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A B S T R A C T

Promising flexible electrochemical energy storage systems (EESSs) are currently drawing considerable attention
for their tremendous prospective end-use in portable self-powered electronic devices, including roll-up displays,
and ‘‘smart’’ garments outfitted with piezoelectric patches to harvest energy from body movement. However,
the lack of suitable battery electrodes that provides a specific electrochemical performance has made further
development of these technologies challenging. Two-dimensional (2D) lightweight and flexible materials with
outstanding physical and chemical properties, including mechanical strengths, hydrophilic surfaces, high
surface metal diffusivity, and good conductivity, have been identified as a potential prospect for battery
electrodes. In this study, taking a new 2D boron nitride allotrope, namely 2D orthorhombic diboron dinitride
monolayer (o-B2N2) as representatives, we systematically explored several influencing factors, including
electronic, mechanical, and their electrochemical properties (e.g., binding strength, ionic mobility, equilibrium
voltage, and theoretical capacity). Considering potential charge-transfer polarization, we employed a charged
electrode model to simulate ionic mobility and found ionic mobility has a unique dependence on the surface
atomic configuration influenced by bond length, valence electron number, electrical conductivity, excellent
ionic mobility, low equilibrium voltage with excellent stability, good flexibility, and extremely superior
theoretical capacity, up to 8.7 times higher than that of widely commercialized graphite (3239.74 mAh g−1

Vs 372 mAh g−1) in case of Li-ion batteries and 2159.83 mAh g−1 in case of Na-ion batteries, indicating that
the new predicted 2D o-B2N2 monolayer possess the capability to be ideal flexible anode materials for Lithium
and Sodium-ion battery. Our finding provides valuable insights for experimental explorations of flexible anode
candidates based on 2D o-B2N2 monolayer.
1. Introduction

At present, the largest and most widespread energy storage tech-
nology available on the market consists exclusively of secondary bat-
teries [1–3]. More specifically, rechargeable lithium-ion (LIB) batteries
were extensively developed and implemented within electronic hand-
held systems as well as in electrical vehicles [4–6]. Nevertheless, the
growing spread and the fast progress of E-vehicles and high-technology
implementations like large-scale energy storage and so on, have led
to a growing need for LIBs with relatively enhanced properties like
a high-energy-density, a prolonged life-cycle, as well as an improved
charge/discharge performance [7]. In this context, it is noteworthy
that the materials used for negative/positive electrodes represent the
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primary constituents of batteries, which typically determine their elec-
trochemical efficiency [8–10]. Since then, the research and under-
standing of new advanced and flexible high-capacity negative electrode
materials remain the leading area of interest and development in this
area [11,12]. Furthermore, beyond LIBs, other promising prospects as
an energy storage medium consists of sodium-ion batteries (SIBs) owing
to its reduced cost, safety, no-toxicity as well as its resourcefulness and
reliability [13–15]. However, the further developments of acceptable
high-efficiency electrodes suitable for NIBs represent another critical
issue to be addressed likewise for LIBs.

Over the past decades, considerable attention was given to the de-
velopment and exploitation of alternative negative electrode
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materials for LIB/SIB, resulting in remarkable breakthroughs. Within
these versatile prospects, 2D materials were considered to be the
most prospective alternative, due to their relatively large surface area
as well as their outstanding physical/chemical features relative to
their bulk counterparts, which can accommodate great electrochem-
ical properties such as a very high energy densities [16–21]. In this
regard, a wide range of 2D materials which include graphene [22–25],
Borophene [26,27], 𝛼- and 𝛽-phase phosphorene [28–30], transition
metal oxides/sulfides/carbonitrides as well as their associated com-
posite structures were thoroughly explored prospectively through com-
putational methods and experiment approaches to serve as potential
anode materials for both Li/Na-ion batteries [11,31–34]. Notwith-
standing, the majority of the identified 2D materials present relatively
multiple limitations, including a limited specific capacity, a poor charge
and discharge efficiency, instability and/or expensive manufacturing
costs. Accordingly, further exploration and development of advanced
2D materials with improved electrochemical performance remains an
important priority for both Li/Na-ion batteries.

While hexagonal boron nitride (h-BN) remains the most thoroughly
investigated 2D material owing to its significant potential in nano-
electronics as a result of its indirect wide bandgap of 6 eV, [35–38]
its non-performance derives also mainly from its large bandgap, given
that the battery anode materials necessitate excellent electronic con-
ductivity [39], the weak interaction between the alkali-metals and h-BN
surface combined with insufficient Li-adsorption to convert its indirect
large bandgap into a metallic nature additionally hampered its further
applicability in energy storage applications [40,41]. Newly introduced
by Demirci et al. (2020) [42], a new 2D polymorph of graphene-
like boron nitride with the orthorhombic structural phase under the
chemical formula o-B2N2 has been predicted through the density func-
tional theory framework. In-depth investigations of the dynamic and
mechanical stability showed that o-B2N2 monolayer is dynamically
and mechanically stable. Additionally, the Ab-initio molecular dynamic
computations revealed that o-B2N2 sustained its geometrical struc-
ture integrity up to 1000 K for 10 ps. The novel o-B2N2 being a
semiconductor with a direct narrow bandgap of 0.64 eV opens up
many new potential applications in energy conversion and storage,
including photo-voltaic, rechargeable battery, and hydrogen storage.
More crucially, considering that both Boron and Nitride belong to very
light elements with a molecular weight of about 10.811 and 14.0067
a.u, respectively, it is expected that o-B2N2 could potentially reach an
exceptional theoretical specific capacity for rechargeable lithium and
sodium-ion batteries. Herein, we systematically explored for the first
time the applicability of 2D o-B2N2 for both Li-ion and Na-ion battery
electrode through the Density Functional Theory (DFT) framework
and ab-initio molecular dynamic (AIMD) computations. We initially
started our in-depth study by the structural geometry optimization
and electronic properties of the new predicted o-B2N2 monolayer.
Afterward, the binding strength of Lithium and Sodium at the possible
suitable binding sites on the o-B2N2 surface were calculated using
DFT and DFT-D3. The equilibrium voltage and theoretical capacity
were investigated with a global optimization procedure based on the
Basin-hopping Monte Carlo algorithm. The charge transfer, the defor-
mation charge density after the adsorption of single Li/Na-atom were
calculated and the ionic diffusion during Lithiation and Sodiation in
o-B2N2 monolayer along with zigzag/armchair directions. A thorough
comparison to other currently available 2D promising materials re-
cently predicted for battery electrode, reveals that the new predicted
2D o-B2N2 monolayer can be distinguished as a potentially attractive
addition to Lithium/Sodium-ion negative electrode materials with ex-
tremely high theoretical specific capacity and remarkably low ionic
2

mobility. e
2. Computational methods

Through our investigation, the geometrical structure, electronic,
thermal, and mechanical stability, and electrochemical properties were
explored through the framework of Density Functional Theory (DFT)
as part of the Vienna Ab Initio Simulation Package (VASP) [43] code.
The generalized gradient approximation in the form of Perdew Burke
Ernzerhof (GGA-PBE) functional [44] were implemented self consis-
tently within the framework of the projector augmented wave (PAW)
by the plane-wave basis set with a kinetic-energy cutoff of 600 eV as a
benchmark for all the further calculations based on the convergence cri-
teria and the convergence criteria during the geometry optimizations
were set to 10−6 eV and 10−3 eV/Å for energy and force, respectively.
Furthermore, all the electronic structure calculations were performed
through the optimal mixing parameters based on PBE-GGA (𝛼 = 0.0)
and the Heyd Scuseria Ernzerhof (HSE06) exchange–correlation hybrid
functional which is mostly employed with a mixing parameter (𝛼 =
0.25) and a screening parameter (𝜇 = 0.20) [45] were employed for
etter understanding of the electronic trend of the pristine material.
uring the geometry optimization of all structures, the vacuum layer
as set to 20 Å in the 𝑧-direction to inhibit the interaction between

tacked layers and periodic pictures. Based on the convergence test of
𝑡𝑜𝑡 Vs K-points, a large number of Monkhorst Pack K-point of about
× 16 × 1 grid is adopted in the reciprocal space during the geometrical
ptimizations [46] in order to get very accurate properties. The charge
ransfer between atoms is evaluated on the basis of the Bader charge
lgorithm [47]. For the purpose of re-checking the thermal stability of
he free-standing o-B2N2 monolayer obtained after full optimization,
e perform the ab-initio molecular dynamics (AIMD) simulations in
VT ensemble with a time step of 2 fs for 10 ps at 800 K [48]. In
ddition, the Lithium and sodium ionic diffusion was investigated based
n the CI-NEB approach [49] which requires the initial/final positions
f Li/Na-diffusion as inputs and generates a number of intermediate
tates by linear interpolation. Subsequently, the minimum energy pro-
ile (MEP) between both states is calculated by minimizing the atomic
orces in all images simultaneously subject to a harmonic coupling
etween neighboring images.

. Results and discussion

Notwithstanding the considerable breakthroughs achieved, the
rive to further design and identify improved 2D materials that provide
uperior battery performance is still at an initial stage of progress. The
lectronic conductivity of negative electrode material as the essential
creening factor, although presents an interest within the study of
harge/discharge performance has been poorly investigated so far [50–
2]. A good conductivity in the negative electrode materials is required
or electron transfer. Accordingly, the optimal suitable anode materials
onsist of semiconductors or highly conductive metallic conductors.
evertheless, as the exploration of highly insulating materials as bat-

ery electrodes increases, more emphasis should be devoted to this
spect through theoretical and computational approaches.

The hexagonal boron nitride (h-BN) (Fig. 1(a,b)) with a graphene-
ike structure is the most extensively studied 2D materials owing to its
rospective applicability within many versatile applications [37,38,53].
owever, its ultimate suitability as a negative electrode material for

echargeable batteries is hampered due to the wide bandgap and lim-
ted electrochemical properties [39–41]. Therefore, we shall explore an
lternative stable boron nitride structure formed through the geomet-
ical rearrangement of B- and N-atoms with highly improved electrical
onductivity and reveal its superlative electrochemical properties as an

+ +
lectrode in (Li ,Na )-based ion batteries.
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Fig. 1. Top and side views of a free-standing (a) h-BN and (b) o-B2N2 monolayers. The Projected band structure of both (c) h-BN and (d) o-B2N2 monolayers computed using
GGA-PBE with corresponding projected density of state.
3.1. Structural and electronic properties

Currently reported for the first time by Dimiciri et al. [42] through
DFT computations, Orthorhombic diboron dinitride with the chemical
formula o-B2N2 is a new 2D material polymorph of boron nitride family
with a planar honeycomb crystalline structure similar to that h-BN and
graphene. Fig. 1(a, b, c, d) displays the top and side view of the fully
optimized structure h-BN and o-B2N2 monolayers. The primitive cell of
o-B2N2 is formed by four atoms built of alternating B–B, B–N, and N–N
bonds. The optimized Bravais vectors of o-B2N2 are a = 4.570 Å and
b = 2.496 Å, and the B–B, B–N, and N–N bond-lengths are 1.701 Å,
1.438 Å, and 1.438 Å respectively, which are in total agreement with
previously reported studies.

To further understand the nature of the chemical bonds of o-B2N2
material and to characterize the localization of electrons in the inter-
stitial spaces, the valence electron localization function were computed
and depicted in Figure S1, the electron distributions are dominantly
localized in the B–B, B–N, and N–N bonds compared to the hollow
sites where the electron localization is near to zero. The present results
indicate the covalent bonding characteristics in the o-B2N2 surface. For
completeness, Bader charge analysis is carried out to elucidate the net
charge at the boron and nitride atoms of about +0.907 |𝑒| and −0.907
|𝑒|, respectively.

Based on the optimized lattice parameters, the electronic band
structure with the corresponding projected density of states for both
h-BN and o-B2N2 monolayers are calculated through GGA-PBE and
HSE06 functional as shown in Fig. 1(e,f) and Figure S2. The obtained
results revealed that the o-B2N2 is a semiconductor compound with an
electronic bandgap of 0.647 eV much smaller than h-BN (4.446 eV).
3

More specifically, Both the conduction band minimum (CBM) and the
valence band maximum (VBM) are located at the Y-point, indicating
that o-B2N2 is a direct semiconductor. Moreover, the CBM and VBM
are mainly contributed by the pz-orbital of boron and nitride atoms.

3.2. Binding strength of lithium/sodium on o-B2N2onolayer

Typically, a prospective negative electrode material for (Li+,Na+)-
based rechargeable batteries requires a comparatively significant bind-
ing strength of Lithium/Sodium as a fundamental prerequisite. Accord-
ingly, We shall first compute the binding strength of a single Li+/Na+
on different possible binding sites of o-B2N2 monolayer through both
DFT and DFT-D3 methods. A large super-cell of about 2 × 3 × 1 was
adopted during the Li/Na-intercalation process to inhibit the interac-
tions between neighboring Li/Na-ions on o-B2N2 surface. Owing to D2ℎ
symmetry of the o-B2N2 monolayer, Seven potential binding sites were
assumed at the beginning of the computations, which can be catego-
rized into three categories denoted by H (hollow), B (Bridge), and 𝑇
(top) as depicted in Fig. 2(a). The first one contains, H1 and H2 located
above the hollow site for B4N2- and B2N4-Hexagon, respectively, the
second category contains TB and TN positioning on the top of any B-
and N-atom based on crystal symmetry, and the third category holds the
B1, B2, B3 positioning between B–B and N–N, B–N bonds, respectively.
The principle which consists in recognizing the privileged binding site
of Li/Na-atom on o-B2N2 surface is derived according to the binding
strength equation given formerly through of DFT and DFT-D3:

𝐸 = 𝐸 − 𝐸 − 𝐸 (1)
𝑏 (𝐿𝑖,𝑁𝑎)@𝐵4𝑁2 𝐵2𝑁2 (𝐿𝑖,𝑁𝑎)
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Fig. 2. (a) The suitable binding sites for Li and Na on the free-standing o-B2N2 monolayer (TN/TB refers to the binding sites at the top of N/B atoms; H1 and H2 denote the
hollow-sites of the hexagonal B4N2-ring and B2N4-ring, respectively; B1, B2, and B3 denotes the binding sites at the B–B, N–N, and B–N bridges, respectively). (b,c) The top views
of the most stable optimized configuration of single Li and Na atom adsorbed on the o-B2N2 monolayer.
Table 1
Binding strength using DFT and DFT-D3, binding height, charge transfer Q (|𝑒|), and
work function of Lithium/Sodium adsorbed on the most favorable binding site.

Systems Binding E𝐷𝐹𝑇
𝑏 E𝐷𝐹𝑇−𝐷3

𝑏 h Q𝐿𝑖∕𝑁𝑎 WF
site (eV) (eV) (Å) (|e|) (eV)

B2N2@Li H1 −1.274 −1.408 1.674 +0.787 3.363
H2 −0.966 −1.097 1.708 +0.835 3.397

B2N2@Na H1 −0.435 −0.569 2.190 +0849 3517
H2 −0.357 −0.452 2.228 +0872 3491

Wherein 𝐸(𝐿𝑖,𝑁𝑎)@𝐵4𝑁2
and 𝐸𝐵2𝑁2

refers to the energies of the
o-B2N2 super-cell after and before the adsorption of single Li+/Na+, re-
spectively, 𝐸(𝐿𝑖,𝑁𝑎) represents the average energy of Li/Na-atom in bulk
reference state. By definition, the more the binding strength is negative,
more the binding configuration is more stable, indicating the scattering
distribution of the adsorbed Li/Na-atoms instead of their clustering,
Therefore, avoiding the issues arising from the formation of metal-
dendrites or metal-clusters (e.g. short circuits) during charge/discharge
process. Within the binding sites examined, it is observed that H1
and H2 sites exhibit the lowest binding strength for both Li and Na
metals and the remaining adsorption sites have deviated to the H1
or H2 positions. Table 1 summarize the computed binding strength
using DFT and DFT-D3 functionals, binding height, charge transfer,
and work function for the first two most stable binding sites. It can
be distinguished that the H1 exhibits the lowest binding strength of
about −1.408 and −0.569 eV for both Li and Na atoms, respectively
(Fig. 2(b,c) represent the full geometry optimization of Li/Na atom at
H1-site). These binding strength are much large compared to recently
reported 2D materials, including h-BP (−0.202/−0.160 eV) [54,55],
h-BN (−0.275 eV for Li) [40,41]and Borophosphene o-B2P2 (−1.06
eV for Li) [56]. This reveals a more rapid charging process with a
more extensive binding interaction occurring between orthorhombic
B2N2 and Li/Na atom versus the weak binding to metal ions in the
hexagonal boron nitride monolayer [40]. More significantly, these
findings suggest a uniform spread of Li/Na atoms on the o-B2N2 surface
throughout the intercalation mechanism instead of gathering up to form
metal-dendrites, providing ensure better reversibility as well as a sig-
nificant benefit in the stability and safety of advanced (Li+,Na+)-based
rechargeable batteries.

3.3. Record-high Li/Na-storage capacity and equilibrium voltage

To further explore the electrochemical performance of o-B2N2 as
an anode material of (Li+,Na+)-based ion batteries, the record-high
theoretical specific capacity, and the equilibrium potential voltage were
investigated by step-wise inserting Li- and Na-ions onto both sides of
the o-B2N2 surface. Given that the H1- and H2-sites were the more
energetically stable binding sites. At first, Li/Na-atoms have uniformly
inserted at the H1-sites on either side of o-B N surface until the full
4
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recovery is reached forming the first Li-layer, and subsequently, Li/Na-
atoms were placed at H2 by forming the second Li-layer, thereby a
sequence of intermediate configurations under the chemical formula
of (Li,Na)𝑛@B2N2 (n = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0) are taken into
consideration. The average binding strength E𝐴𝑣𝑔

𝑏 of n(Li,Na)-atoms
adsorbed on both sides of o-B2N2 monolayer are computed through the
formula:

𝐸𝐴𝑣𝑔
𝑏 = (𝐸(𝐿𝑖,𝑁𝑎)𝑛@𝐵2𝑁2

− 𝐸𝐵2𝑁2
− 𝑛𝜇(𝐿𝑖,𝑁𝑎))∕𝑛 (2)

where E(𝐿𝑖,𝑁𝑎)𝑛@𝐵2𝑁2
and E𝐵2𝑁2

refers to the total energy of (𝐿𝑖,𝑁𝑎)𝑏@
𝐵2𝑁2, 𝐵2𝑁2 respectively. The 𝜇(𝐿𝑖,𝑁𝑎) represent the chemical potential
of Li and Na-atom. The red line in Fig. 3(a,b) depict the average bind-
ing strength of (Li,Na)𝑛@B2N2 and the corresponding fully optimized
structure for each configuration are illustrated in Figure S3 and S4.
One can notice the binding strength Li𝑛@B2N2 are higher than those
obtained in Na𝑛@B2N2 which is principally attributed to the decrease
of the electrostatic interaction of (Li, Na)-atoms with the o-B2N2 anode
material as well as to the reinforced repulsion of the (Li, Na)-atoms
at relatively higher concentrations. Moreover, the binding energies of
all configurations throughout the charging mechanism remain negative,
thus avoiding the formation of (Li, Na) dendrites. Accordingly, the o-
B2N2) anode for (Li, Na)-ion batteries could store a maximum of 36 Li
(Li3@B2N2) and 24 Na (Na2@B2N2).

One further crucial element for evaluating the high-efficiency of
(Li+,Na+)-based ion batteries is the potential voltage. Conceptually, the
process of lithiation/delithiation (sodiation/desodiation) of the battery
electrode can be considered as the half-cell reaction of (Li, Na)-anode,
as:

(𝐿𝑖,𝑁𝑎)𝑥1@𝐵2𝑁2+(𝑥2−𝑥1)(𝐿𝑖+, 𝑁𝑎+)+(𝑥2−𝑥1)𝑒− ⇌ (𝐿𝑖,𝑁𝑎)𝑥2@𝐵2𝑁2

(3)

The battery open-circuit voltage at each equilibrium stage of the
reaction (3) can be estimated through a direct thermodynamic calcula-
tion of the Gibbs free energy (𝛥𝑟𝐺(𝑥)) using the Nernst formula given
below:

𝑉 (𝑥) = −
𝛥𝑟𝐺(𝑥)
𝑛.𝐹

(4)

With the Gibbs free-energy 𝛥𝑟𝐺(𝑥) given as:

𝛥𝑟𝐺(𝑥) = − 1
𝑛𝐵2𝑁2

𝜕𝐺(𝑥)
𝜕𝑥

(5)

where F, n𝐵2𝑁2
and G(x) refers respectively to the Faraday constant,

the number of moles in the o-B2N2 material and the Gibbs free energy
at stage x. In the case of the solid-state where the volume, pressure,
and entropy effects at ambient temperature were negligible, the G(x) in
Eqs. (4) and (5) is commonly estimated with the total electronic energy
of the systems at each stage, expected to be the main terms of the free
energy of reaction at equilibrium, which leads to:

𝑉 (𝑥) ≈ −
𝐸(𝐿𝑖,𝑁𝑎)𝑥2@𝐵2𝑁2

− 𝐸(𝐿𝑖,𝑁𝑎)𝑥1@𝐵2𝑁2
− (𝑥2 − 𝑥1)𝜇(𝐿𝑖,𝑁𝑎)

(6)

(𝑥2 − 𝑥1)
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Fig. 3. (a,b) The voltage profiles (V) with average binding strength (eV) as a function of the Li- and Na-concentration (n) in (Li/Na)𝑛B2N2, respectively. (c,d) A Comparison of
the theoretical specific capacity with the some previously potential 2D anode materials.
where E(𝐿𝑖,𝑁𝑎)𝑥1@𝐵2𝑁2
and E(𝐿𝑖,𝑁𝑎)𝑥2@𝐵2𝑁2

refers to electronic total en-

ergies of x1 and x1 (Li, Na)-atoms adsorbed on both sides of o-B2N2 sur-
face, respectively. The blue line in Fig. 3(a,b) illustrates the open-circuit
voltage as a function of the (Li, Na)-concentrations 𝑥 in (Li,Na)𝑥@𝐵2𝑁2
systems. It can be noticed that all the average open-circuit voltages are
positive, which confirms the applicability of o-B2N2 monolayer as a
negative electrode for both Li/Na-ion batteries. Also, one can notice
that as the (Li,Na)-concentration increase, the open-circuit voltage
displays a declining tendency through six (Li) and four (Na) insertion
potential plateaus with an average voltage of about 0.483 V Vs Li+/Li
and 0.328 V Vs Na+/Na. Such moderate average voltages are in the
desirable range for achieving maximum power density through the
charge/discharge process and can effectively prevent the formation
of (Li, Na)-dendrites providing improved stability of the battery elec-
trode. Hence, the o-B2N2 monolayer could serve as a high-performance
prospective anode for (Li+,Na+)-ion batteries.

According to these findings, the highest theoretical specific capacity
(C𝑡ℎ) of B2N2 anode material for (Li+, Na+)-storage can be derived
through the formula below:

𝐶 =
𝑥𝑚𝑎𝑥.𝑧.𝐹
𝑊𝐵2𝑁2

.103 (7)

where x𝑚𝑎𝑥 and z are to the maximum (Li+, Na+)-concentrations and
the valence state of fully ionized Li/Na. he W𝐵2𝑁2

is the molecular
weight of o-B2N2 monolayer. Accordingly, the derived theoretical spe-
cific Li+ and Na+ storage capacity on the B2N2 anode material are about
3239.74 and 2159.83 mAh g−1, respectively.

Furthermore, it is extremely worthwhile to highlight the ultra-high
(Li+, Na+)-storage capacity of this newly introduced Boron Nitride
polymorph (o-B2N2) monolayer. A comparison of the storage capacity
of o-B2N2 with some typical 2D anode materials for (Li+, Na+)-ion
batteries are illustrated in Fig. 3(c,d). One can clearly notice that the
majority of the recent identified 2D anode materials possess a Li+-
storage capacity of less than 1000 mAh g−1 [15,29,57–63], which is
5

approximately 3–8 times smaller than that obtained in this work for the
o-B2N2 anode material (3239.74 mAh g−1). In addition, a few 2D anode
materials present a relatively high Li+-storage capacity of over 1000
mAh g−1 [27,64–67]. In particular, T-graphene monolayer recently
reported by Zhang, Xiaoming, et al. [67], exhibits the maximum Li+-
storage capacity of 2233.2 mAh g−1. Nevertheless, the Li+-storage
capacity of o-B2N2 can exceed that of T-graphene with up to 1006,54
mAh g−1. A new high-record of Li+-storage capacity in 2D battery elec-
trode is reached by the o-B2N2 monolayer. Further, for the purpose of
comparison, we likewise display in a red star shape in Fig. 3(c) the out-
put of the widely studied and commercialized graphite anodes [68,69],
in which the Li-storage capacity of the o-B2N2 is up to 8.7 times higher
of that of graphite (3239.74 mAh g−1 Versus 372 mAh g−1). In case
of Na-ion batteries, as depicted in Fig. 3(d), the Na+-storage capacity
of o-B2N2 monolayer with 2159.83 mAh g−1 is moderately lower than
that of T-graphene of about 2357.2 mAh g−1 and significantly larger
than those of well-known 2D materials [15,27,57–61,64–67].

3.4. Charge transfer and diffusion kinetics during lithiation/sodiation

High-performance (Li+,Na+)-based rechargeable batteries develop-
ment is critically dependent on the capability of the negative electrode
materials especially on the charge/discharge process, which is typically
driven by the kinetic properties of electron transfer. Accordingly, the
charge density difference of Li/Na atom adsorbed at the most favorable
site on o-B2N2 monolayer was examined by means of the equation
yielded below:

𝛥𝜌 = 𝜌𝑀@𝐵2𝑁2
− 𝜌𝐵2𝑁2

− 𝜌𝑀 (𝑀 = 𝐿𝑖,𝑁𝑎) (8)

where 𝜌𝐵2𝑁2
and 𝜌𝑀@𝐵2𝑁2

are the electron charge density of o-B2N2
monolayer before and after the adsorption of Li/Na atom, respectively,
and 𝜌𝑀 represents the electron charge density of single Li/Na atom
isolated in the system by keeping the same structural parameters with-
out any further geometrical optimization. Fig. 4(a,b) illustrates the
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Fig. 4. (a,b) Side view of difference charge density (𝛥𝜌) for Li- and Na-atom adsorbed at the most stable binding site (H1) on o-B2N2 surface, respectively. The Yellow and
cerulean refer to the electron accumulation and depletion, respectively, and the charge transfer from the Li- and Na-atom to o-B2N2 surface are about 0.787 and 0.849 |𝑒|. (c,d)
The Projected band structure with a corresponding total density of state for 1Li@B2N2 and 1Na@B2N2 systems, respectively.
depletion and accumulation of charges for both systems represented as
3D isosurface distributed charge density plots. One can notice that the
charge accumulating zone represented by the yellow color is situated
within the Li/Na atom and the surface of the o-B2N2 material, and
the depletion of charge represented by the blue-light color surrounds
the Li/Na atom, which indicating that the Li/Na atom considered
donated charge to the o-B2N2 monolayer, which results in the higher
electronegativity of Boron and Nitride atoms versus to that of Li/Na
atoms. Moreover, the charge transfer approach was performed using
the Bader charge algorithm and the results are summarized in the
Table 1. It can be noticed that each single Li and Na loses an average
electron-charge of about 0.787 and 0.849 |𝑒|, respectively.

Additionally, a more deep understanding of the binding process and
the electronic behavior after the adsorption of a single Li/Na atom were
surveyed through the computation of the projected electronic band
structure with the corresponding total density of state, as shown in
Fig. 4. Our findings clearly indicate the systems change the electronic
behavior from a semiconductor to metallic states after a single Li/Na-
binding with an explicit contribution of Li/Na atom near to Fermi-level,
ensuring much enhanced electrical conductivity and a fast transfer of
electrons in the anode throughout the full adsorption and desorption
process, which fulfills a key role in the high throughput capacity of
(Li+,Na+)-based ion batteries.

Besides the electronic conductivity, Li/Na ion diffusion in the anode
material represents another vital parameter that affects the electro-
chemical performance of the battery, especially during high
charge/discharge processes [51,52]. Therefore, the dilute Li- and Na-
ion diffusion pathways with their corresponding minimum energy
profile (MEP) were estimated through the CI-NEB approach. The top
view of the fully optimized three scattering pathways (I, II, III) explored
in this work and their corresponding relative energy profile are illus-
trated in Fig. 5. The three typical considered pathways consist of a Li-,
and Na-ion migration along the a-direction (Zigzag) refers to the path I
and b-direction (armchair) refers to path II and Path III over the H2-site
of o-B N monolayer described as follow:
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2 2
• Path I imply that the Li–Na-ion diffuse along the b-direction
perpendicular to the directions of B–B and N–N bonds with a
computed minimum energy barrier of about 0.47 and 0.16 eV,
respectively.

• Path II involves that the Li- and Na-ion diffuse from the more
stable binding site with the highest binding energy (H1) to the
nearest H1 along the a-direction in parallel to B–B and N–N bonds.
One can notice that the Li- and Na-ion have to overcome an
energy barrier of 0.38 and 0.27 eV, respectively.

• Path III suggests that Li- and Na-ion are scattering over the H2
site with a computed minimum energy profile of 0.39 and 0.28
eV, respectively.

The estimated energy barrier values are in accordance with the
results of binding energy summarized in Table 1, the Li-ion diffusion
barrier in path II present the lowest energy profile as compared to
other paths (II and III), while the Na-ion migration barrier in the path
I exhibit the lowest energy of about 0.16 eV. For comparison purposes,
the calculated minimum diffusion barriers of Li- and Na-ion on o-
B2N2 surface are similar and comparable to those recently identified
2D materials as illustrated in Fig. 3(c,d), including o-B2P2 monolayer
(500/100 meV for Li/Na) [64,65], Si𝐶C monolayer (470/340 meV for
Li/Na) [66], h-BAs monolayer (522/248 meV for Li/Na) [57] and T-
graphene with energy barrier of about 440/410 meV for Li/Na [67]
and so on [15,60,63,70–73].

In addition, the partially and fully lithiated/sodiated process were
explored through the electron localization functions (ELF), which refers
by definition to the Jellium-like homogeneous electron-gas with the
value range between 0.00 and 1.00. Whereas the 1.00 (0.50) represents
completely localized (delocalized) electrons, while 0.00 refers to a
very low charge density. The Fig. 6 depict the electron localization
function (ELF) of the partially (Li2B2N2) and fully (Li3B2N2) lithiated
systems. One can be clearly observed from Fig. 6(a), a great localization
of charge between Li atoms in the second Li-layer and the electron
transfer is occurring from the 2nd to the 1st Li-layer with an average
charge transfer calculated through the Bader-charge algorithm and
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Fig. 5. Dilute Li/Na ion diffusion pathways on o-B2N2 surface. (a,b,c) The top view of the full optimized three various Li/Na-ion diffusion pathways (I, II, and III). (e,f,g) The
corresponding minimum energy barriers for Li- and Na-ion along the three pathways.
Table 2
Estimated average charge transfer through Bader charge analysis for o-B2N2 monolayer
and its partially and fully lithiated/sodiated states.

Systems Average charge state (|𝑒|)

Li/Na B N

o-B2N2 – +0.907 −0.907
Li1B2N2 +0.557 +0.852 −1.409
Li2B2N2 +0.537 +0.935 −1.472
Li3B2N2 +0.453 +0.914 −1.367
Na1B2N2 +0.382 +1.054 −1.436
Na2B2N2 +0.317 +1.158 −1.475

summarized in Table 2. In addition, a similar trend is observed in
the case of an extra Li-layer adsorbed on the systems as illustrated in
Fig. 6(b). The 2nd and 3rd Li-layer serves like an electron-donor with
average charge transfer of about 0.507 and 0.68 |𝑒|.

3.5. Additional comment on the stability of o-B2N2uring
lithiation/sodiation

During the lithiation and sodiation process, the anode materials
can be subject to a considerable expansion with the possibility of
pulverization, which can cause a rapid decrease in their capacity and
a reduced cycle-life. In this context, we have checked the mechanical
and thermal stability of o-B2N2 during lithiation and Sodiation. First,
the elastic properties of o-B2N2 monolayer were explored through the
energy-strain approach implemented in the VASPKIT package [74] in
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which the stiffness tensor is derived from the second-order derivative
of the total energies as the respect of applying strain between −2.0%
and +2.0% in steps of 0.50%. The elastic strain energy per unit area is
expressed using Voigt notation and can be expressed by the following
expression:

𝑈 (𝜖𝑥, 𝜖𝑦) =
1
2
𝐶11𝜖

2
𝑥 +

1
2
𝐶22𝜖

2
𝑦 + 𝐶12𝜖𝑥𝜖𝑦 (9)

With 𝜖𝑥 and 𝜖𝑦 refers to the uni-axial strain along the x- and 𝑧-
direction, respectively. The elastic constants C11 ≠ C22 owing to the
anisotropy of the o-B2N2 monolayer. The computed elastic constants
are fulfilling the strict mechanical stability criteria as defined by C11 >
0, C22 > 0, C66 > 0, and C11.C22 - C2

12 > 0. As summarized in Table 3,
the C11 = 250.391 N/m, C12 = 35.105 N/m, C22 = 291.646 N/m, and
C66 = 21.976 N/m, which are slightly comparable to those of h-BN and
significantly greater than those of orthorhombic borophosphorene (o-
B2P2), hexagonal boron phosphide (h-BP). Moreover, the mechanical
properties are described in terms of the in-plane Young’s modulus and
Poisson’s ratio along the x- and 𝑦-directions and calculated through the
formulas:

𝑌𝑥 =
𝐶11𝐶22 − 𝐶12𝐶21

𝐶22
, 𝑌𝑦 =

𝐶11𝐶22 − 𝐶12𝐶21
𝐶11

(10)

𝜈𝑥 =
𝐶12
𝐶22

, 𝜈𝑦 =
𝐶12
𝐶11

(11)

The calculated in-plane Young’s modulus in the x- and 𝑦-direction
are about 246.165 N/m and 286.724 N/m, respectively. While the
Poisson’s ratio is calculated to be 𝜈 = 0.12 and 𝜈 = 0.12. These
𝑥 𝑦
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Fig. 6. The valence Electron localization function (ELF) map of o-B2N2 monolayer with (a) two Li-layers and (b) three Li-layers.
Table 3
A comparative summary of calculated elastic constants for different 2D materials.

2D materials Elastic constants (N/m)

C11 C12 C22 C66

o-B2N2 250.391 35.105 291.646 21.976
B2N2@Li 253.165 39.173 280.058 23.170
B2N2@Na 253.279 40.199 274.347 23.112
o-B2P2 [64] 154.4 34.7 135.7 49.6
h-BN [78] 290.2 64.4 290.2 –
h-BP [78] 145.5 38.8 145.5 –
Graphene [78] 351.6 64.10 351.6 –

findings are in agreement with the previous work and significantly com-
parable to those obtained in the h-BN monolayer [42]. As compared
to some other 2D materials, these results are significantly greater than
those of hexagonal and orthorhombic boron phosphide [64,75], black
phosphorene [76], but smaller than those of graphene monolayer [77].

Additionally, It is important to point out that the thermal stability
of the electrode during the charge/discharge process represents another
main factor for high-performance batteries. In this context, the AIMD
simulations were carried out at 300 K and a time scale of about 10 ps for
both Li3B2N2 and Na2B2N2 systems as displayed in Figure S6 and S7. It
can be clearly remarked from the screenshot of the resulting structures
that both systems remain the same geometrical arrangement without
any structural deformations. Also, the corresponding variation of total
energy and temperature as a function of a time scale is incredibly
small, which indicate great thermal stability of Li3B2N2 and Na2B2N2
at 300 K. All these findings reveal excellent mechanical and thermal
stability of o-B2N2 monolayer during the charge/discharge process,
suggesting an exceptionally promising prospect for a flexible electrode
in next-generation batteries.

4. Conclusions

To conclude, we have revealed for the first time the superlative elec-
trochemical properties of 2D o-B2N2 as flexible anode for (Li+,Na+)-
based ion batteries through several influencing factors based on the
density functional theory calculations and ab-initio molecular dynamics
simulations. The binding strength, kinetics as well as the ionic-mobility
of Li+ and Na+ intercalation were thoroughly evaluated. The finding
indicates that the Li- and Na atoms can be stably inserted into B2N2
surface without clustering and tend to be preferably adsorbed at the
B4N2-hollow site with a binding strength of about −1.408 and −0.569
eV, respectively. Additionally, the o-B2N2 provides outstanding elec-
tronic conductivity throughout the partial lithiation/sodiation process,
a critical feature required for its application as a battery electrode.
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The high Li+ and Na+ storage capacity in both sides of o-B2N2 surface
can achieve a very high-record theoretical specific capacity of about
3239.74 and 2159.83 mAh g−1, respectively. This represents a new
superior record for Li+-storage and significantly higher compared to
many other 2D materials for Na+-storage. Also, these extremely high
lithiated/sodiated exhibits good mechanical and thermal stability. Be-
sides, the comparatively low open-circuit voltages of approximately
0.48 V (Li) and 0.33 V (Na) and Li/Na-ionic mobility of about 0.38
and 0.16 eV, respectively, provide a significant advantage in the high-
performance Li- and Na-ion batteries. Based on the above remarkable
electrochemical properties, it can be expected that 2D o-B2N2 offers
a great prospect to be used as a new battery electrode for Li and Na
ion batteries. Therefore, it is highly believed and hopefully, the present
work can serve as a guideline for both computational and experimental
discussions on the promising and versatile 2D anode materials.
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Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.nanoen.2022.107066.

• Electron localization function (ELF) of 2D o-B2N2, electronic band
structure of h-BN and o-B2N2 using HSE-06.

• Different stable configurations of Li- and Na-atoms adsorbed on
o-B2N2 surface with corresponding electronic band structures.

• Ab-initio Molecular Dynamics simulations for Li3B2N2 and
Na2B2N2.
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