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A B S T R A C T   

To achieve the high-rate efficiency in a electrochemical energy storage technologies, it is vital for the battery 
anode to be electronically as well as ionically conductive. Such a requirement has boosted the survey of three- 
dimensional (3D) porous networks made up of light-weight non-metallic elements, like carbon, boron, and 
nitride. A wide range of 3D porous materials composed of carbon and/or boron for Li/Na-ion batteries have been 
recently reported, whereas analogous efforts for lightest 3D porous boron nitride are yet to be addressed. In this 
work, we explore the 3D porous boron nitride network namely sp3-linked zigzag BN nanoribbons (BNNRs) with a 
width of 1 (lz1-BN) by assembling the 2D zigzag BNNRs and its first ever application as battery anodes for Li and 
Na ion batteries. Upon a consistent DFT and AIMD computations, It is revealed that the 3D porous lz1-BN ma-
terial is chemically and thermally stable and yields a high specific capacity of about 539.94 mAh/g with respect 
to the commercialized graphite (372 mAh/g for LIBs) and recently reported Janus-graphite anode (≈332 mAh/g 
for SIBs), fast (Li+,Na+)-ionic diffusion, low potential voltage, and slight volume-expansion. Such puzzling 
electrochemical characteristics, along with the light-weight and high abundance of B and N elements, strongly 
support the possibility of 3D porous BN as a desirable candidate for Li and Na-ion battery anodes.   

1. Introduction 

Over the past few decades, the energy related considerations have 
received tremendous scrutiny as a result of the ever-increasing energy 
consumption from self powered electronic systems to the electric/ 
hybrid-driven vehicles and other high-tech applications such as the 
large scale energy storage and so on[1–3]. Since then, to meet such 
ever-growing energy demand, rechargeable batteries based on either 
lithium-ion or sodium-ion have been widely probed through both 
experimental and computational approaches[4–6]. In spite of their 
promise as a new chemistry, Li-ion batteries (LIBs) remain plagued by a 
number of limitations, most notably their limited specific capacity, 
affordability concerns, along with safety issues[7–9]. On the other hand, 
Na-ion batteries (SIBs) are inhibited by insufficient capacity as well as by 
severe volume expansion and electrode breakdown[10,11]. For this 
purpose, it is widely recognized that the electrodes design-related 
components such as type of active materials and its thickness, the vol-
ume ratio of the active material, and the atom size are the major pa-
rameters affecting the electrochemical battery performance and its 
energy and power densities[12–15]. Therefore, designing and fully 

analyzing alternative high-rate active materials for both LIBs and SIBs 
represents the most important issue to be tackled in this field. 

Recently, numerous emerging two-dimensional (2D) nano-materials 
have been engineered and synthesized. Out of them, the borophene and 
boron nitride (BN) monolayers have been recognized as the most ver-
satile 2D lightest materials so far. They consist of a non-oxidizing 
monolayers made by alternating bonds of equal amounts of B and N 
atoms[16–21]. In contrast to 2D borophene-based monolayers, notably 
puckered-triangular phase (β12-borophene) and planar-striped phase 
(χ3-borophene), which are extensively investigated as high-efficiency 
battery electrodes within the Li-ion and Na-ion batteries,[19,22,23] 
2D boron nitride monolayer has been poorly explored for the electro-
chemical energy conversion and storage since its initial prediction to its 
feasible synthesis. That is mostly attributed to the wide band-gap of 
around 4–6 eV and to the electronic nature of the boron nitride material 
[24,25]. Nevertheless, the distinctive feature of 2D boron nitride ma-
terial consists in its tunable surface-chemistry and adjustable bandgap. 
Within last decade, the electronic band gap of boron nitride material has 
been demonstrated to be efficiently adjusted through different ap-
proaches, like a functionalization, chemical and physical modulation, by 
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inserting vacancies or altering its dimensionality[26–31]. Perhaps even 
more crucially, in light of the thermal stability of BN material and of the 
high-danger of battery overheating, harnessing the capabilities of 
BN-based material for enhanced electrochemical systems could be a 
significant step that will drive a further evolution in electrochemical 
energy storage at elevated temperatures. 

In light of the feasibility and practicality of 3D-based porous mate-
rials for electrochemical energy storage systems compared to their 2D- 
based monolayers counterparts, it becomes interesting to ask whether 
we can develop novel 3D porous BN networks selectively assembled 
from the h-BN monolayer to broaden their applicability as electrodes for 
high-performance Li/Na-ion batteries. A wide range of computational 
models for designing 3D micro-porous BN have been widely reported 
within the literature to identify innovative approaches to synthesize 3D 
porous BN materials featuring adjustable pore-sizes [29,30,32,33] and 
despite the tremendous progress in exploring and investigating selected 
3D porous materials such as 3D porous carbon and boron based allo-
tropes, 3D porous MXene materials for high performance battery elec-
trodes, [34–38] BN based 3D porous networks have not been yet 
investigated for energy-storage applications. Motivated by the previous 
prediction of new 3D porous BN networks with possessing adjustable 
characteristics, that can be assembled from zigzag BN nanoribbons 

(BNNRs) and B-N chains, in which the adjacent BN nanoribbons are 
connected by B-N chains with a sp3 B-N bonding,[39] we explore the 
first-ever implementation of the 3D porous lz1-BN (sp3 linked zigzag 
BNNRs with width of 1) as an anode material for Li-ion and Na-ion 
batteries. The distinctive 3D porous structure of boron nitride yield 
outstanding electrochemical capabilities such as improved capacity, fast 
(Li+,Na+)-ions diffusion and low open circuit voltage. 

2. Methods and computational details 

The geometric structure, stability, and electronics along with the 
electrochemical characteristics of 3D porous boron nitride (3D lz1-BN) 
are explored through the density functional theory (DFT) as imple-
mented in the Vienna Ab-initio Simulation (VASP) Package[40]. The 
generalized-gradient approximations were employed along with 
Perdew-Burke-Ernzerhof (GGA-PBE)[41]. The Projector-Augmented- 
Wave (PAW) method was applied to tackle the ions and electrons in-
teractions[42]. The plane-wave basis set at a threshold kinetic-energy of 
500 eV and the convergence criteria while optimizing the 
lattice-parameter and atomic-positions were fixed at 10− 5 eV and 10− 3 

eV/Å for energy and force, respectively. The Brillouin-zone is taken by 

Fig. 1. Schematic illustration 3D porous BN lz1-BN material fused with zigzag BNNRs and sp3 BN link chain. The Unit cell in different views (a, b and c) of 3D porous 
lz1-BN. 
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kpoints at 0.02 ̊A
− 1 

based on the Monkhorst-Pack scheme were assumed 
[43]. The electron-charge transfer is examined through the Bader charge 
algorithm[44]. In order to check the thermal stability of the 3D porous 
lz1-BN before/after the lithiation and sodiation at high-temperature, 
ab-initio molecular dynamics (AIMD) simulations in the NVT set with 
a time-scale of 10 ps at 500 K and 1000K were performed. Additionally, 
for the kinetic properties of Li(Na), climbing Image Nudged elastic band 
method[45]. For crystal orbital Hamiltonian population (COHP) anal-
ysis for chemical bonding information, we have used The Lobster soft-
ware[46]. 

3. Results and discussion 

3.1. Geometric structure and stability 

The fully optimized crystal structure of 3D porous lz1-BN with three 
different views is displayed in Fig. 1. The unit cell of 3D lz1-BN is formed 
by zigzag BN nanoribbon (BNNR) and linked with BN chain as shown in 
Fig. 1. The adjacent zigzag BNNR is linked with the BN chain. It was also 
seen that the linked BN chain shows sp3 hybridization whereas zigzag 
BNNR displayed sp2 hybridization. The optimized lattice constant are 
found to be a = 6.08, b = 6.36 and c = 2.51 Å which is good consistent 
with previous literature [39]. The optimized bond lengths between B-N 
are 1.57 Å(along with linked BN chain), 1.43 Å (along zigzag BNNNR). 
As a result of its uniform porous interconnected network, 3D porous 
lz1-BN exhibits a low density of 2.547 ρ(g/cm3) and volume of 16.932 A3 

in line with the findings obtained in previous work [39] and smaller 
compared to some other 3D porous networks as summarized in the 
Table 1. 

Further to check the structural stability, we have investigated the ab 
initio molecular dynamics simulations using NVT ensemble for 10 ps at 
two different temperatures i.e. 500 K and 1000 K. The AIMD simulations 
are presented in Fig. 2. It was seen that initially shows higher energy 
fluctuations with respect to simulation time whereas, after 5 ps, the 
fluctuations in energy are relatively very less at both considered tem-
peratures. It means that, at 10 ps simulation time, the structure of 3D 
porous lz1-BN is fully relaxed. The inserted structures in Fig. 2 displayed 
the snapshot at 500 K and 1000 K after 10 ps. From Fig. 2, there is no 
breaking of bonds between the B-N atoms. It means that the considered 
3D porous lz1-BN structure is thermally stable. From previous literature, 
it was reported that the 3D porous lz1-BN structure shows energetically, 

mechanically and dynamically stable [39]. 

3.2. Mechanical properties 

A further vital aspect to confirm the strength of the newly designed 
materials is the mechanical stability, that could be ascertained through 
the calculation of the elastic constants. From the strain energy approach, 
the derived elastic constants of 3D porous lz1-BN are consistent with the 
Born-Huang criteria [47]: 

C11 > 0,C11C22 > C2
12 (1)  

C11C22C33 + 2C12C13C23 − C11C2
23 − C22C2

13 − C33C2
12 > 0 (2)  

C44 > 0,C55 > 0,C66 > 0 (3)  

Table 2 summarize the computed elastic constants for 3D lz1-BN, It can 
be seen that the elastic constant satisfy the above criteria, which con-
firms the mechanical strength. The symmetric stiffness matrix consists 
of: 

Cij =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

C11 C12 C13 0 0 0
C22 C23 0 0 0

C33 0 0 0
C44 0 0

C55 0
C66

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

For the sake of comparison, the derived elastic constants for newly 
designed 3D β12-borophene and 3D B7P2 structures appear to be ultra- 
low, indicating the high mechanical stability of the 3D lz1-BN porous 
structure. The bulk-modulus (B), shear-modulus (G), and Young- 
modulus (Y) are examined based on the Voigt Reuss Hill method [48] 
and found to be 269.1, 179.1, and 439.8, respectively. By contrast, other 
3D structures, including graphite maintained by weak van-der-Waals 
interactions along a pure sp2 chemical bond, display an ultra-low 
shear modulus, indicating the high softness of this structrue. Mean-
while, diamond from pure sp3 bonding represents the hardest known 
solid material. Consequently, we believe that the 3D porous structure of 
lz1-BN with mixed sp3-sp2 chemical bonds that we designed has the 
potential to provide intriguing mechanical properties. By definition, the 
crystal structure can be ductile (B/G > 1.75), or brittle if not [49]. The 
derived B/G ratio is 1.505, implying that the 3D porous lz1-BN structure 
is brittle. 

Throughout the charge and discharge process, it is possible that the 
battery electrode materials will fracture, leading to failure of 
rechargeable battery. Therefore, we have examined the tensile strength 
so as to unveil the highest stress that the 3D porous lz1-BN can with-
stand. The Fig. 3 illustrate the snapshots of 3D porous lz1-BN structures 
at failure with corresponding tensile strengths as a function tensile 
strains along the x-, y-, and z-directions. Based on the crystal lattice of 
3D lz1-BN, three different directions are taken to investigate the optimal 
tensile strength. The strength is examined for various degrees of tensile- 
strain (0-60%) according to the stress-strain approach. The computed 
tensile-strengths along the x-, y- and z-directions are 60.64 GPa for a 
45% strain, 66.34 GPa for a 47.5% strain, and 82.64 GPa for a 25% 
strain, respectively. The above findings indicate an anisotropy in the 
tensile strengths of 3D lz1-BN. The weakest tensile strength resides in 
the x-direction, suggesting that the 3D lz1-BN structure breaks along the 
x-direction immediately when the tensile-strength exceeds 60.64 GPa. 
These computed values are more better than some 3D BN polymorph 
[31]. Consequently, the crystal structure of 3D porous lz1-BN can retain 
its structural stability along a large values of tensile-strains during 
charge/discharge process. 

3.3. Chemical bonding analysis 

In addition, we have used crystal orbital Hamilton population 

Table 1 
Comparison of geometrical parameters including space group, lattice constants, 
Volume, total energy and density of 3D lz1-BN with selected 3D materials re-
ported recently.a.  

3D Space Lattice 
constants 

Volume Total- 
energy 

Density 

Structures group (Å) (A3) (eV/ 
atom) 

(ϱ(g/cm3)) 

lz1-BN Amm2 6.079, 6.356, 
2.510 

16.932 -8.656 2.547 

lz2-BN Ima2/ 
46 

4.927, 3.169, 
8.045 

20.702 -8.567 2.624 

Graphite P6/ 
mmm 

2.462, 2.462, 
7.324 

8.471 -9.21 2.259 

Diamond Fd3m 4.346, 4.346, 
4.346 

5.518 -9.09 3.601 

(P-6M2)-BN  
[29] 

P-6M2 6.344, 6.344, 
2.479 

10.8 — — 

IMM2-BN  
[29] 

IMM2 6.345, 2.480, 
15.307 

12.05 — — 

dz2-BN [39] IMA2 4.934, 3.250, 
8.037 

15.28 — — 

dz4-BN [39] AMA2 4.985, 3.393, 
16.618 

16.48 — —  

a The ”—” indicates that these data are unavailable. 
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Fig. 2. The fluctuation of potential energy at 500 and 1000 K using Ab Initio Molecular dynamic simulation for 3D porous lz1-BN system and the resulting structures 
at the end of the simulation. 

Table 2 
Computed independent elastic constants Cij (in GPa) of 3D porous lz1-BN material.   

C11 C22 C33 C44 C55 C66 C12 C13 C23 

lz1-BN 431.7 306.1 966.8 235.1 194.6 215.5 248.6 108.7 76.4 
β12-borophene [38] 135.7 137.0 396.4 57.6 60.3 59.2 62.5 21.5 21.8 
B7P2 [38] 69.7 180.8 70.1 39.3 43.7 8.5 18.0 43.5 18.1  

Fig. 3. Mechanical properties of 3D porous lz1-BN, calculated tensile-strengths Vs tensile-strains along the (x/y/z)-directions with corresponding snapshot of 3D lz1- 
BN structures at failure stress. 
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(COHP) analysis to determine the chemical binding information be-
tween atom pairs. The COHP analysis provides information about 
bonding, anti-bonding and non-bonding contributions into the different 
orbital pair interactions to the band structure. Fig. 4 shows the projected 
COHP profile which gives the quantitative estimation of the strength of 
bonds in the structure. The positive values on the y-axis represent the 
bonding nature whereas the negative y-axis shows the anti-bonding 
nature (see Fig. 4). Based on the 3D lz1-BN structure as shown in 
Fig. 1, B-N atom pairs have different bond lengths therefore, we have 
calculated the COHP profile for each atom pair. It can be clearly seen 
that there are no anti-bonding contributions present below the Fermi 
level in the B-N pairs but only the anti-bonding contribution is present 
above the Fermi level. Such type of characteristics is present in the 
strong covalent bonding interactions between the B-N atom pairs. Also, 
we have calculated the interacted COHP values which are found to be 
-11.24, -8.82 and -8.84 eV for atom pair bond lengths of 1.43, 1.53, and 
1.55 Å, respectively. The negative values of -ICOHP values displayed the 
strong covalent bonding interactions in the B-N pair. Such types of 
strong covalent interaction show higher stability and exhibit better 
catalytic performance [50]. 

3.4. Electrical conductivity and electronic properties 

The electrical conductivity of battery electrodes has a significant 
effect as a key driver of their electrochemical performance and operating 
capacity. In addition, the energy band gap, which is taken as a relevant 
factor in the electronic properties analysis, strongly affects the con-
ductivity of the material. A correlation between the two factors can be 
derived according to the formula below: 

σ∝exp
(
Eg

2KBT

)

(4) 

Where, σ, T, Eg refers to the electrical conductivity, the temperature, 
and energy bandgap, KB denote the Boltzmann’s constant. One can 
perceive that the electronic band gap and conductivity are inversely 
related to each other, i.e. the smaller the band gap, the higher the 
electrical conductivity and, conversely. In this background, the wide 
band gap of about 4.36 eV reported in 2D h-BN monolayer leads to a 
lower electrical conductivity, which hinders its applicability as a battery 
electrode. In the case of a 3D porous lz1-BN material, a smaller elec-
tronic band gap than that of 2D h-BN will yield a higher electrical 
conductivity. Furthermore, we have calculated the electrical conduc-
tivity of pristine 3D porous lz1-BN structure based on Boltzmann 
transport formalism [51]. The Fig. 4(b) depict the temperature depen-
dent electrical conductivity for n-type and p-type 3D porous lz1-BN. It is 
obtained that the electrical conductivity at 300 of p-type carriers equal 

to 0.0399399 S/m whereas n-type carriers is about 7.102226 S/m and 
linearly enhances with increasing the temperature. 

To understand the electronic properties of 3D porous lz1-BN mate-
rial, we have investigated the orbital contributed electronic band 
structure as well as projected density of states (PDOS) and electron 
localization function. Fig. 5a shows the ELF of 3D lz1-BN material which 
represents the bonding nature between the atoms. It was clearly seen 
that the cloud of electron density is localized between the bond of B and 
N atoms. It means that B and N form strong covalent bonding. Such types 
of materials provide an excellent mechanical property. Also, the calcu-
lated electronic band structure and PDOS are presented in Fig. 5b. From 
the electronic band structure, 3D lz1-BN material shows a direct band 
gap of 0.80 eV at high symmetry point Z. The top of the valence band 
maximum is made by N p-states whereas the bottom of the conduction 
band minimum is formed by B p-states. It means that N p-states and B p- 
states are mainly responsible to form a direct bandgap in 3D lz1-BN 
material. From PDOS, we found that the N p-states is mainly domi-
nated near the Fermi level in the valence band whereas the main 
contribution comes from B p-states in the bottom of the conduction band 
as same as appears in the projected band structure. 

3.5. Adsorption energy of lithium/sodium on 3D lz1-BN electrode 

As previously mentioned, 2D graphene-like boron nitride (BN) is 
among the most extensively explored and implemented 2D materials 
family for its broad applicability in a variety of devices. Yet, its eventual 
relevance as battery electrode for electrochemical energy storage sys-
tems is constrained by its large band gap which limit its electrochemical 
performances. Hence, we are going to investigate for the first time, an 
alternative stable allotrope of boron nitride 3D porous lz1-BN which is 
made by assembling the zigzag BN nanoribbons (BNNRs), [39] which is 
predicted recently and confirmed to be stable chemically, dynamically 
and thermally, unveiling its unique electrochemical efficiency as a 
battery electrode for Li/Na-ion batteries. 

Additionally, considering that both Boron and Nitride belong to very 
light elements with a small molecular weight of about 10.811 and 
14.0067 a.u, respectively, as well as the uniformly distributed pores in 
the 3D porous lz1-BN structure hints at their great suitability as battery 
electrode and could potentially reach an exceptional electrochemical 
performance for lithium and sodium-ion batteries. Accordingly, We shall 
first investigate the adsorption strength of a single Li+ and Na+ on 
suitable adsorption sites of the 3D porous lz1-BN structure according to 
the equation given below: 

Eads = E(Li,Na)@3D− lz1− BN − E3D− lz1− BN − μ(Li,Na) (5) 

Where E(Li,Na)@3D− lz1− BN and E3D− lz1− BN refers to the total energies of the 

Fig. 4. (a) Projected crystal orbital Hamilton population (-pCOHP) analysis for 3D lz1-BN material of the B-N pair. The zero vertical line shows the Fermi energy. The 
-pCOHP gives information about the contribution of a particular bond (bonding or anti-bonding) to the band energy. Plot show bonding contribution in the up side 
(+y-axis) and the anti-bonding contribution is down side (-y-axis). The color red-1.43 Å, green-1.57 Å and blue-1.53 Årepresents the bond pair between B and N 
atom. (b) Temperature dependent electrical conductivity for n-type (red line) and p-type (black line) carriers. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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3D porous lz1-BN structure with and without the adsorption of Li+ and 
Na+, respectively, μ(Li,Na) represents the chemical potential of (Li, Na)- 
atom. Taking advantage of the crystalline symmetry, five adsorption 
sites for both Li- and Na-ions were initially identified in this study, which 
included two hollow-sites (S1 and S2), one top-site (S3) of B-atom, and 
one top-site (S4) on N-atom in B4N4-ring, and one bridge-site (S5) 
located between boron and nitrogen atoms, as illustrated in Fig. 6. 
Within these screened active sites, it is noticed that all the computed 
adsorption strengths are negative which indicates the scattering distri-
bution of the adsorbed Li/Na-atoms in the 3D porous lz1-BN structure 
instead of their clustering. All the computed adsorption strengths are 
summarized in Table 3 with corresponding charge transfer of Li and Na 
to the material. One can obviously notice that the S1 site shows the 
lowest adsorption strength of -2.323 and -0.778 eV for Li- and Na-atom, 
respectively. For comparison purposes, these values are significantly 
higher compared to the previously reported 3D porous materials, such as 
3D porous Si2BN (-0.85/-0.84 eV for Li/Na) [52], 3D porous Tetragonal 
C24 (-1.09 eV for Na) [53], 3D-β12-borophene (-1.14/-1.31 eV for Li/Na) 
[38], and 3D-B7P2 (-1.19/-0.95 eV for Li/Na) [38]. 

Further advancement of high-efficiency Li and Na-ion batteries 

fundamentally relies on the capability of their anode, and more specif-
ically on the charging and discharging operation, which is typically 
determined by the Kinetic properties of electron transfer. Accordingly, 
the charge density difference of single Li and Na on the lowest adsorp-
tion site of the 3D Porous lz1-BN structure has been investigated by 
means of the given formula: 

Δρ = ρ(Li,Na)@3D− lz1− BN − ρ3D− lz1− BN − ρLi,Na (6) 

Where, ρ(Li,Na)@3D− lz1− BN and ρ3D− lz1− BN are the charge densities of the 
3D porous lz1-BN system after and before the adsorption of single Li and 
Na atom, ρLi,Na is the charge density of Li and Na atom within the same 
system with no further shape-relaxation. The Yellow and cerulean zones 
are depicted in Figure. 7(a,b) refers to the charge accumulation and 
depletion for Li and Na-ions, respectively. The charge accumulation 
zone is situated near the Li and Na atom and on the surface of the 3D 
porous lz1-BN structure, while the depletion zone slightly surrounds the 
Li- and Na-atom and on sp3 linked zigzag BNNRs, thereby showing that 
the charge gain by the 3D porous lz1-BN material and the charge loss by 
the Li- and Na-atom; this resulted in increased electronegativity of both 

Fig. 5. (a) Schematic illustration of electron localization function (ELF) and (b) projected band structure with corresponding projected density of states for 3D lz1- 
BN material. 
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B- and N-atoms relative to that of the Li- and Na-atoms. Further, the 
electron charge transfer is carried out via Bader charge analysis with the 
outcomes summarized in the Table 3. It found that Li- and Na-atom 
adsorbed at the most suitable active site loses a mean electron-charge 
of 0.913 and 0.885 |e|, respectively, thereby affirming the cationic 
character of the Li- and Na-ions. 

On the other hand, a more in-depth elucidation of the binding and 
electronic behavior upon Li- and Na-atom adsorption were investigated 
via the projected band-structure along with the respective partial den-
sity of state, which can be seen in Fig. 7(c,d). From our analysis, it is 
obvious that the host material shifted from the semiconductor nature to 
metallic upon a single Li- and Na- adsorption occurring with a clear 
contribution coming from the Li- and Na-atom around the Fermi-level. 
This leads to a significantly improved electrical conductivity with a 
quick electron transfer within the negative electrode during the charge- 
discharge process, which fulfills a pivotal role in the high-rate capability 
in Li-ion and Na-ion batteries. 

3.6. Li/Na storage capacity and theoretical voltage profile 

With the aim of more deeply probing the electrochemical capabilities 
of 3D porous lz1-BN host material for Li/Na-ion batteries, the Li/Na- 
storage capacity and theoretical voltage profile were surveyed by 
gradually inserting Li/Na-ions on the host material structure. A 
sequence of intermediate concentrations of (Li/Na)x@BN (with x =
0.055, 0.111, 0.167, 0.222, 0.278, 0.333, 0.389, 0.444, and 0.500) are 
taken into account. The average adsorption strength EAvg

ads of x(Li/Na) 

ions inserted on host material were calculated by the given equation: 

EAvgads =
(
E(Li,Na)x@3D− BN − E3D− BN − xμ(Li,Na)

)/
x (7) 

From the Fig. 8(a,b) (red-line), one can clearly notice that the 
average adsorption strength of (Li,Na)x@3D − BN decreases gradually 
with respect to the x(Li, Na)-concentration and that the EAvg

ads obtained in 
case of Li-atoms are higher than those obtained in case of Na-atoms, that 
is mainly due to the reduced electrostatic interactions between the (Li, 
Na) and the host material along with the strengthened repulsion of the 
(Li, Na)-atoms in higher-concentrations. Additionally, the binding en-
ergies from all concentrations over the full charging process are 
consistently negative, thereby inhibiting the creation of (Li, Na)- 
dendrites. 

Another pivotal point to assess the high-performance of the 
rechargeable battery is the voltage profile. Conventionally, the 
lithiation/de-lithiation and sodiation/de-sodiation process of the active 
electrode can be regarded as the following half cell reaction: 

(Li,Na)x1@3D − BN + (x2 − x1)(Li+,Na+) + (x2 − x1)e− ⇌(Li,Na)x2@3D

− BN
(8) 

The average voltage profile for 3D porous lz1-BN at each equilibrium 
stage of the reaction (8) can be defined by the given formula: [62,63] 

V(x) ≈ −
E(Li,Na)x@3D− BN − E3D− BN − xμ(Li,Na)

Z.x.e
(9) 

The computed average theoretical voltage profile as a function of x 
(Li, Na)-ions in the 3D porous lz1-BN were depicted with a blue-line in 
the Fig. 8(a,b). one can obviously notice initially that the V(x) for all the 
intermediate concentrations are positive, supporting the suitability of 
the 3D porous lz1-BN as anode material for (Li, Na)-ion batteries. The 
theoretical voltage profile shows a decreasing curve going through eight 
insertion plateaus with an average voltage of 1.053 Vs Li+/Li and 0.331 
Vs Na+/Na, that lies within the range of the required potential voltage in 
order to achieve a high power density upon the charge and discharge 
process [64]. 

The highest theoretical capacity (Cth) for (Li+, Na+)-ions insertion in 
3D porous lz1-BN can be derived following the equation given as: 

Cth =
xmax.z.F
M3D− BN

.103 (10) 

Where xmax denote the highest number of (Li+, Na+)-ions inserted in 
3D porous lz1-BN, MB2N2 refers to the molar-mass of the pristine system. 

Fig. 6. Potential Electrochemical active sites for the adsorption of Li and Na on the 1 × 1 × 3 supercell of 3D lz1-BN.  

Table 3 
Active sites and binding strength of single Li/Na-atom adsorbed on 3D lz1-BN 
material, ratio of binding energy to cohesive energy of Li/Na, binding height 
and charge transfer Q (|e|) of Lithium/Soduiom adsorbed on different binding 
sites.  

Systems Active Eb QLi QNa  

Site (eV) (e) (e) 

3D lz1-BN@Li S1 -2.323 0.913 –  
S2 -2.217 0.896 –  
S3 -2.252 0.907 –  
S4 -2.125 0.891 –  
S5 -1.914 0.884 – 

3D lz1-BN@Na S1 -0.778 – 0.885  
S2 -0.715 – 0.879  
S3 -0.726 – 0.880  
S4 -0.579 – 0.876  
S5 -0.502 – 0.877  
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Fig. 7. 3D isosurface distributed charge density plot for (a) Li- and (b) Na- atom adsorbed at the most stable binding site (S1) on 3D porous lz1-BN. The Yellow and 
cerulean refer to the electron accumulation and depletion, respectively, and the charge transfer from the Li- and Na-atom to 3D lz1-BN are about 0.913 and 0.885 |e|. 
(c,d) The Projected band structure with a corresponding total and partial density of state for 1Li@lz1-BN and 1Na@lz1-BN systems, respectively. 

Fig. 8. Average adsorption strengths and Open-circuit voltages and corresponding Highest Li/Na-concentration configuration of (a,b) Li-ions and (c,d) Na-ions 
adsorbed on 3D lz1-BN as functions of the Li/Na-ion concentration x. 
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As a result, the highest evaluated theoretical capacity derived from Li 
and Na insertion in 3D porous lz1-BN anode material is approximately 
539.94 mAh.g− 1, which is higher compared to some typical 2D anode 
materials reported recently for Li- and Na-ion batteries as summarized in 
Table 4. 

Upon the charge and discharge process, the battery electrode can 
undergo substantial volume growth along with eventual sputtering, 
leading to a fast decline in their capacity and a reduction in their life-
time. Within this background, AIMD simulations were carried out to 
check the thermal stability of 3D porous lz1-BN anode upon the fully 
lithiated/sodiated process at high-temperature of about 800K with a 
total time-scale of 5ps as depicted in Fig. 9(a,b). One can noticed clearly 
from the resulting screen-shots at the end of the AIMD simulation that 
both systems maintain the original arrangement with small structural 
deformation and a small fluctuation in the potential energy. It can be 
also seen from the Fig. 9(a) that the original pores are obviously 
increased with no-distortion of B-N bond. Afterward, we have taken the 
both resulting structures from AIMD simulations and removed all the Li- 
and Na-atoms in order to more understand the battery anode recovery 
process. A further AIMD simulations and an energy optimization 
calculation were performed, which gave the starting structure of 3D 
porous lz1-BN and thus confirms the reversible behavior of the 3D 

porous lz1-BN as battery anode. The lattice constants, bond-lengths, and 
angles are in lines with the initial 3D lz1-BN crystal structure. Such a 
high stability and reversibility can be attributed to the sp3-chains which 
gives a strong mechanic properties and indicate the high stability of the 
fully considered lithiated and sodiated states at high temperature. 

4. Activation barriers for Li+/Na+ electrode surface diffusion 

Apart from the electro-conductivity, the Li/Na-ion scattering in the 
battery electrode constitutes other critical components that affect the 
battery operation [65]. As such, the dilute Li- and Na ion diffusion paths 
along with their respective minimum energy barrier were evaluated by 
climbing image NEB method. Based on the symmetry of the 3D porous 
lz1-BN structure, the activation barriers of Li+/Na+ along one typical 
path which consists of a Li+/Na+-migration along the c-direction as 
schematically illustrated in Fig. 10(a,b,c). The computed minimum 
Activation barriers for Li+ and Na+ are 0.416, 0.270 eV, respectively, 
which are in line with the values of adsorption strengths listed in 
Table 3. As a point of comparison, the derived minimum energy barriers 
for Li+ and Na+ on 3D porous lz1-BN material were found to be quite 
comparable to some recently reported 3D porous systems as given in 
Table 4. 

5. Concluding remarks 

We have systematically investigated the performance of 3D porous 
lz1-BN as an anode material for Li/Na-ion batteries. The 3D porous lz1- 
BN material shows high chemical and thermal stability compared to its 
2D counterpart which based on the sp3-bonded B-N chains. Its found that 
the mixed sp2+sp3 hybridization in 3D porous lz1-BN material are the 
key processes that govern the BN materials’ stability and physical/ 
chemical characteristics. Using first-principles calculations along with 
ab-initio molecular dynamics simulations, we have calculated the 
adsorption energy, electronic band structures and density of states, 
Bader charge analysis, average potential, diffusion barrier of 3D lz1-BN 
material and its thermal stability during the lithiation/sodiation. It is 
found that the insertion of Li and Na into the 3D porous lz1-BN have 
good binding strength therefore it can be a superior anode electrode. 
Our calculations suggest that the interaction of Li and Na adatoms with 
3D porous lz1-BN material shows a high electrical conductivity, good 
structural stability, high theoretical storage capacity as well as low 
charging voltage. The calculated barrier energies are 0.416, 0.270 eV 
with the diffusion of Li and Na adatoms into the 3D lz1-BN material, 
respectively. The open-circuit potential is found to be 1.053 V vs Li/Li+

and 0.331 V vs Na/Na+ with the insertions of Li and Na. The interca-
lation of Li and Na adatoms into the 3D porous lz1-BN materials leads to 
a high theoretical capacity of 539.94 mAh.g− 1 which is higher as 

Table 4 
Electrochemical performance comparisons of 3D lz1-BN anode material with 
recently reported 3D anode materials: Theoretical storage Capacity (in mAh/g), 
Diffusion Barrier (in eV), Average Open-Circuit Voltage (in V), Volume Change 
(in %), and electronic band behavior after Li/Na adsorption.b.  

3D Anode Battery Storage Diffusion Average Volume 
materials type capacity barrier OCV change 

lz1-BN Li 539.94 0.416 1.053 0.761  
Na 539.94 0.270 0.331 2.231 

graphite [54,55] Li 372 0.40 0.11 10  
Na <35 0.30 – – 

Janus-graphite [56] Li – – –   
Na ≈332 <0.2 0.05 0.5 

N-holey graphite [57] Li – – – –  
Na 482 0.59 0.26 ∼3.0 

bco-C16 [58] Li 558 0.53 0.23 13.4  
Na – – – – 

m-C16 [59] Li 588 0.25 0.56 3.6  
Na – – – – 

3D-BPC2 [60] Li 407 0.29 0.48 0.25  
Na 406 0.05 0.50 1.15 

3D Si2BN [52] Li 512 0.44 0.27 2.5  
Na 341 0.19 0.15 2.7 

t-C24 [53] Li 232.65 0.13 0.54 –  
Na – – – – 

SiC4-I [61] Li – – – –  
Na 176.3 0.410 0.55 0.57  

b The ”—” indicates that these data are unavailable. 

Fig. 9. (a,b) Variations in the potential energy for the highest lithiation and sodiation states of 3D porous lz1-BN upon the Ab-Initio Molecular Dynamic simulations 
at 800 K. 
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compared to some typical 2D anode materials. We hope that the findings 
investigations will shed light on the development of the new generation 
of Li and Na ion batteries for future technologies including electric ve-
hicles, communication applications, and wearable electronics. 
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[42] P.E. Blöchl, Projector augmented-wave method, Phys. Rev. B 50 (24) (1994) 
17953. 

[43] H.J. Monkhorst, J.D. Pack, Special points for brillouin-zone integrations, Phys. 
Rev. B 13 (12) (1976) 5188. 

[44] G. Henkelman, A. Arnaldsson, H. Jónsson, A fast and robust algorithm for bader 
decomposition of charge density, Comput. Mater. Sci 36 (3) (2006) 354–360. 

[45] G. Henkelman, B.P. Uberuaga, H. Jónsson, A climbing image nudged elastic band 
method for finding saddle points and minimum energy paths, J. Chem. Phys. 113 
(22) (2000) 9901–9904. 
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