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 A B S T R A C T

Nowadays, scientists are increasingly focused on finding new efficient 2D materials for hydrogen storage due 
to their large specific surface area, exceptional physisorption properties, and high gravimetric capacity. In this 
respect, we have analyzed the potential of new 2D orthorhombic (o)-B2CN and o-B2C2 materials as lightweight 
solid mediums for hydrogen storage, employing lithium decoration through density functional theory (DFT) 
calculations. Both materials were found to be conductive and demonstrated excellent mechanical, dynamical 
and thermal stability. The binding energies of lithium adatoms to the monolayers during the decoration process 
were found to be −3.38 and −3.72 eV for o-B2CN and o-B2C2, respectively. These values indicate strong 
interactions with both substrates and the lack of lithium clustering given that they are higher than its cohesive 
energy (−1.63 eV). The lithium decoration technique significantly improves the adsorption of H2 molecules on 
both materials, where each system adsorbs 32 molecules with an average adsorption energy of 0.25 and 0.23 eV 
for 32H2@8Li-B2CN and 32H2@8Li-B2C2, respectively, along with excellent gravimetric capacities of 12.87 and 
13.29 wt% and desorption temperatures of 186 and 171 K. To assess dynamical stability, AIMD calculations 
were conducted on fully loaded H2 systems at temperatures of 100, 200, 400 and 500 K, demonstrating 
complete H2 desorption and confirming the reversibility of both systems. A radial distribution function (RDF) 
analysis was conducted to examine the thermal effects on Li–H atomic correlations and assess the stability of 
hydrogen adsorption at different temperatures. Based on these results, it can be concluded that Li-decorated 
o-B2CN and o-B2C2 show considerable potential for hydrogen storage applications.
1. Introduction

The U.S. department of energy (DOE) fuel cell program supports 
research and development efforts focused on hydrogen and fuel cells, 
with the aim of promoting renewable energy sources for hydrogen gen-
eration while reducing the costs associated with storage and delivery. 
In this context, 2D materials have emerged as a promising approach 
to enhance hydrogen storage systems, particularly for onboard fuel 
cells [1–3]. These materials offer several advantages over traditional 
hydrogen storage materials, such as complex hydrides and nanostruc-
tured metal hydrides [2], which primarily rely on chemisorption, offer 
high storage capacities and adsorption energies due to the formation 
of strong covalent bonds between hydrogen molecules and the stor-
age medium. However, this method presents significant challenges, 
including the need for extremely high desorption temperatures and 
slow hydrogen absorption rates, which limit their practical utility, 

∗ Corresponding author.
E-mail address: ayoub.benaddi@usms.ma (A. Benaddi).

particularly in onboard systems [4]. In contrast, 2D materials offer a 
more promising alternative by utilizing physisorption, where hydrogen 
molecules are adsorbed through weak van der Waals interactions. This 
approach not only allows for reversible hydrogen adsorption but also 
facilitates easier and more efficient release of stored hydrogen, making 
2D materials more suitable for practical hydrogen storage applications, 
especially in fuel cell technologies [5]. With their structural diversity, 
large specific surface area, lightweight properties, improved storage 
efficiency, and safety, 2D materials present a compelling solution for 
advanced hydrogen storage applications [6–14].

Owing to these advantages, many 2D materials have garnered sig-
nificant attention, with numerous candidates being either theoretically 
predicted using advanced computational methods or experimentally 
synthesized, including examples such as graphene [15], silicene [16], 
germanene [17], and stanene [18], as well as borophene and its
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Received 23 November 2024; Received in revised form 7 February 2025; Accepted
vailable online 12 April 2025 
360-3199/© 2025 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. Al
imilar technologies. 
 28 March 2025

l rights are reserved, including those for text and data mining, AI training, and 

https://www.elsevier.com/locate/he
https://www.elsevier.com/locate/he
https://orcid.org/0009-0004-2093-721X
https://orcid.org/0000-0002-1558-4091
https://orcid.org/0000-0002-7050-1535
mailto:ayoub.benaddi@usms.ma
https://doi.org/10.1016/j.ijhydene.2025.03.389
https://doi.org/10.1016/j.ijhydene.2025.03.389
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2025.03.389&domain=pdf


A. Benaddi et al. International Journal of Hydrogen Energy 127 (2025) 116–126 
polymorphs [19], which are particularly known for their excellent hy-
drogen adsorption properties and, most importantly, their lightweight 
nature owing to their relatively high gravimetric capacity. In this 
context, many researchers have attempted to combine boron atoms 
with other lightweight elements, particularly those from groups III, IV, 
and V of the periodic table, to develop new 2D materials with promis-
ing adsorption properties, especially with regard to their lightweight
nature. Among these materials, we can refer to boron nitride (BN), 
known as ‘‘white graphene’’ [20], boron phosphide (BP) [21], boron 
carbide (BC) [22], boron hydride (BH) [23], boron arsenide (BAs) and 
boron silicon (BSi) [24–26].

A novel class of orthorhombic two-dimensional allotropes has re-
cently been identified through first-principles calculations, comprising 
boron atoms combined with elements from Groups IV and V of the 
periodic table, represented by the formula B2X2 (where X signifies 
these group elements) [24]. The orthorhombic arrangement of B2X2
showcases a distinctive alteration of the well-established hexagonal 
graphene-like structure, revealing exceptional properties that set it 
apart from conventional two-dimensional materials. In this configura-
tion, the boron and X atoms establish a network reminiscent of the hon-
eycomb lattice of graphene; however, the slight distortion inherent in 
the orthorhombic lattice and the new alternation of atoms, introduces 
innovative anisotropic, electronic, optical and mechanical attributes to 
the material [27]. Notably, these compounds have demonstrated signif-
icant hydrogen adsorption capabilities, with high capacities observed in 
materials such as orthorhombic boron nitride (o-B2N2), orthorhombic 
boron phosphide (o-B2P2), and orthorhombic boron silicon (o-B2Si2), 
exhibiting hydrogen storage capacities of 9.7 wt%, 8.18 wt%, and 8.1 
wt%, respectively [5,25].

In this context, we aim to study for the first time the properties 
of o-B2C2 and o-B2CN monolayers and their application as hydrogen 
storage media. Motivated by the synthesis of 2D boron nitride (h-BN) 
and recent synthesis of 2D h-BCN material by Beniwal et al. and Ajayan 
et al. [20,28,29] which have garnered significant interest due to their 
ability to integrate the advantageous properties of both h-graphene and 
h-BN structures, we conducted a thermodynamic analysis of o-B2C2
and o-B2CN, revealing that these materials have the potential to be 
synthesized in their orthorhombic form.

To enhance the interaction between hydrogen molecules and the 
surface, we adopt a lithium decoration strategy. Given that the van 
der Waals interactions between H2 molecules and the surface are 
relatively weak, this approach aims to strengthen these interactions, 
thereby improving the overall hydrogen adsorption capacity [30–34]. 
The selection of lithium as an intermediate is primarily driven by its 
low atomic mass compared to other alkali, alkaline earth, and transi-
tion metals. This minimal mass contribution helps maintain the host 
material’s overall weight, thereby enhancing its gravimetric capacity. 
Additionally, lithium exhibits a significantly higher binding energy-to-
cohesive energy ratio than heavier elements like Ti, Pd, Pt, and Sc, 
which reduces the likelihood of cluster formation.

Building on these recent theoretical and experimental advance-
ments, this paper investigates the potential of o-B2C2 and o-B2CN 
monolayers as solid media for hydrogen storage using density func-
tional theory (DFT) calculations. We first examined the structural, 
mechanical, and electronic properties of both materials, confirming 
their dynamic and thermal stability through phonon dispersion and 
ab initio molecular dynamics (AIMD) studies. Subsequently, a lithium 
atom decoration strategy was applied to the o-B2C2 and o-B2CN mono-
layers, and the adsorption behavior of H2 molecules on the decorated 
surfaces was explored. Finally, we assessed the hydrogen storage ca-
pacities and desorption temperatures of these systems, and further 
investigated the desorption processes of H2 molecules at various tem-
peratures through AIMD calculations. Furthermore, we performed a 
radial distribution function (RDF) analysis to investigate hydrogen des-
orption, focusing on how temperature impacts Li–H atomic correlations 
and the stability of hydrogen adsorption at different thermal conditions.
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2. Computational details

All calculations were conducted using density functional theory 
(DFT) within the projector augmented wave method [35,36], as im-
plemented in the Quantum Espresso software [37,38]. The exchange–
correlation interactions were estimated using the Perdew–Burke–
Ernzerhof (PBE) generalized gradient approximation [39,40]. To effec-
tively address the challenges posed by dispersion interactions, our stud-
ies incorporated the van der Waals-corrected DFT (DFT-D2) method, 
as introduced by Grimme [41,42]. Force convergence criteria were 
established at 10−3 eV/Å  and energy convergence criteria at 10−6 eV. 
In addition, during the calculations, the cutoff values for kinetic energy 
in handling wave functions and charge density were fixed at 1020 eV 
(≈ 75 Ry) and 10200 eV (≈ 750 eV), respectively. Moreover, we used 
optimized 8 × 16 × 1 and 4 × 8 × 1 k-point mesh for Brillouin zone 
sampling for both unit cells and supercells, respectively, for B2C2 and 
B2CN monolayers, and we introduced a 20 Åvacuum along the 𝑧-axis 
to reduce inter-layers interactions.

Furthermore, ab-initio molecular dynamics (AIMD) simulations of 
the canonical ensemble (NVT) were performed to check the thermal 
stability of the studied monolayers with a total calculation time of 9 ps 
for 2 × 4 × 1 and 5.5 ps for 4 × 6 × 1 super-cells with an integration 
step of 1 fs at a temperature of 300 K. To examine the dynamic 
stability, the vibrational phonon spectrum was calculated using the 
finite displacement approach included in the PHONOPY code [43].

To evaluate the energetic stability of both systems, the cohesive 
energy was calculated using the following equation: 

𝐸𝑐 = −
𝐸system −

∑

𝑖 𝑛𝑖𝐸𝑖

4
(1)

in which 𝐸𝑠𝑦𝑠𝑡𝑒𝑚 and 𝐸𝑖 represent, respectively, the total energy of the 
unit cell for each monolayer and the energy of free atoms calculated by 
isolating each single atom type i in a cubic system with a cell parameter 
of 20 Å  in a manner that eliminates unwanted periodic interactions 
and ensures an accurate calculation of total energy. 𝑛𝑖 is the number of 
atoms of type i (B, C or N).

The adsorption energy of a Li-adatom on the diboron
dicarbide/carbon nitride monolayer was computed according to the 
following equation: 

𝐸𝑏 =
𝐸𝑠𝑦𝑠𝑡𝑒𝑚 + 𝑘𝐸𝐿𝑖 − 𝐸𝑠𝑦𝑠𝑡𝑒𝑚+𝐿𝑖

𝑘
(2)

in which E𝑠𝑦𝑠𝑡𝑒𝑚+𝐿𝑖, E𝑠𝑦𝑠𝑡𝑒𝑚, and E𝐿𝑖, respectively, denote the total 
energies of lithium-decorated system, pristine system, and the isolated 
lithium atom. 𝑘 is the number of lithium atoms.

To describe the interaction that occurs between Li atoms and possi-
ble active sites of substrate, the charge density difference was computed 
according to the formula : 
𝛥𝜌 = 𝜌(𝐿𝑖 + 𝑠𝑦𝑠𝑡𝑒𝑚) − 𝜌(𝑠𝑦𝑠𝑡𝑒𝑚) − 𝜌(𝐿𝑖) (3)

where 𝜌(𝐿𝑖 + 𝑠𝑦𝑠𝑡𝑒𝑚)/𝜌(𝑠𝑦𝑠𝑡𝑒𝑚) is the charge density of the system 
with/without Li decoration, respectively. 𝜌(𝐿𝑖) is the charge density of 
a single Li-adatom. The last two densities were calculated with the same 
cell parameters and atomic positions of the decorated system.

The adsorption energy of hydrogen molecules on Li-decorated sys-
tems was calculated using the following equation: 

𝐸𝑎𝑑 =
𝐸𝑘𝐿𝑖@𝑠𝑦𝑠𝑡𝑒𝑚 + 𝑛𝐸𝐻2

− 𝐸𝑛𝐻2∕𝑘𝐿𝑖@𝑠𝑦𝑠𝑡𝑒𝑚

𝑛
(4)

where 𝐸𝑘𝐿𝑖@𝑠𝑦𝑠𝑡𝑒𝑚, 𝐸𝐻2
, and 𝐸𝑛𝐻2∕𝑘𝐿𝑖@𝑠𝑦𝑠𝑡𝑒𝑚 are the total energy of 

a Li-decorated system, the total energy of an isolated H2 molecule, 
and energy of n hydrogen molecules (nH2) adsorbed on a Li-decorated 
o-B2C2 and o-B2CN monolayers, respectively.

Besides, the gravimetric capacity (wt%), which is a critical factor 
for any hydrogen storage system, was evaluated using the following 
expression: 

𝐶 (𝑤𝑡%) =
𝑀𝑇 (H2) × 100 =

𝑛𝑀(H2) × 100 (5)

𝑀𝑇 (system) 𝑛𝑀(H2) + 𝑘𝑀(𝐿𝑖) +𝑀(ℎ𝑜𝑠𝑡)
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Fig. 1. (a) Top and side views of the optimized structures of (2 × 4 × 1)-supercell of orthorombic (o-) B2CN and B2C2 monolayers. The red dashed rectangle refers to the unit 
cell and the green stars indicate the possible adsorption sites. The blue, brown and yellow spheres represents the B, C and 𝑁 atoms in III, IV and V columns of periodic table, 
respectively. (b) The first Brillouin zone of the unit cell with a path connect the high symmetry points in k-space, 𝛤–X–S–Y–𝛤 . (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
where n and k represent the number of H2 molecules and Li atoms, 
respectively, and M stands for their respective molar masses [44].

Furthermore, to discuss the reversibility of the hydrogen molecules 
uptake and release procedure, we have estimated the desorption tem-
perature of hydrogen molecules (𝑇𝐷) using the van’t Hoff formula: 

𝑇𝐷 (𝐾) =
(

𝐸𝑎𝑑
𝐾𝐵

)

(𝛥𝑆
𝑅

− 𝐿𝑛(𝑃 )
)−1

(6)

Where 𝐸𝑎𝑑 is the average energy of adsorption, 𝐾𝐵 is the Boltz-
mann constant, 𝛥𝑆 (130 Jmol−1K−1) represents the variation in H2
entropy from molecular gas to dissolved solid hydrogen [45], 𝑅 =
8.314 Jmol−1K−1, is the universal gas constant, and P is the equilibrium 
pressure 𝑃 = 1 atm.

3. Results and discussion

3.1. Structure, stability and electronic properties

Fig.  1(a) displays the optimized atomic structure of a 2 × 4 × 1 
supercell of orthorhombic (o-) B2C2 (diboron dicarbide) and B2CN 
(diboron carbon nitride) monolayers after full relaxation. The Primitive 
cell represented by the red dashed rectangle, includes two boron and 
carbon atoms for diboron carbide, whereas the unit cell of diboron 
carbon nitrogen consists of two boron atoms, one carbon atom and one 
nitrogen atom.

Both 2D monolayers exhibit a planar structure and belong to the 
orthorhombic crystal system; however, they differ in their space groups: 
B2C2 belongs to Pmmm (no. 47), while B2CN belongs to Pmm2 (no. 25). 
The B2C2 monolayer can be considered as a novel boron-carbon (BC) 
polymorph with an orthorhombic structure, formed by rearranging the 
hexagonal (h)-BC atoms [22,46,47]. In contrast, B2CN can be regarded 
as a polymorph belonging to the BCN family [48–50].

Furthermore, we conducted a comparison of structural parameters 
between both materials and other orthorhombic structures from groups 
III, IV, and V within the primitive cell. The optimized lattice constants 
𝑎 and 𝑏, along with the bond lengths between atoms, are detailed in 
Table  1. As can be deduced, the size of the primitive cell will vary due 
to the atomic radii of different atoms, which increase progressively with 
C, N, B, P, Al, and As atoms.

To investigate the theoretical stability and verify the feasibility of 
experimental synthesis for these new 2D materials, our first step was 
to evaluate the thermodynamic stability through the calculation of 
cohesive energy as described in Eq. (1). The findings reveal a cohesive 
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energy of 6.02 and 6.53 eV per atom for B2C2 and B2CN monolayers, 
respectively, demonstrating the robustness of the atomic bonds in 
these systems and ensuring their structural stability. Furthermore, the 
calculated cohesive energies are relatively close to those of synthesized 
materials such as graphene (7.46 eV per atom) and BN (6.60 eV 
per atom) [52,53], and more higher than other 2D materials such as 
Mg2C (3.43 eV/atom), Mn2C (3.35 eV/atom), Be2C (4.86 eV/atom) and 
phosphorene (3.71 eV/atom) [54–57].

In the next step, we assessed the dynamic stability of the two 
monolayers by plotting the phonon dispersion curves along the high-
symmetry path in the first Brillouin zone (𝛤–X–S–Y–𝛤 ), as depicted 
in Fig. S1 in (SM). The lack of imaginary frequencies confirms the 
dynamical stability of the o-B2C2 and o-B2CN structures, highlighting 
their potential for various applications. Furthermore, to elucidate the 
mechanical properties of our two anisotropic materials, we computed 
the elastic constants, Young’s modulus, and Poisson’s ratio along the 
x- and 𝑦-directions using the energy vs strain method, with strain 
ranging from −0.03 to 0.03 in increments of 0.005. Table  2 presents the 
calculated results and compares our materials with other monolayers of 
the same crystal structure. As shown in the table, the calculated elastic 
constants satisfy the criteria for mechanical stability, which necessi-
tates: C11 > 0, C22 > 0, C66 > 0 and C11.C22 - C212 > 0. Additionally, 
the higher elastic constants and Young’s moduli of o-B2C2 and o-B2CN 
suggest that these materials are more rigid and resistant to deformation 
compared to o-B2P2 [58] and o-Al2N2 [51] and the higher C66 elastic 
constant of o-B2CN compared to o-B2C2 indicates better resistance to 
shear deformation.

Finally, we checked the stability of the (2 × 4 × 1) and (4 × 4 × 1) 
super-cells of o-B2C2 and o-B2CN monolayers at a temperature of 300 
K using ab initio molecular dynamics (AIMD) simulations, with time 
durations of 9 ps and 5.5 ps, respectively, and a time step of 1 fs. As 
can be seen from Fig. S2 in (SM), the total energy exhibits minimal 
variation over time, and it is observed that no bonds are broken within 
both structures. These findings confirm the stability of the o-B2C2 and 
o-B2CN monolayers, which makes them potential materials for various 
applications and gives us the motivation for further investigation into 
their capability as hydrogen storage media.

We examined the electronic properties of o-B2C2 and o-B2CN mono-
layers by plotting the band structures calculated using the GGA-PBE 
functional, as presented in Fig.  2(a) and (b). As shown in the fig-
ure, the orthorhombic o-B2C2 and o-B2CN monolayers exhibit metallic 
characteristics and a Dirac cone is observed above the Fermi level 
along the high-symmetry Y–𝛤  direction in o-B C . In contrast, this 
2 2
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Table 1
The structural parameters of the 2D o-B2C2 and o-B2CN materials compared to other orthorhombic structures from group III ≡ B, Al; IV ≡ C 
and V ≡ N, P, As. a and b are the lattice constants, d is the bond length and E𝑐𝑜ℎ is the corresponding cohesive energy.
 System o-B2C2 o-B2CN o-B2N2 [5] o-B2P2 [5] o-B2As2 [24] o-Al2N2 [51] 
 a(Å) 4.83 4.66 4.57 5.61 5.91 5.92  
 b(Å) 2.60 2.56 2.50 3.24 3.40 3.15  
 𝑑𝐼𝐼𝐼−𝐼𝐼𝐼 (Å) 1.67 1.69 1.70 1.65 1.63 2.54  
 𝑑𝐼𝑉 −𝐼𝑉 (Å) 1.35 – – – – –  
 𝑑𝑉 −𝑉 (Å) – – 1.44 2.13 2.34 1.47  
 𝑑𝐼𝐼𝐼−𝐼𝑉 (Å) 1.58 1.52 – – – –  
 𝑑𝐼𝐼𝐼−𝑉 (Å) – 1.49 1.44 1.86 1.96 1.82  
 𝑑𝐼𝑉 −𝑉 (Å) – 1.38 – – – –  
 E 𝐶𝑜ℎ(eV) 6.02 6.53 6.23 4.80 – 5.59  
Table 2
A comparative analysis of the elastic constants ( C11, C12, C22, and C66 ) as well as Young’s modulus and Poisson’s ratio along x- and y-directions 
of (2D) o-B2C2 and o-B2CN compared with other orthorhombic monolayers.
 System C11 (N/m) C12 (N/m) C22 (N/m) C66 (N/m) Y𝑥 – Y𝑦 (N/m) V𝑥 – V𝑦  
 o-B2C2 291.50 41.10 173.02 97.13 281.74 – 167.23 0.24 – 0.14 
 o-B2CN 263.24 51.94 209.13 105.4 250.34 – 198.80 0.25 – 0.20 
 o-B2N2 [59] 250.39 35.11 291.65 21.98 246.17 – 286.73 0.12 – 0.14 
 o-B2P2 [58] 154.40 34.70 135.70 49.60 145.53 – 171.12 0.26 – 0.22 
 o-Al2N2 [51] 145.12 28.59 143.80 44.38 143.00 – 141.00 0.19 – 0.19 
Fig. 2. Projected band structure of (a) o-B2C2 and (b) o-B2CN monolayers, calculated 
using the DFT-PBE functional.

cone shifts below the Fermi level in the o-B2C2 monolayer, which can 
be attributed to the higher electron count in the 𝑁 atom compared 
to the C atom. Additionally, there are significantly more available 
bands above the Fermi level in o-B2C2 than in the o-B2CN monolayer, 
strongly indicating that o-B2C2 has superior electronic conductivity. 
It is noteworthy that the diboron dinitrogen monolayer o-B2N2 [5] 
behaves as a semiconductor with a finite band gap, suggesting that the 
total or partial substitution of 𝑁 with C could significantly enhance the 
electronic properties.

Moreover, we plotted the partial density of states (PDOS) for the 
o-B2C2 and o-B2CN monolayers in Fig. S3 in (SM). As shown, the p-
orbitals of B, N, and C atoms primarily contribute to the bands across 
the Fermi level. The s-orbitals either lie below the Fermi level, as 
observed in o-B2C2, or have a negligible contribution at the Fermi level, 
as seen in o-B2CN. Additionally, a strong overlap between the p-orbitals 
indicates covalent bonding between the atoms. Similar to the band 
structure, the density of states at the Fermi level in o-B2C2 is higher 
than in o-B2CN, and it begins to decrease in the latter. This suggests 
that o-B2C2 may exhibit better electronic conductivity compared to its 
counterpart.
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3.2. Single H2 adsorption and lithium decoration of o-B2C2 and o-B2CN 
monolayers

We initiated the hydrogenation process by positioning a single 
molecule in different orientations at the adsorption sites of o-B2C2 and 
o-B2CN monolayers. As illustrated in Fig.  1, the o-B2CN structure offers 
nine potential adsorption sites, including two hollow sites (H1 and H2 
hexagons), four bridges (B1, B2, B3 and B4 for B–B, C–N, B–C and B–N 
bonds) and three top of atoms sites (T1, T2 and T3 for the top of B, C 
and 𝑁 atoms) while the o-B2C2 structure offers only seven adsorption 
sites due to the symmetry change with two substituted carbon atoms, 
it still includes two hollow sites (H1 and H2 hexagons), along with 
three bridge sites (B1, B2, and B3 for B–B, C–C and B–C bonds) and 
two top sites (T1 and T2 for the top of B and C atoms). After a full 
optimization of the H2 molecule on both systems as shown in Fig. S4 
in (SM), we found that the H1-site is the most favorable site, with 
adsorption energies of 0.058 and 0.048 eV and distances of 2.6 and 
2.4 Å  for o-B2CN and o-B2C2, respectively. These calculated adsorption 
energies fall outside the proposed range of 0.17–0.6 eV, indicating that 
the H2 molecule has not been effectively adsorbed due to its weak 
interaction with the monolayers [21].

To overcome this limitation, we adopted a lithiation strategy to en-
hance the reactivity of both surfaces during the adsorption of hydrogen 
molecules. Furthermore, the choice of lithium is based on the fact that 
it is the lightest metal element in the periodic table, ensuring that it 
does not significantly increase the overall weight of the system, thus 
preventing a decrease in gravimetric capacity [60].

Consequently, we studied the adsorption of a single lithium adatom 
at each previously mentioned site. Using Eq. (2), we calculated the 
binding energies, as presented in Table S1, and as it can be observed, 
the minimal binding energy corresponds to the Hollow (H1) site, indi-
cating that the lithium adatom prefers to be adsorbed at the center of 
the H1 hexagon for both materials, as shown in Fig.  3 . The calculated 
binding energies were found to be 3.38 eV and 3.72 eV for o-B2CN 
and o-B2C2 systems, respectively, which are significantly higher than 
the cohesive energy of a lithium atom (1.63 eV), indicating also the 
absence of lithium clustering [61]. Furthermore, it can be deduced that 
both materials exhibit exceptional reactivity to lithium compared to 
other 2D monolayers such as o-B2N2 (−1.98 eV) [5], o-B2P2 (−3.09 
eV) [5], borophene (−3.28 eV) [62], carbon nitride (−2.8 eV) [63], 
black phosphorus (−1.8 eV) [64], germanene (−2.18 eV) and silicene 
(−2.6 eV) [65,66].

To gain a more comprehensive understanding of the interaction 
between Li adatom in most favorable site of surfaces, we utilized Eq. (3) 
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Fig. 3. (a) and (b) Top and side views of single Li adatom adsorption at the hollow site of o-B2C2 and o-B2CN monolayers, respectively.
Table 3
Binding energies (E𝑏) of the two systems decorated with varying lithium amounts, along with the lithium-to-substrate distances (dLi-system), the 
minimum lithium-to-lithium distances (dLi-Li) between neighboring adsorbents, and corresponding charge transfer values.
 System 𝐸𝑏 (eV) d𝐿𝑖−𝑠𝑦𝑠𝑡𝑒𝑚 (Å) d𝐿𝑖−𝐿𝑖 (Å) Charge |𝑒| 
 1Li@B2C2 −3.72 1.56 9.65 0.90  
 1Li@B2CN −3.38 1.58 9.30 0.89  
 2Li@B2C2 −3.72 1.53 4.35 0.89  
 2Li@B2CN −3.34 1.58 4.33 0.89  
 4Li@B2C2 −3.58 1.64 4.27 0.89  
 4Li@B2CN −3.16 1.62 4.29 0.88  
 8Li@B2C2 −3.47 1.70 4.16 0.87  
 8Li@B2CN −3.02 1.72 4.17 0.86  
to calculate the spatial distribution of the charge density difference 
for both Li@B2CN and Li@B2C2 systems, as illustrated in Fig.  4. As 
observed, there is a charge accumulation between the Li adatom and 
the hollow site (indicated by the yellow color), while the top of the Li 
atom is surrounded by an electron depletion zone (shown in blue). This 
suggests a net charge transfer (≈ 90%) from the Li adatom to B2CN and 
B2C2 surfaces, given the lower electronegativity of B, C, and 𝑁 atoms 
relative to lithium.

Following the adsorption of a single lithium, we gradually increased 
the number of Li adatoms. To achieve the most stable Li-surface config-
urations with minimal energy, we examined all possible arrangements 
on both sides involving 2, 4, and 8 adatoms (saturated system). Ad-
ditionally, by maintaining appropriate distances between the lithium 
atoms, we aimed to minimize the steric effect, which could otherwise 
lead to unwanted interactions, such as clustering. The most energet-
ically favorable configurations are depicted in Fig. S5 in (SM), along 
with their calculated binding energies. As it can be seen from the figure, 
lithium atoms have been adsorbed in an interlaced configuration on 
both materials, consistent with their adsorption on o-B2P2 monolayer, 
however, this differs from o-B2N2, which exhibits a preference for 
vertical lithium atom adsorption [5]. The binding energy of the fully 
saturated lithium structures, 8Li@B2C2 and 8Li@B2CN was found to 
be −3.47 and −3.02 eV, respectively. These values are significantly 
greater than the Li-cohesive energy (1.63 eV), indicating the lack of 
Li-clustering in this configuration. Furthermore, it is noteworthy that 
the calculated binding energy of B2C2 is higher than that of B2P2 and 
B2N2 while B2CN has a higher binding energy than B2N2 but is slightly 
lower than that of B2P2 [5]. This comparison underscores the differing 
reactivity of each substrate towards lithium, even among materials that 
share the same structure. Table  3 presents the binding energies for 
different percentages of lithium on the monolayers, along with the Li–
Li distances and the Li–substrate distances. It also provides the charge 
transfer from the Li atoms to the monolayer at various concentrations, 
which clearly decreases as the number of adatoms increases.
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3.3. Hydrogen adsorption onto Li-decorated B2 C2 and B2CN monolayers

As previously indicated, the decoration of the system’s surface with 
lithium atoms at varying concentrations remains one of the most effec-
tive methods for enhancing the adsorption of H2 molecules through po-
larization [67]. The lithium adatoms, characterized by positive charges, 
and the negatively charged substrates generate an electric field that 
polarizes and systematically arranges the hydrogen molecules around 
the Li adatoms [21]. In this context, we initiated our study by adsorbing 
a single H2 molecule on Li@B2C2 and Li@B2CN systems, exploring var-
ious placements to identify the most stable configurations. Following 
the same approach, we gradually increased the number of adsorbed H2
molecules to a maximum of four (see Fig.  5).

Using Eq. (3), we calculated the adsorption energy for each config-
uration, which is detailed in Table  4, along with the H–H bond lengths, 
the distances between Li and H2 molecules, and the corresponding 
gravimetric capacity. The average hydrogen adsorption energy for sin-
gle H2 molecule was found to be 0.27/0.29 eV for Li@B2C2/Li@B2CN, 
and 0.21/0.22 eV for four adsorbed H2 molecules. This decrease in en-
ergy can be attributed to the repulsive forces between the H2 molecules, 
as each adsorbed molecule exerts pressure on its neighboring molecules 
in an attempt to achieve an optimal configuration. As observed in the 
table, the distance between Li atom and the H2 molecules increases 
with the addition of more molecules, which results from the weaken-
ing interaction between Li and H2, gradually affecting the adsorption 
energy. Additionally, the H–H bond lengths across all configurations 
range from 0.751 to 0.757 Å, confirming that the H2 adsorption occurs 
via physisorption rather than chemisorption process. Consequently, the 
captured H2 molecules remain in a non-dissociative form [68], unlike 
the Kubas effect and spillover mechanisms, typically involve the use of 
transition metals as catalysts, which significantly modify the electronic 
state of the H2 molecule, affecting its binding dynamics and energy 
profile on the surface.

Next, and by decorating both sides with two lithium adatoms, we 
studied the adsorption of hydrogen molecules on the 2Li@B C  and 
2 2



A. Benaddi et al. International Journal of Hydrogen Energy 127 (2025) 116–126 
Fig. 4. (a) and (b) Top and side views of the isosurface charge density plots for the 1Li@B2C2 and 1Li@B2CN systems with isosurface values of 6.6 × 10−4 and 1.0 × 10−3 e.Å−3, 
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 4
The calculated adsorption energy (𝐸𝑎𝑑 ) values for nH2 (where n = 1, 2, 3, and 4) on the 1Li@B2CN and 1Li@B2C2 monolayers are presented. 
The average H–H bond length is denoted as d𝐻−𝐻 , while d𝐿𝑖−𝐻2 refers to the distance between the H2 molecules and the lithium atoms. C𝑔
indicates the gravimetric capacity.
 System 𝐸𝑎𝑑 (𝑒𝑉 ∕𝐻2) d𝐻−𝐻 (Å) d𝐿𝑖−𝐻2

(Å) C𝑔(wt%) 
 1H2-1Li@B2CN −0.29 0.75 1.96 0.51  
 2H2-1Li@B2CN −0.27 0.76 1.96 1.02  
 3H2-1Li@B2CN −0.25 0.75 1.97 1.53  
 4H2-1Li@B2CN −0.22 0.75 2.03 2.03  
 1H2-1Li@B2C2 −0.27 0.76 1.94 0.53  
 2H2-1Li@B2C2 −0.27 0.75 1.94 1.07  
 3H2-1Li@B2C2 −0.25 0.75 1.96 1.59  
 4H2-1Li@B2C2 −0.21 0.75 2.03 2.12  
 
C2
2Li@B2CN systems. The calculated hydrogen adsorption energy de-
creases from 0.29 eV for 1H2–2Li@B2CN to 0.22 eV for 4H2–2Li@B2CN.
Similarly, the adsorption energy decreases from 0.27 eV for 1H2–2Li@B2
to 0.21 eV for 4H2–2Li@B2C2 which confirms the previous analysis that 
we provided.

Finally, we have adsorbed hydrogen molecules on the 8Li@B2C2 and 
8Li@B2CN systems, which represent the maximum lithium-decorated 
monolayers on both sides. As depicted in Fig.  6, both systems can 
adsorb up to 32 H2 molecules, resulting in a gravimetric capacity of 
12.87 wt% for 32H2-8Li@B2CN and 13.29 wt% for 32H2-8Li@B2C2, 
with an adsorption energy of 0.20 eV. These capacity values are sig-
nificantly higher than those of other comparable 2D Li-functionalized 
materials, such as graphene, phosphorene, and hexagonal boron phos-
phide (h-BP), which exhibit capacities of 7.26, 4.4, and 7.40 wt%, 
respectively [21,69,70]. Additionally, the capacities of the studied 
materials are comparable to that of t-B4N4, which has a capacity of 
12.47 wt% [60].

Table  5 presents the adsorption energy for full adsorbed H2
molecules on one, four and eight lithium configuration, along with 
the H–H bond lengths, the distances between the Li atoms and the H2
molecules, and the corresponding gravimetric capacity.

The difference in gravimetric capacity is evidently due to the varia-
tion in the molar mass of the nitrogen atom relative to that of carbon, 
which affects the total mass of the host material and thereby directly 
impacts the gravimetric capacity calculated using Eq. (6), this result 
underscores the selection of lightweight materials composed of B, C, 
and 𝑁 atoms, further enhanced by decoration with lightweight alkali 
metals. Meanwhile, the difference in the average adsorption energy 
can be attributed to the variation in electronegativity between nitrogen 
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(3.00) and carbon (2.55), along with the superior hydrogen adsorption 
properties of nitrogen compared to carbon [71].

Furthermore, the calculated average adsorption energy was found 
to be 0.25 eV for the fully decorated o-B2CN and 0.23 eV for o-B2C2. 
These findings fall within the adsorption energy range [0.17–0.60 eV] 
suggested by the DOE, highlighting the effectiveness of the lithium 
decoration strategy compared to the use of non-decorated pristine 
monolayers. Furthermore, the results exceed those reported for Li-
functionalized 2D o-B2N2, o-B2P2 and o-B2Si2 materials, which share 
the same orthorhombic crystalline structure, with average adsorption 
energies of 0.20, 0.18 and 0.14 eV, respectively [5,25]. This highlights 
the enhanced hydrogen storage potential of the predicted materials 
compared to these systems. In addition, the adsorption energies found 
in this study are higher than those of lithium-decorated t-graphene-
like 2D boron nitride (0.21 eV) and hexagonal boron phosphide (0.19 
eV) [21,60].

Fig.  7 provides a comparison of the gravimetric capacity and av-
erage adsorption energy of the studied Li-functionalized monolayers 
relative to other 2D Li-functionalized materials. As shown in this figure, 
the two materials are well-positioned, with capacities exceeding DOE 
standards and adsorption energies falling within the optimal range. 
The notable improvement in capacity and adsorption energy posi-
tions the studied materials as strong candidates for hydrogen storage 
applications.

Moreover, it is well established that the desorption temperature is 
a critical factor in assessing the reversibility of the hydrogen molecule 
uptake and release process. To determine this parameter, we utilized 
the van’t Hoff formula given in Eq. (6). The resulting theoritical des-
orption temperatures were found to be 186 and 171 K for a 32 H
2
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Fig. 5. (a) and (b) Optimized structures of Li-decorated o-B2CN and o-B2C2 monolayers, showing the progressive adsorption of hydrogen molecules ranging from 1H2 to 4H2, 
respectively.
Table 5
The calculated adsorption energy (𝐸𝑎𝑑 ) values for nH2 (where n = 4, 8, and 32) on kLi@B2CN and kLi@B2C2 monolayers, with k = 1, 2, and 
8. The average H–H bond length is denoted as d𝐻−𝐻 , while d𝐿𝑖−𝐻2 refers to the distance between the H2 molecules and the lithium atoms. C𝑔
indicates the gravimetric capacity.
 System 𝐸𝑎𝑑 (𝑒𝑉 ∕𝐻2) d𝐻−𝐻 (Å) d𝐿𝑖−𝐻2

(Å) C𝑔(wt%) 
 4H2-1Li@B2CN −0.22 0.75 2.05 2.030  
 4H2-1Li@B2C2 −0.21 0.75 2.03 2.120  
 8H2-2Li@B2CN −0.22 0.75 2.07 3.560  
 8H2-2Li@B2C2 −0.21 0.75 2.03 3.690  
 32H2-8Li@B2CN −0.20 0.76 2.20 12.87  
 32H2-8Li@B2C2 −0.20 0.76 2.24 13.29  
adsorbed molecules on o-B2CN and o-B2C2 systems, respectively. It is 
important to note that the observed desorption temperatures are lower 
than ambient temperature, which means most of the H2 molecules will 
desorb at room temperature. To address this issue, we plan to enhance 
the desorption properties by adopting several strategies. Specifically, 
we aim to investigate the impact of applying an external field or 
introducing doping techniques to modify the electronic properties of 
the materials. These approaches could help increase the desorption 
temperature, thus improving the overall efficiency of the hydrogen 
storage system. Furthermore, we are also exploring the possibility of 
the Kubas effect between the H2 molecules and the metal elements used 
in the decoration process. This interaction could potentially enhance 
the binding energy and modify the desorption temperature, offering a 
pathway to achieve more favorable desorption conditions at or above 
room temperature.

Finally, in order to evaluate the dynamic stability of both fully 
loaded systems containing H2 molecules during the desorption process, 
we conducted ab initio molecular dynamics (AIMD) simulations in 
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accordance with the desorption temperatures calculated using the van’t 
Hoff equation. The systems under investigation included 32-8Li@B2C2
and 32-8Li@B2CN, analyzed at temperatures of 100, 200, 400, and 500 
K over a simulation duration of 5 ps based on 5000 steps (NSW) with a 
time step of 1 fs. As illustrated in Fig.  8, the desorption process of the 
fully loaded systems (side views) reveals that the hydrogen molecules 
gradually detach from the decorated monolayers as the temperature 
increases. The desorbed molecules are those with an H2–Li distance 
exceeding 2.5 Å, indicating that they have detached from the structure.

Additionally, the radial distribution function (RDF) analysis of 
Li@B2C2 and Li@B2CN systems reveals fundamental insights into their 
hydrogen storage mechanisms and electronic structure relationships. 
As it is shown in Fig.  9, the primary Li-H2 correlation peak at 2.1 Å
emerges from specific molecular-level interactions, where the precise 
d𝐿𝑖−𝐻2

 distances (2.24 Å  for Li@B2C2, 2.20 Å  for Li@B2CN) reflect op-
timized coordination geometries that maximize orbital overlap between 
Li and H2 molecular orbitals. This optimal geometric configuration fa-
cilitates efficient electron density transfer between the Li centers and H
2
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Fig. 6. (a) and (b) Top and side views illustrating the maximum H2 capture by the 8Li@B2CN and 8Li@B2C2 systems, respectively, along with the distances between lithium 
atoms, lithium-surface interactions, and the H2 bond lengths.
Fig. 7. Comparison of hydrogen storage capacities and average adsorption energies for 
H2 molecules adsorbed on 8Li@B2CN and 8Li@B2C2 systems, alongside those of other 
lithium-decorated 2D materials [5,21,60,69,70,72–80].

molecules, as confirmed by our electronic structure calculations. At low 
temperatures (100-200K), both systems exhibit well-defined RDF peaks, 
with Li@B2C2 showing a remarkably higher intensity (g(r)≈ 13 at 
100 K) compared to Li@B2CN (g(r)≈ 7 at 100 K). This intensity differ-
ence quantitatively correlates with the calculated adsorption energies 
and electronic density distributions, where the B2C2 framework enables 
more efficient charge transfer to stabilize H2 molecules. The enhanced 
electronic interaction in Li@B2C2 manifests in the more pronounced 
RDF features, reflecting stronger spatial correlation and more precise 
molecular organization of the adsorbed H . The emergence of ordered 
2
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secondary coordination shells at 3.8 Å  and 5.9 Å  demonstrates long-
range molecular organization mediated by the 2D electronic structure, 
achieving gravimetric capacities of 13.29 wt% for Li@B2C2 versus 
12.87 wt% for Li@B2CN through optimized spatial distribution of 
H2 molecules. These secondary coordination features provide criti-
cal insights into the three-dimensional arrangement of H2 molecules 
around Li centers, revealing how electronic structure optimization 
enables higher storage capacity through precise molecular positioning. 
The temperature-dependent evolution of RDF profiles illuminates the 
molecular mechanisms of hydrogen desorption and provides quanti-
tative measures of thermal stability. The systematic peak intensity 
reduction (Li@B2C2: g(r) 13→9→6→3.5; Li@B2CN: 7→5→3→2 from 
100 K to 500 K) directly tracks the progressive weakening of Li-
H2 coordination bonds, maintaining the characteristic H-H molecular 
distance of 0.76 Å  throughout the process as evidenced by our MD 
trajectories. This preservation of the H-H bond length during desorption 
confirms the molecular nature of the storage mechanism, distinguishing 
it from dissociative chemisorption processes typical of many metal hy-
drides. This thermal response manifests through peak broadening and 
shifts to larger radial distances, where the maintained dH-H indicates 
molecular hydrogen desorption rather than dissociative processes. The 
temperature evolution of the RDF profiles provides detailed insights 
into the desorption pathway, showing how thermal energy progres-
sively overcomes the electronic binding interactions while maintaining 
molecular integrity. Notably, Li@B2C2 preserves higher g(r) values 
across all temperatures, with g(r) > 3 at 500 K, demonstrating superior 
kinetic stability derived from its optimized electronic structure. This 
enhanced thermal stability correlates directly with the more robust 
electronic interaction between Li centers and the B2C2 framework, 
as evidenced by our electronic structure analysis. The destabiliza-
tion of Li-H2 coordination becomes pronounced at 400-500K, yet the 
persistence of defined correlation peaks in Li@B2C2 indicates reten-
tion of molecular-scale binding configurations essential for reversible 
hydrogen storage. The maintenance of structural order at elevated 



A. Benaddi et al. International Journal of Hydrogen Energy 127 (2025) 116–126 
Fig. 8. Side views of 32 H2 desorbed 8Li@B2CN and 8Li@B2C2 systems. The snapshots are obtained by the end of AIMD calculations for a time scale of 5 ps at T= 100, 200, 
400 and 500 K.
Fig. 9. Radial Distribution Function (RDF) analysis of hydrogen desorption on (a) Li@B2C2 and (b) Li@B2CN systems.
temperatures distinguishes Li@B2C2 from typical 2D storage materials, 
where thermal effects often lead to complete loss of molecular or-
ganization. These molecular-level insights establish structure-function 
relationships governing hydrogen storage performance and provide 
design principles for next-generation materials. The superior character-
istics of Li@B2C2 emerge from three synergistic factors: (1) enhanced 
electronic orbital overlap producing nearly doubled RDF peak intensity 
at 100 K, directly reflecting stronger Li-H2 binding interactions, (2) 
maintenance of coordinated H2 molecular states up to 500 K evidenced 
by persistent correlation features, demonstrating exceptional thermal 
stability, and (3) thermodynamically optimized desorption range of 
300-400K aligning with practical operating conditions, ensuring effi-
cient energy utilization in applications. The introduction of nitrogen 
in B2CN modifies the electronic density distribution and orbital ener-
getics, quantitatively reflected in reduced RDF intensities and lower 
desorption temperature thresholds. This electronic structure modifica-
tion provides valuable insights into how atomic-level compositional 
changes influence macroscopic storage properties. The preservation of 
molecular-scale coordination geometry in Li@B2C2 through thermal 
cycling, confirmed by our MD simulations and RDF analysis, establishes 
a stable platform for repeated adsorption–desorption processes while 
maintaining the critical electronic and structural features that enable 
high gravimetric capacity. The remarkable combination of high storage 
capacity, thermal stability, and reversible operation positions Li@B2C2
at the forefront of practical hydrogen storage materials. This compre-
hensive analysis demonstrates how electronic structure engineering of 
2D materials can optimize hydrogen storage properties, establishing 
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Li@B2C2 as a promising platform for controlled molecular hydrogen 
storage with exceptional thermal stability and reversible operation. The 
clear correlation between electronic structure, molecular organization, 
and storage performance provides a blueprint for designing future 
materials with enhanced functionality for clean energy applications.

4. Conclusions

In this study, we explored the potential of 2D orthorhombic B2C2
and B2CN as solid-state materials for hydrogen storage using a lithium 
decoration strategy. We began by assessing their structural, electronic 
and mechanical properties, as well as their thermal, dynamic, and 
thermodynamic stability, which confirmed their suitability for further 
investigation. Both B2C2 and B2CN demonstrated a strong affinity for 
lithium, with adsorption energies of −3.72 and −3.38 eV, respectively, 
values that exceed the cohesive energy of Li atoms, suggesting no 
risk of cluster formation. Lithium decoration significantly enhanced 
hydrogen adsorption on both materials compared to their pristine 
monolayers. For both B2C2 and B2CN, the Li-decorated monolayers 
(8Li@B2P2 and 8Li@B2N2) were able to adsorb up to 32 H2 molecules. 
The average adsorption energies were found to be 0.23 eV for B2C2
and 0.25 eV for B2CN, corresponding to gravimetric hydrogen stor-
age capacities of 13.29 and 12.87 wt%, respectively, with desorption 
temperatures of 171 and 186 K. Furthermore, we investigated the des-
orption process using ab initio molecular dynamics (AIMD) calculations 
at four different temperatures. The results indicated the reversibility of 
both systems. Additionally, we conducted a radial distribution function 
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(RDF) analysis of hydrogen desorption, examining the thermal effects 
on Li–H atomic correlations and the stability of hydrogen adsorption 
across various temperatures. Overall, the results indicate that both 
B2C2 and B2CN possess strong adsorption properties and favorable 
capacities for hydrogen storage, along with efficient desorption kinet-
ics. These attributes position them as promising candidates for solid 
two-dimensional materials in hydrogen storage applications.
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