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We reported a microporous MOF FJU-101 with open naphthalene
diimide functional groups for room temperature (RT) high
methane storage. At RT and 65 bar, the total volumetric CH4
storage capacity of 212 cm? (STP) cm > of FJU-101a is significantly
higher than those of the isoreticular MFM-130a and UTSA-40a.
The enhanced methane uptake in FJU-101a is attributed to the
polar carbonyl sites, which can generate strong electrostatic inter-
actions with CH4 molecules.

Due to the rapid development of global economy, the demand
for fossil fuel is growing rapidly. Natural gas (NG), consisting
of approximately 95% methane (CH,), is considered as a prom-
ising alternative energy source that is clean and renewable,"”
because of its abundant reserves and lower CO, emissions
than conventional petroleum-based fuels. To fully promote
the use of natural gas as fuel for vehicles, there is an urgent
demand to seek suitable adsorbents that can display a high
CH, storage and working capacity at relatively low pressure.**
Recently, the US Department of Energy (DOE) has set an ambi-
tious target for methane storage, with the gravimetric and
volumetric storage capacities up to 0.5 g (CH,) g " (adsorbent)
and 350 cm?® (STP) cm >, respectively, at room temperature.’
Compared with the conventional solid adsorbents (zeolites®
and activated carbons’), the emergence of new types of crystal-
line materials, metal-organic frameworks (MOFs),® appears to
be particularly promising for such applications,” ™ attributed
to their high porosities,"” functional pore surfaces,'®>* and
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versatile chemical features.”*° Notably, the volumetric CH,4
storage capacity may be more important than the gravimetric
one, since the vehicles have limited space for gas tanks. To
achieve high volumetric methane storage, it is not only necess-
ary to balance the trade-off between porosity and framework
density in MOFs, but also to incorporate functional sites to
tune the interaction between methane molecules and the host
MOF lattice. It has been well demonstrated that several prom-
ising strategies can significantly improve the volumetric CH,
storage capacity, such as optimizing pore spaces,*>*! incorpor-
ating open metal or Lewis basic functional sites,>* > and
tuning the flexibility of the host framework.>*° The well-
known MOF HKUST-1 exhibits the highest volumetric
methane storage capacity of 267 cm® (STP) cm™ at RT and 65
bar,?® attributed to its suitable pore cavity and high density of
open Cu sites. After this, our group reported a unique MOF
(named UTSA-76, the NOTT-101 isomer) containing the
dynamic pyrimidine group. It shows a record high methane
working capacity of 197 em® (STP) em™>,** which is signifi-
cantly higher than NOTT-101 of 181 cm?® (STP) cm™ at RT and
65 bar. Recently, Long and co-workers realized a usable CH,
capacity of 197 em® (STP) cm™ at RT and 65 bar by employing
a flexible MOF Co(bdp),*® which might provide a new route to
overcome volumetric storage limitations in rigid MOFs.

In the present study, we employed naphthalene diimide
(NDI)-based tetracarboxylic acid (H,L = N,N'’-bis(5-isophthalic
acid)naphthalenediimide) and Cu(NO3), to construct a three-
dimensional porous MOF (FJU-101) under solvothermal con-
ditions, based on the following considerations: (i) copper
paddle-wheel Cu,(COO), clusters were easily assembled from
m-benzenedicarboxylate and Cu®*, while affording open Cu
sites;*® (ii) the tetratopic linkers connect with the paddle-
wheel units to easily form the nanosize pore cavity, which
facilitates gas storage, especially for methane;*> (iii) the
immobilized carbonyl groups can serve as secondary func-
tional sites to increase the gas storage capacity in the high-
pressure area. As expected, the activated FJU-101a exhibits a
high methane storage capacity of 212 (or 181) cm® (STP) cm >
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at RT and 65 (or 35) bar, which is higher than those of
MFM-130a of 176 (or 163) cm® (STP) cm™, and UTSA-40a of
192 (or 156) cm?® (STP) cm™>, in the same type of MOF.*"**
In addition, at 77 K, the hydrogen (H,) storage capacity in

Fig. 1 Single crystal structure of FJU-101: (a) a spherical-like [Cuse(L)4]
nano-sized cage; (b) the 3D framework structure with a 1D cylindrical
channel viewed along the crystallographic c-axis.
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Fig. 2 High-pressure methane adsorption isotherms of FJU-10l1a at
270 K and 296 K. Solid symbols: adsorption; open symbols: desorption.
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FJU-101a can reach 2.46 wt% (20.86 g L") and 6.1 wt%
(51.74 g L") at 1 and 100 bar, respectively.

Green block-shaped crystals of FJU-101 were synthesized
with high yield by using a previously reported procedure.*’ As
shown in Fig. 1, the single crystal structure shows that FJU-101
has an approximately spherical-like nano-sized cage with a dia-
meter of 9 A, and possesses one-dimensional (1D) cylindrical
channels with the dimensions of 7.5 x 7.5 A” along the c-axis
(taking into account the van der Waals radii of the atoms). The
total accessible volume in FJU-101 was calculated to be 65%
using PLATON software, when the solvent molecules were not
considered. Moreover, the phase purity of the bulk sample was
proved using the powder X-ray diffraction (PXRD) patterns
(Fig. S17).

It is worth noting that FJU-101a displays a moderately high
Brunauer-Emmett-Teller (BET) surface area and pore volume
of 1909 m* g " and 0.762 cm® g™, respectively, and incorpor-
ates potential functional sites (open metal and carbonyl group
sites) and suitable pore cavities, thus it might be a promising
porous material for methane storage. To further investigate its
potential applications in methane storage, high-pressure CH,
adsorption isotherms were obtained from 0 to 100 bar at 270
and 296 K, respectively, as shown in Fig. 2. At 296 K and
35 bar, the total volumetric methane (CH,) uptake of FJU-101a
is 181 em® (STP) em >, which has surpassed the DOE’s pre-
vious target of 180 cm® (STP) cm™, while ignoring the loss of
packing density. After that, when the storage pressure further
increases to 65 and 100 bar, the total volumetric methane
uptake value can reach up to 212 and 259 cm® (STP) ecm™,
respectively. At room temperature, the total CH, uptake value
at 35 and 65 bar is lower than those of some widely studied
porous MOFs, such as HKUST-1 (227 and 267 cm® (STP)
em)*® and UTSA-76a (211 and 257 ecm® (STP) cm?),** but it
is still higher than those of MFM-130a (163 and 176 cm® (STP)
em™?),"" UTSA-40a (156 and 192 cm?® (STP) ecm™),** and

Table 1 Comparison of some reported MOFs for high-pressure methane storage at room temperature

Methane adsorption at 65 (35) bar

MOFs D %/g cm™® Vpb/cm3 g™ Uptake/em® em™ Delivery?/em® cm ™ CH, density” at 65 (35) bar/g cm™
NOTT-100a* 0.927 0.677 230 (195) 139 (104) 0.262 (0.222)
NOTT-109a** 0.79 0.85 242 (196) 170 (125) 0.257 (0.208)
UTSA-40a* 0.827 0.65 192 (156) 138 (102) 0.255 (0.207)
UTSA-76a> 0.699 1.09 257 (211) 197 (151) 0.241 (0.198)
FJU-101a 0.846 0.762 212 (181) 144 (113) 0.235 (0.200)
PCN-14%° 0.829 0.85 230 (195) 157 (122) 0.233 (0.198)
NJU-Bai 43 % 0.639 1.22 254 (202) 198 (146) 0.233 (0.185)
NOTT-101a*> 0.684 1.08 239 (194) 183 (138) 0.231 (0.188)
NOTT-102a* 0.587 1.268 237 (181) 192 (136) 0.227 (0.174)
NOTT-103a% 0.643 1.157 236 (193) 183 (140) 0.226 (0.185)
ZJU-5a"¢ 0.679 1.074 228 (190) 168 (130) 0.223 (0.186)
ZJu-25a"" 0.622 1.183 229 (180) 181 (132) 0.222 (0.175)
MFM-130a"" 0.642 1.0 176 (163) 131 (118) 0.196 (0.181)
ZJU-32a*% 0.434 1.482 140 (97) 120 (77) 0.155 (0.108)

“De: Crystal density (g cm™). ?

V,: pore volume (cm® g™*). ¢ Total volumetric CH, uptake (cm® cm™). 9 The deliverable amount is defined as the

difference in the total uptake between 65 (or 35) and 5 bar (cm em™?). ¢ CH, packing density in MOFs (g ecm™°), defined as pc, = Qc,/Vp, where
Qcn, is the CH, uptake value (g g~') at 65 or 35 bar and V,, is the pore volume (cm® g™").

This journal is © The Royal Society of Chemistry 2020
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SNU-50a (153 cm® (STP) cm ™2, at 35 bar)** in the same type of
MOF. Notably, the CH, storage capacity of FJU-101a is lower
than that of some isoreticular MOFs with a larger pore
volume, but the CH, packing density (pcu, = Qcn,/Vp) in our
sample is higher than those of most widely studied MOFs
(Table 1). It indicates that the accessible carbonyl groups can
serve as secondary functional sites to increase the CH, storage
capacity, as further proved by GCMC simulations (see the ESIT
for details).

The CH, working capacity (also known as the deliverable
capacity) is another important factor when considering an
adsorbent for practical CH, storage. Generally, it is defined as
the difference in total uptake between 65 (or 35) and 5 bar,
which is more reasonable than the total storage capacity. The
CH, working capacity of FJU-101a at 296 K is 144 (or 113) cm®
(STP) em™, which is also higher than those of MFM-130a and
UTSA-40a of 131 (or 118) cm?® (STP) cm ™ and 138 (or 102) cm®
(STP) em™, respectively.*** In order to systematically
compare the methane storage performance among the same
types of MOFs as FJU-101a, all of the high-pressure CH,
adsorption data from this work and other related references
are summarized in Table 1.

To gain better insight into the superior methane storage
performances, we calculated the adsorption enthalpy (Qs) of
FJU-101a from the isotherms collected at 270 and 296 K.
Fig. S67 presents that the Qg value of CH, adsorption at zero
coverage is 17.3 k] mol™", which is comparable to those of
MFM-130a (16.0 kJ mol™"),*" NOTT-102 (16.0 k] mol™"),>* and
PCN-14 (18.7 kJ mol™*).%°

Considering that open Cu(u) sites can serve as strong H,
binding sites, we also performed high pressure H, adsorption
(0-100 bar) at various temperatures. At 77 K, FJU-101a can
adsorb hydrogen of 2.46 wt% (20.86 g L™') and 6.1 wt%
(51.74 g L") at 1 and 100 bar (Fig. 3), respectively, higher than
most well-known MOFs without open metal sites under the
same conditions.’®*° In addition, the total H, adsorption at
RT and 100 bar is 1.1 wt%. The isosteric heat of adsorption of
H, in FJU-101a was calculated to be 6.13 k] mol™" at zero cover-
age by employing the virial method (Fig. S87).
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Fig. 3 High-pressure hydrogen adsorption isotherms of FJU-101a at
77 K, 160 K, and 296 K. Solid and open symbols represent adsorption
and desorption, respectively.
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Conclusions

In summary, we realized a microporous MOF (FJU-101a) with
naphthalene diimide functional groups for room temperature
high methane storage. Notably, at RT and 65 bar, FJU-101a
displays a much higher volumetric CH, storage capacity of
212 cm® (STP) em™ in comparison with the isoreticular
MFM-130a and UTSA-40a. The enhanced CH, storage capacity
of FJU-101a is attributed to the polar carbonyl sites which can
generate strong electrostatic interactions with CH, molecules.
Our discovery would provide a new route to improve the gas
storage capacity in MOFs by incorporating some specific func-
tional sites to tune the interactions between the target gas
molecules and the host framework.
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