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Abstract:
Density functional theory studies were carried out to understand the interactions be-
tween H2 and nanomaterials such as pristine and Li/Ca/Pd-decorated graphene, h-BN
nanosheet, h-AlN nanosheet, carbon nanotube (CNT), BNNT, AlNNT, C60 fullerene,
B12N12 nanocage, Al12N12 nanocage, C18 nanoring, etc. Our results suggest that, in
general, H2 was weakly adsorbed on these nanomaterials. However, H2 was strongly
adsorbed on Pd-decorated nanomaterials. Importantly, the adsorption of H2 on Li/Ca-
decorated nanomaterials was often but not always enhanced. The lowest adsorption energy
was found for the Li-decorated (8,0) BNNT (-0.01 kcal/mol) and the highest for the
Pd-decorated Al12N12 nanocage (-21.95 kcal/mol). The QTAIM results showed a partial
covalent character for the interactions of H2 with Pd-decorated nanomaterials and Al12N12
nanocage, and a noncovalent character for the interactions of H2 with other nanomaterials.
In addition, an overview of the previous quantum chemical studies on the interactions
between H2 and such nanomaterials is presented. The Kubas-type (or orbital) interaction
between H2 and transition metal can lead to a significant adsorption energy. Transition
metal atoms might cluster on the surface of the nanomaterial, which can reduce the
weight percentage of H2 storage. The interaction between H2 and such metal-decorated
nanomaterials might be enhanced by replacing the C/B/Al/N atoms with heteroatoms and
by introducing vacancy defects.

1. Introduction
There is an emergency to develop alternative fuels because

of the declining fossil fuel supply and the environmental harm
caused by CO2 emission (Langmi et al., 2005; Germain et
al., 2009; Shevlin and Guo, 2009; Suh et al., 2012; Spyrou
et al., 2013; Chung et al., 2015; Sawant et al., 2022; Shiraz
and Tavakoli, 2017; Singla and Jaggi, 2021; Cruz-Martı́nez et
al., 2024; Wang et al., 2025; Yao et al., 2025). Hydrogen is
one of the most promising candidates to replace the current
carbon-based fuels. Hydrogen fuel cells hold vast prospects in
transportation and power generation applications. Hydrogen
can be converted into energy in a fuel cell with the pro-
duction of water as the only byproduct. Storage materials
with high hydrogen storage capacities, reversible hydrogen

storage, and low cost are preferred for fuel cell vehicles. The
2025 US Department of Energy (DOE) target is a hydrogen
storage system with a gravimetric capacity of 0.055 kg H2/kg
system and a volumetric capacity of 0.040 kg H2/L system
(DOE, 2025). Several adsorbents such as metal-organic frame-
works, nanoporous polymers, zeolites, graphene, and carbon
nanotube (CNT) have emerged as promising candidates for
hydrogen storage (Langmi et al., 2005; Germain et al., 2009;
Shevlin and Guo, 2009; Suh et al., 2012; Spyrou et al., 2013;
Chung et al., 2015; Shiraz and Tavakoli, 2017; Singla and
Jaggi, 2021; Sawant et al., 2022; Cruz-Martı́nez et al., 2024;
Wang et al., 2025; Yao et al., 2025).

Recently, the studies of the adsorption behavior of H2
on different dimensional nanomaterials such as pristine and
metal-decorated graphene, hexagonal-BN (h-BN) nanosheet,
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h-AlN nanosheet, CNT, BNNT, AlNNT, C60 fullerene, B12N12
nanocage, Al12N12 nanocage, cyclo[n]carbon (Cn nanoring),
etc. have received significant attention. For instance, the exper-
imentally determined adsorption energy of H2 on graphite was
about -1.0 kcal/mol (Mattera et al., 1980; Vidali et al., 1991).
The experimentally determined adsorption energy of H2 on
some single-walled CNT bundles (-1.20 to -1.43 kcal/mol)
was similar to that on graphite (Brown et al., 2000; Schimmel
et al., 2003). Experimental studies have shown that BNNTs
can be explored as a possible hydrogen storage medium (Ma
et al., 2002; Tang et al., 2002). Furthermore, using density
functional theory (DFT), Rubeš et al. (2010) reported that
the adsorption distance and the adsorption energy for the
H2/graphene system were 3.06 Å and -1.30 kcal/mol, respec-
tively (Rubeš and Bludský, 2009). Similar results were attained
by other theoretical studies (Yeamin et al., 2014; de Lara-
Castells and Mitrushchenkov, 2015; Bartolomei et al., 2017;
Petrushenko and Petrushenko, 2019). The interaction of H2
with BNNT, which is normally very weak, can be significantly
enhanced upon functionalization by metal atoms such as Ti
and Pd (Durgun et al., 2007; Zhang et al., 2011). The metal
atoms can cluster on the surface of the nanomaterials, thus
undermining their ability to store hydrogen. This problem can
be eased by introducing heteroatoms and/or vacancy defects
(Wang et al., 2025). We recently showed that the adsorption
distance and the adsorption energy for the H2/B12N12 sys-
tem were 2.67 Å and -0.83 kcal/mol, respectively (Nair et
al., 2024). However, the adsorption properties of H2 on, for
example, Pd-decorated h-AlN nanosheet and B12N12 nanocage
are yet to be investigated.

In the present work, we investigate the adsorp-
tion behavior of H2 on nanomaterials such as pris-
tine and lithium/calcium/palladium-decorated graphene, h-BN
nanosheet, h-AlN nanosheet, carbon nanotube (CNT), BNNT,
AlNNT, C60 fullerene, B12N12 nanocage, Al12N12 nanocage,
C18 nanoring, etc. using DFT. Our results indicate that overall
H2 is weakly adsorbed on these nanomaterials. However, H2 is
strongly adsorbed on Pd-decorated nanomaterials. In addition,
an overview of the previous quantum chemical studies on the
interactions between H2 and such nanomaterials is presented.

2. Computational details
The adsorption of H2 onto different nanomaterials was

studied using DFT. The Gaussian 16 program was used
to conduct the DFT calculations (Frisch et al., 2016). All
structures were optimized at the wB97XD/6-311G(d, p) level
(Chai and Head-Gordon, 2008). For optimizing the palladium
complexes, the LANL2DZ basis set is used for Pd. They were
confirmed as energy minima through a vibrational frequency
analysis. The adsorption energy of the pollutant molecule on
the nanocage (Eads) is computed as follows:

Eads = EH2/nanomaterial − (Enanomaterial +EH2)+EBSSE (1)
where EH2/nanomaterial, Enanomaterial, and EH2 represent the en-
ergy of the H2-adsorbed nanomaterial, the nanomaterial, and
the H2 molecule, respectively. EBSSE represents the basis
set superposition error (BSSE) correction determined by the

counterpoise method (Boys and Bernardi, 1970).
The Multiwfn software (Lu and Chen, 2012) was used to

perform the Bader’s quantum theory of atoms in molecules
(QTAIM) analysis (Bader, 1991) at the wB97XD/6-311G(d,
p) level. The various types of atomic interactions could be
identified from the values of the electron density (ρb) and its
Laplacian (∇2ρb) and the total electron energy density (Hb)
and its components (kinetic electron energy density (Gb) and
potential electron energy density (Vb)) at the bond critical
point (Ziółkowski et al., 2006). ∇2ρb < 0 usually represents
a covalent interaction. ∇2ρb > 0 and Hb > 0 represent non-
covalent interactions (e.g., electrostatic and van der Waals
interactions). ∇2ρb > 0 and Hb < 0 represent partially covalent
interactions. In addition, -Gb/Vb < 0.5, 0.5 -Gb/Vb < 1,
and -Gb/Vb > 1 represent covalent, partially covalent, and
noncovalent interactions, respectively.

3. Results and discussion

3.1 Nanosheets
3.1.1 Graphene nanosheet

In the current study, the results (Fig. 1) show that the
adsorption distance of H2 on nanosheets follows the order: Pd-
decorated graphene (1.71 Å) < Li-decorated graphene (2.16
Å) < graphene (2.96 Å) < Ca-decorated graphene (4.78 Å).
The Eads values for the adsorption of H2 on nanosheets follow
the order: Pd-decorated graphene (-17.73 kcal/mol) < Li-
decorated graphene (-5.18 kcal/mol) < graphene (-1.49 kcal/-
mol) < Ca-decorated graphene (-0.11 kcal/mol). We find that
H2 is relatively strongly adsorbed on Pd-decorated graphene.
The molecular electrostatic potential (MESP) minimum (Vmin)
is the most negatively valued point, which predicts the sites of
electron localization in a molecule (Suresh et al., 2022; Nair
et al., 2024, 2025). An MESP analysis showed that the MESP
Vmin is located near the Pd atom of the Pd-decorated graphene,
and the difference in the MESP Vmin due to H2 adsorption
(∆Vmin) is -3.07 kcal/mol. This implies that the Pd-decorated
graphene becomes electron-rich due to the adsorption process.

In addition, we provide an overview of the previous studies
that investigated the graphene nanosheets for hydrogen stor-
age. The experimentally determined adsorption energy of H2
on graphite was about -1.0 kcal/mol (Mattera et al., 1980;
Vidali et al., 1991). Rubeš et al. (2010) studied the physical
adsorption of H2 on a graphite substrate at the DFT/CC
level of theory (Rubeš and Bludský, 2009). The adsorption
distance and the adsorption energy for the H2/coronene system
were 3.07 Å and -1.20 kcal/mol, respectively. The corre-
sponding values for the H2/graphene system were 3.06 Å
and -1.30 kcal/mol, respectively. Similar results were obtained
by other theoretical studies (Yeamin et al., 2014; de Lara-
Castells and Mitrushchenkov, 2015; Bartolomei et al., 2017;
Petrushenko and Petrushenko, 2019). Though different DFT
methods present somewhat different adsorption energies, they
arrive at the same trend for hydrogen storage.

Experimental studies have shown that the decoration of
graphene nanosheets with metals can be used to tune the H2
uptake process (Wang et al., 2025). Experimental studies also
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(a) Eads = -1.49, coronene (b) Eads = -5.18,
coronene-Li

(c) Eads = -0.11, coronene-
Ca

(d) Eads = -17.73,
coronene-Pd

(e) Eads = -1.22, BN-
coronene

(f) Eads = -0.02, BN-
coronene-Li

(g) Eads = -0.11, BN-
coronene-Ca

(h) Eads = -19.94, BN-
coronene-Pd

(i) Eads = -1.17, AlN-
coronene

(j) Eads = -2.85, AlN-
coronene-Li

(k) Eads = -0.11, AlN-
coronene-Ca

(l) Eads = -18.79, AlN-
coronene-Pd

Fig. 1. Optimized structures of H2 adsorbed on nanosheets. The adsorption distance and Eads are given in Å and kcal/mol,
respectively. Color code: Grey-C, green-H, orange-B, purple-Al, blue-N, pink-Li, cyan-Ca, red-Pd.

showed a high hydrogen storage capacity for Pd-decorated N-
doped graphene (Parambhath and Ramaprabhu, 2012). The-
oretical studies showed that the maximum number of H2
adsorbed on the Li atom in decorated graphene was counted
to be four (Ataca et al., 2008; Zheng et al., 2020). Each
of the adsorbed Ca atoms on the graphene could bind up
to five H2 molecules (Ataca et al., 2021). It was found
that the physisorption of H2 is greatly enhanced by doping
Al into graphene (Ao et al., 2009; Ao and Peeters, 2010).
The Eads values of H2 on transition metal-doped graphene
nanosheet increased from Sc to Ni, except for Cr. (Valencia
and Frapper, 2015) Graphene decorated with Sc, Ti, Co,
and Fe were good candidates for H2 storage (Valencia and
Frapper, 2015). Ti, Sc, and V atoms adsorbed on graphene
can bind up to four hydrogen molecules (Durgun et al., 2008).
H2 adsorbed with Cu- and Pd-decorated defective graphene
with an energy in range of -6.0 to -10.4 kcal/mol (Choud-
hary et al., 2016). The Eads value reported by Choudhary et
al. (2016) for the adsorption of H2 on Pd-decorated graphene

is consistent with our results. The syntheses of B and/or N
substituted graphene have been achieved (Wei et al., 2009;
Beheshti et al., 2011; Chang et al., 2013; Wang et al., 2014).
The adsorption distance and Eads value reported by Beheshti et
al. (2011) for the adsorption of H2 on Ca-decorated coronene
are consistent with our results. Up to four H2 can stably bind
to a Ca atom on a graphene with substitutional doping of
a single boron atom (Beheshti et al., 2011). The adsorption
energy of H2 on the decorated Sc and Cu atoms enhanced
with increasing N-concentration on defective graphene (Luo
et al., 2017; Singla and Jaggi, 2021). A crossover between
multipole Coulomb and Kubas interactions was found for
H2 adsorption on alkaline-earth metal dispersed in B-doped
graphenes (Kim et al., 2009). H2 molecules dissociated on
interaction with transition metal decorated B-doped graphene
(Nachimuthu et al., 2014). The BC3 and C3N nanosheets have
been experimentally synthesized (Aydin and Şimşek, 2019;
Faye et al., 2019). DFT studies showed that the binding of H2
on Li/Na/Mg-decorated BC3 nanosheet comes from not only
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the polarization mechanism but also the orbital hybridizations
(Aydin and Şimşek, 2019). The binding properties of H2 on
C3N could be enhanced considerably by suitable Sc and Ti
doping (Faye et al., 2019). Several reviews have appeared that
highlights various aspects of this area of research (Shevlin and
Guo, 2009; Spyrou et al., 2013; Chung et al., 2015; Shiraz
and Tavakoli, 2017; Singla and Jaggi, 2021; Cruz-Martı́nez et
al., 2024).

3.1.2 h-BN nanosheet

In the current study, the results (Fig. 1) show that the
adsorption distance of H2 on nanosheets follows the order:
Pd-decorated h-BN nanosheet (1.70 Å) < h-BN nanosheet
(2.98 Å) < Ca-decorated h-BN nanosheet (4.77 Å) < Li-
decorated h-BN nanosheet (6.51 Å). The Eads values for the
adsorption of H2 on nanosheets follow the order: Pd-decorated
h-BN nanosheet (-19.94 kcal/mol) < h-BN nanosheet (-1.22
kcal/mol) < Ca-decorated h-BN nanosheet (-0.11 kcal/mol)
< Li-decorated h-BN nanosheet (-0.02 kcal/mol). We find
that H2 is relatively strongly adsorbed on Pd-decorated h-BN
nanosheet.

Furthermore, experimental studies have shown that pristine
and O-doped BN-nanosheets exhibits an excellent performance
in hydrogen storage (Lei et al., 2014). DFT studies showed that
the adsorption energy for H2 adsorption on the BN-nanosheet
(-0.87 kcal/mol) was similar to that of the graphene nanosheet
(-0.98 kcal/mol) (Petrushenko and Petrushenko, 2019). The
adsorption energy for H2 adsorption on the BN-nanosheet
was about 1.50 kcal/mol with GGA-PBE and 3.23 kcal/mol
with LDA (Lei et al., 2014). The H2 storage capacity of
BN-nanosheets was enhanced by oxygen doping. Chettri et
al. reported that the adsorption distance and the adsorption
energy for the H2/BN-nanosheet system were 3.02 Å and -
4.89 kcal/mol, respectively (Chettrio et al., 2021). The H-H
bond length changed from 0.74 Å to only 0.78 Å due to
adsorption. The adsorption energy decreased with an increase
in the number of adsorbed H2 molecules. The adsorption
energy was -2.95 kcal/mol per H2 for the maximum hydrogen
storage capacity (Chettrio et al., 2021). The adsorption of H2
on BN nanosheet was endothermic with respect to dissociation
(Wu et al., 2006; Shevlin and Guo, 2007).

The Eads of H2 on superalkali OLi3-decorated BN-
nanosheet was -4.7 kcal/mol (Zhang et al., 2023). This was
attributed to the weak orbital interaction and electrostatic
mutual attraction between the H atom and Li atom. A similar
Eads value was obtained for the superalkali NLi4-decorated BN
nanosheet (Wang et al., 2021).The adsorption energy of H2 on
C and O co-doped BN-nanosheet was higher than that on C-
and O-doped BN-nanosheet (Kumar et al., 2015). The first
H2 molecule was adsorbed dissociatively over Rh atom, and
molecularly on Ni decorated BN nanosheet (Venkataramanan
et al., 2009). Three H2 molecules were bound on the Ni-
decorated defective BN nanosheet (Zhou et al., 2018). Co-
and Pt-decorated C-doped BN nanosheet enhanced the H2
storage performances (Aal and Alfuhaidi, 2021). For alkali
metal-decorated defective BN nanosheet, there were up to four,
six, and six H2 molecules adsorbed on each Li, Na, and K,
respectively, with the average adsorption energy in the range

of -3.6 to -5.6 kcal/mol (Wang et al., 2022). The polarization
mechanism and orbital hybridization were involved in H2
adsorption on Ca-decorated defective BN nanosheets (Ma et
al., 2021). The C-doped BN nanosheet eliminated the Ti-
cluster, hence the capacity of H2 storage was enhanced (Wang
et al., 2022).

3.1.3 h-AlN nanosheet

In the current study, the results (Fig. 1) show that the
adsorption distance of H2 on nanosheets follows the order:
Pd-decorated h-AlN nanosheet (1.73 Å) < Li-decorated h-
AlN nanosheet (2.21 Å) < h-AlN nanosheet (2.72 Å) < Ca-
decorated h-AlN nanosheet (4.73 Å). The Eads values for
the adsorption of H2 on nanosheets follow the order: Pd-
decorated h-AlN nanosheet (-18.79 kcal/mol) < Li-decorated
h-AlN nanosheet (-2.85 kcal/mol) < h-AlN nanosheet (-1.17
kcal/mol) < Ca-decorated h-AlN nanosheet (-0.11 kcal/mol).
We find that H2 is relatively strongly adsorbed on Pd-decorated
h-AlN nanosheet.

h-AlN nanosheets have been fabricated, for example, on
Si substrates (Zhang et al., 2007; Tsipas et al., 2013). Moradi
and Naderi (2014) found H2 to be adsorbed collinearly on an
N atom of the h-AlN nanosheet, which is consistent with our
results.

3.2 Nanotubes
3.2.1 CNT

In the current study, the results (Fig. 2) show that the
adsorption distance of H2 on nanotubes follows the order: Pd-
decorated CNT (1.75 Å) < Li-decorated CNT (2.13 Å) < Ca-
decorated CNT (2.44 Å) < CNT (2.88 Å). The Eads values
for the adsorption of H2 on nanotubes follow the order: Pd-
decorated CNT (-14.71 kcal/mol) < Ca-decorated CNT (-5.05
kcal/mol) < Li-decorated CNT (-3.87 kcal/mol) < CNT (-1.38
kcal/mol). We find that H2 is relatively strongly adsorbed on
Pd-decorated CNT.

The experimentally determined adsorption energy of H2 on
some SWCNT bundles (-1.20 to -1.43 kcal/mol was similar to
that on graphite (Schimmel et al., 2003; Brown et al., 2000).
Rubeš and Bludský (2009) predicted that an H2 molecule is
mostly stabilized inside the (10,10)-CNT with an estimated
adsorption energy of -1.72 kcal/mol at the DFT/CC level of
theory. A similar value (-1.37 kcal/mol) was reported for (10,
0)-CNT by Han and Lee (2004). The adsorption energies of
H2 on (10, 0) (diameter of 7.8 Å), (5, 5) (diameter of 6.8
Å), and (17, 0) (diameter of 13.3 Å) CNTs were predicted
to be -2.61, -1.92, and -1.13 kcal/mol, respectively (Zhao et
al., 2002).

The syntheses of B and/or N substituted CNTs have been
achieved (Sawant et al., 2022). The Eads value of H2 on (8,
0) CNT was -2.5 kcal/mol (Zhou et al., 2006). However, in
the B or N-doped (8, 0) CNT when H2 is adsorbed on top of
B or N atom, the adsorption energies are the lowest (Zhou et
al., 2006). The hydrogen storage properties of CNTs can be
tuned by decoration with metals (Lyu et al., 2020). The Eads
value (per H2) of H2 on Ca-decorated B-doped (9, 0) CNT
was -3.0 kcal/mol (Kim et al., 2009). BC3 nanotubes have
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been experimentally synthesized and DFT studies showed that
lithiation of BC3 nanotubes improved the performance of H2
storage (Zhou et al., 2011). By increasing the coverage of H2,
the adsorption energy decreased for C3N nanotubes (Eslami et
al., 2016). The H2 adsorption energy (per H2) of the eight-Li-
doped CNT was -4.0 kcal/mol, close to the lowest requirement
(-4.6 kcal/mol) proposed by US DOE (Liu et al., 2009). For
Ca-decorated CNTs, up to six H2 molecules can bind to a Ca
atom each with an adsorption energy of 3.9 kcal/mol (Lee et
al., 2009). Single Al atom-decorated on (8, 0) CNT adsorbed
up to six H2 molecules with an adsorption energy (per H2) of
-4.6 kcal/mol (Seenithurai et al., 2014). Each Ti atom adsorbed
on a CNT can bind up to four hydrogen molecules, one of
which is dissociated (Yildirim and Ciraci, 2005). Sc and V
atoms adsorbed on a CNT can bind up to five hydrogen
molecules (Durgun et al., 2008). The Eads values of H2 on
transition metal-doped (8, 0) CNTs increased from Sc to Ni,
except for Cr (Valencia and Frapper, 2015). The Sc atoms
clustering on CNTs with diameters 1-2 nm, is energetically
favorable and kinetically permitted (Krasnov et al., 2007). The
Y-decorated CNT has also the potential to become a promising
hydrogen storage device (Chakraborty et al., 2012).

3.2.2 BNNT

In the current study, the results (Fig. 2) show that the
adsorption distance of H2 on nanotubes follows the order: Pd-
decorated BNNT (1.71 Å) < BNNT (2.79 Å) < Ca-decorated
BNNT (4.79 Å) < Li-decorated BNNT (6.42 Å). The Eads
values for the adsorption of H2 on nanosheets follow the
order: Pd-decorated BNNT (-20.05 kcal/mol) < BNNT (-
1.30 kcal/mol) < Ca-decorated BNNT (-0.12 kcal/mol) < Li-
decorated BNNT (-0.01 kcal/mol). We find that H2 is relatively
strongly adsorbed on Pd-decorated BNNT.

Experimental studies have shown that BNNTs can be
explored as a possible hydrogen storage medium (Ma et
al., 2002; Tang et al., 2002). DFT studies showed that the
ionic character of the BN bonds in BNNTs is the key point
that increases the binding energy of H2 (Mpourmpakis and
Froudakis, 2007). The Eads value of H2 on (10, 0) BNNT (-
2.5 kcal/mol) was more negative than that on BN-nanosheet
(-2.1 kcal/mol) (Jhi and Kwon, 2004). The adsorption of H2 on
BNNT was endothermic with respect to dissociation, with the
small-diameter nanotube possessing the smaller barrier (Wu et
al., 2006; Shevlin and Guo, 2007). Durgun et al. showed that
the interaction of H2 with (8, 0) BNNT is very weak (Durgun
et al., 2007). However, BNNT can be functionalized by Ti
atom and single Ti can bind up to four H2 molecules, one is
dissociated and the remaining three are molecularly absorbed.
Seven H2 molecules can bind with the Ce-doped BNNT
system with average adsorption energy of -6.5 kcal/mol (Zhang
et al., 2012). H2 adsorption energies on C-doped BNNTs
were enhanced when compared with clean BNNTs (Baierle
et al., 2006). It was found that single Rh, Ni, and Pd adsorbed
on BNNT can bind up to four, three, and two H2 molecules,
respectively, accompanied by a significant elongation of H-H
bonds (Zhang et al., 2011). The Eads value of H2 on Al-doped
(3, 3) BNNT (diameter of 4.1 Å) was -6.0 kcal/mol (Noura et
al., 2020). The intramolecular H2 bond length increased from

the equilibrium length of 0.74 Å to 0.787 Å in the presence
of Mg-doped BNNT (Noura et al., 2023). Na and K decorated
BNNTs can store up to seven H2 molecules each, while Li
can only accommodate six H2 molecules around it (Satawara et
al., 2024). Metal-doped BNNTs with B/N/BN defects can also
improve the hydrogen storage (Mananghaya and Santos, 2016;
Ma et al., 2021).

3.2.3 AlNNT

In the current study, the results (Fig. 2) show that the
adsorption distance of H2 on nanotubes follows the order:
Pd-decorated AlNNT (1.71 Å) < Li-decorated AlNNT (2.19
Å) < AlNNT (2.62 Å) < Ca-decorated AlNNT (4.80 Å).
The Eads values for the adsorption of H2 on nanosheets
follow the order: Pd-decorated AlNNT (-20.09 kcal/mol) < Li-
decorated AlNNT (-2.30 kcal/mol) < AlNNT (-1.55 kcal/mol)
< Ca-decorated AlNNT (-0.11 kcal/mol). We find that H2 is
relatively strongly adsorbed on Pd-decorated AlNNT.

Experimentally, AlNNTs have been synthesized using vari-
ous methods (Tondare et al., 2002; Wu et al., 2003). DFT stud-
ies showed that the adsorption configuration of H2 adsorbed
on the Al atom of the AlNNT was the most energetically
favorable (Kuang et al., 2021). When H2 molecules were
adsorbed on the outer surface of the AlNNT, the Eads value
remained essentially unchanged (Wang et al., 2009). Enhanced
adsorption of H2 was found on Au- and Ag-decorated AlNNT
(Eno et al., 2023).

3.3 Nanocages
3.3.1 Carbon fullerene and its fragments

In the current study, the results (Fig. 3) show that the
adsorption distance of H2 on C60 fullerene follows the order:
Pd-decorated C60 fullerene (1.81 Å) < Li-decorated C60
fullerene (2.10 Å) < Ca-decorated C60 fullerene (2.37 Å) <
C60 fullerene (3.10 Å). The Eads values for the adsorption
of H2 on nanosheets follow the order: Pd-decorated C60
fullerene (-20.68 kcal/mol) < Li-decorated C60 fullerene (-
4.30 kcal/mol) < Ca-decorated C60 fullerene (-4.22 kcal/mol)
< C60 fullerene (-1.11 kcal/mol). We find that H2 is relatively
strongly adsorbed on Pd-decorated C60 fullerene. Generally
similar trends are observed for the corresponding corannulene
and sumanene systems (see Fig. 3).

Experimental studies showed that alkaline earth metals
such as Ca and Sr can be stabilized on C60 (Zimmermann
et al., 1994). DFT studies showed that Ca or Sr coating of
C60 results in strong H2 binding sites (Yoon et al., 2008).
Also, the doping of alkali metal atoms on C60 enhanced H2
adsorption (Chandrakumar and Ghosh, 2008). Transition metal
atoms bound to C60 and C48B12 fullerenes were proposed
as adsorbents for high density, room temperature, ambient
pressure storage of H2 (Zhao et al., 2005). The Kubas-type (or
orbital) interaction between H2 and transition metal can lead
to significant adsorption energy (Hoang and Antonelli, 2009).
However, transition metal atoms such as Ti would prefer to
cluster on the C60 surface, which can reduce the weight per-
centage of H2 storage (Sun et al., 2005). The synthesis of the
smallest possible fullerene C20 was reported in the year 2000
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(a) Eads = -1.38, (8,0)
CNT

(b) Eads = -3.87, (8,0)
CNT-Li

(c) Eads = -5.05, (8,0)
CNT-Ca

(d) Eads = -14.71, (8,0)
CNT-Pd

(e) Eads = -1.30, (8,0)
BNNT

(f) Eads = -0.01, (8,0)
BNNT-Li

(g) Eads = -0.12, (8,0)
BNNT-Ca

(h) Eads = -20.05, (8,0)
BNNT-Pd

(i) Eads = -1.55, (8,0)
AlNNT

(j) Eads = -2.30, (8,0)
AlNNT-Li

(k) Eads = -0.11, (8,0)
AlNNT-Ca

(l) Eads = -20.09, (8,0)
AlNNT-Pd

Fig. 2. Optimized structures of H2 adsorbed on nanotubes. The adsorption distance and Eads are given in Å and kcal/mol,
respectively. Color code: Grey-C, green-H, orange-B, purple-Al, blue-N, pink-Li, cyan-Ca, red-Pd.

(Prinzbach et al., 2000). The Eads value (per H2 molecule) for
the adsorption of H2 on alkali metal-decorated C20 was -2.9
kcal/mol (Sahoo et al., 2021). There are experimental reports
that fullerene cage molecules can be doped with heteroatoms
such as B and/or N atoms (Guo et al., 1991; Pradeep et
al., 1991; Nakamura et al., 1999; Hultman et al., 2001; Otero et
al., 2008). Using DFT Kim et al. studied the adsorption of H2
on, for example, N- and B-doped fullerenes (Kim et al., 2006).
They found that the adsorption energy for the adsorption of
H2 on C35B fullerene was higher than that on C35N fullerene.

Li atoms in Li12C48B12 heterofullerene, like that in
Li12C60, do not cluster and the Eads value for the adsorption
of H2 on Li12C48B12 was -4.0 kcal/mol (Sun et al., 2009).
Unlike C60Cax fullerene (with x = 1-6), C48B12Cax fullerene
was stable with respect to decomposition into the fullerene
molecules and Ca bulk metal (Er et al., 2015). The Eads
value (per H2 molecule) for the adsorption of H2 on transition
metal decorated C24N24 (C24N2 – V6(H2)6) was -8.9 kcal/mol
(Srinivasu and Ghosh, 2012). The Eads value for the adsorption
of H2 on charged fullerenes can be enhanced to -7.4 kcal/mol
(Yoon et al., 2007). Experimental studies showed that H2 can
also be encapsulated in a fullerene cage (Komatsu et al., 2005).
The structures with a large amount of encapsulated H2 were

highly endothermic (Pupysheva et al., 2008).
Experimental studies showed that H2 adsorption on coran-

nulene occurred via weak van der Waals interactions following
a type-V isotherm (Gaboardi et al., 2019). DFT studies showed
that the Eads values of H2 on corannulene and N-doped coran-
nulene were -2.4 and -2.9 kcal/mol, respectively (Denis, 2008).
The doping of lithium atoms to corannulene systems improved
the H2 adsorption (Zhang et al., 2006). Sumanene possessed
high H2 binding affinity (Della and Suresh, 2018). The Eads
value of H2 on sumanene was estimated as -3.7 kcal/mol.
The synthesis of sumanenyl anions stabilized by K+ has been
reported by Spisak et al., 2015. The Eads values (per H2
molecule) for the adsorption of H2 on the ion-pair complexes
of anionic, dianionic, and trianionic sumanenes with K+ were
-1.3, -1.5 and -2.6 kcal/mol, respectively. The MESP analysis
suggested strong charge separation in these ion pair systems,
which promotes the binding of H2 molecules (Della and
Suresh, 2018). The modification of sumanene with N atoms
favored H2 adsorption, whereas an opposite trend was found
with B atoms (Armaković et al., 2016).
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(a) Eads = -1.11, C60 (b) Eads = -4.30, C60-
Li

(c) Eads = -4.22, C60-
Ca

(d) Eads = -20.68,
C60-Pd

(e) Sumanene, Eads =
-1.15

(f) Sumanene-Li,
Eads = -3.90

(g) Sumanene-Ca,
Eads = -0.12

(h) Sumanene-Pd,
Eads = -14.93

(i) Eads = -0.98,
corannulene

(j) Eads = -4.20,
corannulene-Li

(k) Eads = -0.75,
corannulene-Ca

(l) Eads = -15.38,
corannulene-Pd

(m) Eads = -0.94,
B12N12

(n) Eads = -3.41,
B12N12-Li

(o) Eads = -1.10,
B12N12-Ca

(p) Eads = -18.74,
B12N12-Pd

(q) Eads = -3.32,
Al12N12

(r) Eads = -2.75,
Al12N12-Li

(s) Eads = -0.30,
Al12N12-Ca

(t) Eads = -21.95,
Al12N12-Pd

Fig. 3. Optimized structures of H2 adsorbed on nanocages. The adsorption distance and Eads are given in Å and kcal/mol,
respectively. Color code: grey-C, green-H, orange-B, purple-Al, blue-N, pink-Li, cyan-Ca, red-Pd.
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(a) Eads = -1.86,
C18

(b) Eads = -6.11,
C18-Li

(c) Eads = -0.10,
C18-Ca

(d) Eads = -20.70,
C18-Pd

(e) Eads = -1.72,
C12

(f) Eads = -4.98,
C12-Li

(g) Eads = -3.56,
C12-Ca

(h) Eads = -14.23,
C12-Pd

(i) Eads = -1.64,
B6N6

(j) Eads = -1.82,
B9N9

(k) Eads = -1.19,
Al6N6

(l) Eads = -0.91,
Al9N9

Fig. 4. Optimized structures of H2 adsorbed on nanorings. The adsorption distance and Eads are given in Å and kcal/mol,
respectively. Color code: Grey-C, green-H, orange-B, purple-Al, blue-N, pink-Li, cyan-Ca, red-Pd.

3.3.2 B12N12 and Al12N12 nanocages

Fig. 3 also shows the interaction of H2 with pristine and
metal-decorated B12N12 and Al12N12 nanocages. Our results
show that H2 is relatively strongly adsorbed on Pd-decorated
B12N12 and Al12N12 nanocages.

Oku et al. synthesized and detected the B12N12 nanocage
clusters using the laser desorption time-off-light mass spec-
trometry (Oku et al., 2004). Theoretical studies have shown
that among AlnNn (n = 2-41) nanocages, Al12N12 is the
most stable nanocage (Wu et al., 2003). Using DFT, we
recently showed that the adsorption distance and the adsorption
energy for the H2/B12N12 system were 2.67 Å and -0.83
kcal/mol, respectively (Nair et al., 2024). The corresponding
values for the H2/Al12N12 system were 2.15 Å and -3.66
kcal/mol, respectively (Nair et al., 2024). The analysis of
adsorption free energy showed that the adsorption of H2 on
the B12N12 and Al12N12 nanocages is endergonic, indicative of
the weak interactions. The ∆Vmin values for the H2/B12N12 and
H2/Al12N12 systems were -0.56 and -6.53 kcal/mol, respec-
tively. This implied that the B12N12 and Al12N12 nanocages
become electron-rich due to the adsorption process. As H2
molecules approach the positively charged Al of Al12N12, the
charge on Al polarizes the electron clouds in H2, inducing
electrostatic interactions (Wang et al., 2009). Also, the low-
lying unoccupied valence orbitals available in Al of Al12N12
mix with the σ bonding orbital of H2, resulting in the donation
of the σ electrons into the vacant orbitals of Al (Wang et

al., 2009).
The H2 adsorption had not much effect on the DFT

reactivity indices (µ, η, s, and ω) of the B12N12 and Al12N12
nanocages (Nair et al., 2024). The quantum theory of atoms in
molecules (QTAIM) analysis suggested the noncovalent nature
of interactions in these systems. For instance, the ρb values of
the H2/B12N12 and H2/Al12N12 systems were 0.007 and 0.020
a.u., respectively, and the corresponding ∇2ρb values were
positive. The non-covalent interaction (NCI) analysis indicated
the presence of van der Waals interactions between H2 and the
nanocages (Nair et al., 2024). Janjua studied the encapsulation
of inorganic B12N12 nanocages with alkaline earth metals for
efficient hydrogen adsorption (Janjua, 2021). The interaction
energies of Be – B12N12, Mg – B12N12, and Ca – B12N12 were
found to be -85.11, 197.41, and 257.70 kcal/mol, respectively.
The Be metal being small accurately fitted in the cavity and
exhibited exothermic adsorption energy. The encapsulation
of Be, Mg, and Ca metals in B12N12 caused a significant
change in the HOMO-LUMO energy gap. The Eads values
for the H2 adsorption followed the order: Ca – B12N12 (-10.67
kcal/mol) > Mg – B12N12 (-8.04 kcal/mol) > Be – B12N12 (-
7.06 kcal/mol) > B12N12 (-0.25 kcal/mol).

Zhang et al. studied the feasibility of Ni-decorated Al12N12
nanocage for H2 storage using DFT (Zhang et al., 2012).
Ni atom of the NiAl12N12 cage was found to adsorb up to
three H2 molecules with the average adsorption energy of -
16.3 kcal/mol. Both the polarization of the H2 molecules and
the hybridization of the Li-2p orbitals with the H-s orbitals
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contributed to the H2 adsorption on Li-decorated Al12N12
(Wang et al., 2014; Zhang et al., 2024).

3.4 Cyclo[n]carbon and its analogues
In the current study, the results (Fig. 4) show that the

adsorption distance of H2 on C18 nanoring follows the order:
Pd-decorated C18 nanoring (1.73 Å) < Li-decorated C18 nanor-
ing (2.16 Å) < C18 nanoring (3.41 Å) < Ca-decorated C18
nanoring (4.74 Å). The Eads values for the adsorption of H2
on nanosheets follow the order: Pd-decorated C18 nanoring (-
20.70 kcal/mol) < Li-decorated C18 nanoring (-6.11 kcal/mol)
< C18 nanoring (-1.86 kcal/mol) < Ca-decorated C18 nanor-
ing (-0.10 kcal/mol). We find that H2 is relatively strongly
adsorbed on Pd-decorated C18 nanoring. An MESP analysis
showed that the MESP Vmin is located near the Pd atom of
the Pd-decorated C18 nanoring, and the ∆Vmin value is -3.58
kcal/mol. This implies that the Pd-decorated C18 nanoring
becomes electron-rich due to the adsorption process. Generally
similar trends are observed for the corresponding C12 nanoring
systems. Furthermore, our results show that H2 is physiosorbed
on B9N9, Al9N9, B6N6, and Al6N6 nanorings (see Fig. 4).

In 2019, Kaiser et al. (2019) reported the synthesis
and structural characterization of C18 nanoring. The high-
resolution atomic force microscopy showed a polyynic struc-
ture of C18 nanoring with alternating triple and single bonds.
The syntheses of other cyclo[n]carbons (n = 10, 12, 14, and
20) have also been reported (Sun et al., 2024). DFT studies
showed that H2 can fit inside the C18 nanoring (Domı́nguez-
Gutiérrez et al., 2021; Trzesowska et al., 2023).

3.5 QTAIM analysis
The QTAIM results for the nanomaterial/H2 system are

provided in Table 1. For all the Pd-decorated nanomaterials,
ρb is relatively high, ∇2ρb > 0, Hb < 0, and 0.5 < -Gb/Vb
< 1. These results imply a partial covalent character for the
interaction of H2 with Pd-decorated nanomaterials. Similar
results are obtained for the Al12N12 nanocage except that ρb
is relatively low (ρb = 0.017 a.u.). For all other cases, ρb is
relatively low, ∇2ρb > 0, Hb > 0, and -Gb/Vb > 1. These
results imply a noncovalent character for the interaction of H2
with these nanomaterials.

4. Conclusions
We performed DFT studies to understand the interactions

between H2 and nanomaterials such as pristine and Li/Ca/Pd-
decorated graphene, h-BN nanosheet, h-AlN nanosheet, CNT,
BNNT, AlNNT, C60 fullerene, corannulene, sumanene, B12N12
nanocage, Al12N12 nanocage, C18 nanoring, C12 nanoring,
etc. Our results showed that, in general, H2 was weakly
adsorbed on these nanomaterials. For example, the adsorption
distance for H2 on graphene nanosheet and h-BN nanosheet
were 2.96 and 2.98 Å, respectively. The corresponding Eads
values were -1.49 and -1.22 kcal/mol, respectively. However,
H2 was strongly adsorbed on Pd-decorated nanomaterials. For
example, the adsorption distance for H2 on Pd-decorated (8, 0)
CNT and (8, 0) BNNT were 1.75 and 1.71 Å, respectively. The
corresponding Eads values were -14.71 and -20.05 kcal/mol,

respectively. Interestingly, the adsorption of H2 on Li/Ca-
decorated nanomaterials was often but not always enhanced.
Among the studied systems, the lowest negative Eads value was
observed for the Li-decorated (8, 0) BNNT (-0.01 kcal/mol)
and the highest for the Pd-decorated Al12N12 nanocage (-
21.95 kcal/mol). The QTAIM analysis found a partial covalent
character for the interaction of H2 with all the Pd-decorated
nanomaterials and the Al12N12 nanocage, and a noncovalent
character for the interaction of H2 with the other studied
nanomaterials.

We also provided an overview of the previous quantum
chemical studies on the interactions between H2 and such
nanomaterials. The Kubas-type (or orbital) interaction between
H2 and transition metal can enhance the adsorption of H2 on
transition metal-decorated nanomaterials. However, transition
metal atoms might cluster on the surface of the nanomaterials,
thus undermining their capability to store hydrogen. The Eads
values (per H2) typically become less negative with an increase
in the number of H2 molecules adsorbed. The interaction
between H2 and such metal-decorated nanomaterials can be
tuned by replacing the C/B/Al/N atoms with heteroatoms
and by introducing vacancy defects. These processes can
ease the clustering problem of metals on the surface of the
nanomaterials. These findings might provide strategies that
use different dimensional nanomaterials decorated with metal
atoms to effectively store hydrogen.
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