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Abstract

Materials capable of effectively storing Hy and CH,4 are essential for the enhancement of hydrogen and methane-based
transportation. Metal-Organic Frameworks (MOFs) are strong contenders for meeting the gas storage targets of the Depart-
ment of Energy (DOE). Many Cu(I)-based MOFs degrade in air and moisture. NU-2100, a newly developed Cu(I)-based
MOF, shows air stability. The total and usable Hy and CH, storage capacities of NU-2100 at 298.15 K and 0.5-35 MPa
are calculated and analyzed by means of Grand Canonical Monte Carlo (GCMC) studies. A comparative assessment is
performed, including MOFs with similar metal compositions, pore size, density and porosity at 298.15 K and 25 MPa.
The findings demonstrate that NU-2100 exhibits storage capacities that match or outperform the MOFs included in this
investigation. The origin of these higher capacities is that the molecules interact with the atoms of NU-2100 in wider
regions or pores than in the other MOFs. The autonomy range of a hydrogen and a methane vehicle containing NU-2100
are also calculated. A hydrogen or a methane vehicle storing the gas on this new material would reach the same autonomy
as a vehicle storing the gas by compression, using a larger tank volume and lower pressures.

Keywords Metal-organic frameworks - Grand Canonical Monte Carlo - Methane storage - Hydrogen storage - Cu(l)-

based MOF

1 Introduction

Transportation is a fundamental element connecting people,
cultures, cities, and countries. It underpins modern econo-
mies by supporting global trade and enabling travel. It
also ensures access to essential services like education and
healthcare, improving quality of life. However, the sector
has notable downsides, including significant environmental
and health impacts. It accounts for about 25% of the EU
greenhouse gas emissions [1—4] and contributes to air and
noise pollution as well as habitat fragmentation [5].

A transition to a carbon-free energy system by replac-
ing fossil fuels with renewable sources is a potential solu-
tion. Hydrogen emerges as a promising green energy carrier
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due to its high gravimetric energy density [6-8], offering
120 MJ/kg compared to gasoline’s 44 MJ/kg [9]. However,
its low volumetric energy density makes large-scale stor-
age for vehicles challenging. The key obstacle is develop-
ing onboard storage systems that provide a driving range of
over 600 km per fill [10—-14]. Currently, hydrogen is stored
as a compressed gas at pressures up to 70 MPa [15], which
raises concerns regarding safety and cost.

There are specific storage targets issued by the U.S.
Department of Energy (DOE), for the year 2025: At least
0.040 kg Ho/L and 5.5 wt% for the volumetric and gravi-
metric capacities [9, 16]. These targets refer to hydrogen
usable, deliverable or working capacities for vehicle range
and focus on reversible storage for repeated refilling and
release. Hydrogen vehicles aim for zero greenhouse gas
(GHG) emissions, but interim solutions may be needed.
Natural gas, mainly composed by CHy, offers a lower-emis-
sion bridge due to its availability, infrastructure, and cost
[17]. With a high H/C ratio, it can cut CO5 emissions by
about 55%, aligning with EU targets [18]. Hence, natural

@ Springer


https://doi.org/10.1007/s10450-025-00641-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s10450-025-00641-4&domain=pdf&date_stamp=2025-7-10

90 Page 2 of 22

Adsorption (2025) 31:90

gas is an attractive option for mitigating environmental
impacts [19-22].

Methane has a low volumetric but high gravimetric
capacity at ambient conditions. Currently, vehicles store it
by compression at 25-35 MPa. Using solid porous materi-
als for storage can lower pressure and reduce costs [23, 24].
To guide research efforts, the Advanced Research Projects
Agency-Energy (ARPA-E) outlined methane storage tar-
gets. These targets include achieving volumetric and gravi-
metric capacities of 0.250 kg of CHy per liter and 33.33
wt%, respectively, at room temperature and moderate pres-
sures [23-27].

Adsorbed gas storage offers an alternative to compres-
sion and liquefaction, using porous solids to hold CH4 or
H; at pressures equal or below 25-35 MPa. Lowering the
pressure enables lighter, cheaper, and more conformable
tanks [27, 28]. Researchers have delved into various cat-
egories of solid porous materials with applications on gas
storage [29-51].

Metal-organic frameworks (MOFs) have enhanced gas
storage by allowing tunable properties [52—54]. MOFs have
total hydrogen volumetric and gravimetric capacities within
the intervals 0.0005-0.0150 kg/L and 0.3-2.3 wt%, respec-
tively, at room temperature and pressures between 5 and
10 MPa [55]. IRMOF-1 (Isoreticular MOF), a well-known
material also referred to as MOF-5, has a total hydrogen
gravimetric capacity of 0.45 wt% at 298 K and 6 MPa
[56]. As regards methane storage, the total volumetric and
gravimetric capacities of MOFs are within the intervals
0.0072-0.2146 kg/L and 2.9-23 wt% at room temperature
K and 3.5-6.5 MPa [23, 43, 57-61]. The total volumetric
and gravimetric methane capacities of IRMOF-1 at 3.6 MPa
and 300 K are 0.0787 kg/L and 13.5 wt%, respectively [62].
HKUST-1, another MOF, has total volumetric and gravi-
metric capacities of 0.1910 kg/L and 17.8 wt%, respectively
at 298 K and 6.5 MPa [43]. Yet, storing large Hy amounts
at ambient conditions remains difficult due to the extremely
small polarizability of the Hy molecule [63, 64]. MOFs with
open metal sites enhance gas adsorption by acting as strong
Lewis acids. These materials improve storage at mild tem-
peratures [49, 50, 65-76]. Research has been conducted on
the adsorption capabilities of MOFs, including their capac-
ity to store methane and hydrogen. This exploration has
been carried out through many experimental [70, 77—84]
and computational studies [81, 85-95]. Among the simula-
tion methods employed, the Grand Canonical Monte Carlo
(GCMC) method has been widely utilized [30, 32, 33, 81,
96-98].

Recent research has showcased Cu(I)-based MOFs as
having notably high hydrogen isosteric heats, but often
degrade in air and moisture. Consequently, research focuses
on creating stable versions for hydrogen storage. A research
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team from Northwestern University (NU) [99] has devel-
oped NU-2100, a Cu(I)-based MOF with air stability, and
measured its hydrogen storage capacities at 273 and 296 K
and up to 10 MPa. This MOF was synthesized utilizing a
blend of Cu/Zn precursors. NU-2100 exhibits air-stability
and demonstrates a high isosteric heat (32 kJ/mol, 0.332 eV)
alongside favorable hydrogen storage capabilities at ambi-
ent conditions: A volumetric capacity of 0.0105 and 0.0075
kg/L at 296 and 273 K, respectively, and 10 MPa [99].

The present study aims to assess the potential of NU-2100
as a storage material by determining its usable Hy and CHy
capacities at 298.15 K. GCMC computational simulations
were performed to compute the storage capacities of the
newly synthesized NU-2100 for the pressure interval 0.5-35
MPa under room temperature conditions. To delve deeper
into the characteristics of the newly synthesized NU-2100
MOF Cu-based, which posses an equivalent number of C
and N, GCMC computational simulations were performed
to assess the capacities of Cu-based MOFs with identical or
comparable C/metal and N/metal ratios as NU-2100. The
capacities of NU-2100 and the selected Cu-based MOFs
were then analyzed. Additionally, the MOFs with similar
porosity and density as NU-2100 were chosen to compare
their capacities with those of NU-2100 MOF.

Moreover, the correlation between the structural proper-
ties (pore size, density and porosity) and the capacities of
the simulated MOFs was investigated. This exploration into
the interactions between MOFs and adsorbed molecules is
crucial for comprehending the origins of the capacities and
designing novel MOFs. Unless specified otherwise, the term
‘capacities’ means usable storage capacities, throughout this

paper.

2 Methodology
2.1 Parameters and details of the simulations

GCMC simulations were conducted at pressures in the
interval 0.5-35 MPa and at 298.15 K, and were employed
to generate the isotherms of methane and hydrogen for
NU-2100 MOF [80]. A single GCMC simulation lasted ten
million iterations. To guarantee equilibrium, half of these
iterations, the first five million, were allocated to the equili-
bration phase. The last five million iterations were employed
to compute the gas storage capacities.

In every iteration, the Metropolis algorithm [100] was
applied. An in-house software called mecmgs was used to run
the simulations. The source files of this code, the instruc-
tions to compile and run the code and examples of input
and output files can be found at the GitHub platform [101].
Adjustments or movements such as molecule insertion,
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deletion, and translation were implemented, adhering to
the proportions outlined by Granja-DelRio et al. in refer-
ence [102]. The chemical potential was computed from the
Soave-Redlich-Kwong equation of state (SRK EOS) [103].
The parameters of the SRK EOS for Hy and CHy are those
in references [104] and [105], respectively.

The atoms of the simulation cells were kept fixed during
the simulations. Only the hydrogen or methane molecules
could be translated on an iteration. A molecule is considered
as a single point and it does not have dipole nor multipoles.
The simulation cell is replicated in the three spatial direc-
tions. In every iteration, the molecules of the simulation cell
interact with the atoms and molecules of the simulation cell
and also with the atoms and molecules of the 26 nearest
neighbour replicated cells in the three spatial directions.

The Lennard-Jones (LJ) potentials [106] were harnessed
to simulate the atom-molecule and molecule-molecule
interactions. The Lennard-Jones potential, a well-estab-
lished representation, encapsulates the repulsive and attrac-
tive aspects of the interactions. The LJ parameters, o and
€, depend on the atoms and molecules involved in the
interaction and are implemented as in Granja-DelRio et al.
work [102]. The LJ parameters used in the simulations are
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in Table S1 in the Supporting Information. The predefined
cutoff radii of Hy and CH, dictating the LJ interaction
potential were extensively outlined in previous studies [31,
32]. An alternative set of Lennard-Jones (LJ) coefficients,
known as the MDT set (from Mayo, Darkrim, and TraPPE),
was chosen to enable a comparison between different inter-
action potentials (see Fig. 1). In the MDT set, LJ parameters
for atoms are taken from Mayo et al. [107], those for hydro-
gen from Darkrim and Levesque [108], and those for meth-
ane from the TraPPE model [109]. These coefficients can
be found in Table S2. Figure S2 shows that, in the case of
hydrogen, there is a slight difference between the sets, and
the MDT coefficients may slightly overestimate the adsorp-
tion capacity. On the other hand, for methane, both sets of
coefficients give almost the same results, with no noticeable
difference. The Feynman-Hibbs correction was considered
to incorporate quantum effects into the interaction potential
[110], which was uniformly applied across all GCMC simu-
lations. The electrostatic interactions are not included. We
have tested this GCMC model vs experimental results of
pure or bulk gases (H, and CH,) [31, 32] and vs experimen-
tal storage capacities of different materials [30, 102, 111].
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Fig. 1 Hydrogen usable storage capacities at 298.15 K vs pressure (panels (a) and (b)) and methane usable storage capacities at 298.15 K vs pres-

sure (panels (¢) and (d)) for NU-2100
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The isosteric heats and the usable volumetric and gravi-
metric storage capacities were computed based on the pub-
lished definitions [31, 102]. The pore radii and porosity of
the materials was calculated using a procedure previously
published [31]. The porosity and pore radii for H, and CH,4
are, in general, different.

2.2 Simulation cells and sets of MOFs

To thoroughly evaluate the storage capacities, GCMC sim-
ulations were conducted on NU-2100, a Cu-based MOF
[80] and on three distinct groups of MOFs. These groups
include: (a) a group of Copper-based MOFs with Carbon/
Copper ratios identical to the ratio of NU-2100, 3.0, (b) a
group of Copper-based MOFs with Nitrogen/Copper ratios
identical to the Nitrogen/Copper ratio of NU-2100, 3.0, and
c) a group of MOFs with porosity-density (P — p—) proper-
ties akin to those of NU-2100.

The Crystallographic Database Center (CCDC) reposi-
tory provides Crystallographic Information File (CIF) data
[112]. The NU-2100 simulation cell [80] was retrieved from
the general CCDC repository, while the simulation cells for
the other MOFs were obtained from the MOF CCDC subset
[113]. The MOF names are the identifiers of the MOFs in
the CCDC repository. The simulation cell of NU-2100 is
showcased in Fig. 2, employing the grace software for visu-
alization [114].

The Copper-based set of MOFs with Carbon/Copper
ratio equal to NU-2100’s ratio of 3.0 was selected from the
CCDC database. These MOFs are AYONOT, FAQSOG,
GUSPUG, JOFKIA, JOFKIAOI, MACUFRO02, NURSIF,
QOXNEX and WUZDOL for hydrogen and methane analy-
sis. Seven Cu-based MOFs with Nitrogen/Copper ratios
matching NU-2100’s 3.0 ratio were selected from the
CCDC database. These MOFs, chosen for hydrogen and
methane analysis, are FOQJAA (also called Cu-DCBBT-
MOF), FIRTIL, NELWIL, RORSIDO1, RORSID02, ROR-
SID03, RORSID04, RORSID05, RORSID06, RORVOM,
RORVUS and RORVUSO1.

Fig. 2 The cell of NU-2100 used in the simulations. Cu, N, H and C
atoms are depicted by red, blue, white and gray spheres, respectively.
Colour figure online.
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The MOFs in the P-p group were selected from the
CCDC database, targeting MOFs with porosity for hydro-
gen within approximately 23% and density within 8% of
NU-2100. This selection forms the P — p— set, and the
CCDC database identifiers for these MOFs are ATIBOU,
AZAFIS, LETROT, NIHBIQOI, QUTTII, QUZVEO,
VIWKOD, VOSWAE, WEMDUP, XIFHIF and YEMJAC.
For methane, the selection targeted MOFs with poros-
ity within approximately 15% and density within 8% of
NU-2100, consisting of the same MOFs as the hydrogen
case plus YUPSIM. The details of the simulation cells of all
the MOFs studied can be found in Table S3 in the Support-
ing Information.

GCMC simulations were conducted for each MOF
within the designated sets, alongside NU-2100, employing
identical temperature, pressure, and simulation parameters
as previously described. This systematic approach enables
a comprehensive analysis and direct comparison of their
capacities.

2.3 Assessment of the Feynman-Hibbs correction in
gas adsorption simulations

Figure 3 shows the results of the simulations with and without
the Feynman-Hibbs (FH) correction at 298.15 K and pres-
sures between 0 and 35 MPa. As we can see in the graphs,
the total hydrogen adsorption capacities are very similar in
both cases, with and without the FH correction. However, a
small difference can be observed, which increases slightly
with pressure, where the FH correction results in slightly
lower values. Although the effect of the correction is not
very significant under these temperature and pressure con-
ditions, we decided to apply it in all our GCMC simula-
tions. This choice helps maintain consistency throughout
the study and will also be useful for future research at lower
temperatures, such as 77 K, where quantum effects are more
relevant and the FH correction becomes more important.

Figure 4 presents the simulation results for methane
adsorption with and without the Feynman-Hibbs correction
at 298.15 K and pressures from 0 to 35 MPa. The graphs
show that the total adsorption capacities are almost the same
in both cases. On the other hand, there is a small difference
in the usable capacities: the values are slightly lower when
the correction is applied. Similar to what was observed with
hydrogen, the impact of the correction is quite small at this
temperature and pressure range.
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Fig. 3 Hydrogen usable storage capacities at 298.15 K vs pressure (panels (a) and (b)) and hydrogen total storage capacities at 298.15 K vs pres-

sure (panels (¢) and (d)) for NU-2100

3 Analysis of the hydrogen usable storage
capacities

3.1 Comparison of experimental and GCMC
hydrogen capacities of NU-2100

The team from the Northwestern University (NU) [99] pub-
lished also the total hydrogen storage capacities at 273 and
296 K, near the room temperature of 298.15 K, obtained
in their experiments up to 10 MPa. GCMC simulations of
the total hydrogen storage capacities of NU-2100 have been
also performed in the present study at those temperatures
and pressures up to 10 MPa, to compare the GCMC results
with the experiments. The comparison is shown in Fig. 5.
The agreement between the experimental and the present
GCMC total capacities is reasonable: The relative differ-
ence between the experimental and the GCMC gravimetric
capacities is within the range 2—-11% and the relative dif-
ference between the volumetric capacities falls within the
range 7-19%. Hence, the present GCMC gravimetric and
volumetric capacities have relative errors equal to the above
mentioned relative differences.

3.2 Dependence on the structural parameters

GCMC simulations performed at 25 MPa and 298.15 K
yielded data on the usable capacities for NU-2100 and the
MOFs of the C/Cu, N/Cu and P-p-based sets. Figures 6, 7,
8 present these results, showing the relationships between
these capacities and parameters such as porosity, density,
pore radii, isosteric heat and the product of porosity and iso-
steric heat.

As showed in Fig. 6, the capacities diminish with increas-
ing material density and rise with increasing porosity. These
general trends have also been found in different types of
MOFs, not only in the present studied MOFs, and carbon
nanostructures [30-32, 102, 111, 115]. While most MOFs
adhere to these patterns, there are some exceptions. More-
over, it is evident from Fig. 6 that the gravimetric capac-
ity of NU-2100 matches the trend observed in C/Cu, N/Cu
and P — p—based MOFs, i.e., the gravimetric capacity of
NU-2100 is similar to the gravimetric capacity of MOFs
with similar densities and porosities. However, it is note-
worthy that NU-2100 exhibits significantly higher volumet-
ric capacity compared to the volumetric capacities of other
MOFs with similar densities and porosities. This implies the

@ Springer
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potential to forecast NU-2100’s usable gravimetric capacity
using either its porosity or density as predictors.

The pore radii-capacities correlation is depicted in Fig. 7
for NU-2100 and related MOFs. The gravimetric capacity
shows a consistent linear growth as the pore radius, aver-
age and largest, increases. It’s essential to acknowledge that,
generally, a pore radius increase correlates with a density

@ Springer

reduction, which results into a higher gravimetric capacity.
This trend represents a rough estimate.

An initial expansion of the pore radius leads to a boost
in the volumetric storage capacity. Beyond a certain value,
there is a saturation phenomenon, reaching the volumetric
capacity a constant value as the radius of the pore increases.

The best-performing MOFs from the C/Cu, N/Cu and
P — p—based sets were selected for analysis and listed in
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Table S4. These include QOXNEX [116, 117] from the C/
Cu-based group (see Fig. S1), Cu-DCBBT-MOF [118, 119]
from the N/Cu-based group, which is reported as a material
for selective adsorption and gas separation, and VOSWAE
[120] from the P — p—based group (see Fig. S1). The com-
parison of NU-2100 with the other sets of MOFs indicates
that NU-2100 has higher volumetric capacities. Tables S4
contain the storage capacities and the main structural prop-
erties of these selected MOFs.

Gas adsorption and storage are inherently connected
to the isosteric heat, )4, representing the bond strength
between the adsorbent material and a gas molecule. There-
fore, it is logical to examine the correlation between iso-
steric heat and storage capacities.

The capacities of the selected MOFs and NU-2100,
alongside @ and the product of the porosity and @, have
been depicted in Fig. 8. The isosteric heats for the studied
porous materials range from 0.06 to 0.11 eV. Furthermore,
the product of porosity and isosteric heat falls within the
range of 0.00 to 0.01 eV.

With increasing isosteric heat, there is a tendency for
the gravimetric capacity to decrease, although the trend is
not consistent. The volumetric capacity does not exhibit a

clear pattern. However, both capacities generally increase
with higher values of the isosteric heat multiplied by poros-
ity. The relationship of both capacities with the product of
porosity and @), is non-monotonic, exhibiting numerous
oscillations around an average trend. The dependence of the
volumetric capacity on the product of the porosity by Qs; is
nearly linear. Hence, increasing that product, materials with
high volumetric capacity could be discovered.

3.3 Dependence on the pressure

The total and usable storage capacities of NU-2100 and
the MOFs with the highest capacities among the selected
groups, including a well-known and benchmark material
such as IRMOF-1, are plotted vs the pressure in Fig. 9 at
298.15 K. These are also called the isotherms, in this case
the hydrogen isotherms. There are experimental hydrogen
storage capacities of NU-2100 at 296 K up to 10 MPa.
Hence, the hydrogen storage capacities of NU-2100 on that
figure at 298.15 K and 10-35 MPa are predictions for future
experiments on NU-2100 at those conditions.

NU-2100 exhibits higher total and usable capacities than
the best MOFs of the C/Cu, N/Cu and P-p-based sets. At
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Fig. 7 Hydrogen usable storage capacities at 25 MPa and 298.15 K vs average pore radius (panels (a) and (b)) and largest pore radius (panels (c)

and (d)) for NU-2100, C/Cu, N/Cu and P — p—based MOFs.

35 MPa, NU-2100 notably achieved 0.014 kg/L, the highest
usable volumetric capacity, which is approximately 35% of
the DOE volumetric capacity target [9, 16].

To better evaluate the potential of the selected MOFs,
IRMOF-1 was included in the comparison as a classical and
widely studied material. NU-2100 outperforms IRMOF-1
in both total and usable volumetric capacities at pressures
up to 15 MPa. At higher pressures, however, IRMOF-1
shows slightly higher volumetric capacities It shows higher
gravimetric capacities above 15 MPa, because the density
of IRMOF-1 is about 2.8 times lower than the density of
NU-2100 (See Table S4).

The NU-2100, QOXNEX, Cu-DCBBT-MOF and
VOSWAE hydrogen isotherms saturate at approximately
the same high pressures, which is consistent with the fact
that these MOFs have approximately the same largest and
average pore radius (See Table S4). The total capacities of
the five MOFs (see Fig. 9) have similar values at 0.5 MPa.
Hence, the usable hydrogen isotherms of the five MOFs
resemble the total hydrogen isotherms.

The total and usable isotherms of QOXNEX and
VOSWAE closely resemble those of NU-2100 and are about

@ Springer

10% smaller. Conversely, the isotherms of Cu-DCBBT-
MOF exhibits values approximately 50% lower than those
of NU-2100. The four MOFs, NU-2100, QOXNEX, Cu-
DCBBT-MOF and VOSWAE, have similar porosity, density
and pore radii. Usually, MOFs with similar porosity-den-
sity-pore size properties have also similar storage capaci-
ties. NU-2100 and Cu-DCBBT-MOF do not fall within that
general trend. Hence, those structural parameters can not be
used as the only reason to explain the isotherms of NU-2100
and Cu-DCBBT-MOF. NU-2100 and QOXNEX have the
same C/Cu ratio, 3.00. However, Cu-DCBBT-MOF, the best
MOF of the N/Cu-based set, has a very different C/Cu ratio,
15.00. In fact, all the MOFs of the N/Cu-based set, which
they have N/Cu = 3.00, have C/Cu ratios between 7 and 15.

To further inquiry in the origins of the difference among
the isotherms of the studied MOFs, we have also examined
the interaction potential energy of a single Hs molecule
interacting with these MOFs. That energy depends on the
point (x,y,z) where the Hy molecule is located. The 3D
interaction potential energy, V(x, y, z), of the MOFs are plot-
ted in Fig. 10. The regions where the interaction potential
energy is equal or smaller than 0.1 eV have been plotted in
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Fig. 8 Hydrogen usable storage capacities at 25 MPa and 298.15 K vs the isosteric heat (panels (a) and (b)) and vs the product of the porosity and
isosteric heat (panels (¢) and (d)), for NU-2100, C/Cu, N/Cu and P-p-based MOFs.

the left panels of that figure. The right panels in Fig.10 show
the interaction potential energy at z =12 A for Cu-DCBBT-
MOF and NU-2100. For IRMOF-1, the corresponding panel
on Fig. 10 shows the interaction potential energy at z =4.25
A. On those z planes, the interaction potential energy of the
corresponding MOF reaches its lowest value: — 0.094, —
0.072 and — 0.046 eV/molecule, for NU-2100, Cu-DCBBT-
MOF and IRMOF-1, respectively. This was the reason to
select and plot the energies on those planes.

The blue and black channels or pores on that figure cor-
respond to regions where the interaction between a hydro-
gen molecule and the MOF is more intense. These pores do
not coincide necessarily with the geometric pores. It can be
noticed in Fig. 10 that the pores or channels on NU-2100
where the molecules interact strongly with the atoms of
NU-2100 are wider than the corresponding channels on Cu-
DCBBT-MOF. 1t is also important to notice that the chan-
nels on NU-2100 are approximately cylindrical and wide,
while those of Cu-DCBBT-MOF are not cylindrical and are
not wide. The shape of the channels or pores of Cu-DCBBT-
MOF is such that it is more difficult to store molecules on
Cu-DCBBT-MOF than on the channels of NU-2100 (see
Figs. 2, S1 and 10). These differences on the interaction

potential energies of these two MOFs explain their different
capacities: The shape and width of the pores of NU-2100
allow to store more molecules than the shape and width of
the pores of Cu-DCBBT-MOF, and hence, NU-2100 has
larger capacities than Cu-DCBBT-MOF, in spite that the
two MOFs have similar densities, porosities and pore radii.

The lowest V(x, y, z) value of IRMOF-1 is higher than
the lowest values of the other MOFs. This implies that
IRMOF-1 interacts less strongly with the hydrogen mol-
ecules. However, IRMOF-1 shows higher storage capaci-
ties, because the pores or channels in IRMOF-1 are wider
than those of NU-2100 and Cu-DCBBT-MOF, as shown in
Fig. 10.

The different C/Cu ratio and the analysis of the 3D inter-
action potential energy ¥(x, y, z) indicates that the porosity,
density and pore radii are not the only variables or structural
parameters that must be considered to understand the origin
of the storage capacities of solid porous materials.

3.4 Autonomy of the hydrogen vehicle

Usually the gas is stored by compression in deposits: Com-
pressed Gas, CG, deposits. The gas can be also stored by

@ Springer
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Fig. 9 Hydrogen total panels (a) and (b)) and usable panels (c¢) and (d)) storage capacities in relation to pressure at ambient temperature for
NU-2100 and leading C/Cu, N/Cu and P — p—based MOFs and IRMOF-1.

adsorption on solid porous materials. These materials are
then used inside gas deposits. These are Adsorbed Gas,
AG, deposits. Besides of the calculation of the usable stor-
age capacities of the NU-2100, the autonomy range of AG
deposits with these new solid porous material have been also
calculated. The autonomy is the usable volumetric capacity
multiplied by the deposits volume and the fuel consump-
tion. The number of kilometers covered using one kg of gas
is the fuel consumption in km/kg units.

The 2024 Toyota Mirai is a fuel cell vehicle that stores
hydrogen gas by compression [121]. The deposits volume is
142 L and store 5.6 kg of hydrogen at 70 MPa. The auton-
omy range of this vehicle is 402 miles (647 km approxi-
mately). The fuel consumption of the 2024 Toyota Mirai is
647 km/5.6 kg. Let’s suppose that NU-2100 is used inside
the deposits and that the total volume is 426 L. The hydro-
gen gas is stored on NU-2100. The autonomy range of that
vehicle as a function of the pressure is shown in Fig. 11. The
autonomy range at pressure P and 298.15 K is the usable
v¢(P) of NU-2100 multiplied by the Toyota fuel consump-
tion and 426 L. It can be noticed that the autonomy range is
close to 647 km at 30 MPa and room temperature.

@ Springer

The autonomy of a vehicle with NU-2100 has been
compared in Fig. 11 with the autonomy of a vehicle with
Ni-MOF-74, a benchmark MOF with high capacities [122—
125]. Both vehicles have the same deposits volume and fuel
consumption. The usable capacities of Ni-MOF-74 were
obtained through GCMC simulations at 298.15 K using the
same in-house software, mcmgs, and then, they were used
to calculate the autonomy of the Ni-MOF-74 vehicle. The
two vehicles have approximately the same autonomy up to
15 MPa. For larger pressures, the Ni-MOF-74 vehicle has
an autonomy a little larger. It must be considered that Al-
based MOFs, such as NU-2100, are thermally stable and
cheaper to synthesize than Ni-based MOFs.

4 Analysis of the methane usable storage
capacities

4.1 Dependence on the structural parameters

An exploration into the methane capacities was conducted.

The correlation between the structural parameters and the
capacities of the MOFs has been graphically represented in
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Fig. 10 Interaction potential energy in eV/molecule of a hydrogen molecule with NU-2100 (panels (a) and (b)), Cu-DCBBT-MOF (panels (¢) and
(d)) and IRMOF-1 (panels (e) and (f)), obtained in the present GCMC simulations

Figs. 12, 13, 14. The relationships between CH,4 capacities
and density and porosity show resemblances to the relation-
ships observed for hydrogen capacities (see Fig. 12): The
capacities increase with porosity and decrease as the den-
sity increases. The NU-2100 usable capacities align with the
trend of the usable capacities concerning density for the C/
Cu, N/Cu and P — p—based MOFs. Nevertheless, concern-
ing hydrogen, NU-2100 demonstrates superior volumetric

capacities in relation to both porosity and density com-
pared to its methane counterparts among the other groups
of MOFs. This observation suggests that NU-2100 is more
adept at storing hydrogen than methane.

The correlation between methane capacities and pore
radii is depicted in Fig. 13. The capacities display a similar
pattern to that observed with Hy capacities. The capacities
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increase, in general, as the pore radius increases. The depen-
dence on the average pore radius is not so clear.

As with the hydrogen storage analysis, the C/Cu, N/Cu
and P — p—based MOFs exhibiting the highest capacities
were selected for comparison with NU-2100. The selected
MOFs are GUSPUG [126, 127] from the C/Cu-based group,
Cu-DCBBT-MOF from the N/Cu-based group and WEM-
DUP [128, 129] from the P — p—based group. The methane
capacities, pore radii, porosities, densities and C/metal ratios
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of these selected MOFs are detailed in Table S4. QOXNEX
exhibits the greatest hydrogen storage capacities in both
gravimetric and volumetric terms within the C/Cu-based
set. For methane storage, however, GUSPUG shows the
highest gravimetric and volumetric capacities. As regards
the P — p—based group, VOSWAE and WEMDUP have
the highest hydrogen and methane capacities, respectively.
The usable hydrogen capacities of NU-2100 are higher
than the capacities of the MOFs of the C/Cu, N/Cu and
P — p—based groups. However, its usable methane capaci-
ties are in the middle of the usable capacities of the C/Cu,
N/Cu and P — p—based groups. The origin of this differ-
ence is that the pores of NU-2100 are narrow for methane.
The size of the pores of NU-2100 could be wide enough
for hydrogen, but not wide enough for methane, which is a
much larger molecule. These facts can be noticed in Table
S4 and Fig. 13: The MOFs with high volumetric methane
capacities correspond to R; of 8-12 A. NU-2100 has a R;
of 4.3 A and hence, it has a low methane usable capacity.
The dependence of the methane capacities on the iso-
steric heat, shown in Fig. 14, does not follow a clear trend.
The product of the porosity and isosteric heat is a combi-
nation of two major influences on the storage capacities:
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Fig. 12 Methane usable storage capacities at 25 MPa and 298.15 K vs density (panels (a) and (b)) and porosity (panels (¢) and (d)), for NU-2100,

C/Cu, N/Cu and P-p-based MOFs.
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Fig. 13 Methane usable storage capacities at 25 MPa and 298.15 K vs average pore radius (panels (a) and (b)) and largest pore radius (panels (c)

and (d)) for NU-2100, C/Cu, N/Cu and P — p—based MOFs.

The amount of space available and the intensity of the
adsorbent-molecule interactions. That product is a balance
between a purely geometric parameter, the porosity, and a
parameter related with the physisorption interactions inside
the pores of the materials. The methane capacities show a
more clear dependence on that product (see the lower panels
of Fig. 14): The capacities depend linearly on the product of
porosity and isosteric heat. That dependence is approximate
and can be used to design new MOFs that reach the DOE
methane targets. According to the lower panels of Fig. 14,
a MOF with a product equal or larger than 0.08 eV, would
reach the DOE methane targets.

4.2 Dependence on the pressure

GCMC computational simulations were carried out in the
range 0.5-35 MPa at 298.15 K, to assess the CH4 capaci-
ties of NU-2100, alongside the most promising MOFs:
GUSPUG, Cu-DCBBT-MOF and WEMDUP from the C/
Cu, N/Cu and P-p-based MOFs, respectively. To provide a
clearer comparison, a well-known and benchmark material,
IRMOF-1, has also been included. The GCMC calculated
isotherms are illustrated in Fig. 15. As far as we know, there

are no experiments on methane storage at room temperature.
Hence, the results in Fig. 15 are predictions of the methane
isotherms of NU-2100 at room temperature.

IRMOF-1 performs better, in general, than NU-2100
in both total and usable volumetric capacities. Although
IRMOF-1 has higher hydrogen and methane capacities than
NU-2100, it must be considered some of its disadvantages:
IRMOF-1 is based on zinc, which has a low level of toxicity,
and is not air and moisture stable [130]. NU-2100 it is air
and moisture stable.

The total methane isotherms of NU-2100, GUSPUG and
WEMDUP are very similar for pressures equal or larger than
5 MPa. The total methane gravimetric isotherm of GUS-
PUG is higher than the gravimetric isotherms of NU-2100
and WEMDUP, because GUSPUG has a lower density than
NU-2100 and WEMDUP and the density of NU-2100 and
WEMDUP is similar. The total methane isotherms of Cu-
DCBBT-MOF are lower than the isotherms of NU-2100,
GUSPUG AND WEMDUP for pressures equal or larger
than 3 MPa (see Fig. 15). The usable methane isotherms of
GUSPUG, Cu-DCBBT-MOF and WEMDUP resemble the
total isotherms. However, the usable isotherms of NU-2100
do not resemble the total isotherms of NU-2100. In fact,
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the usable NU-2100 isotherms are similar to the usable
Cu-DCBBT-MOF isotherms and two or three times lower
than the usable isotherms of GUSPUG and WEMDUP (See
Table S4 for the properties of the main MOFs).

To understand the origin of this different behaviour of
the total and usable isotherms of NU-2100, the similarity of
the usable isotherms of NU-2100 and Cu-DCBBT-MOF and
the different behaviour of the isotherms of IRMOF-1, two
properties or variables should be considered. First, this new
material stores large amounts of methane at low pressures
(0.1-0.5 MPa) and stores more methane at low pressures
than the other MOFs (see Fig. 15). Second, the 3D interac-
tion potential of NU-2100, Cu-DCBBT-MOF and IRMOF-1
has to be analyzed.

The 3D interaction potential energy in eV/molecule of
a single methane molecule with NU-2100, Cu-DCBBT-
MOF and IRMOF-1, obtained in the current GCMC simu-
lations, are plotted in Fig. 16. The left panels in that figure
show the interaction potential energies in the regions where
the energies are equal or smaller than 0.1 eV and the right
panels show ¥(x, y, z) at the z planes (z = 12, 12 and 4 A
for NU-2100, Cu-DCBBT-MOF and IRMOF-1, respec-
tively) where it reaches its lowest value. Those values are

@ Springer

—0.253, — 0.172 and — 0.122 eV/molecule for NU-2100,
Cu-DCBBT-MOF and IRMOF-1, respectively. The chan-
nels or pores where the methane molecule interact strongly
with the atoms of the MOFs are very similar in shape to
those obtained for hydrogen (see Fig. 10). The interaction
with methane is more intense than the interaction with the
hydrogen molecule. This result is already known and is
due to the fact that the methane molecule is larger than the
hydrogen molecule.

The channels or pores available for methane in the
NU-2100 and Cu-DCBBT-MOF are narrower compared to
those for hydrogen (see Figs. 10 and 16). This helps explain
why the isotherms of these two MOFs quickly reach an
asymptotic value as pressure increases (see Fig. 15). This
rapid saturation means that, although the total isotherms of
NU-2100 and Cu-DCBBT-MOF are different, their usable
isotherms are similar and low (lower than the usable iso-
therms of GUSPUG and WEMDUP). The channels for
methane in IRMOF-1 are similar to those for hydrogen and
are wider than the channels in NU-2100 and Cu-DCBBT-
MOF, which explains that IRMOF-1 has higher meth-
ane capacities and that its isotherms saturate more slowly
(see Fig. 15), in spite that the lowest value of ¥(x, y, z) for
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Fig. 15 Methane total (panels (a) and (b)) and usable (panels (¢) and (d)) capacities at room temperature vs pressure for NU-2100 and best C/Cu,

N/Cu, P-p-based MOFs and IRMOF-1.

IRMOF-1 is higher than the lowest values for the other
MOFs.

4.3 Autonomy of the methane vehicle

The 2021 VW Golf GTI is a Compressed Natural Gas,
CNG, vehicle. The deposits volume is 115 L and the fuel
consumption is 100/4.3 km/kg [131]. The autonomy range
is 248 miles (399 km). Let’s suppose that NU-2100 is used
as a solid porous adsorbent material inside the deposits
and that the total volume is also 426 L, as in the hydrogen
vehicle. The autonomy range of that methane vehicle, called
ANG (Adsorbed Natural Gas) vehicle, as a function of the
pressure is shown in Fig. 17. The autonomy range at pres-
sure P is 426 L multiplied by the usable v.(P) of NU-2100
and the fuel consumption of the 2021 VW Golf GTI. The
autonomy range reaches the range of 400 km, the same
autonomy as the 2021 VW Golf GTI, at 25 MPa.

We have also calculated and compared in Fig. 17 the
autonomy of an ANG vehicle with the same volume and
fuel consumption, using the total v.’s of activated carbon
monoliths of the Ingevity Corporation [132, 133]. The data
available cover the total v. from 0.5 to 6.2 MPa. From those

data, the usable v, and the autonomy can be calculated. It
can be noticed that a NU-2100 ANG vehicle would have
about two times more autonomy.

5 Conclusions

The usable Hy and CHy storage capacities of a novel Cu(I)-
based MOF, NU-2100, recently synthesized by a North-
western University group [99], at room temperature and
pressures in the range 0.5-35 MPa were evaluated using
GCMC simulations, with the LJ parameters [134—144]
reported in Table S1 in the Supporting Information. The
hydrogen and methane storage capacities of MOFs with
similar C/Cu and N/Cu ratios, as well as MOFs with similar
porosity-density-pore radii characteristics were also calcu-
lated using GCMC simulations.

There are experimental hydrogen total storage capacities
at 273 and 296 K and up to 10 MPa. The hydrogen total stor-
age capacities of NU-2100 obtained in the present GCMC
simulations agree with the experimental storage capacities
at 273 and 296 K. The differences between the experimen-
tal and theoretical capacities lie in the range 2—19%. The

@ Springer
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(d)) and IRMOF-1 (panels (e) and (f)), obtained in the present GCMC simulations

present capacities at 298.15 K and 10-35 MPa are predic-
tions for future experiments at those conditions.

The hydrogen storage capacities of NU-2100 exceed the
capacities of the MOFs with similar C/Cu ratio, N/Cu ratio
and porosity-density-pore size properties. NU-2100 has
higher capacities because the Hy molecules interact more
strongly with the atoms of NU-2100.
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IRMOF-1, one of the best benchmark or classical MOFs,
has higher hydrogen and methane capacities than NU-2100.
However, IRMOF-1 is a Zn-based MOF and Zn has a low
level of toxicity and it is not air and moisture stable [130],
while NU-2100 is air and moisture stable.

The total methane storage capacities of NU-2100 also are
higher than those of MOFs with similar C/Cu ratio, N/Cu
ratio and porosity-density-pore size properties. However,
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the pores of this material are not wide enough to obtain
high methane storage capacities. It is important to note that
the methane storage capacities of NU-2100 obtained in the
present simulations are predictions for future experiments.

Finally, the autonomy range of a hydrogen and methane
vehicle that contains a tank with NU-2100 and stores the
gas inside NU-2100 have been also calculated, based on
the GCMC storage capacities. These vehicles could reach
the autonomy range of vehicles that store the gas just by
compression (Toyota 2024 and VW Golf GTI), but using
a larger total volume tank and lower pressures. The use of
lower pressures implies lower costs. Another advantage to
consider is that NU-2100 shows air-stability, compared to
other Cu(I) and Zn-based MOFs.
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