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A B S T R A C T

Finding an appropriate new anode material with high electrochemical performance for lithium-ion batteries
(LIBs) is considered one of the significant challenges for both the academic and industrial research communi-
ties. Herein, we propose to explore the efficiency of a newly designed two-dimensional (2D) material, named
orthorhombic dialuminium dinitride (o-Al2N2), as an alternative anode material for LIB systems through first-
principles calculations and ab initio molecular dynamics (AIMD) simulations. The obtained results show that
orthorhombic-Al2N2 exhibits a high specific capacity of 1144.2913 mAhg−1, an operating voltage around 0.575
V, and a low kinetic diffusion barrier of 0.26 eV. These results prove the suitability of the o-Al2N2 monolayer
as a promising anode material for LIBs with high structural stability, strong binding energy towards lithium
adsorbent, fast lithium diffusion, and a high theoretical capacity. These features rank the 2D o-Al2N2 monolayer
among the best choices for the anode part of the next-generation rechargeable LIBs.
1. Introduction

Scientists and researchers are currently making significant efforts
to improve and develop effective energy storage strategies, which play
an essential role in harnessing renewable and clean energies. These
strategies have a crucial role in paving the way for the transition from
fossil fuels and traditional energy sources to renewable energy [1,2].
In this regard, a secondary battery is the largest and most advanced
energy storage technology owing to its diverse advantages, such as
compact size, high energy density, and improved charge–discharge
efficiency [3,4]. Specifically, rechargeable lithium-ion batteries (LIBs)
have attracted significant attention from the research community, and
they have been widely developed and incorporated into electronic
devices and electric vehicles. [5–7]. Regrettably, conventional batteries
have typically utilized graphite as the active electrode for the anode,
exhibiting a low theoretical specific energy (250 Whkg) and a limited
specific capacity of about 372 mAh∕g [8]. However, these character-
istics impose some limitations on meeting the growing demand for
large-scale applications. In addition, several potential materials, such as
germanium [9], silicon [10], carbon nanotube [11,12], and 2D blue and
black phosphorene [13,14], have shown promise as anode materials
with higher capacity compared to graphite. However, the instability
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and internal deformation of LIBs significantly impact battery life and
safety. Hence, developing new advanced anode materials with high
specific capacity, improved stability, and excellent cycle performance
is a critical task for LIB applications.

Owing to several advantages, including a large surface-to-volume
ratio, significant charge capacity, low diffusion barrier, and unique
electronic and electrochemical properties, 2D materials have recently
emerged as the most promising alternative for negative electrode ma-
terial for LIBs [15–18]. To date, graphene stands out as the most
well-known and extensively investigated material, mainly utilized as
an anode material for LIBs [19,20]. Despite its amazing superlative
properties, such as excellent structural stability and electrochemical
performances, it is inactive to interact with Li-ion, leading to a low
storage capacity [21,22]. In addressing this challenge, researchers have
tried to overcome this problem by modifying the graphene structure
through strategies such as doping and introducing extrinsic and intrin-
sic defects to improve and enhance Li-ion storage capacity. However,
these modifications may degrade certain properties, such as conductiv-
ity and structural stability [23–26]. Then, researchers have intensively
explored other two-dimensional materials with structures similar to
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graphene, such as borophene [27], silicene [28], blue/black phos-
phorene [29,30], MXenes [31], transition metal dichalcogenides [32],
and many others [33,34], which have been examined as anodes in
LIB systems [35–37]. However, their utilization and application are
generally limited, owing to their high diffusion energy barrier or low
storage capacity [35]. For example, an alternative material that can be
used as an anode is borophene, due to its significant specific storage
capacity about of 1860 mAh∕g with excellent stability.

To date, the III-V binary monolayer family is considered one of the
most innovative classes of 2D materials for anode design in LIB sys-
tems due to their intriguing physical and chemical properties. Among
these, hexagonal boron nitride monolayer (h-BN) has garnered sig-
nificant attention, both theoretically and experimentally, owing to its
potential applications in nanoelectronics. However, due to its large
band gap energy (6.1 eV) and weak interaction with Li-ions, the
h-BN monolayer is unsuitable for use as an active anode material
in LIB systems [38,39]. Conversely, hexagonal h-BSb and h-BP have
emerged as promising candidates for anode materials, boasting large
theoretical specific capacities [40,41]. Furthermore, the hexagonal alu-
minum nitride monolayer (h-AlN) has been subject to theoretical in-
vestigation, demonstrating favorable properties for Li adsorption [42].
Sengupta [43] demonstrated that 2D h-AlN exhibits a high specific
capacity of approximately 500.8 mAh∕g with a low diffusion barrier,
positioning h-AlN as a prospective material for anode applications in
LIB systems. In 2021, J. Zhao et al. [44] proposed a novel 2D inorganic
aluminum nitride material with an orthorhombic structure. Using den-
sity functional theory (DFT) investigations, they assessed its dynamic
and mechanical stabilities. Optoelectronic properties revealed that the
o-Al2N2 monolayer possesses semiconductor characteristics with an
indirect band gap of approximately 0.941 eV (GGA-PBE approach)
and exhibits high anisotropic optical absorbance, suggesting potential
applications in clean energy technologies, including rechargeable bat-
teries and hydrogen production. Importantly, the o-Al2N2 monolayer
comprises aluminum and nitrogen elements, which are abundant and
lightweight in nature, thus holding promise for achieving exceptional
theoretical specific capacity in Li-ion batteries.

Motivated by the distinctive characteristics of orthorhombic Al2N2,
as well as the successful synthesis of various 2D materials such as
graphene and other 2D III-nitride materials [45], we aim to system-
atically explore, for the first time, the suitability of a 2D orthorhom-
bic Al2N2 monolayer as a lithium-ion battery electrode using Den-
sity Functional Theory (DFT) calculations. We initially examined the
structural stability and electronic properties of this material. Subse-
quently, the adsorption energy of lithium at favorable sites on the
Al2N2 monolayer was investigated by incorporating DFT-D2 correc-
tion. Additionally, the mobility of lithium ions on the Al2N2 surface
was evaluated across three different nearest neighboring sites using
the climbing-image nudged-elastic-band (CI-NEB) method. Predictions
for the theoretical capacity and open circuit voltage were made and
analyzed in detail. We further confirmed the system’s stability through
ab initio molecular dynamics (AIMD) simulations. Our findings reveal
that lithium adsorption induces a phase change in the host surface upon
high ionic concentration. By calculating the average potential and spe-
cific capacity, we observed an exceptionally high capacity for lithium
ions. In comparison with other 2D materials previously reported for
anode applications, orthorhombic Al2N2 emerges as a promising anode
material with a high specific capacity. Lastly, a comparative analysis
with other recently predicted 2D materials for anode applications sug-
gests that the proposed 2D Al2N2 monolayer stands out as one of the
promising candidates for the anode component of lithium-ion battery
(LIB) systems, showcasing both a high theoretical specific capacity and
2

an ultralow diffusion barrier.
Table 1
The structural parameters of o-Al2N2 monolayer along with that of other monolayers
uild from binary elements in groups III and V for comparison.
Material 𝑎 (Å) 𝑏 (Å) 𝑑𝐼𝐼𝐼−𝐼𝐼𝐼 𝑑𝐼𝐼𝐼−𝑉 𝑑𝑉 −𝑉

o-Al2N2 5.92 3.15 2.54 1.82 1.47
o-Al2N2 [44] 5.90 3.11 2.55 1.82 1.48

o-B2N2 [57] 4.57 2.50 1.70 1.44 1.44
o-B2N2 [44] 4.56 2.49 1.70 1.44 1.45

o-Ga2N2 [44] 5.80 3.17 2.39 1.87 1.44

2. Computational details

The structural stability, electronic, and electrochemical properties of
the o-Al2N2 were investigated using the density functional theory [46]
(DFT) as implemented in the Quantum Espresso (QE) code [47]. The
exchange–correlation energy was described using the Perdew Burke
Ernzerhof (PBE) functional within the generalized gradient approxima-
tion (GGA) [48]. The projected augmented wave (PAW) method was
used to treat the electron–ion interactions [49]. The cutoff energy for
the plane wave expansion is set to 884.37 Ry and the Brillouin zone
was sampled using Monkhorst–Pack k-point meshes of 7 × 11 × 1 and
11 × 17 × 1 for the structural optimization and the electronic structure
calculations [50]. For atomic relaxation, the energy and force conver-
gences for self-consistency were set to 10−6 and 10−4 eV, respectively.
The semi-empirical Grimme’s (D2) approach was employed for taking
into account the van der Waals interaction and describing accurately
the interaction between the lithium-ion and o-Al2N2 surface [51]. A
20 Åvacuum along the 𝑧-axis was adopted to eliminate the interaction
between the studied system and its periodic images. The charge transfer
between the lithium atom and the monolayer was evaluated based-
on the Bader charge algorithm [52]. We used both the XCrySDen
and Vesta software for structural visualization [53,54]. The dynamical
stability was investigated by calculating phonon dispersion along the
high symmetry direction (𝛤 −𝑋−𝑆−𝑌 −𝛤 ) through density functional
perturbation theory (DFPT) [55]. Climbing-image nudged-elastic-band
(CI-NEB) [56] method was used to identify the minimum energy path
and determine the activation energy barrier for the lithium diffusion
on the surface of o-Al2N2 monolayer. Ab initio molecular dynamics
(AIMD) simulations were conducted within the canonical ensemble
framework (constant particle number, volume, and temperature, NVT),
utilizing a timestep of 2 fs. To expedite the dynamical processes, a
temperature of 300 K was employed. These AIMD simulations were in-
strumental in assessing the reversibility of observed structural changes
and provided critical insights into the thermal stability of the host
compound.

3. Results and discussion

3.1. Theoretical stability and electronic properties

Orthorhombic-Al2N2 (o-Al2N2) monolayer belongs to the aluminum
nitride family, it is a planar structure with one atomic thick similar to
that of graphene, h-AlN, and h-BN monolayers [19,42]. Fig. 1 shows
the top and side views of the optimized structure of o-Al2N2 monolayer,
where the unit cell is formed by four atoms (2Al and 2N). The optimized
lattice parameters and bond lengths are listed in Table 1, along with
those from other theoretical works. Notably, our theoretical findings
entirely align with those reported in the literature, demonstrating the
accuracy of the simulation method used in this work. The difference in
bond lengths observed in comparison to other materials, such as o-B2N2
and o-Ga2N2 is referred to the difference in atomic radius between Al,
Ga, and B.

While the experimental exploration of 2D materials is still in its
nascent stages, theoretical stability assessments play a crucial role in
advancing our understanding of these materials. For this purpose, we
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Fig. 1. Top and side views of a 3 × 2 × 1-supercell of the o-Al2N2 monolayer, where the unit cell is illustrated by the dotted rectangle. Blue and red spheres present the N and
Al atoms, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 2. The phonon dispersion curve of o-Al2N2 monolayer along high symmetry path
𝛤 −𝑋 − 𝑆 − 𝑌 − 𝛤 .

estimated the theoretical stability of o-Al2N2 monolayer by calculating
the cohesive energy and phonon dispersion curve which correspond
respectively to the thermodynamic and dynamic stability. The cohesive
energy per atom was calculated via the equation [58]:

𝐸𝑐 =
𝐸𝑜−Al2N2

− 2(𝐸Al + 𝐸N)
4

, (1)

where 𝐸𝑜−Al2N2
represents the total energy of o-Al2N2. 𝐸Al and 𝐸N

are the total energies of isolated Al and N atoms, respectively. The
calculated cohesive energy 𝐸𝑐 is found to be −5.59 eV/atom, indi-
cating a strong bonding network in o-Al2N2 monolayer. The value of
cohesive energy is in the range of other 2D materials that have been
experimentally and theoretically studied, like graphene (−7.9 eV), h-
AlN (−5.36 eV∕atom), silicene (−4.57 eV), phosphorene (−3.18 eV), and
hexagonal boron–antimony (−4.48 eV) [40,59–62]. Additionally, we
have compared the o-Al2N2 cohesive energy with other materials that
have the same orthorhombic structure, such as o-B2N2 (−6.23 eV∕atom)
and o-B2𝑃2 (−4.80 eV∕atom) [63]. Additionally, we have checked the
dynamical stability of the structure of o-Al2N2 monolayer through the
phonon dispersion curve as depicted in Fig. 2. From this figure, there
is no imaginary frequency mode throughout the high symmetry path
along the first Brillouin zone (BZ), confirming the dynamical stability
of the o-Al2N2 structure. Based on these results, we can conclude that
2D orthorhombic-Al2N2 is thermodynamically and dynamically stable
which favors its experimental synthesis.

Fig. 3(a,b) presents the electronic band structure as well as the
total/partial density of states (TDOS/PDOS) of the o-Al2N2 monolayer.
The obtained electronic band structure depicts a semiconducting nature
with an indirect band gap of 0.91 eV. The contribution of each atomic
orbital to the conduction and valence bands can be analyzed from
3

the TDOS and PDOS, as shown in Fig. 3(b). It can be observed that
the conduction and valence bands are predominantly dominated by
the p-orbitals of aluminum and nitride atoms. Near the Fermi level,
a hybrid state between the p-orbitals of Al and N atoms could be
observed. Moreover, it is evident that the observed opening gap in the
electronic band structure essentially arises from the contribution and
hybridization of the p-orbitals of N and Al atoms.

3.2. Adsorption of single (Li∕Na∕K) atom

Efficient anode materials for alkali-ion batteries hinge on the strong
adsorption energy of alkali atoms onto the active surface, a funda-
mental criterion. Consequently, we undertook an investigation into the
adsorption of alkali ions on a 3 × 2 × 1 supercell of the o-Al2N2
monolayer. Considering the symmetry of the o-Al2N2 monolayer, we
initially identified seven potential sites, which can be categorized into
three distinct categories: hollows (H), bridges (B), and tops (T), as
delineated in Fig. 4. The hollows sites are denoted by 𝐻1 and 𝐻2, which
correspond respectively, to Al2N4 and Al4N2 hexagons. The second class
(bridge) contains 𝐵1, 𝐵2, and 𝐵3 siting on Al-Al, N-N, and Al-N bonds,
respectively, and the third class is the top (T) sitting on the top of
each element Al and N atoms denoted by 𝑇Al and 𝑇N. The approach
to recognize the outstanding binding site of alkali-ion on the o-Al2N2
monolayer is linked to the binding strength, which is given by its
standard formula:

𝐸𝑏 = 𝐸𝐴@Al2N2
− 𝐸𝑜−Al2N2

− 𝐸𝐴 (2)

where 𝐸𝐴@Al2N2
and 𝐸𝑜−Al2N2

represent the total energies of the systems
with and without lithium adsorption. 𝐸𝐴 refers to the energy of a single
alkali-ion in its bulk phase. As it is well-known, a higher negative
binding strength corresponds to good stability of adatom in that binding
configuration, leading to the fact that the adatoms can be distributed
uniformly on the monolayer’s surface instead of clustering. Consequen-
tially, the issue of the formation of metal clusters is avoided during the
charge/discharge process. Upon fully optimizing the o-Al2N2 system for
the adsorption of Li, Na, and K at various active sites—namely, 𝐻𝑖=1,2,
𝐵𝑖=1,2,3, and 𝑇Al,N sites, we observed notable trends. Specifically, the 𝐻1
and 𝐵1 sites exhibited the lowest absorption energies, indicating their
strong affinity for alkali metal adsorption. Further analysis revealed
a shift in the preferred adsorption sites for all alkali metal atoms
towards the hollow sites, with 𝐻1 emerging as the most favorable
site over 𝐵1. The calculated binding energies for Li, Na, and K at the
𝐻1 site were found to be −0.39, −0.23, and −0.17 eV, respectively.
This can be explained based on a stronger interaction of lithium with
the o-Al2N2 surface compared to sodium and potassium. Moreover,
due to the larger atomic radii of Na and K compared to Li, structural
deformations were observed upon their adsorption onto the o-Al2N2
surface. Such a results underscore the superior stability of Li ions when
adsorbed on the o-Al2N2 monolayer, positioning it as a promising anode
material for lithium-ion batteries. The estimated binding energies of Li
at 𝐻 and 𝐵 sites (See Fig. 5(a,b)) were determined to be −0.39 eV
1 1



Journal of Energy Storage 94 (2024) 112351M. Agouri et al.
Fig. 3. Electronic band structure (a) and partial/total density of state (b) of the o-Al2N2 monolayer using PBE functional.
Fig. 4. The appropriate binding sites for alkali adsorption on supercell of o-Al2N2,
where 𝐻1 and 𝐻2 refers to the hollow sites of the Al2N4 and Al4N2 hexagons,
respectively. The 𝐵1, 𝐵2, and 𝐵3 denote the binding sites at the N-N, Al-Al, and Al-N
bonds, respectively. The 𝑇N∕𝑇Al presents the binding sites at the top of N/Al atom.

and −0.18 eV, respectively, with corresponding vertical distances of
1.55 Åand 1.93 Åbetween lithium and the monolayer surface. This sug-
gests that the 𝐻1 site is more favorable for Li adsorption. Additionally,
the optimal coordination of lithium at sites 𝐻1 and 𝐵1 can be attributed
to charge transfer mechanisms, wherein lithium readily transfers its
valence charges to fill the vacant orbitals of aluminum atoms. It can be
concluded that the o-Al2N2 monolayer exhibits superior stability and
favorable adsorption characteristics for lithium compared to sodium
and potassium. Therefore, our study advocates for the selective use of
lithium as the preferred alkali metal for future applications involving
o-Al2N2-based materials.

3.3. Charge density and Electronic conductivity

In order to understand and analyze the mechanism of interaction
between lithium and the surface of o-Al2N2 during the insertion pro-
cess, we calculate the charge density difference (CDD) of lithium-ion
adsorbed at the optimal site on the orthorhombic-Al2N2 surface, using
the following formula:

𝛥𝜌 = 𝜌Li@Al2N2
− 𝜌𝑜−Al2N2

− 𝜌Li (3)

where 𝜌Li@Al2N2
and 𝜌𝑜−Al2N2

correspond to the electronic charge den-
sity of the o-Al2N2 monolayer with and without one Li atom adsorbed,
respectively, and the 𝜌Li presents the electronic charge density of a
single Li atom in an isolated system with the same cell volume. Fig. 6
represents the distribution of charge density by 3D iso-surface plot,
revealing the accumulation and depletion of charge in our system. It
4

can be noted that the charge accumulating and depleting zones are
represented, respectively, by the yellow and blue colors, indicating
an important charge transfer from Li to the o-Al2N2 monolayer. This
significant charge transfer results from the higher electronegativity
of Al and N atoms compared to the Li atom. The charge transfer,
determined through the Bader charge analysis algorithm, was estimated
to be 0.89 e. This indicates an oxidation process for lithium during its
adsorption on the monolayer. Such behavior holds significant promise
for energy storage applications. Moreover, to enhance the understand-
ing of the interaction between a single lithium atom and the o-Al2N2
monolayer, we have computed its electronic properties. The electronic
band structure, partial and total density of states for Li-adsorbed at
the most favorable site 𝐻1 on the o-Al2N2 surface are calculated, as
shown in Fig. 7(a,b,c). Our results indicate that the studied system
changes its electronic aspect from semiconductor to metallic nature
after the adsorption of a single lithium atom. This change is illustrated
by an overlap between valence and conduction bands leading to the
shifting of the Fermi level towards the conduction band, as presented
in band structure and total density of states (Fig. 7(a, b)). Similarly,
the partial density of states curve (Fig. 7c) also shows that the Fermi
level shifts to the conduction band, which validates the metallic aspect
of the Li-adsorbed on the studied monolayer. This shift in the Fermi
level corresponds to the p-orbits of Al/N atom and the contribution of
s-orbital of a Li-atom, indicating a charge transfer from Li-adsorbed on
the o-Al2N2 monolayer. These findings ensure significant electrical con-
ductivity and a fast flow of electrons during the charge and discharge
process [57].

3.4. Diffusion of Li-ion on o-Al2 N2

The migration mechanism of lithium-ion on the o-Al2N2 nano-sheet
is another key factor for exploiting and applying this 2D material as an
efficient anode material in LIB systems. In fact, the rate performance of
the charge/discharge process in LIB systems is related to the movement
of Li-ions in the active materials. In this regard, the mobility of Li-ion
on the o-Al2N2 surface can be analyzed by calculating the diffusion
energy barrier of lithium. Using the climbing image nudged elastic
band (CI-NEB) method, we calculated the diffusion energy barrier by
investigating the minimum energy path and finding the saddle point
along the paths, where lithium migrates from the most favorable to its
neighbor. The available diffusion pathways for Li-ion on o-Al2N2 mono-
layer are shown in Fig. 8(a,b,c). Three possible migration pathways are
considered: the first one (Fig. 8a) goes along the x-direction (zigzag),
the second one (Fig. 8b) follows along the y-direction passing on the
top of the Al atom, and the third (Fig. 8c) passes above the 𝐻2 sites.
Fig. 8 illustrate a representation of the three pathways along with their
energy profiles. From the energy difference between the minimum and



Journal of Energy Storage 94 (2024) 112351M. Agouri et al.
Fig. 5. Top and side views of the optimized structures of lithium (pink atom) adsorbed on o-Al2N2 monolayer at (a) 𝐻1-site and (b) 𝐵1-site. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. Top (a) and side (b) views of the charge density difference (𝛥𝜌) for Li-ion adsorbed at the most stable binding site (𝐻1) on o-Al2N2 monolayer. The accumulation and
depletion of electrons are indicated, respectively, by the yellow and blue colors, and the charge transfer from the Li-atom to the o-Al2N2 surface is about 0.89 e. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
saddle points, the obtained diffusion barrier heights of Li-ion along the
paths-a, b, and c are, respectively, 0.26, 0.65, and 0.70 eV. Resulting
in lithium diffusion along path-a is the most favorable with a small
energy barrier of 0.26 eV. The orthorhombic-Al2N2 monolayer presents
a significant energy barrier (0.26 eV), which is small compared to
other 2D materials like h-BAs monolayer (0.52 eV), h-AlN monolayer
(0.40 eV), and o-B2N2 monolayer (0.38 eV) [43,57,64].

3.5. Open circuit voltage and theoretical capacity

The theoretical specific capacity and the open circuit voltage (OCV)
are another two crucial factors that influence the performance of
batteries. To simulate the lithium loading process, we incrementally
increased the number of lithium adatoms by filling the most favorable
sites (𝐻1-sites) on both sides of the monolayer of o-Al2N2, adding one
adatom at a time until a complete recovery was achieved, forming the
first layer of Li (Li6Al2N2). Subsequently, Li atoms were added into the
second favorable sites at 𝐵1-sites, creating the second layer (Li12Al2N2).
Therefore, a series of intermediate configurations under the chemical
formula of Li𝑛Al2N2 (where 𝑛 = 6, 12, 18, 24, 30, 36, 42) are
considered, as presented in Fig. 9. Accordingly, the average adsorption
5

energy 𝐸𝑎𝑣𝑔
𝑏 of Li atoms adsorbed on o-Al2N2 surface is calculated using

the following formula :

𝐸𝑎𝑣𝑔
𝑏 =

𝐸Li𝑛@Al2N2
− 𝐸𝑜−Al2N2

− 𝑛𝐸Li

𝑛
(4)

where 𝐸Li𝑛@Al2N2
and 𝐸𝑜−Al2N2

represent the ground state energies of
Li𝑛@Al2N2 and o-Al2N2, respectively. 𝐸Li refers to the energy of a
single lithium-ion in the bcc phase. The insertion process continues
until the average adsorption energy becomes positive, which is a strong
indication of the beginning of Li clustering formation and dendrites.
The 𝐸𝑎𝑣𝑔

𝑏 for layer 1, layer 2, layer 3, layer 4, layer 5, layer 6, and layer
7 are found to be −0.21, −0.67, −0.29, −0.15, −0.09, −0.0135, and
−0.0137 eV, respectively. As a result, the orthorhombic-Al2N2 anode
for lithium-ion batteries could store a maximum of 42 Li-atoms, where
the average adsorption energy approach zero.

The open-circuit voltage (OCV) is a significant parameter that aids
in understanding the electrochemical behavior and the applicability
of anode materials and their performance in rechargeable lithium-ion
batteries. The Nernst equation for determining OCV is expressed as :

𝑉 = −𝛥𝐺
𝑛𝐹

(5)

where 𝐹 , 𝛥𝐺, and 𝑛 present the Faraday constant, the change in Gibbs
free energy, and number of transferred charge, respectively. In solid
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Fig. 7. Electronic band structure (a), total density of states (b), and partial density of states (c) curves of a single Li-adsorbed on o-Al2N2 monolayer.

Fig. 8. The diffusion pathways and their energy profiles for lithium-ion diffusion on the surface of o-Al2N2 monolayer.
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Fig. 9. Structural side view of different Li-adsorbed concentrations on o-Al2N2 monolayer.
state case, the contributions of volume change, entropy, and pressure
are neglected, the open circuit voltage (OCV) leads to:

𝑂𝐶𝑉 =
−𝐸Li𝑛2@Al2N2

+ 𝐸Li𝑛1@Al2N2
+ (𝑛2 − 𝑛1)𝐸Li

𝑒(𝑛2 − 𝑛1)
(6)

where 𝐸Li𝑛2@Al2N2
and 𝐸Li𝑛1@Al2N2

are the energy at 𝑛2 and 𝑛1 number
of Li-adsorbed on the 2D o-Al2N2, and e is the electronic charge. For
an accurate OCV profile, the formation energy was calculated first for
all the considered concentrations of lithium adatoms in order to get the
convex minimum energy hull which is plotted using following equation:

𝐸𝑓 = 𝐸Li𝑛@Al2N2
−

{ 𝑛𝐸Li𝑛𝑚𝑎𝑥@Al2N2
+ (𝑛𝑚𝑎𝑥 − 𝑛)𝐸𝑜−Al2N2

𝑛𝑚𝑎𝑥

}

(7)

where 𝐸Li𝑛@Al2N2
and 𝐸Li𝑛𝑚𝑎𝑥@Al2N2

are the total energy for n lithium
atoms and total energy of maximum Li loaded o-Al2N2, respectively.
Fig. 10(a) shows the formation energy as a function of the number of Li-
atoms adsorbed. From the convex hull plot, we observe only one stable
intermediate structure for 𝑛 = 12 Li-atoms. Furthermore, the remaining
configurations are considered as meta-stable, and they are not included
in the OCV calculation. The corresponding result of the OCV profile of
our system as a function of the number of Li-adsorbed is illustrated in
Fig. 10(b). We can see that the average OCV curve presents a small
positive values less than 1.5 V, confirming the suitability of the o-
Al2N2 monolayer as a negative electrode for lithium ion batteries.
The observed trend for OCV profile and average adsorption energy
is a consequence of the strengthening repulsive interactions between
lithium ions, which intensify with the increasing number of lithium
adatoms. Furthermore, with higher than 42 Li-adatoms, the OCV profile
shows a change from the positive to negative value, indicating that the
Li-atoms have reached the maximum adsorption number on the o-Al2N2
monolayer. The average OCV of our system is approximately 0.575 V,
which within an ideal range for achieving maximum power density
during the charging/discharging. Consequently, the o-Al2N2 monolayer
has a potential to serve as a high performance prospective anode for
LIBs. Based on these results, the theoretical specific capacity (𝐶) of o-
Al2N2 as an anode material for lithium-storage can be computed by the
formula:

𝐶 =
𝑛𝑚𝑎𝑥.𝐹 (8)
7

𝑀𝑜−Al2N2
where 𝑀𝑜−Al2N2
refers to the relative molecular mass of o-Al2N2 mono-

layer. 𝑛𝑚𝑎𝑥 and 𝐹 present the maximum number of Li-adsorbed, and
Faraday constant. According to the maximum number of Li-atoms
stored on the orthorhombic-Al2N2 surface, the theoretical specific ca-
pacity is about 1144.2913 mAhg−1. This capacity is higher than that of
many 2D materials such as graphite [19], h-BSb [40] and h-AlN [43],
which makes o-Al2N2 a promising candidate for the next generation LIB
systems.

In addition, the change in cell volume during charging/discharging
process of an electrode material can impact the cycle life of batteries.
For this reason, we have assessed the changing volume by calculating
the ratio of the change in volume of the o-Al2N2 monolayer. The result
exhibits a small shrinking in the cell volume, approximately 2.87%
at maximum storage, indicating excellent cycling performances of the
monolayer. The obtained change in volume is small compared to the
commercial anode material graphite [65], and recently predicted 2D
anode materials such as SiP3, 𝑊𝐵4, Si3C, and FeSe [66–69].

Furthermore, it is highly intriguing to note the remarkably high stor-
age capacity of the o-Al2N2 monolayer compared to previously reported
anode materials for LIBs. Fig. 11 illustrates the obtained results for
storage capacity and diffusion barrier, comparing them with those of
some typical 2D anode materials for Li-ion batteries [64,70–78]. Firstly,
the achieved storage capacity of the o-Al2N2 material surpasses that of
the commercial graphite anode material by approximately four times.
Moreover, it is evident that the obtained storage capacity of the o-Al2N2
material is higher than that of other anode materials reported in the
literature, such as h-AlC, silicene, 𝛼-CP, and many more. However, it is
lower compared to other materials, including o-B2P2, Siliborophene,
VSi2N4, and TiC3 [79–82]. Additionally, the o-Al2N2 monolayer ex-
hibits a significantly low diffusion barrier compared to certain reported
anode materials, particularly to the o-B2P2 monolayer. This ensures
excellent mobility of Li-ions on the surface, facilitating the smooth
operation of lithium-ion battery systems. Finally, the orthorhombic
Al2N2 material in the comparison plot highlights its advantages and
potential as a promising anode material, characterized by an ultra-low
diffusion barrier and high storage capacity.

3.6. Further insights into the stability of o-Al2 N2 during lithiation processes

During the charge–discharge process, the battery electrode materi-
als can undergo significant volume expansion, potentially leading to
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Fig. 10. The formation energy of Li𝑥Al12N12 per formula unit (a) and the estimated OCV profile as a function of numbers 𝑥 for Li𝑥Al12N12 (b).
v

Fig. 11. A Comparison of the theoretical specific capacity (C) and diffusion energy
barrier of o-Al2N2 monolayer with other previously potential 2D anode materials.

their pulverization. This phenomenon may result in a sharp decline
in specific capacity and diminished battery cycle life. In this context,
both mechanical and thermal stability of o-Al2N2 anode material during
lithiation were investigated. The elastic characteristics of the o-Al2N2
monolayer before and after a single Li-insertion were analyzed using
the energy–strain approach based on the stiffness tensor from the
second-order derivative of the total energy relative to the applied
tensile and compressive strains ranging from −1.5% to +1.5% in in-
crements of 0.50%. The elastic strain energy per unit area is quantified
using the Voigt notation and is represented by the following formula:

𝑈 (𝜖𝑥, 𝜖𝑦) =
1
2
𝐶11𝜖

2
𝑥 +

1
2
𝐶22𝜖

2
𝑦 + 𝐶12𝜖𝑥𝜖𝑦 (9)

where 𝜖𝑥 and 𝜖𝑦 representing uniaxial strains along the x- and z-
directions respectively, the elastic constants C11 and C22 differ due to
the anisotropic nature of the o-Al2N2 monolayer.

The calculated elastic constants meet the established criteria for
mechanical stability, which require C11 > 0, C22 > 0, C66 > 0, and
C11.C22 - C2

12 > 0. As detailed in Table 2, the C11 = 148.43 N/m, C12
= 28.59 N/m, C22 = 146.87 N/m, and C66 = 46.55 N/m, which are
slightly comparable to those of o-B2P2 and significantly smaller than
those of h-AlN and o-B2N2. Additionally, the mechanical properties
are quantified by the in-plane Young’s modulus and the Poisson’s ratio
along the x- and 𝑦-directions, computed using the respective formulas:

𝑌𝑥 =
𝐶11𝐶22 − 𝐶12𝐶21 , 𝑌𝑦 =

𝐶11𝐶22 − 𝐶12𝐶21 (10)
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𝐶22 𝐶11
Table 2
A comparative analysis of the elastic constants (C11, C12, C22, and C66) derived for
arious 2D materials.
2D materials Elastic constants (N/m)

C11 C12 C22 C66

o-Al2N2 148.43 28.59 146.87 46.55
Al2N2@Li 145.12 28.59 143.80 44.38
o-B2P2 [83] 154.4 34.7 135.7 49.6
o-B2N2 [57] 250.39 35.11 291.65 21.98
h-AlN [84] 182.48 88.29 173.85 94.35

𝜈𝑥 =
𝐶12
𝐶22

, 𝜈𝑦 =
𝐶12
𝐶11

(11)

The calculated in-plane Young’s modulus in the x- and y-direction are
about 143 N/m and 141 N/m, respectively. While the Poisson’s ratio is
calculated to be 𝜈𝑥 = 0.194 and 𝜈𝑦 = 0.192. As compared to some other
2D materials, these results are slightly greater than h-AlN, and o-B2P2
monolayers [83,84], while they are smaller than those of the o-B2N2
monolayer [57].

The thermal stability was further confirmed through ab initio molec-
ular dynamics (AIMD) simulations. As indicated earlier, the optimal
lithium concentration was established based on two principal fac-
tors: the necessity for the average adsorption energy to be nega-
tive and maintaining the electrode’s thermal stability throughout the
charge/discharge cycles. It is crucial to emphasize the observed struc-
tural changes with lithium insertion, depicted in Fig. 9. Initially,
the system retains its structure with minor lithium intercalation, but
exhibits buckling at higher concentrations. This buckling is caused
by additional electrons from lithium atoms, which compromise the
stability of the orthorhombic Al2N2 surface. Corresponding AIMD sim-
ulations, conducted over 10 ps at 300 K, were utilized to evaluate the
o-Al2N2 anode’s recovery dynamics, as shown in Fig. 12. The minimal
variation in total energy across this MD timescale underscores the
exceptional thermal stability of Li7Al2N2. Following these simulations,
lithium atoms were extracted from the o-Al2N2 surface, and a subse-
quent AIMD as well as a global energy optimization confirmed the
structure’s reversibility, returning it to its original planar phase.

4. Conclusion

In conclusion, the proposed 2D 𝑜-Al2N2 monolayer has been the-
oretically investigated as an anode material in lithium-ion battery
systems through DFT calculations. The negative cohesive energy and
the absence of negative frequencies in the phonon dispersion indicate

the theoretical stability of orthorhombic-Al2N2 material. The binding
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Fig. 12. The o-Al2N2 battery anode recovery process with fully removed Li-ions by AIMD at 300 K and a time scale 10 ps.
strength of lithium at the most stable site (Al2N4 hollow) is strong, with
a value of approximately −0.39 eV, primarily due to charge transfer
from lithium to the 𝑜-Al2N2 monolayer (0.89 e), which is desirable
for anode material as it avoids the cluster formation of lithium during
the intercalation process. Throughout the storage process, the 𝑜-Al2N2
monolayer demonstrates a favorable average voltage of about 0.575 V
and a high storage capacity of 1144.2913 mAh/g, significantly greater
than that of the commercial graphite anode. Moreover, the 𝑜-Al2N2
monolayer facilitates the rapid mobility of Li atoms, with an ultra-
low energy barrier of 0.26 eV. Furthermore, a small volume shrinkage
(approximately ∼ 2.87%) is observed, indicating the excellent cycling
performance of our suggested material. Based on our findings, the 2D
𝑜-Al2N2 monolayer emerges as a novel and promising candidate for
anode material in LIBs.
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