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A B S T R A C T   

Lithium-ion batteries (LIBs) served as promising energy-storage solutions for various applications, from portable 
electronics to electric-vehicles. There is a growing demand for high-performance electrode materials with 
improved storage capacity, high cyclic stability, low energy barriers, reduced material toxicity, and cost- 
effectiveness. This study explores the electrochemical feasibility of B4C3 monolayer as an anode material for 
LIBs using density functional theory (DFT) computations and molecular dynamic (MD) simulations. The opti
mum anodic nature of B4C3 is reported based on its structural, electronic, diffusion, storage behaviour, and 
lithiation studies. The adsorption sites for Li atoms were systematically explored. The lithium saturation requires 
the adsorption of 29 lithium atoms on B4C3 while preserving stability confirmed by Ab-initio molecular dynamics 
(AIMD) simulations and ensuring favorable transport characteristics during the lithiation process based on 
Hirshfeld charge analysis and steric interaction calculations. The storage capacity of the host B4C3 is calculated as 
2770.2 mAhg− 1 which is notably higher than that of graphite anode. The computed value of open circuit voltage 
is 0.62 V per Li. The value of diffusion coefficient and ionic conductivity σ is 0.7 × 10− 8 m2/s and 0.78 S/m 
respectively which predicts excellent overall anodic operation of the material. The transition barrier of the Li ions 
in the material is determined through Cl-NEB, which shows the lowest value of 0.06 eV along the x-axis.   

1. Introduction 

The demand for affordable and environmentally sustainable energy 
sources is a fundamental necessity in the current era of innovations and 
technology [1]. The considerable dimensions and weight of energy 
storage media pose a challenge to their transportation. The widespread 
use of electronic devices in contemporary times has increased the 
emphasis on developing lightweight and portable batteries [2]. The 
vehicle industry heavily relies on petrol as a primary energy source, 
which has caused environmental contamination and contributed to 
global warming. Therefore, researchers contemplate exploring novel 
and dependable energy sources [3]. Portable and rechargeable batteries 
are widely used, particularly in electronic gadgets [4]. Lithium-ion 
batteries (LIBs) technology has emerged as a potential option for mo
bile power sources owing to its cost-effectiveness, exceptional cycle life, 
power density, reversible capacity and high efficiency [5,6]. However, 
the existing commercial LIBs are inadequate to meet the rapidly 
increasing demands of energy-storage. 

Several challenges must be addressed, including low Columbic- 

efficiency, structural defects instigated by impurities and degradation 
over time [7]. The electrode materials in LIBs are essential factors that 
affect overall electrochemical performance, especially the anode mate
rial that stores charges. Graphite has been utilized as an anode in LIBs, 
but its storage capacity is just 372 mAhg− 1 [8]. The presence of impu
rities results in a reduced charge density as the Li ions are trapped by 
these impurities, leading to a decline in battery efficiency [9]. The 
graphite exhibits specific stability concerns in such a way that structural 
collapse in lower dimensional systems may occur after undergoing 
multiple cycles of charging and discharging [10]. These drawbacks 
disqualify its applications in future electrical vehicles and electricity 
grids. 

Anodes based on lithium alloy have been employed in LIBs yet are 
plagued by volumetric expansion [11]. Several two-dimensional (2D) 
materials exhibited promise as anode for LIBs owing to their remarkable 
properties [12]. Firstly, their satisfactory atomic thickness results in 
minimal volume expansion, contributing to excellent cycle ability. 
Secondly, only a few dangling-bonds on the surface lowers the diffusion 
barrier, leading to high charge-discharge rates [13]. Thirdly, weak 
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surface interactions result in a low binding-energy [14]. Lastly, the 
ample adsorption sites facilitated by the high surface-to-mass ratio of 2D 
materials contribute to a substantial energy storage capacity [15]. 
First-principles calculations have been utilized to elucidate the charac
teristics of various 2D materials when employed as anode for LIBs. The 
researchers are still working to boost LIBs performance by presenting 
novel composites, such as carbon nanotubes and carbon-silicon com
pounds [16]. 

There are numerous 2D materials, such as MoS2, graphene [17–19], 
phosphorene [20], transition-metal dichalcogenides [21] and Mxenes 
[22], that exhibit flat surfaces, high surface areas, and abundant 
adsorption sites. These materials have shown great promise as an anode 
for LIBs, offering high-energy densities and excellent rate capability. 
Significant research endeavours have been dedicated to discovering 
novel carbon-based materials capable of attaining high capacity [23]. 
The processes of material engineering, alloying, doping, and 
nano-structuring of the materials appeared to enhance the storage ca
pacity of the materials based on an increase in surface area, reduction in 
diffusion barrier, and upgrading of the transport properties [24]. 

Borophene, among the renowned 2D materials with its impressive 
electric conductivity, lightweight nature, and remarkable properties, is 
increasingly recognized as a viable option for alternative electrode 
materials in energy storage devices [25]. By conducting comprehensive 
density functional theory (DFT) calculations, the adsorption and diffu
sion characteristics of borophene have been investigated, which show
cased its potential as a viable anode material for LIBs or sodium-ion 
batteries (NIBs) [26]. Demonstrating impressive electrochemical per
formance, the capacity device based on a few-layer borophene extends 
across a broad potential up to 3 V. It is particularly interesting for 
showcasing a remarkable energy density of 46.1 Wh/kg alongside a 
power density of 478.5 Wh/kg. The device demonstrates impressive 
resilience, retaining 88.7% of its initial particular capacitance 
throughout 6000 cycles [27]. The 2D allotropes of boron-doped carbon 
BCx in sheets have been reported to exhibit a maximum number of 
hexagons [28]. 

The effectiveness of B-doped graphene surpassed that of pure gra
phene. The studies indicate that incorporating boron in graphite can be 
used as an anode as an alternative to traditional graphite [29]. B4C 
revealed improved reversibility due to its enhanced conductivity and 
lowered diffusion barrier despite having a low capacity of 315 mAhg− 1 

[30]. The monolayer of BC3 demonstrated Li storage capacity approxi
mately 2.5 times higher than graphite [31]. The contemporary era has 
witnessed a surge in the utilization of various 2D materials owing to 
their prospective applications [32,33]. 2D BeB2 monolayer has been 
reported as having a capacity of 1749.8 mAh/g with an open circuit 
voltage (OVC) of 0.33 V [34]. Boron-based 2D carbonaceous material 
B2C monolayer has been reported to have a capacity of 1596 mAh/g 
with a transition energy barrier of 0.49 V and OCV of 0.57 V [35]. The 

capacity, open circuit voltage, adsorption energy, and energy barrier of 
recently used 2D monolayers as anode materials in LIBs are listed in 
Table 1. 

Boron carbide (B4C3) is relatively obscure within the series of re
ported 2D materials [36]. This study comprehensively analyzes the 
electrochemical behaviour of the B4C3 monolayer in LIBs. The structural 
characteristics of B4C3 are remarkable and show exceptional stability 
[37]. Furthermore, the electronic, diffusion, conductivity, voltage pro
file and Li intercalation study of B4C3 points out the suitability of B4C3 
monolayer as an anode for LIBs with improved performance [38]. 

2. Methodology 

This study employed Density Functional Theory (DFT) utilizing the 
BAND and DFTB codes in Amsterdam density functional (ADF) package 
to assess the structural, electronic, and conduction characteristics of 
B4C3 monolayer as a potential candidate in Lithium-ion batteries (LIBs). 
The graphical user interface (GUI) configures data file structures and 
adjusting settings. The calculations utilize the Grimme D3 correction 
with generalized gradient approximation (GGA) and Per
dew–Burke–Ernzerhof (PBE), incorporating the electron-nucleus in
teractions and electronic exchange correlations. The structural 
optimization is performed using the quasi-Newton method, with a step 
size of 0.001 and a convergence requirement of 10− 5 eV/atom. ADF’s 
Triple Zeta Polarized (TZP) functions were employed for the basis sets 
formation. The numerical quality was set as good, based on Becke fuzzy 
cell integration under frozen core approximation. The SCF relies on the 
Direct Inversion of Iterative Subspace method (DIIS), which in
corporates a highly optimized numerical integration scheme for 
Hamiltonian evaluation [31]. The convergence of atomic positions is 
achieved by considering energy and force criteria below 0.00027 eV and 
0.027 eV/Å, respectively. The energy values were exclusively assessed 
through single-point (SP) runs, which involved calculating the de
rivatives of the Hessian and nuclear gradients. 

The lithiation energy plays a crucial role in accessing the behavior of 
the B4C3 monolayer as an anode in LIBs. It determines the nature of the 
reaction, whether it is exothermic or endothermic and involves posi
tioning Li atoms above and below the B4C3 monolayer. The calculation 
of lithiation energy follows the formula presented in Equation (1). 

EFormation =ELixB4C3 − x ∗ ELi − EB4C3 (1)  

Where EFormation denotes the formation energy obtained upon interca
lation of Li atoms in the host to check the feasibility of the reaction 
(exothermic or endothermic), ELixB4C3 represents the energy of Li- 
intercalated B4C3 system. ELi points to the energy of an individual 
lithium atom obtained from geometry optimization of bulk lithium 
metal in BCC structure, x denotes the number of lithium atoms involved 
in the simulation, and EB4C3 corresponds to the energy of the optimized 

Table 1 
The comparison of electrochemical parameters of contemporary materials used in LIBs.  

Material Capacity (mAh/g) Ead (eV) Voc No of Li adsorbed Energy barrier (eV) Reference 

B4C3 2770.21 − 0.89 0.62 V 29 0.06 Current study 
MgB2 monolayers 1750.9 – 0.697 – – [34] 
Arsenene monolayer 1430 − 2.55 – – 0.16 [47] 
VS2 monolayer 466 – 0.93 – – [48] 
FeSe monolayer 658 – 0.38–0.88 – – [49] 
TiC3 monolayer 1916 – 0.26 – 0.25 [50] 
Zr2 B2 monolayer 526 − 0.628 eV – – – [51] 
Mn2C monolayer 887.6 – 0.45–0.15 – – [52] 
B7P2 monolayer 3117 – – – – [53] 
Biphenylene monolayer 1302 − 0.44 to − 0.15 – – 0.23 [54] 
YS2 monolayer 350 − 2.038 – – 0.33 [55] 
TiOF monolayer 970 – – – 0.15/0.14 [56] 
FeB6 monolayer 991 2.89 – – 0.24 [57] 
Ca2C-ML sheet monolayer 582 – 0.10 – 0.027 [58] 
Ti2BN monolayer 889 – 0.24 – 0.024 [59]  
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host structure. Furthermore, the AIMD calculations were carried out to 
validate the findings on the process of lithiation using Equation (1). 

Theoretical capacity is a crucial indicator of accessing the electrode 
performance. Equation (2) is used to determine the theoretical capacity 
of the material. 

C=
x ∗ F

MLixB4C3
(2)  

Where C is the capacity of the material, while x refers to the number of 
lithium atoms, F is the Faradays constant and MLixB4C3 is the mass of the 
host substance, including the lithium atom placed over it. 

To calculate the OCV, a crucial parameter to evaluate anode feasi
bility in LIBs, hybrid grand canonical Monte Carlo/molecular dynamics 
(GCMC/MD) simulations are carried out. The OCV is calculated using 
Equation (3). 

V =
ELix2B4C3 − ELix1B4C3 − (x2 − x1)μLi

(x2 − x1)e
(3)  

Where ELix2B4C3 and ELix1B4C3 are the optimized energies of the lithiated 
monolayer with x2 and x1 concentrations of Li and μLi denotes Li 
chemical-potential. 

The climbing image nudged elastic band (Cl-NEB) method evaluates 
energy obstacles to Li-ion diffusion. During lithiation on the B4C3 sheet, 
determining the convex hull as a function of Li concentrations considers 
all feasible distinct sites for Li assimilation for the given concentration. 
The NEB approach defines a path that connects the reaction’s initial and 
end states. A succession of intermediate images is then placed along this 
path, joining a system’s initial and final states. Reducing the energy of 
each image involves adhering to a set of constraints ensuring both path 
continuity and uniform spacing among the images. The energy barrier 
for the process is calculated based on the energy span across the images. 
This method can provide a comprehensive outlook of the reaction and 
help calculate the energy barrier the host provides [39,40]. We consider 
eight intermediate images during the simulations and the force on each 
image supposed image (ith image) is calculated by Equation (4). 

Fi =
⃒
⃒Fs

i

⃒
⃒
‖
− |∇E(Ri)|⊥ (4)  

Where the spring restoring force is represented by 
⃒
⃒Fs

i
⃒
⃒
‖
, the actual force 

is shown by |∇E(Ri)|⊥, and Fi is the total of all forces on the image under 
consideration. Equation (5) computes the highest energy value of the 
image under consideration. 

Fimax =∇E(Rimax) + 2∇E|Rimax|‖ (5) 

Molecular dynamics (MD) simulations were conducted in the NVT 
ensemble at a temperature range of 300 K–900 K, employing short in
tervals of 0.25 fs to explore how the materials respond to variations in 
temperature. The temperature control was achieved by using an NHC 
(Nose-Hoover Chain) thermostat. 

MSD= 〈|r(t)− r(0)|2〉 (6)  

D(T)=Do exp −

(
Ea

kT

)

(7)  

In Equation (6), MSD (mean square distance) signifies the average dis
tance travelled by Li, where "r(0)" denotes the initial position, and "r(t)" 
represents the final location of the particle. The diffusion coefficient D as 
a function of temperature T is determined by plotting D against 1/T 
using the Arrhenius relationship. The pre-exponential factor is denoted 
as Do , activation energy as Ea, Boltzmann constant as k, and temperature 
is represented by T in Equation (7). 

To examine the interaction of Li with the host monolayer, we 
determine the ionic conductivity (σ) using the Nernst-Einstein 
formalism [41,42], as outlined in Equation (8). 

σ =
nq2

KbT
D (8)  

Where σ represents ionic conductivity, n denotes the number of ions 
participating in the conductivity mechanism, q means the charge of ions, 
Kb stands for the Boltzmann constant, T corresponds to the temperature 
during which the simulations are conducted, and D is diffusion 
coefficient. 

3. Result and discussion 

Calculations were conducted to examine the framework, structural, 
electronic, Li intercalation, diffusion characteristics, and conductivity of 
a B4C3 monolayer as anode in LIBs. The ensuing results and elucidated 
mechanisms are deliberated in the subsequent sections. 

3.1. Structural properties 

The calculations were carried out to optimize the B4C3 monolayer 
which comprises of a hexagonal arrangement reminiscent of graphene. 
The B4C3 structure, although not perfectly flat, demonstrates a 
discernible buckled pattern. The unit cell of B4C3 consists of 6 carbon 
and 8 boron atoms, as shown in Fig. 1. Each carbon atom has four 
adjacent boron atoms and every boron atom has three adjacent carbon 
atoms. Boron atoms are coordinated in two patterns, denoted as B1 and 
B2, respectively. B1 atoms are at the centre in hexa coordination, 
interacting with three surrounding carbon atoms and three B2 atoms. On 
the other hand, B2 atoms at the corners of the hexa structure display 
tetra coordination, forming bonds with one B1 atom and three carbon 
atoms. The calculated lattice parameters for the B4C3 monolayer are a =
9.33 Å and b = 16.2 Å, with an area of 151.2 Å2. This calculation reveals 
a B1–B2 bond length of 1.67 Å and B–C bonds exhibit three distinct types 
due to various geometric positions: (a) B2–C bonds (1.50 Å), linking the 
adjacent B4C3 cluster, (b) B2–C bonds (1.53 Å) at the corner of the rings, 
and (c) B1–C bonds (1.57 Å). The lengths of these B–C bonds lie in the 
range of 1.50–1.57 Å and the results are consistent with the literature 
[43]. These findings suggest a robust boron-carbon atom connection in 
this structure, with all carbon atoms exhibiting tetra coordination in this 
monolayer that bridges the B4C3 cluster. A 2x2 monolayer of B4C3 with 
56 atoms (24 carbon atoms and 32 boron atoms) is simulated for further 
calculations, as shown in Fig. 4 (c). 

3.2. Electronic properties 

To study the Li interaction with the host B4C3 monolayer, the elec
tronic properties were calculated before and after the intercalation 
process. The results reveal B4C3 as a semiconductor with a band gap of 2 

Fig. 1. Optimized unit cell of B4C3 monolayer (a) along the z-axis, (b) along the 
y-axis and (c) along the x-axis. The grey spheres indicate carbon atoms, and the 
golden spheres represent boron atoms. 
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eV consistent with the literature [44–46]. Fig. 2 illustrates the density of 
states (DOS) plots of the B4C3 monolayer and 1 Li intercalated B4C3 
monolayer. Fig. 2 (a) represents the TDOS of B atoms and Fig. 2 (b) 
represents the TDOS of C atoms in the host monolayer, showing that 
Carbon atom states contribute more to B4C3 than B atoms. In Fig. 2 (c), 
S-DOS and P-DOS calculations show that p-orbitals are preferentially 
involved in forming valence and conduction bands than s-orbitals. The 
valence band exhibits a slight overlap with the Fermi level, suggesting 
the characteristic n-type semiconducting behavior of the material. 

Fig. 2 (d) displays the graph for total DOS (TDOS) and partial DOS 
(PDOS) with the inclusion of one lithium atom in B4C3 to examine how 
Li atoms affect the DOS in the host material. After the Li adsorption, the 
peaks get sharper, showing that Li s-states interact with the s and p states 
of host B4C3, transferring their charge to the host structure. This results 
in a reduction of band gap value and the peaks are shifted toward the 
conduction band due to the appearance of new Li-2s states after the 
intercalation process. 

The band structure of the host monolayer (pure) and one Li inter
calated monolayer is shown in Fig. 3 (a) and 3 (b), respectively. The 
graphs demonstrate that with the introduction of lithium atoms into the 
host material, specific states shift toward the Fermi level (from the 
valence band to the conduction band). This shift is attributed to the 
intercalation of Li atoms and the involvement of Li-2s states in the host 
material. It leads to a reduction in the material’s band gap. 

3.3. Dynamical and thermal stability 

A critical aspect of theoretically predicted structures is their 

dynamical stability. Phonon scattering curves are utilized to examine 
the dynamic resilience of the B4C3 monolayer. In Fig. 4 (a), the phonon 
band structure of the B4C3 monolayer is depicted, revealing the absence 
of imaginary frequencies across the entire Brillouin zone, signifying the 
dynamic stability of the structure. To assess the thermal stability of the 
B4C3 monolayer, Ab-initio molecular dynamics (AIMD) calculations 
were conducted at temperature range up to 900 K. A 2 × 2 × 1 supercell 
containing 126 atoms was utilized for AIMD calculations for 25 ps, with 
a temporal interval of 0.25 fs. Fig. 4 (b) illustrates the energy and 
temperature plotted against time. Notably, the energy of the system 
remains nearly constant throughout simulations. Snapshots of the 
structures after 25 ps are presented in Fig. 4 (c). The structure remains 
intact, exhibiting no bond breakage and affirming the stability of the 
monolayer. 

3.4. Intercalation sites 

One lithium is positioned at several high-symmetry locations in the 
host B4C3 monolayer to study the most favorable intercalation site. The 
site that gives the minimum energy calculated by Equation (1) will be 
the most promising site for intercalation and will be used for further 
increased Li concentration. There are six high symmetry sites for 
Lithium intercalation in the host monolayer represented in Fig. 5 (a) to 5 
(f). Fig. 5 (a) illustrates site S1: That ring is vacant in the center of the 
hexagonal ring made by C and B atoms. Fig. 5 (b) shows site S2: In the 
2nd type of ring over the B atom, Fig. 5 (c) shows site S3: Between the B 
and C atoms over their bond, Fig. 5 (d) represents site S4: Among four B 
atoms and over a C atom, Fig. 5 (e) represent site S5: In a tetragonal 

Fig. 2. (a) TDOS of B-atoms in B4C3, (b) TDOS of C-atoms in B4C3, (c) PDOS and TDOS of the B4C3 monolayer and (d) PDOS and TDOS of B4C3 with 1 Li intercalation.  

A. Majid et al.                                                                                                                                                                                                                                   



Materials Science in Semiconductor Processing 176 (2024) 108320

5

shape between two C atoms and two B atoms and Fig. 5 (f) represent site 
S6: Between two B atoms and one C atom. The calculated value of 
lithiation energy at S1 using Equation (1) is 2.85 eV, resulting in an 
endothermic reaction, so this site is unfavorable. At the S2 site, the 
lithium atom is placed over a boron atom in the middle of the ring. The 
computed lithiation energy stands at − 0.44 eV, representing the most 
favorable site as the reaction is exothermic. At the S3 site, the lithium 
atom is placed between C and B atoms, resulting in 0.7 eV lithiation 
energy, which is unsuitable (endothermic reaction). At the S4 site, 
lithium is placed over the carbon atom surrounded by four B-atoms. 

Lithiation energy is found to be 0.64 eV, which is unfavorable (endo
thermic reaction). At the S5 site, the lithiation energy is found to be 0.8 
eV, which is also unfavorable. The lithiation energy for the S6 site is 
0.85 eV. All sites with positive energy are not allowed. 

3.5. Lithiation energy 

B4C3 Structures with different lithium concentrations at different 
positions are given in Fig. 6. In Fig. 6 (a), a single lithium atom is 
positioned at the hexagon’s centre above the boron atom, and the second 

Fig. 3. Band structure of (a) pure B4C3 and (b) B4C3 with one Li atom.  

Fig. 4. (a) Phonon band structure of B4C3 monolayer, (b) AIMD calculation showing the change in energy and temperature over time and (c) snapshots of B4C3 
monolayer before and after the simulation at 900 K. 
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Li is placed above the carbon atom along the z-axis. Fig. 6 (b) illustrates 
the adsorption of 5 Li atoms, three above the monolayer and two located 
beneath the host monolayer along the y-axis. Fig. 6 (c) depicts 7 Li atoms 
adsorbed on the surface; three are at the top of the 2D host layer and four 
are below the layer (along the x-axis). Fig. 6 (d) represents the host 
structure with 9 Li atoms adsorbed (view along the z-axis). 

The calculations are carried out to determine the lithiation energy of 
B4C3 by using Equation (1) up to 29 lithium atoms, as shown in Fig. 9. 
The declining trend depicted in the graph indicates that the lithiation 
energy value decreases as more lithium atoms are introduced demon
strating the feasibility of the reaction, which turns out to be exothermic. 
According to that trend, lithiation energy will never give positive en
ergy. When we get a positive energy value by using equation (1), it 
means that the host material will not adsorb further atoms over itself. 
But positive energy is not always necessary to finish our adsorption. 
Sometimes, we do not get positive energy, but by steric interaction 
calculations, Hirshfeld charge analysis and AIMD simulations, we 
learned that host material will not adsorb further atoms as saturation 
attains. 

In the case of B4C3, the lithiation energy never becomes positive, so 
there is a need for a critical analysis of the lithiation process and the 
formation of dendrites. Fig. 7 (a) shows 29 lithium atoms adsorbed on 
the host material. We can visualize that no lithium atom leaves the 
surface of the host structure and doesn’t push any lithium atom away 

from it. When the 30th Li is placed over the host structure, during the 
process of geometry optimization, it starts moving away from the sur
face as denoted by the arrowhead and starts making another layer of 
lithium atoms away from the surface, resulting in dendrite formation, as 
shown in Fig. 7 (b). 

To explore the reason behind the lack of further absorption of Li 
atoms, steric interaction calculations are carried out. Fig. 7 (c) depicts 
that the 30th Li atom does not interact with the surface of the host 
material and does not take part in the charge transfer process. 

Furthermore, instead of relying solely on calculating the lithiation 
energy based on equation (1), AIMD simulations were also carried out to 
check the feasibility of incorporating 29 Li atoms into the monolayer. 
Investigating the intercalation of lithium atoms without their aggrega
tion into clusters is helpful. Fig. 8 (a) and 8 (b) show the stability of this 
configuration during AIMD simulations carried out at 400 K and 900 K 
respectively. The system’s energy remains nearly constant, showing the 
host monolayer’s stability. The snapshot of the host structure with 
intercalation of 30 lithium atoms after AIMD simulations for 25 ps at 
400 K and 900 K are represented in Fig. 8 (c) and 8 (d) respectively. The 
close inspection of the structures exhibited the absence of breaking of 
bonds in the host structure and ruled out possible aggregation of Li 
atoms into clusters, which points to requisite structural stability and 
feasibility of the host monolayer as an anode in LIBs. 

Fig. 5. Energy profiling by placing lithium atom in the host at (a) site S1 located in the centre of the hexagonal ring made by C and B atoms where the ring is vacant, 
(b) site S2 lies in the second type of ring over the B atom (c) site S3 situated between the B and C atom over their bond, (d) site S4 among four B atoms and over a C 
atom, (e) site S5 positioned in a tetragonal shape where two C atoms align with two B atoms and (f) site S6 which exists between two B atoms and 1 C atom. 
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3.6. Storage capacity 

The storage capacity of B4C3 is calculated by using equation (2) 
which comes 2770.21 mAhg− 1 and represented in Fig. 10. This is high 
value compared to commercially available anodes, as listed in Table 1. 
We used x as 29 in Equation (2) because the saturation of the host 
structure required 29 Li atoms intercalation, confirmed by steric inter
action calculation depicted in Fig. 7 (c) and AIMD simulation explained 
in section 4.1 and Fig. 8. 

3.7. Voltage profile 

Voltage profiling is a crucial parameter to study the electrode per
formance in LIBs [60]. The maximum voltage value per Li for the host 
monolayer is 0.62 V/Li which is a reasonable value when compared to 
the previously reported anode materials depicted in Table 1 [28]. Fig. 11 
illustrates the voltage profile of the B4C3 anode with a fluctuating 
behavior similar to the reported literature [61]. The voltage spikes occur 
due to minimal energy variance among the optimized energies of 
neighboring phases with similar characteristics. At a lithium concen
tration of 41%, the decline in potential becomes negligible, revealing a 

discernible plateau-shaped curve. The plateaus suggest the presence of a 
single-phase system within the battery during electrochemical pro
cesses. Some lithium/vacancy arrangements, which are not the lowest 
energy states, are marginally above the convex hull, making them 
potentially accessible. To incorporate temperature effects into compu
tational voltage profiles, understanding the internal energy and entropy 
of the system after thermalization is necessary to minimize the 
temperature-dependent free energy. One common method for sampling 
the configuration space under specific conditions is the Metropolis 
Monte Carlo (MC) technique, which stochastically explores system states 
with their appropriate probabilities within a given statistical ensemble 
[62,63]. However, achieving convergence in thermodynamic ensemble 
averages with MC simulations typically demands millions of energy 
assessments and large atomic configurations, making them computa
tionally challenging when using DFT. 

3.8. Diffusion path 

Climbing image nudge elastic band (CI-NEB) computations are uti
lized to find the migration pathways of lithium atoms within the host 
structure and only the three most feasible paths are reported along the x- 
axis, y-axis and diagonal. Cl-NEB is the improved method of NEB in 
which we get the highest energy image up to the critical point, opti
mizing energy across the band while reducing it in all other directions. 
Along each path, eight intermediate images are considered. Three cases 
are investigated: (a) is along the x-axis, (b) is along the y-axis and (c) is 
taken along the diagonals. The diffusion path along the x-axis and en
ergy barrier is shown in Fig. 12 (a). The energy obstacle along the x-axis 
is 0.06 eV, making it highly conducive to intercalation. On the other 
hand, the diffusion path along the y-axis presents an energy barrier of 
0.21 eV, marking it as the less advantageous option illustrated in Fig. 12 
(b). The energy obstacles along the diagonal is 0.20 eV. This is the 
second most suitable path along the host, as shown in Fig. 12 (c). 

3.9. Diffusion coefficient and ionic conductivity 

This study involved computing the diffusion coefficient for Li diffu
sion over host B4C3 monolayer across a temperature range from 300 K to 
900 K. These computations relied on Molecular Dynamics (MD) simu
lations employing the NVT ensemble and a Berendsen thermostat [64]. 
We derived the activation energy (Ea) and pre-exponential constant Do 
values by plotting D versus 1/T using the Arrhenius Equation, as illus
trated in Fig. 13 (a). The Mean Square Displacement (MSD) for the host 
monolayer was determined using Equation (6). The rate of ionic diffu
sion is important upon the interactions between diffusing ions and host 
atoms. The analysis of trajectories revealed faster diffusion at high 
temperatures attributed to rapid charging [65]. The ionic conductivity 
(σ) was computed utilizing Equation (8) and depicted in Fig. 13 (b). At 
room temperature 300 K, the host monolayer’s diffusion coefficient and 
ionic conductivity were found to be 0.7 × 10− 8 m2/s and 0.78 S/m 
respectively. The diffusivity of Li atoms within the host monolayer that 
of reported anode materials for LIBs [50,66,67]. Amidst ongoing 
research endeavors aimed at identifying potential anode materials for 
LIBs [49,68,69], numerous novel anode materials have been developed 
[70–74]. However, further research efforts are imperative to compre
hensively grasp the underlying mechanisms and devise new anode ma
terials with enhanced electrochemical properties. 

4. Conclusions 

First-principles computations are utilized in the ADF modules Band 
and DFTB to explore the suitability of the B4C3 monolayer as a positive 
electrode in LIBs. Geometry optimization and absorption of Li on the 
B4C3 surface were performed, followed by determining optimal 
adsorption sites for Li atoms. The lithiation process was examined until 
the lithium atoms started dendrites formation and no charge was 

Fig. 6. Optimized B4C3 monolayer (a) z-axis view with 2 Li atoms, (b) y-axis 
view with 5 Li atoms, (c) x-axis view with 7 Li atoms and (d) z-axis view with 9 
Li atoms intercalation. 

Fig. 7. (a) Snapshot of 29 Li atoms adsorbed on host B4C3, (b) Snapshot of 30th 
lithium atoms pushed away from the surface and (c) Steric interaction of 
separated lithium by the surface. 
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transferred to the host, as confirmed by steric interaction studies and 
AIMD simulations. The computed capacity of B4C3 is 2770.2 mAh/g. The 
diffusion path energy barrier of Li was studied using the Cl-NEB method, 
with the minimum value of the energy barrier along the x-axis being 
0.06 eV. The determined open circuit voltage is 0.62 V per Li atom, with 
a diffusion coefficient and ionic conductivity of 0.7 × 10− 8 m2/s and 
0.78 S/m respectively, at 300K. The findings offer insightful 

perspectives into the behaviour and performance of B4C3 as a promising 
anode material in LIBs. The calculated storage potential emphasizes its 
elevated energy capacity, positioning it as a favorable candidate for 
upcoming battery applications. The analysis of lithiation energy and 
diffusion characteristics sheds light on the electrochemical behaviour of 
B4C3, helping to understand the mechanisms and kinetics involved in the 
lithiation process. 

Fig. 8. (a) AIMD calculation showing the change in energy and temperature over time carried out (a) at 400 K, (b) at 900 K, (c) snapshots of 30 Li incorporation into 
B4C3 after simulations at 400 K and (d) snapshots of 30 Li incorporation into B4C3 after simulations at 900 K. 

Fig. 9. The calculated variation in lithiation energy concerning lithium con
centration in B4C3. 

Fig. 10. Storage capacity as a function of lithium concentration.  
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Fig. 12. Diffusion path along (a) the x-axis of the host monolayer with the transition barrier of 0.06 eV, (b) the y-axis with a transition barrier of 0.21 eV and (c) the 
diagonal path with a transition energy barrier of 0.20 eV. 
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