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Engineering high-capacity hydrogen storage in
pristine Ca12O12 nanocages via
cooperative adsorption

Saeedeh Kamalinahad, †‡a Aritra Roy, ‡b Pablo Gamallo *a and
Felipe Fantuzzi *c

A comprehensive in silico investigation of pristine Ca12O12 nanocages as potential hydrogen storage

materials is presented. Our study focuses on assessing the structural, electronic, and adsorption properties

of Ca12O12 relative to its Be12O12 and Mg12O12 analogs. The larger internal cavity, resulting from increased

interatomic distances in Ca12O12, not only supports stable endohedral adsorption—a capability not observed

in Be12O12 or Mg12O12—but also facilitates a greater number of exohedral H2 adsorption events compared

to the more compact nanocages. Notably, our results reveal a clear preference for end-on coordination in

Ca12O12, in contrast to the side-on adsorption observed for the smaller cages. Although the overall

adsorption process remains exothermic across a broad range of hydrogen loadings, the most favorable

cooperative effects occur at moderate coverages, with the lowest normalized adsorption enthalpy observed

at 13H2 molecules and favorable interactions maintained up to 32. Additionally, mixed adsorption

configurations incorporating one endohedral H2 alongside multiple exohedral H2 molecules yield a

maximum hydrogen uptake of 9.24 wt%, exceeding the U.S. DOE target of 5.5 wt%. These findings highlight

the potential of pristine Ca12O12 nanocages as effective hydrogen storage media and offer strategic

guidance for the development of high-performance storage systems.

1 Introduction

The rapid and continuous growth of the global population,
coupled with ongoing deforestation and heavy reliance on fossil
fuels, has intensified environmental concerns and raised fears of
future energy shortages. To mitigate these challenges, consider-
able efforts from diverse research groups worldwide have been
directed toward developing alternative energy sources that are
both sustainable and eco-friendly. Among these, hydrogen gas
has emerged as a promising, safe, and versatile energy carrier
that can be efficiently converted into usable power without
generating harmful emissions. Its combustion yields only water
as a byproduct, positioning it as an environmentally sustainable
alternative for addressing global energy demands.1–5

Despite its promise, the primary obstacle in hydrogen
technology remains the development of compact, safe, and
cost-effective storage systems. An ideal hydrogen storage mate-
rial should achieve high gravimetric and volumetric densities
under ambient conditions.6 Solid-state hydrogen storage has
emerged as a compelling strategy in this regard, as it enables
storage in molecular or atomic forms while ensuring fast
kinetics and enhanced safety.7–9 However, weak physisorption
interactions typically lead to desorption at low temperatures,
and chemisorption can sometimes be too strong or irreversible,
highlighting the need for adsorption energies in the intermedi-
ate range of 0.01–0.5 eV per hydrogen atom.10 Progress has
been made through research on various nanomaterials,11–17

but from a practical standpoint, no single medium has yet met
the U.S. Department of Energy (DOE)’s 2025 target of 5.5 wt%.18

The discovery of buckminsterfullerene C60 in 198519 catalyzed
an intensive exploration of fullerene-like architectures, encom-
passing both homoatomic (An) and heteroatomic, binary (AB)n

nanocages. These hollow clusters offer unique potential as mole-
cular containers, a feature extensively studied for fullerenes.20–27

Beyond carbon-based systems, homoatomic nanocages such as
those formed by gold (Aun) and boron (Bn) have sparked signifi-
cant interest, particularly for their encapsulation capabilities.28–31

For instance, Aun nanocages have demonstrated applications in
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catalysis and photochemistry,30 as well as in biological fields
including sensing, imaging, diagnosis, and treatment.32–34 Simi-
larly, Bn nanocages are attractive for biomedical imaging,35 anti-
cancer drug delivery,36 and sensing applications.37 Notable mile-
stones include the first all-boron fullerene (B40

�) reported by
Wang and co-workers38 and the recent discovery of the fullerene-
like 80-atom boron cluster (B80

�), whose electronic structure and
bonding closely resemble C60.39

While homoatomic nanocages have been extensively studied,
heteroatomic nanocages, particularly those composed of main
group elements, have emerged as a focal point for research due
to their chemical diversity and potential applications. Examples
include systems such as CSi,40,41 BN,40,42–47 BP,46–48 AlN,40,46,47,49,50

AlP,40,46,47 BeO,10,40,51–54 MgO,40,50,51,55 CaO,50,54,56–58 ZnO,56,59 and
LiF.60,61 Particular attention has been devoted to (AB)12 nanocages,
as sodalite-type structures featuring this stoichiometry are recog-
nized for their exceptional stability,42 even though they are not
always the global minimum.62,63 This inherent stability has
spurred extensive analysis of (AB)12 nanocages as potential materi-
als for diverse applications, including hydrogen storage.

Among the sodalite-type nanocages, a notable example is
Ca12O12, which has a radius (3.55 Å) comparable to that of C60.56

This structural similarity enables Ca12O12 to encapsulate small
molecules and toxic gases, such as phosgene (Cl2CO), H2S, CO2,
SO2, and NO2,50,57,64 highlighting its potential as a nanosensor or
molecular trap. Furthermore, its applicability as a nanocarrier for
drug delivery has been demonstrated with compounds like 5-
fluorouracil and thymine derivatives,54,65 and adsorption studies
have further emphasized its capability for storing molecules such
as sulforaphane.66 In the context of hydrogen storage, Louis and
co-workers computationally investigated pristine and transition-
metal-decorated Ca12O12 (M�Ca12O12), reporting the favorable
adsorption of up to ten H2 molecules.58 Their analysis, however,
was limited to low-coverage adsorption and did not explore
cooperative effects, multi-molecule occupation of individual sites,
or the interplay between exohedral and endohedral adsorption
modes—factors that can critically influence hydrogen uptake.

Herein, we extend that investigation by examining pristine
Ca12O12 for both endohedral and exohedral hydrogen adsorp-
tion, considering a broader range of adsorption scenarios. In
addition, we present a comparative analysis with Be12O12 and
Mg12O12 to assess how cage size and metal character affect
hydrogen accommodation. This study employs dispersion-
corrected and range-separated density functional theory (DFT),
together with complementary wave-function-based benchmarks,
to evaluate the structural, energetic, and electronic features that
govern hydrogen adsorption on these nanocages. Our findings
refine the understanding of Ca12O12 as a hydrogen host and
contribute to the broader search for high-performance materials
for reversible hydrogen storage.

2 Computational details

Full geometry optimizations were carried out using dispersion-
corrected DFT with the Gaussian 16, Revision C.01 software

package.67 The B3LYP hybrid functional,68–71 combined with
Grimme’s zero-damping D3 dispersion correction72 (with the
default Axilrod–Teller–Muto three-body dispersion term) and
the 6-31G(d,p) basis set, was employed. This combination was
chosen based on preliminary benchmark results, which
demonstrated comparable structural accuracy to the range-
separated oB97X-D functional73 but with significantly lower
computational costs. To obtain more reliable electronic ener-
gies, we performed single-point calculations on the optimized
geometries using a range of DFT functionals, including B3LYP-
D3, BP86-D3,74,75 M06-D3,76 PBE0-D3,77,78 and oB97X-D, all
with the 6-311++G(d,p) basis set. These values were bench-
marked against high-level DLPNO-CCSD(T)/6-311++G(d,p)
calculations79 performed with Orca 5.0.3,80 employing the Nor-
malPNO threshold settings. Among the functionals tested, oB97X-
D provided the closest agreement with the DLPNO-CCSD(T)
reference. Indeed, previous studies on hydrogen storage materials
have also highlighted the superior performance of oB97X-D for
accurately capturing long-range noncovalent interactions.81,82

Based on these findings, we have adopted the oB97X-D/6-
311++G(d,p)//B3LYP-D3/6-31G(d,p) level of theory for all subse-
quent calculations in this work. More details about the bench-
mark calculations done can be found in Section S1 of the SI.

Harmonic vibrational frequency calculations were conducted
on all optimized geometries to confirm their characterization as
local minima on the potential energy surface and to compute
thermochemical corrections. Key features of the electronic struc-
ture were elucidated through the analysis of frontier molecular
orbitals (FMOs). Additionally, adsorption energy (DEads), adsorp-
tion enthalpy (DHads), and HOMO–LUMO energy gap (Eg) calcu-
lations were performed to evaluate the thermodynamic and
electronic properties associated with hydrogen adsorption.

The adsorption energy (DEads) for the adsorption of n hydro-
gen molecules on the Ca12O12 nanocage was calculated as:

DEads[n] = E[Ca12O12�nH2] � {E[Ca12O12] + n � E[H2]}
(1)

where E[Ca12O12�nH2] is the total energy of the nanocage with n
adsorbed H2 molecules, E[Ca12O12] is the energy of the pristine
nanocage, and E[H2] is the energy of an isolated H2 molecule.
Each energy value includes its corresponding zero-point energy
(ZPE) correction. A more negative DEads value indicates stron-
ger binding and greater stability of the interacting complex.

The adsorption enthalpy (DHads) was calculated using:

DHads[n] = H[Ca12O12�nH2] � {H[Ca12O12] + n � H[H2]}
(2)

where each H term includes the electronic energy, ZPE correc-
tion, and thermal correction to enthalpy, herein obtained at
298 K. A negative DHads value denotes an exothermic and
enthalpically favorable adsorption process.

To evaluate the enthalpic cooperativity in the adsorption of
multiple hydrogen molecules, we define a normalized adsorp-
tion enthalpy:

DHnorm
ads [n] = DHads[n] � nDHads[1] (3)
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This expression compares the total enthalpy change upon
adsorbing nH2 molecules, DHads[n], to the sum of n single-
molecule adsorption enthalpies, nDHads[1]. Here, DHads[1]
refers to the adsorption enthalpy for the most favorable exohe-
dral adsorption mode of H2 on Ca12O12 (mode O), as described
later. If DHnorm

ads [n] is negative, adsorbing n molecules is more
exothermic than simply adding up the enthalpies for n separate
single-molecule adsorptions, indicating a favorable cooperative
effect. Conversely, a positive DHnorm

ads [n] implies that the multi-
molecule adsorption is less exothermic than expected from
single adsorptions alone, suggesting reduced favorability or
an antagonistic effect. In this way, the quantity is used to
assess whether the adsorption of additional hydrogen mole-
cules becomes more or less enthalpically advantageous as
coverage increases.

The energy gap (Eg) was calculated as the energy difference
between the lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HOMO), determined
at the oB97X-D/6-311++G(d,p)//B3LYP-D3/6-31G(d,p) level of
theory:

Eg ¼ ELUMO � EHOMO (4)

The weight percentage (wt%) of hydrogen adsorption was
calculated using the following expression:

wt% ¼ n�MH2

Mnanocage þ n�MH2

� 100 (5)

where n is the number of adsorbed H2 molecules, MH2
is the

molar mass of a hydrogen molecule, and Mnanocage is the molar
mass of the Ca12O12 nanocage. This formula provides a quanti-
tative measure of the hydrogen content relative to the total
mass of the loaded system, allowing for direct comparison with
established gravimetric hydrogen storage targets.

Building upon the adsorption energy, enthalpy, and elec-
tronic gap evaluations detailed above, it is essential to
acknowledge that the focus on enthalpic and electronic prop-
erties represents only one facet of the overall thermodynamic
behavior of hydrogen adsorption. Recent findings by Wang
and Chen83 highlight that low-frequency vibrational modes
can yield significant entropy contributions during hydrogen
adsorption, potentially compensating for relatively modest
enthalpy values. While these observations emphasize the
importance of anharmonic vibrational effects for accurate
free-energy estimates, many computational studies (including
the present one) primarily concentrate on adsorption enthal-
pies. This focus is largely due to the increased complexity and
computational cost associated with capturing entropic contri-
butions beyond the harmonic approximation. Moreover, when
screening a wide array of potential materials, harmonic-based
enthalpy calculations are often sufficient to identify promising
candidates. Therefore, although a complete thermodynamic
analysis (i.e., obtaining DGads) would involve evaluating both
DHads and DSads at an anharmonic level, our study is limited to
the enthalpy term in line with standard practices for initial
screening.

3 Results and discussion
3.1 Structural, electronic, and adsorptive properties of
pristine M12O12 (M = Be, Mg, Ca) nanocages

Fig. 1a displays the optimized structures of the M12O12 nano-
cages (Be12O12, Mg12O12, and Ca12O12). Although these clusters
have been examined previously (vide supra), a systematic com-
parison at a uniform computational level enables a rigorous
evaluation of their relative stabilities, electronic properties, and
potential as hydrogen-storage hosts. This subsection outlines
the key structural and electronic characteristics of the nano-
cages, with a focus on the attributes that render Ca12O12

especially suitable for H2 adsorption. Comprehensive electronic
structure and thermochemical data are summarized in Table 1.

Each M12O12 nanocage adopts a framework reminiscent of a
sodalite unit, featuring eight 6-membered rings and six 4-
membered rings arranged in a near-spherical geometry with
Th symmetry. Inspection of Fig. 1a reveals two distinct types of
M–O bonds: dhh, connecting two hexagonal faces, and dhs,
bridging a hexagonal and a square face. The dhh bond length
in Be12O12 is approximately 1.521 Å, increasing to 1.891 Å in
Mg12O12 and reaching 2.220 Å in Ca12O12. A similar upward
trend is observed for the dhs bond, which measures 1.579 Å in
Be12O12, 1.946 Å in Mg12O12, and 2.264 Å in Ca12O12.

These increases in bond lengths reflect the larger ionic radii of
the heavier Group 2 metals relative to beryllium, consistent with
periodic trends. The corresponding expansion of the cage volume
indicates that the internal cavity of Ca12O12 is substantially more
spacious, a feature that not only benefits endohedral adsorption
but also enhances the adsorption characteristics of exohedral H2

molecules. In the larger Ca12O12 framework, the cluster atoms are
positioned further apart, which leads to greater separation
between adjacent exohedral adsorption sites and, consequently,
reduced repulsive interactions among adsorbed H2 molecules. In
addition, the difference between dhh and dhs highlights variations
in the local bonding environments, which may influence site-
specific adsorption geometries. Overall, the structural analysis
confirms that Be12O12 possesses the most compact framework,
while Ca12O12 exhibits the most open structure.

Fig. 1b presents the frontier molecular orbitals (FMOs) of the
pristine nanocages, and Table 1 provides the numerical values of
the HOMO–LUMO gaps (Eg). In particular, Be12O12 exhibits the
largest gap (11.32 eV), indicative of a highly insulating character.
In contrast, Mg12O12 has a gap of 8.71 eV, and Ca12O12 the
smallest at 7.48 eV. A narrower gap is generally associated with
increased polarizability and, in some instances, enhanced
chemical reactivity—factors that are significant for molecular
adsorption and charge-transfer processes.

Further examination of the LUMOs in the M12O12 nanocages
shows that they are predominantly localized within the interior
of the cages. This observation suggests that these clusters can
serve as internal electron reservoirs, analogous to perfluori-
nated fullerenes known for endohedral electron trapping.84

Such an orbital configuration may also facilitate the stabili-
zation of small molecules inside the cage. Among the systems
examined, Ca12O12 is particularly notable due to its narrower Eg
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value and larger interior volume, attributes that could promote
effective H2 adsorption. Although calcium is heavier than beryllium
or magnesium, its enhanced capacity to accommodate multiple
adsorbates may compensate for the increased mass, making
Ca12O12 a promising scaffold for hydrogen storage applications.

A natural follow-up question is whether moving further
down Group 2, to hypothetical Sr12O12 or Ba12O12 sodalite-
type cages, would provide an additional benefit. While larger
metals would be expected to further expand the cage cavity and
ease steric crowding between neighboring exohedral adsorp-
tion sites, two considerations suggest that calcium already
represents an effective balance. First, continued bond elonga-
tion in heavier alkaline earth oxides could compromise the
mechanical rigidity of the M12O12 framework, whose stability is
well established for calcium but remains uncertain for stron-
tium- and barium-based analogs. Second, the much higher
atomic mass of Sr and Ba would directly penalize the gravi-
metric hydrogen capacity, even if a comparable absolute num-
ber of H2 molecules could in principle be accommodated.
Taken together, these factors indicate that Ca12O12 offers a
favorable compromise between cavity size, structural stability,
and mass efficiency, whereas heavier congeners may deliver
diminishing returns—an aspect that warrants future computa-
tional assessment.

Fig. 1c illustrates the adsorption preferences of a single H2

molecule on the Be12O12, Mg12O12, and Ca12O12 nanocages. For
Be12O12, only a single adsorption mode was found in which the
H2 molecule binds in a side-on configuration with a Be atom;
the absence of any endohedral adsorption minima indicates
that the small cavity is unsuitable for internal adsorption. In
contrast, Mg12O12 exhibits two exohedral modes. In the more
favorable configuration, denoted as Mg12O12�H2 (M), the H2

molecule adopts a side-on orientation similar to that of
Be12O12, whereas a less stable mode, Mg12O12�H2 (O), features
an end-on coordination where one hydrogen atom interacts
with an oxygen atom. This end-on configuration shows less
negative adsorption energy and enthalpy values (�1.5 and
�3.6 kJ mol�1, respectively) compared to �6.8 and �7.3 kJ mol�1

for the side-on mode. Notably, no stable endohedral adsorption
was observed for Mg12O12.

For Ca12O12, three adsorption modes were identified: two
exohedral modes analogous to those in Mg12O12 and an addi-
tional endohedral mode. Among these, the configuration
corresponding to endohedral adsorption exhibits the most nega-
tive adsorption energy and enthalpy (�9.0 and �9.2 kJ mol�1,
respectively), followed by the exohedral end-on mode,
Ca12O12�H2 (O), with values of �1.8 and �4.3 kJ mol�1. The
exohedral side-on mode, Ca12O12�H2 (M), shows the least

Fig. 1 (a) Optimized structures of the M12O12 (M = Be, Mg, and Ca) nanocages obtained at the B3LYP-D3/6-31G(d,p) level. The distance labels dhh and
dhs denote the bond lengths between hexagonal–hexagonal and hexagonal–square faces, respectively. (b) Frontier molecular orbitals (FMOs) of the
pristine M12O12 nanocages, calculated from oB97X-D/6-311++G(d,p) single-point calculations at geometries optimized at the B3LYP-D3/6-31G(d,p)
level of theory. The boxed numbers indicate the corresponding Eg values. (c) Distinct adsorption patterns for a single H2 molecule on the M12O12 systems;
the annotated numerical values represent the adsorption energies (DEads) and adsorption enthalpies (DHads), with the latter provided in square brackets.
Energies are obtained at the oB97X-D/6-311++G(d,p)//B3LYP-D3/6-31G(d,p) level of theory. For cluster labels, see the text.
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favorable binding (�0.9 and �0.5 kJ mol�1). These results
indicate that the energetic preference for an end-on adsorption
configuration increases from Be12O12 (where it is absent) to
Mg12O12 (where it is less stable) and is most pronounced in
Ca12O12. Consequently, the exohedral end-on mode in Ca12O12

is adopted as the reference state for the DHnorm
ads calculations

discussed in subsequent sections.
An additional observation pertains to the impact of H2

adsorption on the Eg values. As summarized in Table 1, the

adsorption of a single H2 molecule induces subtle but distinct
changes in Eg across the different nanocages. For Be12O12, Eg

decreases by 0.014 eV (from 11.319 to 11.305 eV) upon adsorp-
tion. In contrast, for Mg12O12 the gap increases by 0.013 eV in
the side-on mode and by 0.026 eV in the end-on mode, while for
Ca12O12 the increases are 0.001 eV for the side-on, 0.025 eV for
the end-on, and 0.022 eV for the endohedral adsorption modes.
These variations underscore the sensitivity of the electronic
structure to the adsorption geometry and the nature of the
metal center.

Finally, it is also important to highlight the limits of
endohedral adsorption in Ca12O12. Although a single H2 mole-
cule can be favorably adsorbed within the cavity, the introduc-
tion of a second H2 molecule results in a positive adsorption
enthalpy of 49.2 kJ mol�1. This unfavorable energy change
clearly indicates that the accommodation of more than one
H2 molecule within the Ca12O12 cage is not energetically viable.

As discussed in subsequent sections, these structural and
electronic distinctions result in Ca12O12 offering both endohe-
dral and exohedral sites for H2 adsorption. This balanced
geometry suggests that multiple H2 molecules can be accom-
modated simultaneously, potentially achieving the density tar-
gets necessary for practical fuel-cell applications.

3.2 Multiple H2 adsorption on Ca12O12: exohedral adsorption

Next, we turn our attention to the multiple adsorption of H2

molecules on the Ca12O12 nanocage, focusing exclusively on
exohedral adsorption. The exohedral adsorption process was
systematically investigated for configurations containing up to
48H2 molecules. Key adsorption properties for the first 35
adsorption events are summarized in Table 1, with complete
data for all 48 adsorptions provided in Table S2 of the SI.

As highlighted in Section 3.1, our preliminary single-
molecule studies identified the oxygen sites as the most active
centers for H2 uptake. Each oxygen site can formally accom-
modate up to three H2 molecules via favorable interactions—a
capacity enabled by the larger cavity of the Ca12O12 nanocage,
which is not observed in the analogous Be12O12 and Mg12O12

systems. In combination with one H2 molecule adsorbed on
each calcium site, the theoretical maximum capacity of the
nanocage is 48H2 molecules. To properly assess the cooperative
effects during sequential adsorption, we evaluated both the
overall adsorption enthalpy, DHads, and the normalized adsorp-
tion enthalpy, DHnorm

ads , defined as the deviation from the sum of
n independent single-molecule adsorption events (see Section 2
for further details).

Our analysis reveals that DHads remains negative throughout
the entire adsorption interval, confirming that the overall
exohedral adsorption process is exothermic. However, the
cooperative behavior, as captured by DHnorm

ads , exhibits more
nuanced trends (see Fig. 2a). For exohedral adsorption, nega-
tive DHnorm

ads values are observed up to n = 32, indicating that
each additional H2 molecule is adsorbed more favorably than
predicted by an independent adsorption model. The most
pronounced cooperative effect is observed at n = 13, where
DHnorm

ads = �13.1 kJ mol�1 and the cumulative adsorption energy

Table 1 Summary of the key structural and energetic properties of the
primary systems investigated. n: total number of H2 molecules; DEads:
adsorption energy (kJ mol�1); DHads: adsorption enthalpy (kJ mol�1); DH
norm
ads : normalized adsorption enthalpy (kJ mol�1); wt%: hydrogen weight
percentage. See the ESI for a full version of this table. Energies are obtained
at the oB97X-D/6-311++G(d,p)//B3LYP-D3/6-31G(d,p) level of theory. For
cluster labels, see the text

Structure n DEads (DHads) DHnorm
ads wt%

Be12O12 0 — — 0.00
Mg12O12 0 — — 0.00
Ca12O12 0 — — 0.00
Be12O12�H2 1 �4.4 (�5.3) — 0.67
Mg12O12�H2 (M) 1 �6.8 (�7.3) — 0.42
Mg12O12�H2 (O) 1 �1.5 (�3.6) — 0.42
Ca12O12�H2 (M) 1 �0.9 (�0.5) — 0.30
Ca12O12�H2 (O) 1 �1.8 (�4.3) 0.0 0.30
(H2@Ca12O12) 1 �9.0 (�9.2) �4.8 0.30
Ca12O12�2H2 2 �4.1 (�9.9) �1.3 0.60
(2H2@Ca12O12) 2 57.3 (49.2) 57.8 0.60
Ca12O12�3H2 3 �6.5 (�14.9) �1.9 0.89
Ca12O12�4H2 4 �9.0 (�20.5) �3.2 1.18
Ca12O12�5H2 5 �10.9 (�25.3) �3.7 1.48
Ca12O12�6H2 6 �13.9 (�31.2) �5.3 1.77
Ca12O12�7H2 7 �16.2 (�36.5) �6.2 2.05
Ca12O12�8H2 8 �19.5 (�42.7) �8.2 2.34
Ca12O12�9H2 9 �21.8 (�47.8) �8.9 2.63
Ca12O12�10H2 10 �25.5 (�54.8) �11.6 2.91
Ca12O12�11H2 11 �26.9 (�59.3) �11.7 3.19
Ca12O12�12H2 12 �29.2 (�64.9) �13.0 3.47
(H2@Ca12O12)�12H2 13 �40.0 (�75.8) �19.6 3.75
Ca12O12�13H2 13 �30.9 (�69.3) �13.1 3.75
(H2@Ca12O12)�13H2 14 �40.8 (�83.4) �22.9 4.03
Ca12O12�14H2 14 �32.4 (�73.3) �12.7 4.03
Ca12O12�15H2 15 �33.9 (�77.7) �12.8 4.30
Ca12O12�16H2 16 �33.9 (�80.5) �11.4 4.57
Ca12O12�17H2 17 �34.7 (�84.3) �10.8 4.85
Ca12O12�18H2 18 �35.9 (�87.7) �9.9 5.12
Ca12O12�19H2 19 �36.6 (�91.3) �9.2 5.39
Ca12O12�20H2 20 �35.8 (�94.5) �8.0 5.65
Ca12O12�21H2 21 �36.7 (�98.2) �7.4 5.92
Ca12O12�22H2 22 �37.9 (�102.1) �7.0 6.18
Ca12O12�23H2 23 �37.4 (�104.8) �5.4 6.45
Ca12O12�24H2 24 �41.8 (�110.6) �6.9 6.71
(H2@Ca12O12)�24H2 25 �50.6 (�120.3) �12.2 6.97
Ca12O12�25H2 25 �42.7 (�113.5) �5.4 6.97
Ca12O12�26H2 26 �43.7 (�115.6) �3.2 7.23
Ca12O12�27H2 27 �44.6 (�123.4) �6.7 7.48
Ca12O12�28H2 28 �45.8 (�126.4) �5.4 7.74
Ca12O12�29H2 29 �42.3 (�126.7) �1.3 7.99
Ca12O12�30H2 30 �47.7 (�133.6) �3.9 8.25
Ca12O12�31H2 31 �47.0 (�131.6) 2.4 8.50
Ca12O12�32H2 32 �52.9 (�140.7) �2.3 8.75
(H2@Ca12O12)�32H2 33 �60.7 (�144.0) �1.4 9.00
Ca12O12�33H2 33 �44.7 (�138.8) 3.8 9.00
(H2@Ca12O12)�33H2 34 �53.5 (�148.7) �1.7 9.24
Ca12O12�34H2 34 �51.2 (�140.1) 6.9 9.24
(H2@Ca12O12)�34H2 35 �51.1 (�150.9) 0.4 9.49
Ca12O12�35H2 35 �51.6 (�146.7) 4.6 9.49
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reaches �69.3 kJ mol�1. For n = 31 and for all systems beyond
n = 32, DHnorm

ads becomes positive, signaling that further H2

adsorption is less exothermic than anticipated, likely due to
increased steric hindrance and repulsive interactions among
the adsorbed molecules.

In parallel, the Eg values (Fig. 2b) exhibit an increasing trend
with successive H2 adsorption, reflecting a gradual shift toward
more insulating behavior. Notably, this increase in Eg plateaus
after the adsorption of 24H2 molecules, suggesting that the
electronic structure of the nanocage reaches a saturation point
with respect to further H2 loading.

Furthermore, hydrogen uptake was quantified in terms of
weight percentage (wt%). As shown in Table 1, all structures
with n 4 19H2 molecules exceed the U.S. DOE’s target of
5.5 wt%, with many of these configurations still featuring
negative DHnorm

ads values. Collectively, these findings illustrate
that while the Ca12O12 nanocage is theoretically predicted to be
an effective host for exohedral H2 adsorption—exhibiting favor-
able cooperative interactions at moderate loadings—the break-
down of cooperativity (as indicated by positive DHnorm

ads values)
at higher coverages defines a distinct limit for additional
adsorption. It is noteworthy that the per-molecule adsorption

enthalpies at moderate coverages lie in the few-kJ mol�1 range,
which is generally regarded as favorable for reversible
physisorption-based hydrogen storage: sufficiently attractive
to retain H2 on the scaffold, but not so strong as to require
harsh conditions for desorption.

From an electronic perspective, the adsorbed H2 molecules
considered above remain intact, with H�H bond lengths close
to that of free H2 and no evidence of dissociative chemi-
sorption, even at high coverage. The preferred end-on orienta-
tion at oxygen sites in Ca12O12 can be rationalized by attractive
electrostatic and induction interactions between the partially
negative O centers and the quadrupole of H2, whereas side-on
approaches to the metal sites are generally less stabilizing. In
Ca12O12, the relatively narrow HOMO–LUMO gap and higher
metal polarizability enhance these induced-dipole interactions.
This behavior is consistent with the notion that heavier alkaline
earth elements, including Ca, can access low-lying d-like accep-
tor character,85 enabling stronger yet still non-dissociative
interactions with H2. These features help explain why Ca12O12

supports both high-density exohedral loading and distinct
endohedral stabilization, outperforming Be12O12 and Mg12O12.

From an application standpoint, the magnitudes of the
adsorption enthalpies reported here (on the order of a few kJ mol�1

per H2, and up to B10 kJ mol�1 for the most favorable
individual events) are consistent with weak, largely physisorp-
tive binding rather than dissociative chemisorption. Such
interaction strengths are generally considered attractive for
reversible hydrogen storage, insofar as they are strong enough
to stabilize molecular H2 on the scaffold but not so strong as to
make desorption prohibitively energy-intensive. We emphasize,
however, that the present analysis is based on enthalpic trends
at 298 K and does not explicitly include entropic contributions
or kinetic barriers. As a result, assigning a precise working
temperature or pressure window for hydrogen uptake and
release lies beyond the scope of this study and will require
future free-energy and finite-temperature simulations.

3.3 Multiple H2 adsorption on Ca12O12: mixed exohedral-
endohedral adsorption

In the previous section, we determined that systems with purely
exohedral adsorption maintained favorable cooperative inter-
actions, evidenced by negative DHnorm

ads values, up to 32H2

molecules. However, as noted in Section 3.1, the Ca12O12

nanocage can also accommodate an additional H2 molecule
in an endohedral position, a feature that is absent in the
Be12O12 and Mg12O12 cases. This observation motivated an
investigation into how the adsorption energetics are affected
when both exohedral and endohedral H2 adsorption modes are
combined.

The mixed adsorption configurations are denoted as
(H2@Ca12O12)�nH2, with n representing the number of exohed-
rally adsorbed H2 molecules. Specifically, we examined struc-
tures with 12, 13, 24, 32, 33, and 34 exohedral H2 molecules,
each accompanied by one endohedral H2 (see Fig. 3 for their
optimized structures). The results reveal that the highly nega-
tive adsorption energy associated with the first endohedral H2

Fig. 2 (a) Normalized adsorption enthalpy, DHnorm
ads , plotted as a function

of the total number of H2 molecules (n). Red star symbols denote systems
containing one endohedral H2 molecule. (b) Evolution of the HOMO–
LUMO gap, Eg, as a function of n. All calculations were performed at the
oB97X-D/6-311++G(d,p)//B3LYP-D3/6-31G(d,p) level of theory.
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substantially enhances the overall adsorption process. In fact,
this favorable endohedral contribution promotes the adsorp-
tion of additional exohedral H2 molecules, leading to a max-
imum configuration with 33 exohedral and one endohedral H2

(i.e., a total of 34H2 molecules). This configuration exhibits an
adsorption energy of �148.7 kJ mol�1 and a normalized
adsorption enthalpy of �1.7 kJ mol�1, thereby favorably achiev-
ing a hydrogen uptake of 9.24 wt%.

In turn, when a 34th exohedral H2 molecule is added,
yielding the system (H2@Ca12O12)�34H2 (total of 35H2 mole-
cules), the normalized adsorption enthalpy sharply increases to
a positive value of 6.9 kJ mol�1. This positive shift indicates that
the cooperative benefits are lost and that further H2 adsorption
becomes energetically unfavorable, likely due to enhanced

steric hindrance and repulsive interactions. Additionally, the
most negative normalized adsorption enthalpy was observed for
a configuration with 14 adsorbed molecules (corresponding to a
hydrogen uptake of 4.03 wt%), with a value of �22.9 kJ mol�1,
highlighting the strong cooperative interactions at intermediate
loadings. The mixed exohedral–endohedral adsorption strategy
on Ca12O12, therefore, enhances the overall adsorption capacity
by leveraging the favorable energetics of endohedral H2 adsorp-
tion. However, these cooperative interactions break down
beyond a critical coverage level, delineating an energetic limit
for further H2 uptake.

This enhancement arises from two contributions. First, the
initial endohedral H2 is strongly stabilized by the electrostatic
potential within the cage cavity, contributing an enthalpically
favorable term (DHads E �9 kJ mol�1) that lowers the overall
adsorption enthalpy of the mixed systems. Second, filling the
interior slightly redistributes electron density toward the cage
center, which mitigates intermolecular repulsion between
neighboring exohedral H2 molecules at high surface coverage.
As a result, introducing one endohedral H2 effectively promotes
one additional shell of exohedral adsorption before steric and
repulsive penalties dominate.

4 Conclusions

In summary, we performed a comprehensive in silico investiga-
tion of pristine Ca12O12 nanocages as potential hydrogen storage
materials, utilizing dispersion-corrected and range-separated
DFT methods, benchmarked against coupled-cluster calcula-
tions. The structural, electronic, and adsorptive properties of
Ca12O12 were systematically compared with those of its Be12O12

and Mg12O12 analogs, revealing that the larger framework of
Ca12O12 is particularly advantageous for hydrogen uptake. Single
H2 adsorption studies demonstrated that Ca12O12 exhibits dis-
tinct exohedral adsorption modes, with oxygen sites providing
the most favorable interactions and even enabling stable endo-
hedral adsorption—a feature not observed in the smaller Be12O12

and Mg12O12 nanocages. In multiple H2 adsorption analyses,
the overall adsorption enthalpy, DHads, remains negative across
the entire loading range, confirming an exothermic process.
However, examination of the normalized adsorption enthalpy,
DHnorm

ads , reveals that while cooperative adsorption is favorable
(i.e., DHnorm

ads is negative) up to 32H2 molecules, this benefit
diminishes at higher coverages—with positive DHnorm

ads values
observed for configurations beyond n = 32. Notably, the most
pronounced cooperative effect is observed at n = 13, where
DHnorm

ads reaches �13.1 kJ mol�1 and the cumulative adsorption
energy attains �69.3 kJ mol�1. Furthermore, mixed adsorption
configurations combining exohedral and endohedral H2 mole-
cules were explored. The incorporation of a single endohedral H2

molecule significantly enhances the overall adsorption ener-
getics, yielding an optimal configuration with 33 exohedral plus
one endohedral H2 (a total of 34H2 molecules) that exhibits
DHads = �148.7 kJ mol�1 and DHnorm

ads = �1.7 kJ mol�1. This
configuration corresponds to a hydrogen uptake of 9.24 wt%,

Fig. 3 Three-dimensional representations of the optimized structures of
Ca12O12 nanocages with one endohedral H2 molecule and (n � 1) exohe-
dral H2 molecules adsorbed. These systems are denoted as (H2@Ca12O12)�
(n � 1)H2, where n (the total number of H2 molecules) is 13, 14, 25, 33, 34,
or 35 (from top left to bottom right).
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which comfortably exceeds the U.S. DOE target of 5.5 wt%.
Importantly, the calculated adsorption enthalpies fall in the
regime typically considered optimal for reversible storage media,
supporting the practical relevance of Ca12O12 as a physisorptive
hydrogen host. The evolution of the Eg gap with increasing H2

coverage further suggests that the electronic structure of the
nanocage gradually shifts toward a more insulating character,
although this effect plateaus beyond moderate adsorption levels.
Collectively, these findings establish Ca12O12 as a promising
candidate for hydrogen storage due to its capacity to support
both exohedral and endohedral H2 adsorption, its favorable
cooperative adsorption behavior at moderate loadings, and its
potential to achieve high gravimetric hydrogen densities. While
this study provides key information on the thermodynamic and
electronic characteristics of hydrogen adsorption on Ca12O12, it
is based primarily on adsorption enthalpies and does not yet
incorporate full finite-temperature free-energy profiles or
desorption kinetics. Future work should therefore address
anharmonic vibrational effects, entropic contributions under
realistic pressures, finite-temperature molecular dynamics, and
explicit many-body dispersion contributions, in order to evaluate
stability and reversibility under working conditions and to
establish practical operating windows (temperature and pressure
ranges) for reversible hydrogen uptake and release. Overall, the
present work contributes to the growing body of research on
nanostructured hydrogen storage materials and offers a robust
computational framework for the design and evaluation of
advanced storage systems.
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