energy-
storing device due to its lightweight, high energy, and high power
density [1]. It has been used in most portable devices [2] and as
energy storage in electric vehicles (EVs) [3] to mention but a few.
However, due to the rapid advancements in technology, it cannot meet
the growing demand. Owing to that, researchers have started con-
sidering energy-storing systems that could surpass lithium-ion battery
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technology [4]. Because of the ultra-high theoretical capacities and
energy densities of the alkali metal–oxygen batteries, they have been
identified as an alternative to lithium-ion battery inability. Among
all the metal–oxygen batteries, the lithium–oxygen battery by far has
the highest theoretical capacity and reduced operational costs. This is
because one of the active materials (oxygen) for the porous cathode
electrode, comes from the ambient environment [5–7].

Despite having ultra-high theoretical capacity, lithium–oxygen bat-
tery faces challenges restricting it from being practically implemented,
and among the challenges is high over-potential during the charging
process. This implies that more energy is needed during the charging
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process than the one realized during the discharging process. Conse-
quently, many system components are worn out, leading to low energy
efficiency and poor cycling life [5,8]. With the mentioned challenges,
the sodium–oxygen battery has been identified as a potential alter-
native to the lithium–oxygen battery due to the similarity of their
electrochemical processes [9]. One of the advantages of the sodium–
oxygen battery is that it has low over-potential during charging, which
is due to the reversible electro-chemistry of sodium superoxide (NaO2)
ormed during the discharging process [9,10]. This feature allows the
attery to have high energy efficiency because not much energy is
equired to decompose NaO2 during the charging process. Therefore
nhancing the cycling life of the battery. Furthermore, sodium, which
s used as the negative electrode, is one of the most abundant ele-
ents on Earth, making the system more affordable [11]. The cathode

lectrode consists of oxygen, which is also among the most abundant
nd affordable elements on Earth. Typically, during the discharging
rocess, oxidation occurs at the anode while sodium ions move to the
athode and oxygen molecules move into the battery. At the cathode,
odium and oxygen combine to form sodium superoxide as a single
olecule. Conversely, during the charging process, this process occurs

n reverse [10].
Regardless of the advantages of sodium–oxygen batteries, there

re technical issues including poor electronic transport, clogging of
ischarge products at the surface of the cathode electrode, and poor
inetics of insoluble and non-conductive discharge products [12]. Ad-
itionally, the high chemical reactivity of sodium metal (anode) makes
t react with desorbed NaO2. Scientists and engineers are working on
inding materials that could be used as cathode electrodes and mitigate
hese challenges. One critical question is how to retain most of the
ischarge products of sodium superoxide and prevent them from diffus-
ng to the negative electrode via the electrolyte during the discharging
rocess [10]. With these observations in mind, researchers are working
n realizing a practical system future.

Sodium–oxygen batteries commonly use porous carbon as a cathode
lectrode, but the discharge products tend to clog the pores and block
eaction sites, leading to battery failure [13]. Researchers have turned
o 2D materials to address these issues due to their high surface area,
nd other unique properties such as good metallic characteristics and
echanical and physical capabilities [14,15]. Some 2D materials being

nvestigated and used as electrode materials include graphene [16,17],
exagonal Boron Nitride (2D-hBN) [18,19], and Mxenes [20,21].

Researchers led by Mannix successfully synthesized crystalline
onolayer boron sheets on silver surfaces using ultrahigh vacuum

onditions [22]. Since then, borophene has received significant at-
ention, leading to the fabrication and synthesis of many polymorphs
f its kind [23]. Feng and his team used first principles and experi-
ental approaches to synthesize and confirm 2D boron polymorphs

f 𝛽12 and 𝜒3-borophenes on an Ag(111) substrate [24]. These ex-
erimentally realized borophenes possess unique properties such as
xcellent mechanical stability [25] and good electronic transport [26,
7]. Additionally, the calculations of phonon dispersions and analysis
f frequency modes have indicated that the borophenes are kinetically
table at the ground state (0 K), as the frequency modes are zero. This
uggests that borophenes are dynamically stable [25]. Furthermore,
he use of ab initio molecular dynamics (AIMD) has shown that the
tructures have minimal distortions even at extreme temperatures of
p to 1000 K [28], suggesting that they are thermodynamically stable.

These exceptional properties make them suitable for various elec-
ronic applications, including anodes in lithium-ion batteries [29],
ensing toxic gases [30–32], and water splitting in fuel cells [33]. With
he noted successes and exceptional performance of borophene mate-
ials as anode electrode materials in lithium-ion batteries, there have
een theoretical predictions that they could also be utilized as cathode
lectrodes in sodium and lithium-sulfur batteries [34–37]. While there
re numerous reported applications of 𝛽12 and 𝜒3-borophenes as poten-
2

tial electrode materials in batteries, there is scarce information about r
their use as cathode electrode materials in sodium–oxygen batteries
and how they affect sodium superoxides which are the main discharge
products.

In the present work, using the density functional theory (DFT) ap-
proach, we explored the adsorption mechanisms of sodium superoxide
on 𝛽12 and 𝜒3-borophenes as cathode electrode materials for improved
performance of sodium–oxygen batteries. Firstly, we computationally
optimized the two experimentally synthesized 2D boron polymorphs
(𝛽12 and 𝜒3-borophene) and generated NaO2 configurations, then fully
ptimized them to determine the most energetically stable configura-
ions. Next, we systematically calculated diffusion energy barriers and
ecomposition energies of NaO2 on both structures to determine rates
f discharging and charging processes. Lastly, we investigated NaO2-
orophene electronic interactions by calculating the charge density
ifferences and quantified charge density. Additionally, we calculated
he density of states (DOS) and bands structures to understand the
ffects of adsorbates on the electronic structures of the crystals.

. Computational methods

In this study, we used the quantum ESPRESSO code [38] to conduct
ll the density function theory (DFT) simulations. We employed the
pin-polarized generalized gradient approximation (GGA) [39] within
he functional of Perdew–Burke–Ernzerhoff (PBE) [40] to treat the
xchange and correlation energy of the electron’s interactions in the
rystals. We used the projector augmented wave (PAW) potential [41]
s the type of pseudo-potential to describe the core electrons. After
onducting convergence tests, we set a kinetic energy cut-off of 50 Ry
nd used a plane-wave basis set to obtain the ground state energies
or both crystal structures. In addition, we used the Monkhorst–Pack
cheme [42] with a K-points sampling of 13 × 9 × 1 for 𝛽12-borophene
nd 16 × 11 × 1 for 𝜒3-borophene within the Brillouin zone [43].

We conducted geometrical relaxation of the structures until all atomic
positions had converged within an energy difference of 10−5 eV and
a Hellman–Feynman force convergence set to 10−6 eV/Å. We adopted
the Methfessel and Paxton (MP) occupational function [44] to smear
off the electrons and introduced spin-orbital polarization in every self-
consistency field (SCF) calculation to treat magnetic effects if any.
To account for the effects of van der Waals forces, we used DFT-D3
correction with the Grimme scheme [45]. Since adsorbates were crucial
in all our simulations and to avoid the effects of repulsion forces, we
generated and modeled supercells of sizes 3 × 2 × 1 (30 boron atoms)
and 4 × 1 × 1 (32 boron atoms) for both crystal structures (𝛽12 and
𝜒3-borophenes). To avoid periodic images from interacting, we used a
vacuum space of 15 Å along the z-axis in all our calculations.

3. Results and discussions

3.1. Relaxed crystal structures for 𝛽12 and 𝜒3-borophenes

When making predictions about electronic properties, the structural
roperties of crystal structures are very critical. Therefore, we modeled
nd generated crystal structures of 𝛽12 and 𝜒3-borophenes, based on
he space group of Pmmm2 and Cmmm, respectively. We used an or-
horhombic crystal system for both structures. After a full optimization,
e found that both structures were flat and had no corrugations. For
12-borophene, the optimized lattice parameters were a = 2.920 Å
nd b = 5.095 Å with 5 atoms per unit cell and a hollow. For 𝜒3-
orophene, the optimized lattice parameters were a = 2.909 Å and
= 8.393 Å with 8 boron atoms per unit cell and 2 hollows. In

erms of symmetry orientation, both structures consist of parallel chains
f hollow hexagons separated by chains of triangles of boron atoms
Fig. 1). The calculated lattice parameters agreed well with previously

eported first principles results [46–49].
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Fig. 1. Relaxed crystal structures top and end views: (a) 𝛽12-borophene with a unit cell consisting of 5 boron atoms and single hollow (b) 𝜒3-borophene with a unit cell
consisting of 8 atoms with two hollows. All the boron atoms are presented with the color blue and unit cells enclosed in red rectangles. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
3.2. Adsorption and charge densities of sodium superoxide (NaO2) on 𝛽12
and 𝜒3-borophenes

After generating the nanosheets of 𝛽12 and 𝜒3 borophenes, we iden-
tified and added NaO2 at different possible adsorption sites (Figs. 2a
and 3a). Then we relaxed the systems to get the most stable configura-
tions. Thereafter, we calculated the adsorption energies and compared
the values to determine the most energetically stable configurations.
The following equation was used:

𝐸𝑎𝑑𝑠 =
𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − 𝐸𝑝𝑢𝑟𝑒 − 𝑛(𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒)

𝑛
. (1)

Where 𝐸𝑎𝑑𝑠 is the adsorption energy of the material, 𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 is the
total energy of the nanosheet with the adsorbate, 𝐸𝑝𝑢𝑟𝑒 is the total
energy of the nanosheet without an adsorbate, 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 is the total
energy of the adsorbate of interest, and 𝑛 is the number of adsorbates
anchored by the nanosheet.

3.2.1. Sodium superoxide (NaO2) on 𝛽12-borophene
Firstly, for the NaO2 on 𝛽12-borophene, we investigated four possible

adsorption sites, as shown in Fig. 2: (b) Site 1, with the sodium atom
situated on top of the hollow and oxygen atoms on top of the bridge, (c)
Site 2, with the sodium atom on top of the bridge and oxygen atoms on
top of the hollow, (d) Site 3, with the sodium atom on top of the boron
atom and oxygen atoms on top of the hollow, and (e) Site 4, with the
sodium atom on top of the boron atom at the center of the hexagon and
oxygen atoms on top of the boron atom bonded to the bridge between
the hollow hexagons.

After fully relaxing the systems, apart from the configuration at
Site 4 (Fig. 2e) which drifted slightly on top of the oxygen atoms,
other configurations remained in their positions and orientations. In
particular, the configuration at Site 1 (Fig. 2b) and Site 4 (Fig. 2e) were
pulled very close toward the surface of the 𝛽12 borophene, until oxygen
atoms formed covalent bonds with boron atoms. After calculating the
adsorption energies and binding distances (Table 1), we found that
among the configurations closest to the nanosheet. The configuration at
Site 1 (O2 = 1.53 Å and Na = 2.54 Å) had the largest negative adsorp-
tion energy (−3.85 eV). These results suggest that this configuration
(Fig. 2b) is the most energetically stable and strongly interacts with
the monolayer.
3

3.2.2. Sodium superoxide (NaO2) on 𝜒3-borophene system
Furthermore, we focused on the sodium superoxide on

𝜒3-borophene, as shown in Fig. 3. Here, we considered three possible
sites: Site 1, the sodium atom is on top of the hollow and the oxygen
molecule is on top of the bridge with the axis parallel to the boron
atoms; Site 2, the oxygen molecule is on top of the hollow, and the
sodium atom is on top of the bridge; and Site 3, the oxygen molecule is
on top of the hollow and the sodium atom is on top of the boron atom.

After fully relaxing the systems, we found the configurations to have
maintained their positions, except for the one at Site 3 which changed
the orientation and diffused towards the bridge (Fig. 3c), demonstrating
that its position was unfavorable. Additionally, the configuration with
the sodium atom on top of the hollow was pulled strongly closer to
the substrate, and oxygen atoms formed covalent bonds with boron
atoms (Fig. 3a). Furthermore, the configuration at Site 2 also formed
the covalent bond with the boron atoms (Fig. 3b) and very interestingly
the adsorption energy was found to be almost equivalent to that of
Site 1. This was obtained after we calculated the adsorption energies
and binding distances to gain insight into the interactions (Table 1).
The adsorption energies ranged from −3.70 to −2.04 eV. The binding
distances ranged from 1.50 to 1.92 Å for O2 and Na, and 2.23 to
2.65 Å between the nanosheet and NaO2. Based on these results, the
configuration at Site 1 was found to have spontaneous adsorption
energy (−3.70 eV) and the shortest binding distance (O2 = 1.50 Å
and Na = 2.53 Å), supporting the formation of covalent bonds and
indicating that the configuration at Site 1 is most energetically stable
among others.

3.3. Diffusion and decomposition of sodium superoxide (NaO2) on 𝛽12 and
𝜒3 borophenes

Typically, in batteries species migrate from the anode to the cathode
and vice versa. During the discharging process, the sodium superoxide
is formed at the surface of the cathode electrode and diffuses across
toward the most stable adsorption site. Therefore, to ensure optimal
performance, it is very significant to investigate the diffusion energy
barrier of the material used as a cathode electrode. Additionally, under-
standing the decomposition of the discharge products at the surface of
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Fig. 2. Before (left) and after (right) simulations of NaO2 on 𝛽12-borophene systems: (a) Possible adsorption sites on 𝛽12 borophene (b) Top and end views of configuration at
SITE 1, (c) Top and end views of configuration at Site 2 and (d) Top and end views of configuration at Site 3. The sodium, oxygen, and boron atoms are denoted by teal, green,
and blue colors. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
the cathode electrode is very important. Therefore, using nudged elas-
tic band (NEB) approach [50,51], we calculated the diffusion energy
barrier and decomposition energy for 𝛽12 and 𝜒3-borophene. Firstly,
for the diffusion energy barrier, we followed the symmetries of the
nanosheets and identified two possible diffusion paths. These paths
were carefully chosen based on the most stable neighboring adsorption
sites on the nanosheets. We determined that the possible diffusion path
would be from one stable adsorption site to the adjacent corresponding
sites. As a result, the most common diffusion path for both borophenes
4

is the one following the chain of hollow hexagons. Another path
was also considered, which involved crossing the triangle of boron
atoms towards the corresponding stable sites. These two paths were
strictly considered due to the symmetry of the borophenes (path i
and path ii) : For NaO2 on 𝛽12-borophene system (Fig. 4a) and NaO2
on 𝜒3-borophene system (Fig. 4b). After the calculations, we found
that for NaO2 on 𝛽12-borophene, path-i had diffusion barrier energy
of 0.89 eV and path-ii with 1.00 eV (Fig. 4a). Path-i having a lower
energy barrier than path-ii suggests that the species easily follows
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Fig. 3. Before (left) and after (right) simulation of NaO2 on 𝜒3-borophene systems: (a) possible adsorption sites on 𝜒3 borophene (b) top and end views of configuration at
Site 1, (c) top and end views of configuration at Site 2, and (d) top and end views of configuration at Site 3. The sodium, oxygen, and boron atoms are denoted by teal, green,
and blue colors. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
the chain of hollow hexagons. Therefore, the energy barrier of the
sodium superoxide on 𝛽12-borophene is predicted to be 0.89 eV. Next,
for NaO2 on 𝜒3-borophene, path-i had an energy barrier of 1.37 eV
lower than path-ii with a value of 1.49 eV (Fig. 4b). Also here, we
observed that path-i; following the chain of hollow hexagons has a
relatively moderate diffusion energy barrier than passing across the
triangles of boron atoms (path-ii). According to our comparison of the
two systems, it was found that the diffusion energy barrier for NaO2 on
𝛽 borophene is lower compared to NaO on 𝜒 borophene (as shown in
5

12 2 3
Table 1). This suggests that the higher adsorption energy of NaO2 onto
the nanosheet results in the higher diffusion energy barrier since the
NaO2 is more strongly anchored onto the 𝛽12 borophene than it is on the
𝜒3 borophene. The diffusion energy barriers for the sodium superoxide
on borophenes are moderate (Table 2) and are lower than those of
other 2D nanosheets such as defective black phosphorus adsorbed with
sodium only [52].

In addition to the diffusion energy barriers analysis, we also cal-
culated the energy required to decompose NaO on both nanosheets
2
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Fig. 4. Plan view of possible diffusion paths and energy profiles of adsorbates on borophenes: (a) NaO2 on 𝛽12-borophene (b) NaO2 on 𝜒3 borophene. The adjacent adsorption
sites are donated by A in a red circle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
.

Table 1
The calculated properties of optimized NaO2 configurations at different sites of
𝛽12 and 𝜒3-borophenes: Adsorption energies and binding distances.

System Adsorption Adsorption Binding-distance (Å)

site energy (eV) O2 Na

Site 1 −3.85 1.53 2.54
NaO2 on 𝛽12-borophene Site 2 −1.95 2.51 2.55

Site 3 −1.45 2.46 2.56
Site 4 −3.80 1.54 2.56

Site 1 −3.29 1.50 2,53
NaO2 on 𝜒3-borophene Site 2 −3.28 1.51 2.50

Site 3 −2.04 1.92 2.65

Table 2
Calculated diffusion energy barrier for 𝛽12 and 𝜒3-borophenes against sodium superoxide

System Diffusion energy barrier (eV)

path-i path-ii

NaO2 on 𝛽12-borophene 0.89 1.00
NaO2 on 𝜒3-borophene 1.37 1.49

Table 3
Predicted NaO2 on 𝛽12 and 𝜒3-borophene quantified electric charge density.

System Electric charge (e)

O2 Na Borophene

NaO2 on 𝛽12 +1.76 −0.89 −0.87
NaO2 on 𝜒3 +1.83 −0.89 −0.94

using the nudged elastic band scheme [50,51]. It is important to note
that during the charging process, the adsorbed sodium superoxide
undergoes random decomposition. Therefore, to accurately analyze the
decomposition energy, the shortest path (Path i) (Fig. 4) with the lowest
energy barrier was considered as the only dissociative path. Moreover,
to ensure precision, the most stable adsorption sites for NaO were
6

2

taken into account before dissociation, as well as the stable adsorption
sites for O2 and Na after dissociation (Figs. 5a and 5c). The stable site
for NaO2 was considered the first image, while the sites for isolated O2
and Na were considered the last image. After conducting calculations,
the predicted decomposition energies for NaO2 on these materials were
found to be 0.73 eV (Fig. 5b) and 0.52 eV (Fig. 5d), respectively. This
is significant because when compared to the NaO2 formation energy in
a vacuum (3.91 eV), it suggests that these materials have the potential
to catalyze the decomposition process. Furthermore, the 𝛽12 borophene
was found to have a higher dissociation energy than the 𝜒3 borophene,
indicating that it can dissociate the NaO2 faster. Overall, these catalytic
effects demonstrate the ability of these nanosheets to improve the flow
of species in sodium–oxygen batteries,

3.3.1. Charge density difference distribution
After the calculation of the adsorption energies for the most sta-

ble configurations, we obtained a deeper understanding of the elec-
tronic interactions in the systems, by determining the distribution of
charge density differences and plotting the corresponding charge iso-
surfaces [53], as shown in Fig. 6. This was achieved using the following
equation:

𝜌𝑐ℎ𝑎𝑟𝑔𝑒 = 𝜌𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − 𝜌𝑠𝑙𝑎𝑏 − 𝜌𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒. (2)

Where 𝜌𝑐ℎ𝑎𝑟𝑔𝑒 is the charge density difference between the anchored
adsorbate and the substrate, 𝜌𝑐𝑜𝑚𝑝𝑙𝑒𝑥 the charge density of the optimized
system (substrate with the adsorbate), 𝜌𝑠𝑙𝑎𝑏 charge density of the sub-
strate without the adsorbate, and 𝜌𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 charge density of the isolated
adsorbate. Here, it should be noted that the atomic positions of the
substrate and adsorbate are maintained like in the complex system.
Additionally, to get more insight into the quantity of charge transferred,
we adopted Bader charge analysis scheme [54,55] and quantitatively
calculated the charge density (Table 3).

Firstly, for the system of NaO2 on 𝛽12-borophene (Fig. 6a), charge ac-
cumulated (purple) towards the 𝛽 -borophene sodium and transferring
12
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Fig. 5. Top views of possible decomposition paths and energy profiles: (a–b) NaO2 on 𝛽12-borophene, and (c–d) NaO2 on 𝜒3 borophene. The black dots denote decomposition
images and the green curve represents the decomposition energy path. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 6. Charge density distribution between sodium superoxide (NaO2) and borophenes: (a) Charge transfer between NaO2 and 𝛽12-borophene (b) Charge transfer between
NaO2 and 𝜒3-borophene: Where isosurfaces are denoted by color purple and brown for charge accumulation and depletion, respectively. (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. 7. Spin polarized density of states and bands structures: (a–b) total density of states (TDOS) for pristine and NaO2 on 𝛽12-borophene system, (c–d) local density of states
(LDOS) for pristine and NaO2 on 𝛽12-borophene: (e–f) bands structures for pristine and NaO2 on 𝛽12-borophene. A dashed red line denotes the Fermi level.
about 0.89 |e| of charge. On the other side, charge depleted (brown)
from the 𝛽12-borophene and accumulated (purple) towards the oxygen
atoms. Hence, the quantity of charge shared was 1.76 |e|. This big value
of charge shared furthermore confirmed the formed covalent bonds.
Therefore, the overall charge transfer between the 𝛽12-borophene and
sodium superoxide was 0.87 |e|.

Next, for the NaO2 on 𝜒3-borophene (Fig. 6b), a similar trend was
observed as in the previous system. The charge accumulated (purple)
towards the 𝜒3-borophene, with the charge of 0.89 |e| being transferred.
Additionally, charge depleted (brown) from the 𝜒3-borophene and
accumulated (purple) towards the oxygen atoms, and a quantity of
1.83 |e| was shared. Hence, a total quantified charge of 0.94 |e| was
transferred between the NaO2 and 𝜒3-borophene. Most interestingly,
the charge transferred between NaO2 and 𝜒3-borophene was larger
as compared to the one transferred between the NaO2 and the 𝛽12-
borophene (Table 3). This observation was intriguing as the adsorption
energy for the NaO2 on 𝛽12-borophene was determined to be higher than
NaO on 𝜒 -borophene (Table 1).
8

2 3
3.4. Conductivity characteristics of 𝛽12 and 𝜒3-borophenes with adsorbed
NaO2

To utilize a material as an electrode, it is important to consider
its conductivity characteristics. Therefore, these properties were de-
termined by calculating the total density of states (TDOS), the local
density of states (LDOS), and band structures before and after ad-
sorbing sodium superoxides. Our results indicated that both pristine
free-standing borophenes exhibit metallic characteristics, confirmed by
the overlapping bands of the valency and conduction, which suggest a
zero band gap and excellent electronic conductivity. We observed this
trend for the pristine of 𝛽12-borophene (Figs. 7a, 7c and 7e) and 𝜒3-
borophene (Figs. 8a, 8c and 8e). The 2p-orbitals boron atom dominated
the orbital contributions along the Fermi level for both crystals, with
minimal contributions from 2s-orbitals. The high orbitals states along
the Fermi level demonstrate the presence of more occupied electronic
states, implying the easy flow of electrons between the valency and
conduction bands. Our results are consistent with previously reported
works [49,56]. These results are the benchmark. Hence, we introduced
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Fig. 8. Spin polarized density of states and bands structures: (a–b) total density of states (TDOS) for pristine and NaO2 on 𝜒3-borophene system, (c–d) local density of states
(LDOS) for pristine and NaO2 on 𝜒3-borophene, (e–f) bands structures of pristine and NaO2 on 𝜒3-borophene. A dashed red line denotes the Fermi level.
the adsorbate on the crystal structures. Firstly, when sodium superoxide
was introduced onto the 𝛽12-borophene, we observed bands moving
upwards as the Fermi level shifted downwards (Fig. 7f). This is due to
the high electronegativity of oxygen in the NaO2, which left many un-
occupied electronic states in the substrate (Figs. 7b and 7d). Despite the
decrease in the orbital states around the Fermi level, the system did not
have a zero band gap. As shown in Fig. 7d, total orbital contributions
were dominated by the 2p-orbitals of the boron atoms and minimal
contributions from 3s- and 2p-orbitals of Na and O2, respectively. The
electronic structure of the material retained its metallic characteristics,
as compared to the pristine.

In contrast to the previous system, we observed an increase in the
orbitals states along the Fermi level for NaO2 on 𝜒3-borophene (Figs. 8b
and 8d). This increase in orbital concentration indicates enhanced
electronic conductivity, enabling electrons to diffuse freely between the
valence and conduction bands. For the local orbital contributions, the
majority came from the 2p-orbitals of the boron atoms and minimal
from the 2p-orbitals of the oxygen (Fig. 8d). Additionally, as the Fermi
level shifted upwards, bands had moved downward (Fig. 8f) due to the
9

charge (electrons) from the NaO2. Although hybridization occurred, it
did not alter or destroy the metallic characteristics of the material.

Upon analyzing the adsorption of NaO2 on the borophenes, the
electronic states along the Fermi level shrank significantly in the NaO2
on 𝛽12 borophene system. This could be due to the strong hybridization
between the 𝛽12 borophene and the NaO2 orbitals, which resulted in a
highly altered orbital concentration along the Fermi level and supports
the obtained strong adsorption energy of NaO2 on the 𝛽12 borophene
(Table 1). On the other hand, in the NaO2 on 𝜒3 borophene system,
the electronic states along the Fermi level were not strongly altered
compared to the previous system. This is because the hybridization
was not as strong as for NaO2 on 𝛽12 borophene. Ultimately, there was
preservation of the electrical conductivity in both borophenes.

4. Conclusions

In conclusion, using density functional theory we investigated the
adsorption mechanisms of sodium superoxide (NaO2) on the 𝛽12 and
𝜒3-borophenes. Our results showed that; the adsorption energies for
sodium superoxide on 𝛽 and 𝜒 borophenes are −3.85 eV and −3.29
12 3
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eV, respectively, suggesting a strong anchoring power from both struc-
tures. This is important as it suggests that the materials have a high
retention of the NaO2 during the discharging process, thereby pre-
venting them from desorbing or decomposing into the electrolyte.
Furthermore, the 𝛽12 and 𝜒3 structures showed moderate diffusion
nergy barriers of 0.89 eV and 1.37 eV and decomposition energies of
.73 eV and 0.52 eV, respectively. Moreover, the relatively moderate
iffusion energy barriers and the lower decomposition energies than
aO2 formation energy (3.90 eV) in a vacuum. suggest nanosheets
atalytic effects on the migration and decomposition of the NaO2 into
odium (Na+) and oxygen (O2). It is worth noting that both structures

maintained their metallic characteristics after adsorbing NaO2. This
s significant because, during the charging process species should be
harged back and prevent dendrite formation at the cathode electrode
urface, thereby enhancing the cycling life of the battery. Ultimately,
he predicted electronic properties of 𝛽12 and 𝜒3-borophene demon-
trate their potential as cathode electrode materials for the performance
f sodium–oxygen batteries. As our work was solely conducted at
round state (0 K), in future research works, we recommend examining
he effects of temperature variation on the predicted electronic proper-
ies. This is significant as batteries operate at different temperatures
nd environments.
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