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A B S T R A C T

Metal-Organic Frameworks (MOFs) are a significant and promising category of solid that have garnered
substantial attention for their potential in storing hydrogen and methane. Grand Canonical Monte Carlo
(GCMC) simulations of the usable hydrogen and methane storage capacities of five DUT MOFs (Dresden
University of Technology), based on tritopic ligands and copper, have been carried out at room temperature
and pressures between 0.5 and 35 MPa. These DUT MOFs exhibit high usable hydrogen and methane storage
capacities, comparable or higher than the storage capacities of the best classical MOFs and the best Cu-based
MOFs. The usable methane gravimetric storage capacities at 35 MPa and room temperature of these DUTs
reach the Department of Energy (DOE) methane gravimetric target and their usable volumetric capacities are
close to the DOE methane volumetric target.
1. Introduction

Human well-being has led to negative environmental impacts on
the planet’s health. Fossil fuel combustion produces greenhouse gases
which directly affect to climate change, pollution, ocean acidification
and resource depletion due to unsustainable extraction and consump-
tion of natural resources. In recent decades, several efforts have been
made to explore alternative approaches to substitute fossil fuels. Since
transport is one of the principal contributors to environmental threats,
hydrogen arises as an important candidate to replace gasoline as a fuel
in cars with the advantage of the absence of CO2 emissions. Hydrogen
can play an essential role to meet the net-zero CO2 emissions by 2050.

Hydrogen is an energy vector attractive for vehicles [1–3]. How-
ever, its storage at room temperature and moderate pressures still
remains as an important goal [4–6]. The current on-board hydrogen
storage involves the use of compressed gas technology. However, this
method poses challenges related to cost, volume, and safety. Ongoing
research and development efforts are focused on exploring alternative
storage technologies, such as physisorption on solid porous materials.
The goal is to find an on-board hydrogen storage system such that the
hydrogen vehicle has the same autonomy range as the current fossil
fuel-based vehicles.

The DOE has set two main goals to be accomplished before 2025
for an on-board hydrogen storage system: 0.040 kg H2/L and 5.5 wt.
% for the volumetric and gravimetric storage capacities, respectively
[7,8]. These values represent the usable, often referred to as delivery
or working, capacities of the hydrogen storage system. They signify
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the amount of hydrogen that can be effectively utilized for automotive
applications and providing an autonomy of about 600 km. Further-
more, these targets also align with the concept of reversible storage,
meaning that the stored hydrogen can be released and replenished
repeatedly. Besides that, whereas advancements in hydrogen-powered
vehicle technology takes place, it seems necessary a temporary bridge
between gasoline-powered automobiles and the widespread adoption
of hydrogen-based vehicles [9].

Natural gas seems to be that possible temporary bridge, due to
its extensive distribution, abundant reserves, low cost and relatively
cleaner nature compared to oil. The motivation is that the predominant
component of natural gas is methane and it possesses the highest
hydrogen-to-carbon ratio among all fossil fuels. When compared to
coal, natural gas has the potential to significantly reduce CO2 emissions
by approximately 50%, reaching the emission goals of the European
Union: 95 g of CO2/km. Methane exhibits a higher gravimetric ca-
pacity than gasoline, which makes it a promising option for energy
storage [10,11].

In order to advance the field of methane storage, the Advanced
Research Projects Agency-Energy (ARPA-E) of the DOE has established
specific targets for on-board usable methane storage: a volumetric
capacity of 0.250 kg of methane per liter and a gravimetric capacity
of 0.5 g/g or 33.33 wt. % at room temperature and low or moderate
pressures [10–14]. Apart from compression and liquefaction, another
method of storing methane is solid storage. The last one involves
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utilizing solid porous materials for physisorption, where the gases are
adsorbed inside the pores of the material. This storage method provides
more stored gas at low and moderate pressures (≤25–35 MPa) than the
compressed method [12,15]. In an Adsorbed Natural Gas (ANG) storage
system, the tanks are filled with a solid porous material that stores the
gas inside its pores.

The ongoing research in on-board gas storage using different groups
of solid porous materials is concentrated on identifying materials ca-
pable of storing a sufficient quantity of hydrogen or methane at room
temperature and low or moderate pressures [16–31]. In recent decades,
extensive research efforts have been dedicated to the utilization of
MOFs as gas storage materials for adsorbed hydrogen and natural
gas [32–41]. MOFs are characterized by their high porosity and are
composed of metal ions or metal-containing clusters (secondary build-
ing blocks) connected by organic ligands forming 2D or 3D structures
[42]. The great abundance of organic linkers and the wide range of
metal ions and clusters available enables the creation of numerous
MOFs variations with tunable properties and makes them an attractive
choice for efficient gas storage applications [43].

Adsorption properties of MOFs [44], including storage capacities
for hydrogen and methane, have been extensively studied through a
combination of experiments [45–48] and simulations [49–58], which
include the widely used GCMC method [59–61]. Monte Carlo simu-
lations, widely employed in the literature, have demonstrated their
capability to predict the adsorption properties of numerous molecules
on existing MOFs.

A group of the Dresden University of Technology published the
synthesis of five DUT MOFs [62] with tritopic ligands. These ligands
can be functionalized to tune the properties of the MOFs for gas storage,
among other applications. The only metal of the five DUTs is copper,
which makes these materials relatively cheap to synthesize.

The purpose of this investigation is to predict and analyze the
hydrogen and methane storage capacities of these DUT MOFs with
promising potential as storage materials. GCMC simulations have been
employed to simulate and evaluate the storage capacities of the five
synthesized DUT MOFs at room temperature and pressures between 0.5
and 35 MPa. A comparative analysis has been conducted to study the
storage capacities of these materials with Cu-based MOFs, as well as a
selection of well-known and established classical MOFs. Furthermore,
the storage capacities of all simulated MOFs have been analyzed as a
function of their porosity, density and pore size. Understanding and
predicting the interactions between the adsorbed molecule and MOF
are crucial for designing new metal–organic frameworks.

2. Methodology

2.1. Simulations parameters and details

GCMC simulations to obtain hydrogen and methane adsorption
isotherms of DUT-63, DUT-64, DUT-77, DUT-78 and DUT-79 MOFs [62]
have been carried out at room temperature, 298.15 K, and pressures
in a range between 0.5 and 35 MPa. Ten million iterations were
performed for each GCMC simulation. To reach the equilibrium, five
million iterations were calculated. The rest of the iterations were
employed to find gravimetric and volumetric storage capacities for
both: hydrogen and methane. In order to compare storage capacities,
GCMC simulations of the storage capacities of a set of 23 classical MOFs
and a set of nine selected Cu-based MOFs with C/Cu ratios identical to
the C/Cu ratios of the DUTs were performed at the same temperature
and pressure conditions as mentioned above.

Simulations have been carried out using an in-house code, named
mcmgs. The Metropolis algorithm was used in each iteration [63].
The possible changes or moves consisted as follows: 20% of the trials
involved the movement of a molecule, 40% for the deletion of one
molecule and another 40% for the insertion of one molecule. Many tests
were performed to obtain these percentages.
666
Table 1
Parameters of the SRK equation of state of hydrogen and methane: 𝜔, P𝑐 in MPa and
T𝑐 in K.

Gas 𝜔 P𝑐 T𝑐 Source

H2 −0.216 1.28 33.2 [65]
CH4 0.01142 4.5992 190.56 [66]

Table 2
Lennard-Jones coefficients 𝜎 and 𝜖 of the molecules and of the atoms of the MOFs
studied in the present GCMC simulations.

Atom or molecule 𝜎 (Å) 𝜖 (eV) Source

Al 2.574 0.507220 Filippova et al. [75]
Br 3.519 0.016043 Mayo et al. [76]
C 3.400 0.003744 Tu et al. [77]
Cu 2.297 0.520310 Filippova et al. [75]
H 2.846 0.000659 Mayo et al. [76]
H2 2.970 0.002870 Rzepka et al. [70]
N 3.310 0.003214 Cheung et al. [78]
O 3.033 0.004150 Mayo et al. [76]
CH4 3.730 0.012748 Jorgensen et al. [79]
S 3.590 0.014916 Mayo et al. [76]
Zn 0.998 0.008291 Soper et al. [80]

C-H2 3.190 0.002628 Rzepka et al. [70]

The chemical potential used in GCMC simulations was derived from
the Soave–Redlich–Kwong, SRK [64], equation of state. Values for the
dimensionless acentric factor 𝜔, the critical pressure 𝑃𝑐 and the critical
temperature 𝑇𝑐 of hydrogen and methane were taken from Zhou and
Zhou [65] and Xu et al. [66], respectively. These values can be found
in Table 1.

Lennard-Jones (LJ) interaction potential energies [67] have been
used to simulate the interactions between gas molecules (H2 or CH4)
and between the atoms of the MOFs and the gas molecules. LJ interac-
tion potential follows the next equation:

𝑉 = 4𝜖
[

(𝜎
𝑟

)12
−
(𝜎
𝑟

)6
]

, (1)

where 𝜖 in Eq. (1) is the minimum value of LJ interaction potential
energy (𝜖 > 0), 𝜎 is the distance at which the interaction between the
two particles is zero and 𝑟 is the distance between the two particles.
The values of the 𝜖 and 𝜎 coefficients depend on each particle involved
in the interaction. The 𝜖 and 𝜎 coefficients of the interactions between
different particles have been obtained using the Berthelot [68] and the
Good–Hope [69] combining rules, respectively.

Table 2 shows the values for 𝜖 and 𝜎 coefficients of the atoms and
molecules used in the present GCMC simulations. The LJ coefficients
of the C-H2 interaction used in these simulations were obtained from
Rzepka et al. [70]. The LJ parameters of the rest of the interactions
have been obtained by means of the above-mentioned Good–Hope–
Berthelot combining rule. To include quantum effects in the interaction
potential, the Feynman–Hibbs correction has been used [71]. All the
present GCMC simulations have been performed using this quantum
correction. The cutoff radius for the LJ interaction potential was set at
20 Å for interactions involving H2 and 7.5 Å for CH4. These specific
values were determined through multiple tests as referenced in previ-
ous studies [72,73]. Furthermore, a similar value of 9 Å for methane
was reported by Docherty et al. [74].

During a GCMC simulation, the simulation cell was replicated in
a spatial direction a number of times equal to ceiling(𝑟𝑐∕𝑚), where 𝑟𝑐
is the cutoff radius and 𝑚 is the length of the simulation cell in that
direction. This means that the simulation is replicated at least one time
in any direction, to avoid boundary effects in the limits of the cell. If
the cutoff radius is larger than the length of a simulation cell along a
spatial direction, then the simulation cell was replicated two or more

times in that direction.



International Journal of Hydrogen Energy 54 (2024) 665–677A. Granja-DelRío and I. Cabria

a

e
T
p
t

v
p
w
i
m
t
a
s
c
o

a
c
p
s
b

2

a
a
g
T
a
𝑖
d

t

t

o
p
M
n
p
s
w
t
s

r
o
s
s
l
w
l
c
c

t
i
a
a
c
a
p

2

c
v
(

𝑣

Table 3
𝑃𝑚𝑐𝑚𝑔𝑠, 𝑃𝑧𝑒𝑜++, and the difference 𝛥𝑃 between them of the DUTs, the selected Cu-based
nd the classical MOFs.
MOF 𝑃𝑚𝑐𝑚𝑔𝑠 𝑃𝑧𝑒𝑜++ 𝛥𝑃 MOF 𝑃𝑚𝑐𝑚𝑔𝑠 𝑃𝑧𝑒𝑜++ 𝛥𝑃

BINROH 0.430 0.506 −0.076 IRMOF-4 0.102 0.146 −0.044
BIPSUQ 0.519 0.590 −0.071 IRMOF-5 0.030 0.016 0.014
DUT-63 0.772 0.820 −0.048 IRMOF-6 0.303 0.399 −0.096
DUT-64 0.715 0.778 −0.063 IRMOF-7 0.115 0.113 0.002
DUT-77 0.664 0.732 −0.068 IRMOF-8 0.559 0.611 −0.052
DUT-78 0.641 0.700 −0.059 IRMOF-9 0.334 0.399 −0.065
DUT-79 0.581 0.656 −0.075 IRMOF-11 0.585 0.628 −0.043
ENIHUG01 0.372 0.454 −0.082 IRMOF-12 0.585 0.653 −0.068
NIGDIS 0.354 0.439 −0.085 IRMOF-14 0.582 0.663 −0.081
OGEBAF01 0.463 0.523 −0.060 IRMOF-15 0.861 0.756 0.105
OGEBAF 0.464 0.523 −0.059 IRMOF-16 0.628 0.679 −0.051
PODKOK 0.450 0.531 −0.081 IRMOF-18 0.274 0.377 −0.103
YOPSUS 0.143 0.172 −0.029 IRMOF-20 0.535 0.598 −0.063
ZILFOR 0.331 0.416 −0.085 MOF-177 0.562 0.640 −0.078
IRMOF-1 0.431 0.534 −0.103 NU-111 0.528 0.598 −0.070
IRMOF-2 0.213 0.253 −0.040 NU-125 0.393 0.479 −0.086
IRMOF-3 0.364 0.447 −0.083 ZIF-8 0.206 0.252 −0.046

2.2. Calculation of the porosity

The porosity is defined as the ratio of the available volume and the
volume of the simulation cell of a MOF. It is a dimensionless magnitude.
The available volume for a gas molecule is the difference between the
volume of the simulation cell, 𝑉 , and the volume occupied by the atoms
of the MOF, 𝑉𝑜𝑐𝑐 .

The volume 𝑉𝑜𝑐𝑐 is calculated creating a grid of 𝑛 points in the
simulation cell. 𝑛𝑖 is the number of grid points inside the sphere of
an atom of the simulation cell. Then, the volume 𝑉𝑜𝑐𝑐 is determined
by 𝑉 𝑛𝑖∕𝑛. The radius 𝑟 of an atom is equal to 𝜎(𝑎𝑡𝑜𝑚,𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒) and the
volume of the sphere of an atom is 4𝜋𝑟3∕3. The LJ interaction potential
nergy is zero at an atom–molecule distance equal to 𝜎(𝑎𝑡𝑜𝑚,𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒).
he available volume, the volume occupied by the atoms and the
orosity depend on the type of gas molecule, due to this definition of
he radius of an atom interacting with a molecule.

The Zeo++ code [81] has been used to calculate the accessible
olume. Zeo++ calculates the Voronoi network using Voronoi decom-
osition. The obtained Voronoi network represents the empty spaces
ithin the structure. Analyzing this network provides valuable insights

nto key features, including details about the largest opening in the
aterial, the maximum size of a spherical probe capable of moving

hrough the structure unobstructed, the topology of channel systems,
nd other relevant parameters. The code provides access to various
tructural features, specifically, it allows the determination of the ac-
essible volume which is defined as the volume available to the center
f a spherical probe [82].

The calculation of the porosity using the Zeo++ has been performed
s the fraction accessible volume/simulation cell volume, to ensure
onsistency with the concept of porosity as defined in this work. Table 3
resents the calculated porosity for each MOF using the algorithm de-
cribed above, 𝑃𝑚𝑐𝑚𝑔𝑠, using the Zeo++ code, 𝑃𝑧𝑒𝑜++, and the difference
etween these two porosities, 𝛥𝑃 . The difference is very small.

.3. Calculation of the pore radius

The MOFs were analyzed using an algorithm to find the pores with
radius equal to or greater than 3 Å. Pores with a smaller radius cannot
ccommodate hydrogen or methane molecules. The algorithm starts by
enerating a three-dimensional grid of points within the simulation cell.
he distance between the grid points is 1.0 Å. In the next step the
lgorithm calculates, for each grid point 𝑖, the distance 𝑑𝑖𝑗 from point
to each atom 𝑗 in the cell. The minimum distance of the 𝑑𝑖𝑗 set of
istances, 𝑑𝑚𝑖𝑛(𝑖), is calculated for each grid point 𝑖 of the grid.

The algorithm calculates in the third step the pore radius as follows:
667

he radius of the initial or first pore is the largest value of the set
Table 4
Largest pore radius 𝑅𝑙 , largest included sphere radius 𝑅𝑖, and the difference 𝛥𝑅 between
hem (in Å) of the DUTs, the selected Cu-based and the classical MOFs.
MOF 𝑅𝑙 𝑅𝑖 𝛥𝑅 MOF 𝑅𝑙 𝑅𝑖 𝛥𝑅

DUT-63 17.88 16.36 1.52 IRMOF-4 7.00 5.36 1.64
DUT-64 14.32 13.13 1.19 IRMOF-5 3.95 2.72 1.23
DUT-77 13.68 12.59 1.09 IRMOF-6 8.89 7.52 1.37
DUT-78 13.10 12.43 0.67 IRMOF-7 5.33 4.05 1.28
DUT-79 12.65 12.65 0.00 IRMOF-8 10.38 8.96 1.42
BINROH 10.58 10.66 −0.08 IRMOF-9 6.85 5.56 1.29
BIPSUQ 10.28 9.31 0.97 IRMOF-11 11.20 9.82 1.38
ENIHUG01 8.27 6.89 1.38 IRMOF-12 11.58 10.16 1.42
NIGDIS 8.13 6.97 1.16 IRMOF-14 11.90 10.47 1.43
OGEBAF01 7.87 6.62 1.25 IRMOF-15 12.99 11.86 1.13
OGEBAF 7.82 6.72 1.10 IRMOF-16 11.61 10.07 1.54
PODKOK 10.00 9.24 0.76 IRMOF-18 8.40 7.12 1.28
YOPSUS 5.04 3.64 1.40 IRMOF-20 10.12 8.64 1.48
ZILFOR 5.65 4.65 1.00 MOF-177 9.99 8.49 1.50
IRMOF-1 9.12 7.53 1.59 NU-111 12.12 10.91 1.21
IRMOF-2 8.17 6.41 1.76 NU-125 11.27 9.69 1.58
IRMOF-3 9.02 7.49 1.54 ZIF-8 7.39 6.62 0.77

of 𝑑𝑚𝑖𝑛(𝑖) values, with the corresponding grid point 𝑖 as the center
f the pore. The set of 𝑑𝑚𝑖𝑛(𝑖) values is then recalculated. The grid
oints contained within the first pore are treated as ‘atoms’ within the
OF structure. The second and third steps are repeated to obtain a

ew set of 𝑑𝑚𝑖𝑛(𝑖) values and to find a second, a third pore, etc. This
rocess continues until the largest value among all 𝑑𝑚𝑖𝑛(𝑖) values is
maller than 3 Å. Hence, the algorithm finds a set of pore radii, along
ith the average pore radius. The initial pore radius obtained using

his algorithm corresponds to the largest pore radius of the MOF. The
pherical pores obtained using this algorithm do not overlap.

The Zeo++ code [81] has been also used to calculate the pore
adii. As previously mentioned, different structural descriptors can be
btained from the code, specifically, the radii of the largest included
phere and the largest free sphere, which are simple parameters de-
cribing the geometry of the channel system in porous materials. The
argest included sphere indicates the position of the most sizeable cavity
ithin a porous material and measures its dimensions. Conversely, the

argest free sphere corresponds to the most substantial spherical probe
apable of diffusing through a structure and measures the smallest
onstraining opening along a diffusion path [83].

Table 4 shows the largest pore radius 𝑅𝑙 of each MOF calculated in
his work using the algorithm explained above, the radius of the largest
ncluded sphere 𝑅𝑖 of each MOF determined using the Zeo++ code
nd the difference between these two radii. The greatest discrepancy is
bout 1.76 Å for IRMOF-2. Therefore, the pore size obtained from both
odes is quite similar. The observed difference is not very significant
nd is likely due to the definition of the atomic radii and the interaction
arameters of the LJ potential.

.4. Definitions of the storage capacities

Total (hydrogen and methane) gravimetric and volumetric storage
apacities [2,4,38] have been measured in the GCMC simulations. The
olumetric storage capacity, 𝑣𝑐 , at 𝑃 and 𝑇 , also called density of stored
hydrogen or methane), is defined by

𝑐 (𝑃 , 𝑇 ) =
𝑀𝑔(𝑃 , 𝑇 )

𝑉
, (2)

where 𝑉 is the volume of the simulation cell and 𝑀𝑔(𝑃 , 𝑇 ) is the mass
of gas (hydrogen or methane) stored in the simulation cell at 𝑃 and 𝑇 .
In this paper, 𝑣𝑐 is calculated in kg of gas (hydrogen or methane) per
liter. The total (hydrogen or methane) gravimetric storage capacity, 𝑔𝑐 ,
at 𝑃 and 𝑇 is defined by

𝑔𝑐 (𝑃 , 𝑇 ) =
100𝑀𝑔(𝑃 , 𝑇 ) , (3)
𝑀𝑔(𝑃 , 𝑇 ) +𝑀𝑎𝑑𝑠
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Fig. 1. Simulation cells of DUT-63 and 64 (left and right panels, respectively). Oxygen, carbon, hydrogen and copper atoms are represented by blue, gray, yellow and red balls,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
where 𝑀𝑎𝑑𝑠 is the mass of the adsorbent solid porous material of the
simulation cell. Thus, the units of the total gravimetric capacity are
calculated in wt. % units.

The usable mass of gas (hydrogen or methane) stored at 𝑃 and 𝑇 ,
𝑀𝑢𝑔(𝑃 , 𝑇 ), is the difference between the total mass of gas stored at 𝑃
and 𝑇 and the total mass of gas stored at the depletion, also called
minimum pressure, back pressure or backpressure, 𝑃𝑑𝑒𝑝, and at the
same temperature 𝑇 [2,7,8,38]

𝑀𝑢𝑔(𝑃 , 𝑇 ) = 𝑀𝑔(𝑃 , 𝑇 ) −𝑀𝑔(𝑃𝑑𝑒𝑝, 𝑇 ) . (4)

The usable (hydrogen or methane) volumetric and gravimetric ca-
pacities at 𝑃 and 𝑇 are given by Eqs. (2) and (3) inserting the usable
mass of gas stored at 𝑃 and 𝑇 , Eq. (4), instead of 𝑀𝑔(𝑃 , 𝑇 ):

𝑣𝑐 (𝑃 , 𝑇 ) =
𝑀𝑢𝑔(𝑃 , 𝑇 )

𝑉
, (5)

𝑔𝑐 (𝑃 , 𝑇 ) =
100𝑀𝑢𝑔(𝑃 , 𝑇 )

𝑀𝑢𝑔(𝑃 , 𝑇 ) +𝑀𝑎𝑑𝑠
. (6)

Fuel cells can operate with a depletion pressure ranging from 0.1
to 0.5 MPa [84]. Throughout this paper, the depletion pressure, 𝑃𝑑𝑒𝑝,
is 0.5 MPa and only the usable storage capacities will be used and
analyzed, unless otherwise indicated.

2.5. Simulation cells

The simulation cells of the 23 classical MOFs, the Cu-based MOFs
and the DUTs have been obtained from their files in the Crystallo-
graphic Information File (CIF) format on the Crystallographic Database
Centre (CCDC) database [85]. The simulation cells of two DUT MOFs
have been plotted in Fig. 1. The set of 23 classical MOFs is composed
by IRMOF-1 to IRMOF-20 (except 10, 13, 17 and 19), HKUST-1, MOF-
177, NU-111, NU-125 and ZIF-8 (IRMOF: Isoreticular Metal-Organic
Frameworks).

The MOF CCDC subset contains about 600 Cu-based MOFs. The
C/Cu ratio of those Cu-based MOFs and of the five DUT MOFs [62] were
calculated. The Cu-based MOFs with the same ratios as the DUT MOFs
(26, 32, 11.67 and 13.67) were selected (See Table 6). The porosity
and the density of the Cu-based MOFs with the indicated ratios were
also calculated. Among all of them, the ones with porosity above 10%
and density below 1.1 kg/L were chosen to make GCMC simulations
and to compare their storage capacities with those of the five DUT
MOFs. In general, MOFs with these values for the porosity and the
density have high storage capacities. These selections generated a set
of nine Cu-based MOFs. The CCDC database identifiers of the nine
selected Cu-based MOFs are: BINROH with ratio 26, BIPSUQ, OGEBAF
and OGEBAF01 with ratio 11.67, ENIHUG01, NIGDIS, PODKOK and
ZILFOR with ratio 13.67 and YOPSUS with ratio 32.
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Table 5
Total hydrogen and methane storage capacities of some classical MOFs at different
temperatures and pressures. Results include RASPA simulations and experimental values
from other groups. Mcmgs values are obtained from simulations calculated in this work.
Pressure P is in MPa, temperature T in K, gravimetric capacity 𝑔𝑐 in wt. % and 𝑣𝑐 in
kg/L. Type means the type of capacity.

MOF Gas P T Technique 𝑔𝑐 𝑣𝑐 Type Source

IRMOF-1 H2 10 298 RASPA 1.35 0.0094 Total [86]
IRMOF-1 H2 10 298 mcmgs 1.14 0.0069 Total
IRMOF-1 H2 6 300 exps. 0.30 Excess [87]
IRMOF-1 H2 6 300 mcmgs 0.37 Excess

IRMOF-1 CH4 3.6 300 exps. 13.5 0.0787 Total [87]
IRMOF-1 CH4 3.6 300 mcmgs 12.3 0.0837 Total
IRMOF-1 CH4 4.5 298 RASPA 12.3 Total [88]
IRMOF-1 CH4 4.5 298 mcmgs 14.7 Total
MOF-177 CH4 10 298 exps. 22.0 Total [89]
MOF-177 CH4 10 298 mcmgs 26.6 Total
HKUST-1 CH4 6.5 298 exps. 17.8 0.1910 Total [90]
HKUST-1 CH4 6.5 298 mcmgs 15.4 0.1724 Total
HKUST-1 CH4 6.5 298 exps. 15.1 0.1574 Excess [90]
HKUST-1 CH4 6.5 298 mcmgs 14.8 Excess
NU-125 CH4 6.5 298 exps. 22.3 0.1659 Total [90]
NU-125 CH4 6.5 298 mcmgs 20.5 0.1570 Total
NU-125 CH4 6.5 298 exps. 18.2 0.1295 Excess [90]
NU-125 CH4 6.5 298 mcmgs 19.0 Excess
Al-nia-MOF-1 CH4 8 258 exps. 28.6 0.1880 Total [91]
Al-nia-MOF-1 CH4 8 258 mcmgs 29.1 0.2010 Total [92]
Al-nia-MOF-1 CH4 8 273 exps. 24.5 0.1660 Total [91]
Al-nia-MOF-1 CH4 8 273 mcmgs 27.6 0.1870 Total [92]
Al-nia-MOF-1 CH4 8 298 exps. 23.1 0.1420 Total [91]
Al-nia-MOF-1 CH4 8 298 mcmgs 24.8 0.1610 Total [92]
Al-nia-MOF-1 CH4 8 298 exps. 21.3 0.1230 Usable [91]
Al-nia-MOF-1 CH4 8 298 mcmgs 22.1 0.1390 Usable [92]

2.6. Comparison of hydrogen and methane storage capacities with other
simulation and experimental results

Total hydrogen and methane storage capacities of a compilation
of classical MOFs are presented in Table 5. To assess these values, a
comparison was made between simulations and experimental data from
another research groups at similar ambient temperatures.

Concerning hydrogen, the total gravimetric and volumetric capac-
ities calculated by the RASPA and mcmgs codes exhibit minimal dif-
ferences. Specifically, mcmgs capacities are only around 20% and 36%
smaller than the values obtained from the RASPA code for gravimetric
and volumetric capacities, respectively. In the methane case, results
comparing RASPA and mcmgs are quite similar as well as results com-
paring experiments and mcmgs values. For pressures below 10 MPa,
experimental gravimetric capacities are only marginally higher than
those derived from mcmgs simulations, by about 10%–15%. Similar
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Fig. 2. Hydrogen gravimetric and volumetric usable capacity at 298.15 K and 25 MPa vs density and porosity.
Table 6
Hydrogen volumetric (in kg/L) and gravimetric (in wt. %) usable capacities at 298.15
K and 25 MPa obtained in the present GCMC simulations, C/Cu ratio, density (in kg/L),
porosity and largest 𝑅𝑙 and average 𝑅𝑎𝑣 pore radius (Å) of the DUT and the selected
Cu-based MOFs.

MOF Ratio C/Cu v𝑐 g𝑐 Density Porosity 𝑅𝑙 𝑅𝑎𝑣

DUT-63 26 0.0164 8.81 0.170 0.772 17.88 15.90
DUT-64 26 0.0164 7.12 0.214 0.715 14.32 14.14
DUT-77 32 0.0162 6.02 0.252 0.664 13.68 13.46
DUT-78 11.67 0.0172 4.81 0.341 0.641 13.10 12.30
DUT-79 13.67 0.0165 4.18 0.377 0.581 12.65 4.39
BINROH 26 0.0147 2.74 0.521 0.430 10.58 4.00
YOPSUS 32 0.0085 0.83 1.010 0.143 5.04 3.86
BIPSUQ 11.43 0.0161 3.39 0.460 0.519 10.28 8.97
PODKOK 13.71 0.0160 2.95 0.527 0.450 10.00 5.80
ZILFOR 13.5 0.0150 2.24 0.656 0.331 5.65 4.92
NIGDIS 13.042 0.0155 2.31 0.658 0.354 8.13 5.60
ENIHUG01 13.500 0.0154 2.43 0.616 0.372 8.27 8.16
OGEBAF01 11.333 0.0154 2.79 0.535 0.463 7.87 6.86
OGEBAF 11.333 0.0154 2.79 0.536 0.464 7.82 6.65

differences are observed in the comparison between RASPA and mcmgs
results for the total gravimetric capacity. The disparities between the
total volumetric capacities obtained in the experiments and in the
simulations with the mcmgs code are relatively small, around 10%.

3. Results

3.1. Hydrogen storage capacities

3.1.1. Hydrogen storage capacities as a function of porosity, density and
pore size of DUT MOFs

The usable capacities of the five DUTs, the nine selected Cu-based
and the 23 classical MOFs obtained in the GCMC simulations at 298.15
K and 25 MPa are plotted in Figs. 2 and 3 as functions of the density,
porosity and pore size (largest and average pore size). Values for all
these magnitudes can be found in Tables 6 and 7.
669
The capacities are inversely proportional to the density and directly
proportional to the porosity. However, there are some MOFs which do
not follow these tendencies. Furthermore, it is worth noting that in
Fig. 2, the gravimetric and volumetric capacities of DUT MOFs lie along
the general curve made by the gravimetric and volumetric capacities
of classical and selected Cu-based MOFs as a function of the density.
Hence, it could be possible to predict the usable gravimetric capacity
of a DUT, using its density. On the other hand, DUT MOFs showed
higher gravimetric capacity than classical MOFs for similar porosities.
In addition, DUT MOFs presented slightly higher volumetric capacities
than classical MOFs.

The dependence of the usable hydrogen storage capacities on the
largest and average pore radius is plotted in Fig. 3. The usable gravi-
metric capacity increases linearly as the largest and average pore radius
increases. As the pore radius increases, the density, in general, de-
creases and this, in turn, implies that the gravimetric capacity increases.
This trend is, however, approximate and not accurate.

As regards the usable hydrogen volumetric capacity, the initial
increase of the pore radius increases or favors the volumetric capacity,
but then, there is some saturation effect and the volumetric capac-
ity converges rapidly towards a constant value, as the pore radius
increases. The usable volumetric capacity can be approximated by a
function of the type 𝑎 − 𝑏∕𝑅, where 𝑅 is the largest pore radius 𝑅𝑙 or
the average pore radius 𝑅𝑎𝑣.

Classical MOFs with the highest and the lowest gravimetric and vol-
umetric capacities at 25 MPa were chosen to compare with each DUT
MOF in Tables 6 and 7. The five DUTs have four different C/Cu ratios.
For each C/Cu ratio, the Cu-based MOF with the highest gravimetric
and volumetric capacity at 25 MPa and room temperature was chosen
from the group of nine selected Cu-based, to take part in the compar-
ison in Tables 6 and 7. These are BINROH, which was reported as a
gas storage and separation MOF [93], YOPSUS [94], BIPSUQ [95] and
PODKOK [96]. The usable hydrogen storage capacities, C/Cu ratios,
densities, porosities and pore sizes are compared in that table.
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Fig. 3. Usable hydrogen gravimetric and volumetric usable capacity at 298.15 K and 25 MPa vs largest and average pore radius.
The DUTs, the best selected Cu-based MOFs and the classical MOFs,
ave similar usable volumetric capacities (0.015–0.017 kg/L), except
OPSUS. IRMOF-20 have the highest usable volumetric capacities,
.0187 kg/L. If DUTs and best Cu-based MOFs with the same ratio
re compared, then it can be noticed that the DUTs have higher
sable gravimetric capacities. The DUTs have higher usable gravimetric
apacities than the classical MOFs, except DUT-79.

Usable hydrogen storage capacities of DUT MOFs are between 4 and
wt. % for the gravimetric capacity and around 0.016–0.017 kg/L for

he volumetric capacity, both at 298.15 K and 25 MPa (See Tables 6
nd 7). DUT-63 MOF has the largest usable gravimetric capacity, but
imilar volumetric capacity as the other DUT MOFs.

.1.2. Hydrogen storage capacities as a function of pressure
The usable storage capacities at 298.15 K of DUT MOFs are plotted

n Fig. 4 as a function of the pressure between 0.5 and 35 MPa. DUT-
3, 64, 77, 78 and 79 achieve the usable gravimetric DOE target (5.5%
t. [7]) at 298.15 K and 15, 20, 25, 30 and 35 MPa, respectively.
egarding the volumetric capacities (See Fig. 4), the usable volumetric
apacities of the five DUT MOFs follow the same trend and have very
imilar values at 298.15 K and between 0.5 and 35 MPa. The highest
alue for each one is reached at 35 MPa and is about 0.022 kg/L. This
alue is about one half of the DOE volumetric target, 0.04 kg/L [7,8].

Figs. 5 and 6 provide a comparison of the gravimetric and volu-
etric usable capacities of DUTs and selected Cu-based MOFs with the

ame C/Cu ratio, and the classical MOFs with the lowest and highest
torage capacities, IRMOF-5, 15 and 20, as the pressure varies. Each
anel in those figures contains DUTs and one selected Cu-based MOF
ith the highest storage capacities and the same C/Cu ratio: 32, 26,
3.67 and 11.67 (See Tables 6 and 7).

It can be noticed in those Figures that, in general, DUTs and
u-based MOFs with the same C/Cu ratio have similar volumetric
sable capacities. DUTs have larger gravimetric usable capacities than
670

he best Cu-based MOFs with the same C/Cu ratio. Compared with
Table 7
Hydrogen volumetric (in kg/L) and gravimetric (in wt. %) usable capacities at 298.15
K and 25 MPa obtained in the present GCMC simulations, density (in kg/L), porosity
and largest 𝑅𝑙 and average 𝑅𝑎𝑣 pore radius (Å) of the classical MOFs.

MOF v𝑐 g𝑐 Density Porosity 𝑅𝑙 𝑅𝑎𝑣

IRMOF-5 0.0038 0.14 2.731 0.030 3.95 3.42
IRMOF-15 0.0162 4.38 0.354 0.861 12.99 4.76
IRMOF-20 0.0187 2.78 0.655 0.535 10.12 9.95
IRMOF-1 0.0144 2.35 0.598 0.431 9.12 8.24
IRMOF-2 0.0147 0.67 2.191 0.213 8.17 7.73
IRMOF-3 0.0133 1.79 0.731 0.364 9.02 8.76
IRMOF-4 0.0109 0.49 2.189 0.102 7.00 6.04
IRMOF-6 0.0122 1.66 0.724 0.303 8.89 6.12
IRMOF-7 0.0088 0.53 1.665 0.115 5.33 3.82
IRMOF-8 0.0175 2.92 0.582 0.559 10.38 10.20
IRMOF-9 0.0125 1.59 0.771 0.334 6.85 4.16
IRMOF-11 0.0156 3.08 0.491 0.585 11.20 10.50
IRMOF-12 0.0162 3.71 0.420 0.585 11.58 11.31
IRMOF-14 0.0156 3.98 0.376 0.582 11.90 11.57
IRMOF-16 0.0147 3.25 0.437 0.628 11.61 11.61
IRMOF-18 0.0128 1.63 0.770 0.274 8.40 8.28
HKUST-1 0.0157 1.63 0.949 0.229 7.14 6.94
MOF-177 0.0158 3.32 0.462 0.562 9.99 8.47
NU-111 0.0159 3.56 0.430 0.528 12.12 5.99
NU-125 0.0159 2.55 0.607 0.393 11.27 10.76
ZIF-8 0.0099 0.95 1.029 0.206 7.39 4.20

classical MOFs, DUTs and the classical MOFs have similar volumetric
usable capacities. As regards gravimetric capacities, DUTs have larger
gravimetric usable capacities than the classical MOFs, except DUT-79.

3.2. Methane storage capacities

3.2.1. Methane storage capacities as a function of porosity, density and pore
size of DUT MOFs

The usable methane storage capacities of the same MOFs have been
also explored. The dependence of the usable methane storage capacities
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Fig. 4. Hydrogen volumetric and gravimetric usable capacities vs pressure at room temperature of some selected MOFs and the five DUT MOFs.
Fig. 5. Hydrogen gravimetric and volumetric usable capacities of DUT-63, 64 and 77, some classical MOFs and the selected Cu-based MOFs with the same C/Cu ratio as DUT-63,
64 and 77, as a function of the pressure, at 298.15 K.
at 298.15 K and 25 MPa on the density, porosity and pore size of the
MOFs is plotted in Figs. 7 and 8.

According to Fig. 7, the correlations between the usable methane
capacities and the porosity and the density are similar to the ones
obtained for hydrogen. Thus, it is important to note that in Fig. 7,
the methane usable gravimetric capacities of DUT MOFs are positioned
along the general trend line formed by the gravimetric capacities of
classical and selected Cu-based MOFs as a function of the density. This
suggests that the gravimetric capacities of DUT MOFs can be predicted
based on their densities. As regards porosity, the usable methane stor-
age capacities of DUTs, Cu-based MOFs and classical MOFs increase, in
general, as the porosity increases. DUTs demonstrate higher gravimetric
capacities and slightly lower volumetric capacities compared to MOFs
with similar porosities.

Fig. 8 contains the dependence of the usable methane storage
capacities on the largest and average pore radius. The methane stor-
age capacities have the same dependence on those two radii as the
671
hydrogen storage capacities. The usable gravimetric capacity is approx-
imately linear with the largest and average pore radius. Similar to the
hydrogen case, as the pore radius increases, the density decreases and
this causes an increase of the gravimetric capacity. The usable volu-
metric capacity increases rapidly and reaches a constant or asymptotic
value, as the largest and average pore radius increases. The usable
methane volumetric capacity can also be approximated by the function
𝑎−𝑏∕𝑅, where 𝑅 is the largest pore radius 𝑅𝑙 or the average pore radius
𝑅𝑎𝑣.

The classical MOFs with the highest and lowest usable methane
storage capacities and the selected Cu-based with the highest capacities
and same C/Cu ratio as the DUTs at 25 MPa and room temperature,
were chosen for comparison with the DUT MOFs and presented in
Tables 8 and 9, similar to the hydrogen case. The methane storage
capacities, C/Cu ratios, densities, porosities and pore size of the MOFs
obtained in the GCMC simulations at 298.15 K and 25 MPa are pre-
sented in Tables 8 and 9. The usable methane gravimetric capacities of
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Fig. 6. Hydrogen gravimetric and volumetric usable capacities of DUT-78 and 79, some classical MOFs and the selected Cu-based MOFs with the same C/Cu ratio as DUT-78 and
79, as a function of the pressure, at 298.15 K.

Fig. 7. Methane gravimetric and volumetric usable capacity of DUTs, selected Cu-based MOFs and classical MOFs at 298.15 K and 25 MPa vs density and porosity.



International Journal of Hydrogen Energy 54 (2024) 665–677A. Granja-DelRío and I. Cabria

C

Fig. 8. Usable methane gravimetric and volumetric usable capacity at 298.15 K and 25 MPa vs largest and average pore radius.
Table 8
Methane volumetric (in kg/L) and gravimetric (in wt. %) usable capacities at 298.15 K
and 25 MPa obtained in the present GCMC simulations, C/Cu ratio, density (in kg/L),
porosity and largest 𝑅𝑙 and average 𝑅𝑎𝑣 pore radius (in Å) of the DUT and the selected

u-based MOFs.
MOF Ratio C/Cu v𝑐 g𝑐 Density Porosity 𝑅𝑙 𝑅𝑎𝑣

DUT-63 26 0.190 52.8 0.170 0.733 17.88 15.90
DUT-64 26 0.211 49.6 0.214 0.666 14.32 14.14
DUT-77 32 0.209 45.3 0.252 0.609 13.68 13.46
DUT-78 11.67 0.195 36.4 0.341 0.584 13.10 12.30
DUT-79 13.67 0.190 33.5 0.377 0.516 12.65 4.39
BINROH 26 0.163 23.8 0.521 0.360 10.58 4.00
YOPSUS 32 0.061 5.7 1.010 0.101 5.04 3.86
BIPSUQ 11.43 0.189 29.2 0.460 0.448 10.28 8.97
PODKOK 13.71 0.182 25.6 0.527 0.368 10.00 5.80
ZILFOR 13.5 0.173 20.9 0.656 0.248 5.65 4.92
NIGDIS 13.042 0.166 20.1 0.658 0.276 8.13 5.60
ENIHUG01 13.500 0.178 22.4 0.616 0.293 8.27 8.16
OGEBAF01 11.333 0.181 25.3 0.535 0.388 7.87 6.86
OGEBAF 11.333 0.181 25.2 0.536 0.389 7.82 6.65

DUT MOFs fall within the range of 34–54 wt. %, while the volumetric
capacities range from 0.19 to 0.22 kg/L. Among the DUT MOFs, DUT-
63 exhibits the highest gravimetric capacity, while having similar
volumetric capacity compared to the other DUT MOFs.

A comparison of the usable methane storage capacities at 298.15
and 25 MPa, regardless of the densities and porosities, reveals that
the usable methane volumetric capacities of DUTs are high, larger
than those of selected Cu-based MOFs and smaller than the highest
volumetric capacity of classical MOFs, which corresponds to IRMOF-
20 (See Tables 8 and 9). The usable methane gravimetric capacities
of DUTs are larger than the gravimetric capacities of Cu-based MOFs.
DUT-63, 64 and 77 have usable methane gravimetric capacities larger
673

than the highest gravimetric capacity of the classical MOFs.
Table 9
Methane volumetric (in kg/L) and gravimetric (in wt. %) usable capacities at 298.15 K
and 25 MPa obtained in the present GCMC simulations, C/Cu ratio, density (in kg/L),
porosity and largest 𝑅𝑙 and average 𝑅𝑎𝑣 pore radius (in Å) of the classical MOFs.

MOF v𝑐 g𝑐 Density Porosity 𝑅𝑙 𝑅𝑎𝑣

IRMOF-5 0.013 0.5 2.731 0.015 3.95 3.42
IRMOF-15 0.209 37.1 0.354 0.841 12.99 4.76
IRMOF-20 0.230 26.0 0.655 0.456 10.12 9.95
IRMOF-1 0.194 24.5 0.598 0.349 9.12 8.24
IRMOF-2 0.116 5.01 2.191 0.154 8.17 7.73
IRMOF-3 0.162 18.2 0.731 0.291 9.02 8.76
IRMOF-4 0.040 1.81 2.189 0.070 7.00 6.04
IRMOF-6 0.148 17.0 0.724 0.240 8.89 6.12
IRMOF-7 0.056 3.24 1.665 0.075 5.33 3.82
IRMOF-8 0.223 27.7 0.582 0.491 10.38 10.20
IRMOF-9 0.157 16.90 0.771 0.263 6.85 4.16
IRMOF-11 0.202 29.1 0.491 0.526 11.20 10.50
IRMOF-12 0.213 33.6 0.420 0.516 11.58 11.31
IRMOF-14 0.206 35.4 0.376 0.514 11.90 11.57
IRMOF-16 0.216 33.1 0.437 0.582 11.61 11.61
IRMOF-18 0.151 16.4 0.770 0.217 8.40 8.28
HKUST-1 0.121 11.3 0.949 0.152 7.14 6.94
MOF-177 0.210 31.2 0.462 0.494 9.99 8.47
NU-111 0.185 30.1 0.430 0.456 12.12 5.99
NU-125 0.175 22.4 0.607 0.312 11.27 10.76
ZIF-8 0.110 9.62 1.029 0.154 7.39 4.20

3.2.2. Methane storage capacities as a function of pressure
GCMC simulations were conducted to determine the usable methane

storage capacities of DUT MOFs, selected Cu-based MOFs and classical
MOFs at 298.15 K and across a range of pressures from 0.5 to 35
MPa. The results of these simulations are depicted in Figs. 9–11. It
is important to notice in Fig. 9 that DUT-63 and DUT-64 achieve the
desired usable methane gravimetric DOE target, 33.3 wt. %, [10–12] at
298.15 K and 8 MPa. Additionally, DUT-77, DUT-78 and DUT-79 meet
this target at 9, 16, and 25 MPa, respectively.
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Fig. 9. Methane usable volumetric and gravimetric capacities vs pressure of the five DUT MOFs at room temperature.
Fig. 10. Methane gravimetric and volumetric usable capacities of DUT-63, 64 and 77, some classical MOFs and the selected Cu-based MOFs with the same C/Cu ratio as DUT-63,
64 and 77, as a function of the pressure, at 298.15 K.
In terms of volumetric capacities, the five DUT MOFs exhibit a
consistent trend with similar values (See Fig. 9). At 298.15 K and pres-
sures ranging from 0.5 to 35 MPa, DUT-64 and DUT-77 demonstrate
the highest volumetric capacities, reaching around 0.23 kg/L at 35
MPa, which is very close to the DOE target of 0.25 kg/L [10–12]. The
volumetric capacities of DUT-63, DUT-78, and DUT-79 at 35 MPa and
room temperature are slightly lower than those of DUT-64 and DUT-77,
with values ranging from approximately 0.21 to 0.22 kg/L, also very
close to the DOE target.

Figs. 10 and 11 show a comparison of the gravimetric and volumet-
ric usable capacities of DUTs and Cu-based MOFs with the same C/Cu
ratio and the storage capacities of the classical MOFs with the lowest
and highest capacities, as the pressure varies between 0.5 and 35 MPa.
Only the selected Cu-based MOF with the highest storage capacities and
same ratio is compared in those Figures.

The gravimetric and volumetric storage capacities of DUTs are
674

larger, in general, than those of Cu-based MOFs with the same C/Cu
ratio. The volumetric capacities of DUT-78 and 79 are slightly smaller
than those of the Cu-based MOFs with their same C/Cu ratio. The
comparison with the storage capacities of classical MOFs indicate that
the gravimetric capacities of DUT-63, 64 and 77 are larger than the
gravimetric capacity of the best classical MOF, while the gravimetric
capacities of DUT-78 and 79 are similar or smaller than the gravimetric
capacity of the best classical MOF. As regards volumetric capacities, the
DUTs have smaller volumetric capacities than the best classical MOF
(See Figs. 10 and 11).

4. Conclusions

The present GCMC results are predictions of the usable hydrogen
and methane storage capacities at pressures between 0.5 and 35 MPa
and room temperature of five DUT MOFs synthesized by a group of the
Dresden University of Technology [62]. According to the present GCMC

simulations, the five DUT MOFs show high hydrogen and methane
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Fig. 11. Methane gravimetric and volumetric usable capacities of DUT-78 and 79, some classical MOFs and the selected Cu-based MOFs with the same C/Cu ratio as DUT-78 and
9, as a function of the pressure, at 298.15 K.
torage capacities at room temperature and pressures of 25–35 MPa,
omparable or larger than those of the best classical MOFs and the best
u-based MOFs.

The dependence of the usable (hydrogen and methane) volumetric
nd gravimetric storage capacities of the MOFs studied (classical, Cu-
ased and the novel DUT MOFs) on the porosity, density and the pore
adius has been studied. The analysis reveals that the capacities are, in
eneral, inversely proportional to the density and proportional to the
orosity. The usable gravimetric capacity is, in general, proportional
o the pore radius. The usable volumetric capacity increases rapidly as
he pore radius increases and reaches an asymptotic value. The origin
f the high capacities of these novel MOFs are their high porosity, low
ensity and relatively wide pores. Their capacities could be improved
y doping these novel MOFs with some light elements.

The present GCMC results show that the DUTs have, in general,
ydrogen and methane usable gravimetric capacities larger than those
f the Cu-based MOFs and classical MOFs. The DUTs have usable
ydrogen and methane volumetric capacities that are, in general, com-
arable or larger than those of Cu-based MOFs and classical MOFs.
he best classical MOFs still have larger hydrogen and methane usable
olumetric capacities than the DUTs.

The usable hydrogen gravimetric and volumetric storage capacities
f the five DUT MOFs at 298.15 K and 25 MPa are in the range 4–9
t. % and 0.016–0.017 kg/L, respectively. It is important to note that
UT-63 and 64 reach the usable hydrogen gravimetric capacity DOE

arget, 5.5 wt. %, [7,8] at 17 MPa and room temperature. All the DUT
OFs reach the usable hydrogen gravimetric capacity DOE target at 35
Pa and room temperature.

The usable methane gravimetric and volumetric storage capacities
t room temperature and 25 MPa of the DUTs are in the interval
3–53 wt. % and 0.16–0.21 kg/L, respectively. All DUTs reach the
sable methane gravimetric capacity DOE target, 33.3 wt. %, [10–
2] at 25 MPa and room temperature. The usable methane volumetric
apacities of the five DUTs are about 0.21–0.23 kg/L at 35 MPa and
675
room temperature, close to the volumetric capacity DOE target, 0.25
kg/L [10–12]. Hence, according to the present GCMC simulations, these
DUTs could be used as adsorbent materials in the tanks of an ANG
vehicle, using a pressure of 35 MPa.
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