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Methane storage and onboard delivery using metal–organic frameworks (MOFs) have undergone signifi-

cant development and benchmark materials with promising performance have been realized. It is still

quite challenging to realize simultaneously high gravimetric and volumetric working capacities. This work

analyzed the state-of-the-art MOFs with a focus on the effect of pore volume and storage temperature/

pressure to achieve optimized performance. The optimal MOF pore volume range increases for storage at

a slightly reduced temperature (270 K) and elevated pressure (100 bar). A new benchmark of volumetric

working capacity (248 cm3 [STP] cm−3) and gravimetric working capacity (0.46 g g−1) was discovered with

a highly porous MOF, NPF-200, at 100–5 bar and 270 K.

Introduction

Along with the fast urbanization and industrialization of the
world, there is increasing environmental pressure regarding
climate change, especially global warming caused by the exces-
sive emission of carbon dioxide.1,2 The consumption of fossil
energy is a major contributor to CO2 emissions, while comple-
tely shifting to totally clean energy technologies such as hydro-
gen or photovoltaic cells is not feasible at this moment.
Methane with the highest hydrogen to carbon ratio emits the
lowest amount of CO2 among all fossil fuels; therefore, it is
considered as a cleaner transient energy source for the next
couple of decades.3 As a gaseous energy source of low energy
density, its application in transportation requires efficient
onboard storage technology. Currently, this has been realized
through liquefaction at 110 K or compression at ∼250 bar,
which requires expensive tanks or multistage compression.
Methane storage using porous sorbents is a promising techno-
logy to realize methane storage at a modest pressure (<100 bar)
and near ambient temperature.4,5

Metal–organic frameworks (MOFs)6 as an emerging type of
crystalline porous materials have shown great potential in a
variety of applications such as gas storage,7,8 separation,9–13

catalysis,14,15 sensing16–18 and so on. Ultrahigh porosity and
surface areas have been realized in MOFs, making them out-
standing candidates for gas storage applications. Further, their
well-defined structures have enabled a deeper understanding
of structure–property relationships through computational
approaches19–22 as well as empirical analysis of pore features23

to screen or predict high performance materials. Our previous
studies have established empirical equations based on the
pore volume of MOFs and pore occupancy (total adsorption
divided by saturated adsorption) to predict methane adsorp-
tion capacity at 35 bar and 65 bar with reasonable accuracy.7,24

Such empirical equations could provide a promising pore
volume range for MOF material screening. Finely tuning the
pore size, shape and surface functionalities could further
promote the adsorption capacity or working capacity.25–30

The practical application of methane sorbents demands
simultaneously high gravimetric and volumetric capacities.
The DOE (department of energy, US) suggests volumetric and
gravimetric storage capacities of 350 cm3 [STP] cm−3 and 0.5 g
[CH4] g

−1, respectively.31 Through the above-mentioned endea-
vours, many benchmark materials with high gravimetric
capacities have been discovered. However, it is particularly
challenging to promote the volumetric capacity and a high
volumetric capacity is usually realized with MOFs of moderate
porosity. For example, UTSA-76a32 with a pore volume (Vp) of
1.09 cm3 g−1 exhibits a record high volumetric working
capacity of 197 cm3 [STP] cm−3 in the range of 65–5 bar at
298 K. Although many MOFs with a higher surface area and
pore volume have been developed, their volumetric working
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capacity was lower due to the lower material density and
decreased pore occupancy. In other words, the pore space has
not been fully utilized for these highly porous MOFs, and the
optimal pore volume is ∼1.0 cm3 g−1. One strategy to promote
the pore occupancy is to decrease the storage temperature to
270 K. Under this condition, the optimal pore volume for a
high volumetric working capacity shifts towards a higher poro-
sity and a new capacity record can be realized. For example,
higher volumetric working capacities of 239 cm3 [STP] cm−3

and 230 cm3 [STP] cm−3 were realized with NU-111 (Vp =
2.09 cm3 g−1) and MOF-177 (Vp = 1.89 cm3 g−1), respectively,
with a slightly reduced temperature of 270 K.7 Besides, slightly
elevating the working pressure range to 100–5 bar could
further increase the working capacity, especially for MOFs of
high porosity.33

Herein, we analysed MOFs for methane storage at 100–5
bar and evaluated the effect of temperature on the total
adsorption capacity and working capacity. Based on the
relationship between adsorption capacity and pore volume, the
optimal pore volume should be higher at a higher pressure
and lower temperature. A new benchmark of volumetric
working capacity (248 cm3 [STP] cm−3) was discovered with a
highly porous MOF, NPF-200 (Vp = 2.17 cm3 g−1). This work is
expected to further promote the adsorption capacity of
methane through pore engineering of highly porous MOFs.

Experimental

The synthetic procedures, structural characterization and pore
volume determination of NPF-200 using single crystal X-ray
diffraction, PXRD, and N2 adsorption at 77 K have been
reported in our previous works.23,34 Specifically, 12 mg
(0.0133 mmol) of the tetracarboxylic ligand 4,4′,4″,4′′′-((metha-
netetrayltetrakis(benzene-4,1-diyl))tetrakis(ethyne-2,1-diyl))tet-
rabenzoic acid, 14 mg (0.06 mmol) of ZrCl4 and 250 mg
(2.05 mmol) of benzoic acid were mixed in 2.2 mL of DMF in a
4 mL glass vial and ultrasonically dissolved. The clear solution
was heated in an oven at 120 °C for 48 h. After cooling down to
room temperature, colourless truncated octahedral shaped
single crystals formed on the bottom and wall of the vial
(yield: ∼11 mg, 73%). High-pressure methane sorption
measurements were performed using computer-controlled
Sieverts apparatus, details of which can be found in a previous
publication.35 The gravimetric working capacity was calculated
as the difference in adsorption amount at 100 bar and 5 bar
from the adsorption isotherms. The gravimetric working
capacity was multiplied by the crystal density in order to calcu-
late the corresponding volumetric working capacity. The
crystal density of NPF-200 was 0.389 g cm−3.

Results and discussion

We first investigated the correlation between pore volume and
methane total adsorption capacity at 100 bar. As shown in

Fig. 1a, the gravimetric total adsorption increases as pore
volume increases at both 298 and 273 K. The DOE gravimetric
target can be realized by NU-1501-Fe33 (0.52 g g−1) and
NU-1501-Al33 (0.54 g g−1) with a high pore volume (∼2.9 cm3

g−1) at 298 K. When the storage temperature decreased to near
freezing temperature (270 K), the adsorption capacity further
increased. Unlike the monotonic increase of gravimetric
adsorption capacity with pore volume, volumetric total adsorp-
tion capacity slightly decreases as pore volume increases
(Fig. 1b), which can be attributed to the combined effect of
increased gravimetric adsorption and decreased crystal density
(Fig. S1†). Similar to the gravimetric adsorption, a decreased
storage temperature also leads to a higher volumetric adsorp-
tion capacity. The capacity increase is more dramatic for MOFs
of high pore volume, as shown in Fig. 1c; the adsorption
increase percentage of mesoporous NU-1501-Al (22.2%) is
much higher than that of microporous Ni-MOF-7436 (5.9%).
Such results indicate that MOFs of higher porosity and lower
methane packing density (Fig. 1d) have greater potential to
further promote the adsorption capacity through temperature
alleviation. Correspondingly, the methane packing density also
increased at 270 K, as shown in Fig. 1d.

For onboard methane delivery, a working capacity between
100 and 5 bar is more relevant to practical usage, as 5 bar is
the minimum pressure that can be utilized in a combustion
engine. Therefore, we further compared the gravimetric and
volumetric working capacities of different MOFs at 298 K and
273 K. As shown in Fig. 2a, the gravimetric working capacity
increases as pore volume increases, which is similar to the
trend of total adsorption capacity. Although a lower tempera-
ture did not always promote the working capacity, the total
adsorption capacity always increased at a lower temperature.

Fig. 1 Methane total adsorption at 100 bar. (a) Gravimetric adsorption
at 270 K and 298 K. (b) Volumetric adsorption at 270 K and 298 K.
(c) Methane uptake increase percentage upon decreasing temperature.
(d) Methane packing density of MOFs with different pore volumes at
100 bar.
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For MOFs of small pore volume, such as Ni-MOF-74 (0.56 cm3

g−1) and HKUST-136 (0.77 cm3 g−1), the working capacity
decreased at 270 K. Significant working capacity promotion
was realized by MOFs of high pore volume; for example, the
working capacity of NU-1501-Al increased by 20%, from
0.5 g g−1 to 0.6 g g−1. Similarly, the volumetric working
capacity also increased significantly for MOFs of high porosity
(Fig. 2b). The highest volumetric working capacities at 298 K
and 270 K were 220 and 251 cm3 cm−3, respectively, realized by
MFU-4l-Li26 with a pore volume of 1.66 cm3 g−1. Such high
working capacities are significantly higher than the bench-
marks at 298 K and 65–5 bar; for example, UTSA-76a with a
pore volume of 1.09 cm3 g−1 exhibits a volumetric working
capacity of 197 cm3 cm−3. These results indicate that a slightly
lower temperature and higher pressure not only shift the
optimal pore volume to a higher value, but also significantly
promote the volumetric working capacity. Therefore, it is
promising to develop new benchmark materials through
further evaluation of MOFs with high pore volumes, and such
potential has not been fully explored.

Based on the above analysis, we evaluated a highly porous
Zr-MOF, NPF-200 (Vp = 2.17 cm3 g−1, SBET = 5830 m2 g−1), with
diverse cage types (Fig. 3a) for methane storage. NPF-200 (NPF

stands for Nebraska Porous Framework) is constructed by a
tetrahedral organic linker and two types of Zr clusters, exhibit-
ing a 4,12,12 T1 topology as reported in our previous work.34

PXRD and N2 adsorption at 77 K (Fig. S2 and 3†) were
measured to confirm the phase purity and porosity of the
material before the high-pressure methane adsorption
measurement. As shown in Fig. 3b, NPF-200 adsorbed a sig-
nificant amount of methane at ambient and near freezing
temperatures. The total adsorption capacities were 0.42 g g−1

and 0.51 g g−1 at 296 K and 270 K, respectively. Such adsorp-
tion capacities are higher than those of MFU-4l-Li (Table S1†),
due to the higher pore volume of NPF-200. The gravimetric
working capacities in the range of 100–5 bar were 0.38 g g−1

and 0.46 g g−1, at 296 K and 270 K, respectively. The volumetric
working capacities in the range of 100–5 bar were 207 cm3

cm−3 and 248 cm3 cm−3, at 296 K and 270 K respectively. The
volumetric working capacity at 270 K is higher than those of
NU-1501-Fe33 (239 cm3 cm−3) and NU-1501-Al33 (238 cm3

cm−3), and close to the current record of MFU-4l-Li26 (251 cm3

cm−3). Meanwhile, the gravimetric working capacity of
NPF-200 at 270 K (0.46 g g−1) is higher than that of MFU-4l-Li
(0.38 g g−1). Therefore, NPF-200 represents a new benchmark
material with simultaneously high gravimetric and volumetric
working capacities, as shown in Fig. 3c. The adsorption per-
formance of NPF-200 fits well with the above-discussed general
correlation, and indicates that the optimal pore volume is
likely ∼2.0 cm3 g−1 (between those of NPF-200 and MFU-4l-Li).
Such an optimal pore volume is also much higher than that of
benchmark materials for storage at 298 K and 65 bar and
demonstrates the potential of MOFs with higher pore volumes.

Besides the effect of pore volume, the pore structure also
contributes significantly to the storage capacity. Compared to
BUT-2237 with a similar pore volume (2.01 cm3 g−1), the
NPF-200 material exhibits the same gravimetric total adsorp-
tion (0.42 g g−1) and a higher working capacity (Table S1†).
Such a result indicates a lower adsorption at 5 bar for
NPF-200. At 270 K, NPF-200 exhibits superior performance to
BUT-22, with a working capacity of 0.46 g g−1 vs. 0.42 g g−1 of

Fig. 2 Comparison of gravimetric (a) and volumetric (b) working
capacities (100–5 bar) of different MOFs at 273 K and 298 K.

Fig. 3 (a) Structure of NPF-200 with spheres representing different cages. (b) Methane adsorption isotherm of NPF-200 measured at 270 K and
298 K. (c) Comparison of gravimetric vs. volumetric working capacities of reported MOFs in the 100–5 bar pressure range.
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BUT-22. The superior working capacity of NPF-200 may be
attributed to its lower adsorption at 5 bar, due to the lack of
ultra-micropores (pore size of 1.5–2.5 nm, as shown in
Fig. S4†) and open metal sites. In addition, the cage-type pore
geometry may also contribute to the high adsorption capacity,
as revealed by previous works.23,38,39 The heat of adsorption
(Qst) was calculated using the Virial method and Clausius–
Clapeyron equation with adsorption isotherms recorded at
270 K and 296 K, as shown in Fig. S5.† Both methods provide
a similar Qst value of 10.7 kJ mol−1, which is smaller than
those of BUT-2237 (12 kJ mol−1), HKUST-136 (17 kJ mol−1),
MOF-536 (12.3 kJ mol−1).

Conclusions

In summary, we have analysed the general correlation between
methane adsorption capacity at 100 bar and pore volume. The
gravimetric total adsorption capacity and working capacity
increase monotonically with pore volume. The volumetric total
adsorption slightly decreases for MOFs of high pore volume,
due to their lower crystal density. Decreased temperature (from
296 K to 270 K) significantly promoted the volumetric working
capacity of the MOFs with higher pore volume. Further, a new
benchmark material with simultaneously high gravimetric and
volumetric working capacities was achieved with a highly
porous MOF, NPF-200 (pore volume of 2.17 cm3 g−1). By com-
paring MOFs applied in storage at 65–5 bar and 298 K, the
results indicate that a higher pore volume of ∼2.0 cm3 g−1

might be optimal for storage at 100–5 bar and 270 K. This
work is expected to further promote the methane volumetric
working capacity at 100 bar through pore engineering of
highly porous MOFs.
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