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A B S T R A C T

The synthesized carbon-based biphenylene materials have contributed to the recent increase in interest in
inorganic biphenylene counterpart. It is expected that the inorganic biphenylene material will have suitable
functionalities for different energy harvesting applications. In this study, we conducted first-principles density
functional theory (DFT) calculations and thermodynamic analysis to explore the hydrogen (H2) storage
properties of pristine BP-biphenylene (b-BP) and BP-graphenylene (g-BP) monolayers and alkali metals (AM=Li,
Na, K) decorated b-BP (labeled as b-BP(AM)) and g-BP (labeled as g-BP(AM)) systems. Both b-BP and g-
BP monolayers exhibit a weak affinity for (H2) molecules. However, b-BP(AM) and g-BP(AM) overcome this
limitation and exhibit the ability to adsorb multiple H2 molecules. The positive charge generated by the AM
adatoms is the cause of the neighboring H2 molecules becoming polarized due to electron transfer to the b-BP
and g-BP monolayers. This polarization facilitates their binding through van der Waals interactions, making the
surrounding suitable to accommodate a significant amount of H2 molecules. The storage capacities for b-BP(Li)
and g-BP(Li) systems are 9.05 wt% and 6.99 wt% respectively, when operating under practical conditions.
Notably, these values exceed the US Department of Energy’s target of 5.50 wt% by 2025 and highlight the
potential of b-BP(AM) and g-BP(AM) systems as promising materials for hydrogen storage applications.
1. Introduction

The widespread utilization of fossil fuels as the predominant en-
ergy source has resulted in serious issues like global warming and
environmental pollution. It is imperative to address these issues by
developing sustainable, affordable and environmentally friendly energy
sources and storage technologies. Hydrogen is a suitable energy carrier
because of its high energy density, renewable nature, abundance, and
cleanliness, and it is widely recognized as having outstanding potential
for energy applications [1]. However, the major obstacle to transi-
tioning to a renewable energy economy based on synthetic hydrogen
fuel is the storage problem [2]. Therefore, the development of novel
materials that can store hydrogen at acceptable rates, have become
pivotal aspects of contemporary scientific discourse [3–6]. This urgency
arises because conventional methods such as pressurized tanks and
cryogenic liquid hydrogen fail to meet the necessary standards for vehi-
cle applications, primarily due to issues related to safety concerns and
low volumetric density [1,7]. In general, materials that are desirable for
on-board hydrogen storage are expected to meet the technical criteria
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set by the US Department of Energy (DOE). These criteria include high
gravimetric density, quick kinetics, low toxicity, moderate working
temperature, great reversibility, and/or low cost.

Research efforts to identify materials that satisfied the aforemen-
tioned criteria have resulted in the development of new porous mono-
layer [8–16] and related materials [17–26]. Among them, the newly
synthesized carbon-based biphenylene materials [27] have opened up
new possibilities for hydrogen storage due to their numerous related
functionalities. However, like other pristine adsorbents porous materi-
als, the practical utility of these nanostructures for hydrogen storage
is hindered by the relatively weak Van der Waals (vdW) interaction
between adsorbed (H2) molecules and host surfaces under typical
temperature and pressure conditions [28–30]. Thus, it is necessary to
enhance the binding energy values between hydrogen molecules (H2)
and the host materials.

To achieve enhance hydrogen adsorption rate, various strategies
such as mechanical strain, cation/anion substitution, nanoscaling, de-
fect engineering and metal functionalization have been used to modify
the performance of host materials [31–35]. Metal functionalization has
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proven to be an effective technique for enhancing hydrogen storage
capacity and overcoming the dilemma between reversibility and the
desorption temperature of intrinsic 2D materials [29,30,36–38]. For
instance, previous theoretical studies have shown that monolayers dec-
orated with alkali metals (AM = Li, Na, K) adatoms are advantageous
for boosting H2 adsorptionenergy [36,38–47]. Denis et al. reported the
hydrogen storage capabilities of Li-decorated biphenylene sheets, they
found a hydrogen gravimetric density of 7.4% wt, accompanied by an
average adsorption energy of 0.20 eV/H2 [39]. Following this trend,
Mane et al. explored the Zr-doped biphenylene and reported a storage
capacity of 9.95 weight wt%, with an average hydrogen adsorption
energy of 0.4 eV/H2 [40]. In separate study, Mahamiya, et al. tested
the hydrogen storage ability of K and Ca modified biphenylene sheets,
they predicted that each K and Ca adatom could adsorb 5H2 molecules,
ollowing with 11.90 and 11.63 weight percent of H2, respectively [41].

Kaewmaraya, et al. have found 6.76 wt% and 6.66 wt% of hydrogen
uptake for divacancy biphenylene functionalized by Li and Na [36].
Additionally Hussain et al. have investigated hydrogen storage proper-
ties of graphenylene monolayer decorated with light metals, they found
that each dopant can adsorb multiple H2 molecules leading to 6.14 wt%
ydrogen capacity [38].

In this study, for the first time we carried out first-principles cal-
ulations based on density functional theory (DFT) [48] to study the
ydrogen storage properties of pristine BP-biphenylene (b-BP) and
P-graphenylene (g-BP) and AM decorated b-BP and g-BP systems.
enceforth, we shall level AM decorated b-BP as b-BP(AM) while AM
ecorated g-BP as g-BP(AM) systems. The findings reveal that pristine
-BP and g-BP monolayers are inefficient for H2 storage. However, the
2 adsorption energy improved for b-BP(AM) and g-BP(AM) systems.
-BP(AM) can adsorb a total of 32H2 molecules with an average
dsorption energies of −0.18, −0.16, and −0.14 eV/H2 for b-BP(Li), b-
P(Na), and b-BP(K) systems respectively. For the g-BP(AM) cases, we
ound a total of 48 H2 molecules with an average adsorption energies
f −0.20, −0.17, and −0.15 eV/H2 for g-BP(Li), g-BP(Na), and g-BP(K)
ystems, respectively. Furthermore, the b-BP(Li) and g-BP(Li) systems
ttain the storage capacities of 9.05 wt% and 6.99 wt% at the practical
emperature and pressure, respectively, exceeding the US Department
f Energy’s target value of 5.50 wt% by 2025. Therefore, b-BP(AM) and
-BP(AM) systems clearly shows a very prospect for hydrogen storage
pplications.

. Computational details

All current calculations were achieved by DFT [48] calculations
sing the Vienna Ab initio Simulation Package (VASP) [49]. The inter-
ction between the valence and core electrons is described on the basis
f the projected augmented wave (PAW) method [50]. The electron
xchange–correlation effects is expressed by the generalized gradi-
nt approximation (GGA) method with Perdew–Burke–Ernzerhof (PBE)
unctional [50]. Moreover, vdW corrections were considered by using
FT-D2 method of Grimme throughout the calculations [51]. The cutoff
nergy was set to 500 eV, and the Brillouin zone was sampled using
onkhorst–Pack method with automatically generated (3 × 3 × 1) k-

oint mesh [52]. The convergence criteria of energy and atomic force
ere set to 10−6 and 10−5 eV Å−1 in the geometric optimization and

tatic calculations. To avoid the interactions between adjacent layers,
vacuum thickness of at most 17 Å along the z direction was included

or all monolayers, respectively. As for the calculation of isolated H2
olecule, it was packed into a 15 Å periodic edge cubic box. Ab

nitio molecular dynamics (AIMD) simulations was performed within
he framework of the NVT-ensemble to check the stability of host
aterials at 300 K with a time-step set of 1 fs for a total time scale

f 5 ps [53]. Charge transfer mechanism was studied by employing
ader analysis [54]. The stability of b-BP(AM) and g-BP(AM) systems

s calculated by the adsorption energy (𝐸𝑎𝑑𝑠) relation expressed as

=
𝐸𝑏−𝐵𝑃 (𝐴𝑀)(𝑔−𝐵𝑃 (𝐴𝑀)) − 𝐸𝑏−𝐵𝑃 (𝑔−𝐵𝑃 )–𝑛𝐸𝐴𝑀 (1)
34

𝑎𝑑𝑠 𝑛
here 𝐸𝑏−𝐵𝑃 (𝐴𝑀)(𝑏−𝐵𝑃 (𝐴𝑀)), 𝐸𝑏−𝐵𝑃 (𝑔−𝐵𝑃 ) and 𝑛𝐸𝐴𝑀 stand for the total
nergies of b-BP(AM)(b-BP(AM)), pristine b-BP(g-BP) and isolated AM
toms, respectively. However 𝑛 represent the total number of AM
datoms.

The adsorption energy (𝐸𝑎𝑑𝑠) of H2 molecules on b-BP(AM) and
-BP(AM) systems is calculated as,

𝑎𝑑𝑠 =
𝐸(𝑏−𝐵𝑃 (𝐴𝑀)@𝑚H2)(𝑔−𝐵𝑃 (𝐴𝑀)@𝑚H2) − 𝐸𝑏−𝐵𝑃 (𝐴𝑀)(𝑔−𝐵𝑃 (𝐴𝑀))–𝑚𝐸H2

𝑚
(2)

where, 𝐸(𝑏−𝐵𝑃 (𝐴𝑀)@𝑚H2)(𝑔−𝐵𝑃 (𝐴𝑀)@𝑚H2), 𝐸H2
and 𝑚 terms represent

the total energy values of b-BP(AM)(g-BP(AM)) with adsorbed 𝑚H2
molecules, isolated H2 molecule and the number of H2 molecules
adsorbed on b-BP(AM)(g-BP(AM)) systems, respectively. The gravi-
metric hydrogen capacity (wt%) was calculated using the following
expression:

H2 (𝑤𝑡%) =
𝑀H2

(𝑀H2 +𝑀ℎ𝑜𝑠𝑡)
∗ 100 (3)

here, MH2 and Mℎ𝑜𝑠𝑡 represent the mass of the total stored H2 molecules
and the mass of b-BP(AM)(g-BP(AM)) systems, respectively.

The adsorption–desorption properties of H2 molecules under operat-
ing conditions (temperature and pressure) were further investigated by
thermodynamic analysis using the grand canonical partition function
(z).

𝑍 = 1 +
𝑛
∑

𝑖=1

exp𝐸𝑎𝑑𝑠
𝑖 − 𝜇

𝐾𝐵𝑇
(4)

where, 𝑛 is the maximum number of adsorbed hydrogen (H2) molecules.
while, 𝐸𝑎𝑑𝑠

𝑖 , 𝜇, 𝐾𝐵 , and 𝑇 are the adsorption energy of the 𝑖th adsorbed
H2 molecule, chemical potential of the gas phase of the H2 molecule,
the Boltzmann constant (1.38 × 10−23 J/K), and temperature, respec-
tively. The previous reports provide the details of the calculations [29,
36]. It is worth noting that the pressure and temperature that work
best for adsorption (desorption) of H2 are 30 (3) atm and 25 (100) ◦C,
respectively.

3. Results and discussion

3.1. Hydrogen adsorption on pristine b-BP and g-BP monolayers

Fig. 1 shows the optimized (2 × 2 × 1) b-BP and g-BP supercell.
There are the same number of B and P atoms in each structure. Con-
sistent with the carbon-based biphenylene structure, the b-BP structure
features an octagonal cavity formed by hexagonal B3P3 rings. These
hexagonal B3P3 rings are connected next to each other via the B-P bond.
The g-BP structure is similar to the b-BP but has a dodecagonal cavity.
In each b-BP and g-BP structure, both B and P atoms contribute equally
to the cavity, with no dangling bonds. The optimized lattice constants
of (2 × 2 × 1) b-BP and g-BP supercell were estimated to be a = 11.80 Å,
b = 9.75 Å and a = b = 17.61 Å, respectively. It is noted that the b-BP
monolayer is anisotropic along the a/b lattice direction because of its
rectangular symmetry, while that for g-BP monolayer with hexagonal
symmetry is isotropic (a = b).

Next, we introduced the H2 molecule at a certain height above the
b-BP and g-BP surfaces. Eight different adsorption sites on the b-BP
and g-BP surfaces were considered for perpendicular and parallel H2
orientations. These adsorption sites are located at the top of the octag-
onal/decagonal cavity (S1), the square (S2) and hexagonal (S3) rings,
the bridging sites (S4, S5 and S6), and the boron (T𝐵) and phosphorus
(T𝑃 ) atoms (see Fig. 1). Firstly, we performed with spin-polarized
optimization calculations for all structures and found non-magnetic
properties. For later convenience, b-BP and g-BP with adsorbed H2
molecule are referred to as b-BP@H2 and g-BP@H2, respectively. On
the other hand, b-BP(AM) and g-BP(AM) with adsorbed H2 molecule
are classified as b-BP(AM)@H and g-BP(AM)@H , respectively. The
2 2
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Fig. 1. Top and side view of the optimized (2 × 2) supercell: (a) b-BP and (b) g-BP with the possible adsorption sites (S1, S2, S3, S4, S5, S6, T𝐵 , T𝑃 ).
corresponding H2 adsorption energy (𝐸𝑎𝑑𝑠) values for b-BP(AM)@H2
and g-BP(AM)@H2 systems are shown in Fig. S1. The preferred adsorp-
tion sites for perpendicularly aligned H2 are the S4 and S2 sites of the
b-BP and g-BP surfaces, respectively. The estimated 𝐸𝑎𝑑𝑠 values for b-
BP@H2 and g-BP@H2 systems are −0.07 eV and −0.03 eV, respectively.
These low 𝐸𝑎𝑑𝑠 values severely hamper their practical performance in
H2 storage applications.

3.2. Alkali metals (AM = Li, Na, K) decorated b-BP and g-BP monolayers

As mentioned above, the pristine b-BP and g-BP monolayers are
thermodynamically unfavorable for H2 molecule adsorption, however,
previous reports [36,38,41] confirmed that the H2, 𝐸𝑎𝑑𝑠 value can
be improved for AM-decorated surfaces. Therefore, AM adatoms are
introduced on the b-BP and g-BP surfaces to improve the H2 E𝑎𝑑𝑠 values.
First, we identified the favorable adsorption site for a single AM adatom
adsorbed b-BP and g-BP surfaces, as shown in Fig. S2. The preferred
adsorption sites are S3, S1 and S1 for b-BP(Li), b-BP(Na) and b-BP(K)
with 𝐸𝑎𝑑𝑠 values of −2.28 eV, −1.76 eV and −2.14 eV. The estimated
adatom height (ℎ) values above the surfaces are 1.5, 1.6, and 2.12 Å
for b-BP(Li), b-BP(Na), and b-BP(K) systems, respectively. On the other
hand, the preferred adsorption site for g-BP(Li), g-BP(Na) and g-BP(K)
system is the S2 site with 𝐸𝑎𝑑𝑠 values of −2.29 eV, 1.69 eV and 2.08 eV,
respectively. Their corresponding ℎ values are 1.62, 2.21, and 2.61 Å
for g-BP(Li), g-BP(Na), and g-BP(K), respectively. Our estimated 𝐸𝑎𝑑𝑠
values show that AM adatoms bind strongly to the b-BP and g-BP
surfaces (see Table 1).

It should be noted that both the b-BP and g-BP systems have
the lowest ℎ values and, accordingly, the highest 𝐸𝑎𝑑𝑠 values. The
differences in the 𝐸𝑎𝑑𝑠 values for b-BP(AM) and g-BP(AM) systems are
largely determined by the electron transfer between the AM adatoms
and the b-BP and g-BP monolayers. Bader charge analysis shows that
the AM adatoms transfer electrons to the b-BP and g-BP monolayers.
The calculated values are 0.88, 0.87, 0.86 𝑒− for b-BP(Li), b-BP(Na),
b-BP(K) while those for g-BP(Li), g-BP(Na), and g-BP(K) systems are
0.88, 0.88, and 0.87 𝑒− respectively. The values show that the larger
the charge transfer, the closer the AM adatoms are to the b-BP and g-BP
surfaces. Consequently, there is increased polarization between the AM
adatoms and the b-BP and g-BP monolayers (see Table 1).

Following the investigation of single AM adatoms on b-BP and g-
BP, we proceed to study the full-coverage AM adatoms on both sides
of b-BP and g-BP monolayers. As displayed in Fig. 2, no reconstruction
was observed on both the b-BP and g-BP surfaces after full structural
relaxation. Moreover, the b-BP and g-BP surfaces do not have any
clustering tendencies for AM atoms. It was found that the b-BP mono-
layer can accommodate at most eight AM adatoms. While the g-BP
monolayer can accommodate 16 AM adatoms. Table S1 present the
35

calculated 𝐸𝑏 values, stable sites and the ℎ values for b-BP(AM) and
Table 1
The calculated 𝐸𝑎𝑑𝑠, ℎ and charge transfer (Q) for b-BP(AM) and g-BP(AM) systems. ℎ
is defined as the difference in the z-coordinate of the AM adatoms and the average of
the z-coordinate of all the B/P atoms in the b-BP and g-BP systems.

System Stable site 𝐸𝑎𝑑𝑠 ℎ Q
(eV/atom) (Å) (𝑒−)

b-BP(8Li) S3 −1.97 1.68 0.86
b-BP(8Na) S1 −1.35 1.77 0.80
b-BP(8K) S1 −1.47 2.30 0.68
g-BP(16Li) S2 −2.01 1.78 0.76
g-BP(16Na) S2 −1.30 1.78 0.86
g-BP(16K) S2 −1.46 1.78 0.70

g-BP(AM) systems, respectively. The estimated values for b-BP(AM) and
g-BP(AM) with full coverage AM adatoms follow the same pattern as
that described above for b-BP(AM) and g-BP(AM) single AM adatoms. It
should be noted that the ionic bonding exists between the AM adatoms
and the b-BP and g-BP systems. The ionic bonding nature of AM
adatoms on b-BP and g-BP surfaces was elucidated using the electron
localization function (ELF). Fig. S3 shows the ELF plots with ranges
of isosurface values indicating the presence of a localized charge.
This charge accumulations makes b-BP(AM) and g-BP(AM) suitable for
adsorbing H2 molecules. We also projected density of states (PDOS) of
b-BP(8 AM) and g-BP(16 AM) systems to reveal their atomic orbital
contributions in the vicinity of Fermi level (See Fig. 3). The PDOS plots
show that all b-BP(8 AM) and g-BP(16 AM) systems exhibit metallic
property (see Fig. S4).

AIMD simulations were performed on b-BP(AM) and g-BP(AM)
systems at T = 300 K for 5 ps to ascertain their thermal stability. No
geometry constraints are imposed on the b-BP(8 AM) and g-BP(16 AM)
systems during MD calculations. Fig. S5 demonstrates the snapshots of
the top and side view of these structures as an inset. The b-BP(8 AM)
and g-BP(16 AM) structures have minor buckling, but there is no
evidence of structural reconstruction. Moreover, there is minimal fluc-
tuation in the variation of total energy vs time for all systems. It is clear
that these b-BP(8 AM) and g-BP(16 AM) materials at 300 K are ideal
for H2 storage application.

3.3. Hydrogen storage on b-BP(AM) and g-BP(AM) systems

Having established the stable b-BP(8 AM) and g-BP(16 AM) systems,
we evaluate the H2 adsorption properties on these structures. The first
step is to optimize a single H2 molecule in each systems to determine
the 𝐸𝑎𝑑𝑠 values. All atoms in both the b-BP (8 AM)@H2 and g-BP
(16 AM)@H2 systems can move freely during optimization without any
structural constraints. Our estimated 𝐸𝑎𝑑𝑠 values for b-BP(8 AM)@H2
and g-BP(16 AM)@H suggest an improvement compared to those
2
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Fig. 2. Optimized structures of b-BP(8 AM) and g-BP(16 AM) systems (Top and side views).
Fig. 3. Optimized b-BP(8 AM)@32H2 and g-BP(16 AM)@48H2 structures.
obtained from the b-BP@H2 and g-BP@H2 systems. The estimated 𝐸𝑎𝑑𝑠
values are summarized in Table 2. We then performed a series of opti-
mization calculations by increasing the number of H2 molecules until
a maximum of 32H2 (16H2 on top and 16H2 on down) molecules and
36
48H2 (24H2 on top and H2 on down) molecules were accommodated
on the b-BP(8 AM) and g-BP(16 AM) surfaces, respectively (see Fig. 4).

The estimated 𝐸𝑎𝑑𝑠 values are −0.20, −0.18 and −0.14 eV/H2 for b-
BP(8Li) @32H2, b-BP(8Na)@32H2, and b-BP(8K)@32H2 systems with
storage capacities of 10.38, 8.60 and 7.34 w%, respectively. On the



International Journal of Hydrogen Energy 66 (2024) 33–39I. Djebablia et al.
Fig. 4. The averaged number of H2 molecules (Nave) adsorbed on (a) b-BP(8Li), (b) b-BP(8Na), (c) b-BP(8K), (d) g-BP(16Li), (e) g-BP(16Na), and (f) g-BP(16K) as a function of
practical temperatures and pressures.
other hand, the 𝐸𝑎𝑑𝑠 values are −0.20, −0.17 and −0.15 eV/H2 for
g-BP(16Li)@48H2, g-BP(16Na)@48H2, and g-BP(16K)@48H2 systems
with storage capacities of 7.99, 6.59 and 5.61 wt%, respectively.
The obtained maximum wt% values at 0 K are either comparable
with or larger than the previously reported values for similar inor-
ganic monolayer materials e.g SiC (8.27) [55] and boron hydride
(11.70) [56]. Table 2 list all 𝐸𝑎𝑑𝑠 values for all b-BP(AM)@H2 and g-
BP(AM)@H2 systems. We also provided the gravimetric density (wt%),
H–H bond distance (d(H–H)), and the lowest Hydrogen height (ℎ)
values above the b-BP and g-BP surfaces. It is obvious that the 𝐸𝑎𝑑𝑠
values are negative, which implies that H2 would preferentially be
physisorbed on the b-BP(AM) and g-BP(AM) surfaces. However, the
𝐸𝑎𝑑𝑠 values are disparate for each system and gradually decrease
in the order of the Li, Na, and K adatoms. This is mainly due to
their difference in electronegativity. We verified this assertion by
examining the electron transfer between the charged AM ions and
the surrounding H2 molecules. Bader charge analysis demonstrates
that AM adatoms transfer electrons to atoms in their vicinity. The
estimated electrons transfer values are 0.87/0.87, 0.84/0.84, 0.8/0.8
e for Li, Na, and K in b-BP(8 AM)@32H2/g-BP(16 AM)@48H2 sys-
tems, respectively. It is evident that estimated 𝐸𝑎𝑑𝑠 values corre-
late with the electron transfer between the AM adatoms and the
surrounding atoms. Fig. 3 displays the optimized structures of b-
BP(8 AM)@32H2 and g-BP(16 AM)@48H2, whereas the remaining
structures of b-BP(8 AM)@H2 and g-BP(16 AM)@H2 are shown in Fig.
S6 and Fig. S7. The obtained average H-H bond lengths of adsorbed H2
molecules is in the range of 0.751–0.771 Å (see Table 2). The obtained
value is comparable with that of isolated H2 of 0.74 Å.

It should be emphasized that the aforementioned theoretical ca-
pacities are evaluated at 0 K. These values exclude the essential ther-
modynamics contributions of the finite pressure (P) and temperature
(T). Here, we explore the thermodynamics analysis of adsorption–
desorption properties of b-BP(8 AM)@H2 and g-BP(16 AM)@H2 at the
practical conditions. In practice, the P and T values of H molecule
37
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adsorption are 30 atm and 25 ◦C, respectively, whereas, the desorption
rate takes place at 3 atm and 100 ◦C [57]. Fig. 4 shows the number of
H2 molecules (Nave) adsorbed as a function of P and T. As indicated
in Table 3 the obtained capacities of b-BP@8Li, b-BP(8Na), b-BP(8K),
g-BP(16Li), g-BP(16Na), and g-BP(16K) are 9.05, 3.27, 0.62, 6.99, 5.23,
and 2.30 wt%, respectively. The obtained wt% value is more than the
value recently reported for hydrogen storage on defective carbon-based
biphenylene monolayer (6.76) [36]. In particular, the H2 molecules
storage capacities of b-BP(8Li) and g-BP(16Li) surpass the goal value
5.5 wt% set by the US Department of Energy (DOE) to be achieved by
2025. However, the obtained wt% values for b-BP(8Na/8K)@H2 and
g-BP(16Na/16K)@H2 are significantly low. This is due to their weak
physisorbed 𝐸𝑎𝑑𝑠 values.

4. Conclusions

Inorganic biphenylene materials are becoming a significant family
of porous materials for numerous energy-related applications. Par-
ticularly, much attention is given to the investigation of H2 stor-
age on these inorganic materials from a theoretical perspective. In
the present work, DFT calculations have been performed to study
the H2 storage performance of b-BP and g-BP monolayers. Our re-
sults reveal that H2 weakly adsorbed on both b-BP and g-BP. How-
ever, we found that b-BP(AM) and g-BP(AM) systems improves the
H2 molecule 𝐸𝑎𝑑𝑠 value. These b-BP(8 AM) and g-BP(16 AM) sys-
tems have been shown to be thermally stable at room temperature.
According to bader charge analysis, each AM = Li, Na, K adatoms
transferred electrons to the b-BP and g-BP monolayers, making their
surfaces suitable to accommodate a significant amount of H2 molecules.
We found that the b-BP(8Li), b-BP(8Na), and b-BP(8K) systems can
adsorb 32H2 molecules with an average 𝐸𝑎𝑑𝑠 values of −0.18, −0.16,
and −0.14 eV/H2. While g-BP(16Li), g-BP(16Na), and g-BP(16K) can
accommodate 48H molecules with an average 𝐸 values of −0.20,
2 𝑎𝑑𝑠
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Table 2
Table presents the averaged 𝐸𝑎𝑑𝑠 for several H2 molecules adsorbed on b-BP(AM) and
-BP(AM) systems. 𝑛 represents the number of H2. d(H–H) is the averaged bond length

between H atoms. wt% is the gravimetric density.
System 𝑛 𝐸𝑎𝑑𝑠 d(H–H) ℎ wt%

(eV/H2) (Å) (Å)

b-BP(8Li) 1 −0.30 0.769 2.53 0.36
4 −0.29 0.768 2.54 1.43
8 −0.27 0.765 2.84 2.81
12 −0.22 0.762 2.94 4.16
16 −0.18 0.758 3.22 5.47
32 −0.18 0.759 3.45 10.38

b-BP(8Na) 1 −0.10 0.753 3.91 0.29
4 −0.20 0.766 3.08 1.16
8 −0.19 0.764 3.10 2.30
12 −0.18 0.763 3.22 3.41
16 −0.16 0.759 3.59 4.49
32 −0.16 0.758 3.63 8.60

b-BP(8K) 1 −0.03 0.751 2.95 0.25
4 −0.14 0.765 2.58 0.98
8 −0.14 0.763 2.64 1.94
12 −0.14 0.761 2.66 2.89
16 −0.13 0.759 2.66 3.81
32 −0.14 0.761 2.68 7.34

g-BP(16Li) 1 −0.30 0.767 2.58 0.18
8 −0.29 0.765 2.74 1.43
16 −0.24 0.763 2.80 2.81
24 −0.20 0.762 3.02 4.16
48 −0.20 0.762 3.05 7.99

g-BP(16Na) 1 −0.27 0.771 2.5 0.15
8 −0.20 0.767 2.78 1.16
16 −0.20 0.769 2.84 2.30
24 −0.18 0.765 3.06 3.41
48 −0.17 0.765 3.08 6.59

g-BP(16K) 1 −0.22 0.770 2.60 0.12
8 −0.15 0.768 2.98 0.98
16 −0.16 0.769 2.93 1.94
24 −0.13 0.765 3.40 2.89
48 −0.15 0.767 3.20 5.61

Table 3
The maximum theoretical number of H2 molecules (N𝑡ℎ𝑒𝑜) adsorbed on the host storage
b-BP(8 AM) and g-BP(16 AM) systems at T = 0 K. N𝑎𝑑𝑠 and N𝑑𝑒𝑠 are the number of
adsorbed H2 molecules for adsorption (P = 30 atm and T = 25 ℃) and desorption (3
atm and T = 100 ℃) conditions. N𝑝𝑟𝑎𝑐 is the practically usable number of H2 molecules
evaluated by N𝑎𝑑𝑠 − N𝑑𝑒𝑠 . G𝑡ℎ𝑒𝑜 and G𝑝𝑟𝑎𝑐 are the hydrogen theoretical and practical
gravimetric capacity (wt%), respectively.

System G𝑡ℎ𝑒𝑜 N𝑡ℎ𝑒𝑜 N𝑎𝑑𝑠 N𝑑𝑒𝑠 N𝑝𝑟𝑎𝑐 G𝑝𝑟𝑎𝑐
wt% molecule molecule molecule molecule wt%

b-BP(8Li) 10.38 32 30.73 3.16 27.57 9.05
b-BP(8Na) 8.60 32 11.88 0.19 11.69 3.27
b-BP(8K) 7.34 32 2.65 0.04 2.61 0.62
b-BP(8Li) 7.99 48 45.87 4.25 41.62 6.99
g-BP@16Na 6.59 48 39.13 1.23 37.9 5.23
g-BP@16K 5.61 48 19.43 0.29 19.14 2.30

−0.17 and −0.15 eV/H2. The H2 molecules storage capacities of b-
BP(8Li)@H2 molecules and g-BP(16Li)@H2 molecules systems attain
9.05 wt% and 6.99 wt% at practical temperature and pressure, respec-
tively. The obtained values exceeding the US Department of Energy’s
target value of 5.50 wt% by 2025. Based on these findings, metal-
functionalized b-BP and g-BP monolayers are promising materials for
high-performance H2 storage applications.
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