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A B S T R A C T

The creation of materials capable of efficiently storing hydrogen and methane is crucial, especially for the
development of hydrogen-powered vehicles. Metal-Organic Frameworks (MOFs) have shown great promise in
achieving the stringent storage targets set by the Department of Energy (DOE) for hydrogen and methane. This
research uses Grand Canonical Monte Carlo (GCMC) simulations at 77 and 298.15 K and pressures between 0.5
and 25 MPa, to explore the gravimetric and volumetric hydrogen and methane storage capacities of the newly
synthesized Co-MOF, named KEZBUQ. The study includes a comparative analysis of selected MOFs with similar
metal compositions, as well as those with analogous density, all assessed at room temperature and moderate
pressures, 25 MPa. The findings indicate that KEZBUQ exhibits significant gravimetric and volumetric storage
capacities for both hydrogen and methane, outperforming many of the selected MOFs. In the case of methane,
the volumetric and gravimetric storage capacities of KEZBUQ are 0.20 kg/L and 32.26 wt. %, respectively,
at 298.15 K and 25 MPa, very close to the DOE targets. These results highlight the potential of KEZBUQ
to enhance clean energy storage technologies. The findings suggest that this Co-MOF could offer promising
performance in gas storage applications, particularly for energy storage in vehicular hydrogen tanks. Given that
Co-based MOF has been relatively unexplored for gas adsorption, this study provides a foundation for further
research into their potential for broader industrial applications, including energy storage and environmental
gas capture.
)

1. Introduction

The use of fossil-based fuels implies important environmental risks.
Hydrogen is crucial to move towards a carbon neutral civilization,
minimizing the environmental issues (Anon, 2021; Zhang et al., 2024;
Capurso et al., 2022; Abe et al., 2019; Ball and Weeda, 2015). The most
common methods to store hydrogen on-board vehicles require complex
infrastructure, energy and have some shortcomings. A hydrogen vehicle
needs to store hydrogen in high-pressure tanks at large pressures, 70
MPa, which require heavy and expensive compressors (Hwang and
Varma, 2014; Chu et al., 2023; Rasul et al., 2022; Breeze, 2018; Ding
and Yakobson, 2011; Assoualaye et al., 2020). Liquid hydrogen storage
requires large amounts of energy, heavy and large containers and it
has evaporation losses. Methane vehicles are less pollutant than other
vehicles based on fossil fuels and they could be a bridge between the
present vehicles and the hydrogen fuel cell vehicle. The standarized
methane tanks use pressures of 25–35 MPa (Sherburne, 2022; for
Standardization, 2006). There are also standarized hydrogen tanks for
pressures up to 25 MPa (Office of Energy Efficiency & Renewable
Energy, Hydrogen and Fuel Cell Technologies Office, 2022).
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A gas storage method that is useful to overcome the mentioned
shortcomings of the gas and liquid methods is the storage of gas by
physisorption on solid porous materials. This method requires lower
pressures and is less expensive than other methods (Jose et al., 2023;
Nath et al., 2022; Zhao et al., 2022; Forrest et al., 2022; Li, 2022; Suresh
et al., 2021; Jaramillo et al., 2021; Yuan et al., 2018; Wang et al.,
2018; Yuan et al., 2017; Beckner and Dailly, 2015; Yabing et al., 2014;
Denysenko et al., 2014; Ci et al., 2003). Metal-Organic Frameworks
(MOFs) is a group of solid porous materials that stand out as promising
candidates for gas storage, primarily due to their exceptional porosity,
tunable density, and large specific surface area, which collectively
enhance their gas adsorption capacities.

Recently a new Co-MOF with photocatalytic properties (Zhao et al.,
2023b,a) and Co-MOF/g-C3N4 composites, with higher photocatalytic
properties, were synthesized (Zhao et al., 2023b). Two nomenclatures
of this new Co-MOF are catena-[(𝜇-9,10-bis(4-pyridyl)anthracene)-bis
(𝜇-2-amino[1,1’-biphenyl]-4,4’-dicarboxylato)-di-cobalt(ii) N,N-dimet-
hylformamide solvate] and [Co(9,10-bis(4-pyridyl)anthracene)0.5(bp-
da)]⋅4DMF. The Crystallographic Database Center (CCDC) (Anon, 2024a
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Fig. 1. The simulation cell of the KEZBUQ MOF, plotted with the xcrysden software (Kokalj, 2024). Hydrogen, carbon, nitrogen, oxygen and cobalt atoms are represented by
white, gray, red, blue and yellow spheres, respectively. The hydrogen molecules are represented by black spheres.
database identifier of the new Co-based MOF is KEZBUQ (Zhao et al.,
2023a). This new MOF has a low density and a high porosity and
hence, it could be a promising solid porous material for another type
of technological application: On-board gas storage. While KEZBUQ has
been explored for its photocatalytic properties, the focus of this study
is on its gas storage capabilities. Specifically, the Co-MOF KEZBUQ
exhibits a highly porous structure with well-defined pore sizes and low
density, which could make it particularly effective for hydrogen and
methane adsorption. The structural features of KEZBUQ, rather than
its photocatalytic properties, are central to its relevance as a promising
material for on-board gas storage applications.

The goal of this research is to analyze and predict the hydrogen and
methane usable storage capacities of KEZBUQ, a new Co-based MOF, at
room temperature. Grand Canonical Monte Carlo (GCMC) simulations
were utilized to calculate the usable storage capacities of KEZBUQ and
two sets of MOFs. The first set includes Co-based MOFs with the same
C/Co ratio as KEZBUQ, 26, while the second set consists of MOFs with
similar porosity and density to KEZBUQ.

Additionally, this research investigates the correlation between the
usable storage capacities and the structural properties of the simulated
MOFs, such as porosity, density and pore size. This detailed under-
standing of the interactions between adsorbed molecules and MOFs is
crucial for uncovering the origins of their storage capacities and plays
a significant role in the strategic design of new MOFs.

Finally, while there has been extensive research into MOFs based on
metals such as zinc, copper, and aluminium for gas storage, relatively
little attention has been given to cobalt-based MOFs. This is a signif-
icant gap in the literature, as KEZBUQ might offer unique structural
and chemical properties that enhance gas storage capabilities. This
study addresses this gap by presenting the first detailed investigation
of hydrogen and methane storage in a novel Co-based MOF. Through
Grand Canonical Monte Carlo (GCMC) simulations, we provide new
insights into the pressure and structural dependencies of gas adsorption
in Co-MOFs, laying the groundwork for future research into their
potential applications in sustainable energy storage.

2. Methodology and materials simulated

GCMC simulations were carried out to investigate the adsorption of
hydrogen and methane molecules within the materials at temperatures
of 77 and 298.15 K and pressures ranging from 0.5 to 25 MPa using an
in-house code, named mcmgs. Most of the simulations were performed
at 298.15 K. Each GCMC simulation included ten million iterations,
with storage capacities calculated using the final five million iterations.
The atoms within the KEZBUQ were treated as rigid entities throughout
the simulations. During each iteration, three types of potential trials
were considered: moving, adding, or removing a molecule. Specifically,
40 % of the trials involved removing a molecule, another 40% in-
volved adding a molecule, and the remaining 20% involved moving
a molecule. These trial percentages were established through multiple
preliminary test simulations.

The interactions between molecules and atoms have been calcu-
lated by means of the Lennard–Jones (LJ) interaction potential en-
ergy (Lennard-Jones, 1924). The LJ parameters 𝜖 and 𝜎 used in the
2 
simulations are in Table S1 in the Supplementary Information. Most of
the results of the present research have been obtained using the set of
LJ parameters in Table S1. However, to compare the results with well-
known force-fields, a few GCMC simulations have been also performed
with a second set of LJ coefficients that uses for methane the LJ TraPPE
coefficients (Anon, 2024c) and for H2 the LJ coefficients published
by Darkrim and Levesque (1998) (See Table S2 in the Supplementary
Information).

The Feynman–Hibbs correction (Feynman and Hibbs, 1965) was
employed to include the quantum effects into the interaction potential
and it was applied to all GCMC simulations reported in this paper:
at 77 K and also at room temperature. The Soave–Redlich–Kwong
(SRK) equation of state of hydrogen and methane was used to calculate
the chemical potential (Soave, 1972). This is a cubic equation that
provides accurate values of the properties of hydrogen, methane and
other gases (Bertucco and Fermeglia, 2023). Two gas usable storage
capacities, volumetric and gravimetric, and the isosteric heat of ad-
sorption, 𝑄𝑠𝑡, are calculated in the GCMC simulations, according to the
definitions previously published (Cabria, 2024). The porosity and pore
radii of the pores of the MOFs have been calculated using an algorithm
or procedure previously published and explained (Cabria, 2024; Granja-
DelRío and Cabria, 2024b). These structural parameters depend on the
type of gas. They have, in general, different values for hydrogen and
methane. The specific surface area, SSA, and specific pore volume of the
MOFs have been calculated using the Zeo++ open software (Haranczyk,
2024; Ongari et al., 2017; Martin and Haranczyk, 2014; Pinheiro et al.,
2013b,a; Martin et al., 2012; Willems et al., 2012).

Two groups of MOFs were selected from the CCDC database. A
group of MOFs with the same C/Co ratio as KEZBUQ and density equal
or below 0.8 kg/L was selected from the CCDC MOF subset. This group
is named ‘C/Co=26’ throughout this paper. That group is composed
by the MOFs with the following CCDC identifiers: LAFQOA, LAFQUG,
LAFRER, LAFRIV, LAFROB, LAXJAX, PUZLOM, PUZLUS, PUZMAZ,
RIFSOQ, RIVDEH and ZAGFOF. A group of MOFs with density and
porosity similar to those of KEZBUQ is composed by the MOFs with
the following CCDC identifiers: SECSUR, VAGMAT, XAFFAN, XAFFIV
and XAFFOB.

The simulation cells of the all the MOFs were obtained from their
Crystallographic Information File (CIF) format files in the CCDC
database (Anon, 2024a). The simulation cells of the two selected sets
of MOFs were obtained from the MOF CCDC subset (Li et al., 2021).
The simulation cell of KEZBUQ was obtained from the general CCDC
database. Fig. 1 is a depiction of the simulation cell of KEZBUQ. The
right panel of that figure includes the locations of hydrogen molecules
obtained in GCMC simulations at 298.15 K and 25 MPa. The GCMC
simulations were carried out for all MOFs under the same temperature,
pressures and conditions, as detailed earlier. This process facilitates
a meaningful evaluation and comparison of their respective usable
storage capacities.

To assess the intensity and type of the adsorption of a molecule
on the KEZBUQ structure, Density Functional Theory, DFT, calcula-
tions of the interaction of a single hydrogen molecule with KEZBUQ
have been carried out using the Quantum Espresso, QE, code, version
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Table 1
Total hydrogen and methane storage capacities of some MOFs at different temperatures and pressures. Results include RASPA simulations and experimental values from other
roups. Pressure P is in MPa, temperature T in K, gravimetric capacity 𝑔𝑐 in wt. % and 𝑣𝑐 in kg/L.
MOF Gas P T Technique 𝑔𝑐 𝑣𝑐 Source

IRMOF-1 H2 10 298 RASPA 1.35 0.0094 Assoualaye et al. (2020)
IRMOF-1 H2 10 298 mcmgs 1.14 0.0069

IRMOF-1 CH4 3.6 300 exps. 13.5 0.0787 Zhou et al. (2007)
IRMOF-1 CH4 3.6 300 mcmgs 12.3 0.0837
IRMOF-1 CH4 4.5 298 RASPA 12.3 Rodrigues et al. (2022)
IRMOF-1 CH4 4.5 298 mcmgs 14.7
MOF-177 CH4 10 298 exps. 22.0 Saha and Deng (2010)
MOF-177 CH4 10 298 mcmgs 26.6
HKUST-1 CH4 6.5 298 exps. 17.8 0.1910 Peng et al. (2013)
HKUST-1 CH4 6.5 298 mcmgs 15.4 0.1724
NU-125 CH4 6.5 298 exps. 22.3 0.1659 Peng et al. (2013)
NU-125 CH4 6.5 298 mcmgs 20.5 0.1570
Al-nia-MOF-1 CH4 8 258 exps. 28.6 0.1880 Alezi et al. (2022)
Al-nia-MOF-1 CH4 8 258 mcmgs 29.1 0.2010 Granja-DelRío and Cabria (2024a)
Al-nia-MOF-1 CH4 8 273 exps. 24.5 0.1660 Alezi et al. (2022)
Al-nia-MOF-1 CH4 8 273 mcmgs 27.6 0.1870 Granja-DelRío and Cabria (2024a)
Al-nia-MOF-1 CH4 8 298 exps. 23.1 0.1420 Alezi et al. (2022)
Al-nia-MOF-1 CH4 8 298 mcmgs 24.8 0.1610 Granja-DelRío and Cabria (2024a)
t

e
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p
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o
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Fig. 2. Interaction energy of a single hydrogen molecule with KEZBUQ, as a function
f the radial distance between the molecule and one of the metal sites of KEZBUQ,
wo bonded Co atoms.

6.7 (Giannozzi et al., 2017, 2009; Anon, 2024b). The PBE-D3 func-
ional (Grimme et al., 2010) has been used, because that functional

includes the dispersion interactions, which are relevant to study the
adsorption of molecules on surfaces. The kinetic energy cutoff for

avefunctions used in these calculations was 84 Ry. The kinetic energy
cutoff for charge density and potential was four times the cutoff for

avefunctions. The convergence threshold on total energy and for self
consistency were both equal to 10−6 Ry. These values of the parameters
of the QE calculations were chosen after running several tests.

An analysis of the charges on the atoms and the hydrogen molecule
was also performed, using the QE code. The Löwdin charge analysis
was chosen (Löwdin, 1950). The KEZBUQ MOF contains H, C, N, O and

o atoms. According to the Löwdin charge analysis, the net charges on
, C, N, O and Co atoms were, on average and 𝑒 units: 0.058, −0.117,

−0.017, −0.105 and 4.479, respectively. The net charge on each H atom
of the hydrogen molecule itself was −0.08 𝑒.

The interaction energy 𝐸(𝑑) between KEZBUQ and a hydrogen
molecule located at a radial distance 𝑑 from the center of one of the
metal sites of KEZBUQ, which consists of two bonded Co atoms (two
big yellow neighbor spheres in Fig. 1), is defined as:

𝐸(𝑑) = 𝐸(H2 on KEZBUQ;𝑑) − 𝐸(H2) − 𝐸(KEZBUQ) , (1)

In Fig. 2 we have plotted the interaction energy as a function
of the mentioned radial distance. The binding energy is about 0.083
V/molecule, which indicates that the interactions are weak and is a
inding energy similar to the binding energies of the LJ potentials used
n the simulations.
3 
3. Comparison of hydrogen and methane storage capacities with
other simulation and experimental results

Tables 1–3 contain total and usable hydrogen and methane storage
capacities of several MOFs obtained from simulations and experiments
from another research groups at temperatures between 270 and 300 K.
They are compared with the capacities obtained using the mcmgs code,
he code used in the present work to carry out the GCMC simulations.

The total hydrogen gravimetric and volumetric capacities calculated
by the RASPA and mcmgs codes show small differences. The mcmgs
capacities are only about 20% and 36% smaller than the values ob-
tained from the RASPA code for gravimetric and volumetric capacities,
respectively. In the methane case, RASPA and mcmgs capacities are
quite similar as well as experimental capacities. Below 10 MPa, the
xperimental gravimetric capacities are only slightly higher than the

mcmgs capacities, about 10%–15% higher. Similar differences can be
found between the RASPA and mcmgs total gravimetric capacities. The
differences between the experimental and mcmgs total volumetric ca-
pacities are relatively small, about 10%. As regards the usable methane
capacities at temperatures between 270 and 298, the differences be-
tween the experimental and mcmgs usable capacities are small and are
in the range 5%–20%.

4. Usable hydrogen and methane storage capacities as a function
of structural parameters

The hydrogen usable storage capacities of KEZBUQ and the two
roups of MOFs vs the porosity, density, largest pore radius and average
ore radius are plotted in Figs. 3–6. Those are the storage capacities

obtained in the GCMC simulations at 298.15 K and 25 MPa.
The usable hydrogen volumetric capacities in Fig. 3 range from

0.012 to 0.016 kg/L and the gravimetric capacities are within the
interval 1.6–4.0 wt. %. As regards usable methane capacities, the
volumetric capacities are within the interval 0.09–0.21 kg/L and the
ravimetric capacities within the interval 10–35 wt. %. The densities
f the solid porous materials studied are between 0.3 and 0.8 kg/L.

The porosities of the materials studied in Fig. 4 fall within the interval
0.2–0.6.

The usable (hydrogen or methane) storage capacities of the studied
OFs decrease as the density increases. The dependence of the capac-

ties on the density is approximately linear (See Fig. 3). In the case of
hydrogen that dependence is practically linear. This is a general trend
found in all the solid porous materials. The usable gas (hydrogen or
methane) storage capacities of the MOFs increase with the porosity.
The dependence of the capacities on the porosity is practically linear
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Table 2
Usable methane storage capacities of NU-1501-Al and NU-1501-Fe MOFs at different temperatures and pressures obtained in experiments from other groups and in the present
GCMC simulations. Pressure P is in MPa, temperature T in K, gravimetric capacity 𝑔𝑐 in wt. % and 𝑣𝑐 in kg/L.

MOF Gas P T Technique 𝑔𝑐 𝑣𝑐 Source

NU-1501-Al CH4 8 273 exps. 35.1 0.1545 Chen et al. (2020)
NU-1501-Al CH4 8 273 mcmgs 36.2 0.1921
NU-1501-Al CH4 10 273 exps. 37.5 0.1702 Chen et al. (2020)
NU-1501-Al CH4 10 273 mcmgs 37.8 0.2061
NU-1501-Al CH4 8 298 exps. 31.0 0.1252 Chen et al. (2020)
NU-1501-Al CH4 8 298 mcmgs 31.8 0.1584
NU-1501-Al CH4 10 298 exps. 33.3 0.1395 Chen et al. (2020)
NU-1501-Al CH4 10 298 mcmgs 34.4 0.1779

NU-1501-Fe CH4 8 273 exps. 33.8 0.1545 Chen et al. (2020)
NU-1501-Fe CH4 8 273 mcmgs 32.0 0.1671
NU-1501-Fe CH4 10 273 exps. 36.5 0.1717 Chen et al. (2020)
NU-1501-Fe CH4 10 273 mcmgs 34.0 0.1827
NU-1501-Fe CH4 8 298 exps. 29.6 0.1252 Chen et al. (2020)
NU-1501-Fe CH4 8 298 mcmgs 28.3 0.1404
NU-1501-Fe CH4 10 298 exps. 32.4 0.1431 Chen et al. (2020)
NU-1501-Fe CH4 10 298 mcmgs 30.9 0.1585
Table 3
Usable methane storage capacities of Al-soc-MOF-1, NU-111 and PCN-14 MOFs at different temperatures and pressures obtained in experiments from other groups and in the
present GCMC simulations. Pressure P is in MPa, temperature T in K, gravimetric capacity 𝑔𝑐 in wt. % and 𝑣𝑐 in kg/L.

MOF Gas P T Technique 𝑔𝑐 𝑣𝑐 Source

Al-soc-MOF-1 CH4 6.5 270 exps. 31.0 0.1516 Alezi et al. (2015)
Al-soc-MOF-1 CH4 6.5 270 mcmgs 28.2 0.1455
Al-soc-MOF-1 CH4 8 273 exps. 33.3 0.1702 Chen et al. (2020)
Al-soc-MOF-1 CH4 8 273 mcmgs 30.0 0.1588
Al-soc-MOF-1 CH4 6.5 298 exps. 27.0 0.1109 Alezi et al. (2015)
Al-soc-MOF-1 CH4 6.5 298 mcmgs 24.1 0.1175
Al-soc-MOF-1 CH4 8 298 exps. 29.6 0.1431 Alezi et al. (2015)
Al-soc-MOF-1 CH4 8 298 mcmgs 26.3 0.1323

NU-111 CH4 6.5 270 exps. 23.7 0.1259 Alezi et al. (2015)
NU-111 CH4 6.5 270 mcmgs 22.3 0.1236
NU-111 CH4 6.5 298 exps. 23.5 0.1252 Alezi et al. (2015)
NU-111 CH4 6.5 298 mcmgs 18.5 0.0976

PCN-14 CH4 6.5 270 exps. 10.7 0.1001 Alezi et al. (2015)
PCN-14 CH4 6.5 270 mcmgs 8.7 0.0833
PCN-14 CH4 6.5 298 exps. 11.5 0.1116 Alezi et al. (2015)
PCN-14 CH4 6.5 298 mcmgs 9.6 0.0919
Fig. 3. Usable hydrogen and methane volumetric and gravimetric capacities at 298.15 K and 25 MPa vs density.
4 
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Fig. 4. Usable hydrogen and methane volumetric and gravimetric capacities at 298.15 K and 25 MPa vs porosity.
Fig. 5. Usable hydrogen and methane volumetric and gravimetric capacity at 298.15 K and 25 MPa vs largest pore radius.
h

in the case of hydrogen and approximately linear in the case of methane
See Fig. 4).

As can be noticed in Figs. 3 and 4, the MOFs with the same C/Co
atio, i.e., KEZBUQ and the ‘C/Co=26’ group, do not have similar
ydrogen or methane storage capacities. In fact, their usable storage
apacities depend on their density and not on the C/Co ratio. The MOFs
ith similar density or porosity than KEZBUQ have also similar storage

apacities, although they do not have Co and/or have a different C/Co
atio. These results indicate that density and porosity of the solid porous
aterials are more significant than the C/Co ratio, for hydrogen storage

capacities.
The dependence of the storage capacities on the largest pore radius

s plotted in Fig. 5 and the dependence on the average pore radius
s plotted in Fig. 6. The largest pore radius of the MOFs studied is

between 6 and 10 Å and the average pore radius is between 3 and
5 
9 Å. The storage capacities increase, in general, as the largest pore
radius of the MOF increases. That trend is more clear in the case of
hydrogen capacities and less clear in the case of methane capacities.
The dependence of the storage capacities on the average pore radius of
the studied MOFs seems to be parabolic, with the apex of the parabolic
function around 4-5 Å (See Fig. 6).

In Fig. 5 it can be found that the MOFs with density and porosity
similar to those of KEZBUQ have also very similar values of the largest
pore radius. Their average pore radii, however, are less similar: They
are within an interval of about 2 Å (See Fig. 6). It can be also noticed
in Fig. 5 that the MOFs with a similar largest pore radius, do not
ave necessarily similar storage capacities. Only the MOFs with similar

density, porosity and largest pore radius have also similar storage
capacities.
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Fig. 6. Usable hydrogen and methane volumetric and gravimetric capacity at 298.15 K and 25 MPa vs average pore radius.
Fig. 7. Usable hydrogen and methane volumetric and gravimetric capacity at 298.15 K and 25 MPa vs isosteric heat.
s

t
d
c
d

As regards the group of MOFs with C/Co=26, Figs. 5 and 6 show
that a subgroup of eight MOFs with C/Co=26 have very similar storage
apacities, largest pore radius and average pore radius. The other four

MOFs with C/Co=26 have different or very different values of the
storage capacities, largest pore radius and average pore radius. Finally,
t can be concluded from those two figures that the storage capacities
f the MOFs depend strongly on the pore radii and that the C/metal
atio is not determinant.

The isosteric heat of adsorption, which reflects the strength of the
interaction between the gas molecules and the adsorbent material and
he local details of the structure of the adsorbent material, is related
o the storage capacities, the porosity and the density of the material.
herefore, it seems logical to analyze the relationship between the

sosteric heat of adsorption and those properties of these materials.
n Fig. 7, the storage capacities are plotted vs the isosteric heat of
6 
hydrogen and methane.
The isosteric heats of hydrogen adsorption for the porous materials

tudied at 298.15 K and 25 MPa, as derived from the present GCMC
simulations, range between 0.02 and 0.10 eV, while the isosteric heats
of methane adsorption are within the interval 0.13–0.22 eV. It can be
noticed in that figure that the dependence of the storage capacities on
he isosteric heat is not clear. For some groups of MOFs the capacities
o not depend on the isosteric heat: The capacities remain almost
onstant as the isosteric heat changes. Another groups have a strong
ependence on the isosteric heat.

The isosteric heats of hydrogen adsorption of KEZBUQ and selected
MOFs as a function of the porosity and the density, obtained from
GCMC simulations, are plotted in Fig. 8. The isosteric heat generally
rises with increasing density, though not in a strictly linear fashion. It
fluctuates, showing an overall upward trend. Conversely, as porosity
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Fig. 8. Isosteric heat of adsorption, 𝑄𝑠𝑡, of hydrogen and methane at 298.15 K and 25 MPa vs density and porosity.
Fig. 9. Usable hydrogen volumetric and gravimetric capacity at 298.15 K and 25 MPa vs the specific surface area and the specific pore volume.
m
r

increases, the isosteric heat tends to decrease. However, the relation-
ship with this variable is not uniform, exhibiting numerous oscillations
around a decreasing average trend.

The dependence of the usable hydrogen storage capacities on the
specific surface area, SSA, and on the specific pore volume is plotted
in Fig. 9. The SSAs of the MOFs studied are between 3000 and 5500
m2/g and the specific pore volumes are in the interval 0.4–2.0 cm3/g.

The hydrogen capacities of all the MOFs studied depends linearly on
the specific surface area (See Fig. 9). The hydrogen capacities increase
apidly with the specific pore volume and then, they tend towards a
onstant value. These trends are more clearly defined in the case of the

volumetric capacities. The SSA of the KEZBUQ MOF is high, which is
consistent with the high values of the storage capacities of the KEZBUQ
MOF.
7 
5. Usable hydrogen and methane storage capacities as a function
of pressure

The Department of Energy, DOE, set on-board volumetric and gravi-
etric hydrogen storage targets for 2025 at 0.040 kg/L and 5.5 wt %,

espectively (Office of Energy Efficiency & Renewable Energy, Fuel Cell
Technologies Office, 2018). The ultimate storage goals are even higher,
aiming for 0.050 kg H2/L and 6.5 wt. %. There are also storage goals
for on-board methane storage. The Department of Energy’s Advanced
Research Projects Agency - Energy (ARPA-E) established specific tar-
gets for on-board methane storage: A volumetric capacity of 0.25 kg
of methane per liter and a gravimetric capacity of 33.3 wt. % at
room temperature and moderate pressures (Beckner and Dailly, 2015;
Yabing et al., 2014; Advanced Research Projects Agency Energy, 2012;
Advanced Research Projects Agency - Energy, Department of Energy,
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Fig. 10. Usable hydrogen (above) and methane (below) volumetric and gravimetric capacities vs pressure at room temperature using the two sets of LJ coefficients.
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2012; for Standardization, 2006).
The hydrogen and methane usable storage capacities of KEZBUQ

have been compared in Fig. 10 with the storage capacities of the best
OFs of the two groups of MOFs, PUZLOM and XAFFIV, which have the

highest capacities of their respective groups. The hydrogen gravimetric
nd volumetric capacities in Fig. 10 are in the ranges 0–0.015 kg/L and
–4 wt. %, respectively, and the methane gravimetric and volumetric

capacities are in the ranges 0–0.20 kg/L and 0–35 wt. %, respectively.
The usable hydrogen and methane storage capacities of the KEZBUQ,

UZLOM and XAFFIV obtained in the GCMC simulations with the first
nd the second LJ sets (See Tables S1 and S2, respectively) are also
ompared in Fig. 10. The hydrogen capacities obtained with the second

LJ set are between 0 and 12% higher than the capacities obtained with
he first set. However, the methane capacities obtained with the two
ets of LJ coefficients are very similar.

The hydrogen usable volumetric capacities of the three materials are
ery similar for any value of the pressure. The volumetric capacity of
EZBUQ would reach the DOE target for 2025, 0.040 kg/L (Office of
nergy Efficiency & Renewable Energy, Fuel Cell Technologies Office,

2018), at 60–70 MPa. The gravimetric capacities of the three materials
re relatively similar. The gravimetric capacity of KEZBUQ would reach
he DOE target, 5.5 wt. %, at approximately 40 MPa. The hydrogen
sable storage capacities of KEZBUQ are high at moderate pressures,
ut below the DOE targets. Probably, a new material based on KEZBUQ,
ut with the appropriate metal doping, could reach the DOE targets for
ydrogen at lower pressures.

In the case of methane storage, the usable methane storage ca-
acities of the three materials are also similar. The usable volumetric
apacity of KEZBUQ is 0.20 kg/L at 298.15 K and 25 MPa, close to the
RPA-E target, 0.25 kg/L. It is approximately 80% of that target. The
ravimetric usable capacity of KEZBUQ is 32.3 wt. % at 298.15 K and
5 MPa, almost reaching the ARPA-E target, 33.3 wt. %. Hence, this
ew Co-based MOF is a good candidate for on-board methane storage.

Finally, GCMC simulations of the total hydrogen volumetric and
ravimetric storage capacities at 77 K are presented in Fig. 11. The vol-
metric and gravimetric capacities fall within the intervals 0–0.060 kg/L

and 0–13 wt. %, respectively. The total volumetric capacity of KEZBUQ
reaches 0.040 kg/L at 5 MPa, continuing to increase to approximately
0.060 kg/L at 25 MPa. The gravimetric capacity reaches 5.5 wt. % at
round 3 MPa, and continues rising until it plateaus at 12 wt. % at
0 MPa. KEZBUQ’s hydrogen storage capacities are significant at low
ressures and temperatures, achieving the DOE targets.
8 
6. Conclusions

GCMC simulations of the hydrogen and methane storage capacities
of a new Co-based MOF, called KEZBUQ in the CCDC database, and of
the two groups of MOFs with some structural or composition similarity
with KEZBUQ have been carried out at room temperature and pressures
between 0.5 and 25 MPa. According to the present analysis of the
results of the GCMC simulations, the density, the porosity and the pore
radii of the MOFs are much more relevant than the cobalt content or
the C/Co ratio for the storage capacities.

According to the GCMC simulations, KEZBUQ has high usable stor-
ge capacities due to its low density and high porosity. In the case
f methane, KEZBUQ has usable methane volumetric and gravimetric

storage capacities of 0.20 kg/L and 32.3 wt. %, respectively, at 298.15
K and 25 MPa, close to or almost reaching the ARPA-E respective
methane storage targets: 0.25 kg/L and 33.3 wt. %. Hence, this new Co-
based MOF could be an important solid porous material for on-board
methane storage.

This research offers several novel contributions to the field of gas
torage in MOFs. First, it represents the pioneering study of hydrogen
nd methane storage capacities in newly developed Co-based MOFs,
sing GCMC simulations. The findings reveal a distinctive pressure-
ependent behavior in storage capacity, providing important insights

for optimizing operational conditions. Additionally, the role of struc-
tural properties, such as density, porosity, and pore size, was analyzed
in detail, showing how these factors critically affect gas adsorption.

Perhaps most notably, Co-based MOFs demonstrated higher storage
capacities under specific conditions compared to other MOFs commonly
reported in the literature, positioning them as strong candidates for fu-
ture energy storage solutions. The potential for optimizing these mate-
rials further through structural adjustments or bimetallic configurations
opens new avenues for research and practical application.

In this study, the hydrogen and methane storage capacities were
imulated using the GCMC methodology. While these simulations pro-
ide a powerful tool for predicting gas adsorption behavior and have

been compared with experiments, several limitations must be acknowl-
edged. First, the simulations rely on simplified models of the physical
interactions, which may differ from the behavior of gases on some
MOFs. Additionally, the pressure and temperature ranges explored in
this study may not fully capture the performance across all possible



A. Granja-DelRío and I. Cabria

k

e
f

I

c
i

S

t
i
l
t
o
G

Results in Surfaces and Interfaces 18 (2025) 100442 
Fig. 11. Total hydrogen volumetric and gravimetric capacities vs pressure at 77 K of KEZBUQ MOF.
pressure and temperature conditions. The impact of defects, impurities,
inetic effects, and non-equilibrium behavior were also neglected in

the model. Therefore, future work should include more experimental
validations, investigate the impact of defects and/or impurities and
xplore a broader range of pressure and temperature conditions to
urther substantiate these findings.
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