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Hydrogen Storage in Microporous

Metal-Organic Frameworks

Nathaniel L. Rosi,’ Juergen Eckert,>> Mohamed Eddaoudi,* David
T. Vodak," Jaheon Kim,! Michael O’Keeffe,> Omar M. Yaghi'*

Metal-organic framework-5 (MOF-5) of composition Zn,O(BDC), (BDC = 1,4-
benzenedicarboxylate) with a cubic three-dimensional extended porous struc-
ture adsorbed hydrogen up to 4.5 weight percent (17.2 hydrogen molecules per
formula unit) at 78 kelvin and 1.0 weight percent at room temperature and
pressure of 20 bar. Inelastic neutron scattering spectroscopy of the rotational
transitions of the adsorbed hydrogen molecules indicates the presence of two
well-defined binding sites (termed | and Il), which we associate with hydrogen
binding to zinc and the BDC linker, respectively. Preliminary studies on topo-
logically similar isoreticular metal-organic framework-6 and -8 (IRMOF-6 and
-8) having cyclobutylbenzene and naphthalene linkers, respectively, gave ap-
proximately double and quadruple (2.0 weight percent) the uptake found for
MOF-5 at room temperature and 10 bar.

The development of hydrogen-fueled vehi-
cles and portable electronics will require new
materials that can store large amounts of
hydrogen at ambient temperature and rela-
tively low pressures with small volume, low
weight, and fast kinetics for recharging (1, 2).

A design target for automobile fueling has
been set by the U.S. Department of Energy at
6.5% hydrogen by weight.

Metal hydride systems have been intense-
ly examined in this respect (3), but there are
many problems associated with their use, in-
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cluding cost, low specific uptake by weight,
unfavorable kinetics requiring heating cycles,
and susceptibility to contamination by impu-
rities. Various carbon-based adsorbents (e.g.,
porous carbon, intercalated graphite, and
nanotubes) have also been studied and, while
promising, have been beset by mixed results
(4, 5). For these materials, it has been diffi-
cult both to systematically engineer their mo-
lecular structure and to identify specific hy-
drogen binding sites. Here we report very
favorable hydrogen sorption properties ob-
tained at 78 K or ambient temperature under
safe pressures (up to 20 bar) with crystalline
metal-organic frameworks (MOFs) (6) hav-
ing cubic cavities of uniform size and internal
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Fig. 1. Single-crystal x-ray structures of MOF-5 (A), IRMOF-6 (B), and
IRMOF-8 (C) illustrated for a single cube fragment of their respective
cubic three-dimensional extended structure. On each of the corners is a
cluster [OZn,(CO,),] of an oxygen-centered Zn, tetrahedron that is

www.sciencemag.org SCIENCE VOL 300
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bridged by six carboxylates of an organic linker (Zn, blue polyhedron; O,
red spheres; C, black spheres). The large yellow spheres represent the
largest sphere that would fit in the cavities without touching the van der
Waals atoms of the frameworks. Hydrogen atoms have been omitted.
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structure. Inelastic neutron scattering (INS)
spectroscopy has allowed us to identify the
hydrogen binding sites.

We focused on MOF-5 (Fig. 1A) (7), in
which inorganic [0Zn,]®" groups are joined
to an octahedral array of [0,C-C H,-CO,]*
(1,4-benzenedicarboxylate, BDC) groups to
form a robust and highly porous cubic frame-
work. The MOF-5 structure motif and related
compounds (8) provide ideal platforms on
which to adsorb gases, because the linkers are
isolated from each other and accessible from
all sides to sorbate molecules. The scaffold-
ing-like nature of MOF-5 and its derivatives
leads to extraordinarily high apparent surface
areas (2500 to 3000 m2g~!) for these struc-
tures. On a practical level, the preparation of
MOFs is simple, inexpensive, and of high
yield. For example, the formation reaction for
MOF-5 is 4Zn** + 3H,BDC + 80H —
Zn,0(BDC), + 7H,0. The MOF family also
has high thermal stability (300° to 400°C).

We have recently shown that MOF-5
and isoreticular metal-organic framework-6
(IRMOF-6 ) (Fig. 1B) outperform other ma-
terials in methane adsorption at ambient tem-
perature (8). Thus, we sought to determine
their capacity for hydrogen storage, begin-
ning with MOF-5 as an important represen-
tative of this set.

We measured hydrogen gas uptake by
MOF-5 at 78 K by introducing small amounts
of H, into a chamber containing the guest-
free form of the material and monitoring the
weight change as a function of increasing
doses of H, (9). The measured sorption iso-
therm shows a type I behavior (/0), in which
the saturation is reached at low pressures
followed by a pseudoplateau at higher pres-
sure of H, with a maximum uptake of 45 mg
of H, per gram of MOF-5 [4.5 weight % =
17.2 H, per Zn,0(BDC), formula unit] (Fig.
2A). The observed sharp uptake of H, at
lower pressure indicates favorable sorption
interactions between the MOF-5 framework
and H, molecules. We note that, similar to
the reversible sorption of gases and organic
vapors (N,, Ar, CO,, CHCl,, CCl,, C,H,,
and C,H,,) in MOF-5 (7, 11), adsorbed H,
molecules can also be reversibly desorbed
from the pores by reducing pressure.

We next evaluated the H, sorption in con-
ditions that mimic a typical application environ-
ment, namely, room temperature and pressures
considered safe for mobile fueling. A different
sorption apparatus was constructed, in which a
10-g sample of guest-free MOF-5 was charged
with H, up to 20 bar and the weight change
monitored as a function of H, uptake and re-
lease (9). MOF-5 showed substantial H, uptake
that increased linearly with pressure, giving 1.0
weight % at 20 bar (Fig. 2B). These findings
demonstrate the potential of MOFs for H, stor-
age applications. The isotherm at ambient tem-
perature is expected to be approximately linear

as observed because the material is noticeably
undersaturated with H, in the pressure range
explored and, in principle, at higher pressures
can take up more H,, up to at least the amount
observed at 78 K (compare Fig. 2, A and B)
10).

To understand the H, sorption properties
of MOF-5 and hence to potentially control
the characteristics of H, binding, we carried
out INS spectroscopy of the rotational transi-
tions of the adsorbed hydrogen molecules.
Neutrons are scattered inelastically far more
strongly by hydrogen than by any other ele-
ment, which facilitates the observation of
rotational tunnel splitting of the librational
ground state of the H, molecule (/2). This
splitting is akin to the ortho-para transition
for free H,, and this mode is forbidden in
optical spectroscopy (13). This splitting is an
extremely sensitive measure of the rotational
potential-energy surface, a feature that has
made it possible to determine fine details of
hydrogen adsorption by INS in a wide variety
of materials, including zeolites (/4-18),
nanoporous nickel phosphate VSB-5 (19),
and carbon nanotubes (20, 21).

The INS spectra for MOF-5 are shown in
Fig. 3 for three levels of H, loadings corre-
sponding to 4, 8, and 24 H, per formula unit
(9). First, the observed peaks are much sharp-
er than those found for H, in zeolites, VSB-5,
and carbon materials. Thus, the adsorption
sites for H, in MOF-5 are well defined com-
pared with those in zeolites (3, 4), in which
the molecule has a variety of binding sites
available that are close in energy. Second, the
richness of the spectrum immediately leads
us to conclude that more than one type of
binding site is present in MOF-5 even though
rotational transitions other than 0-1 can be
observed (22). Some progress in assigning
peaks can be made with the use of a model
for the rotational potential. For reasons of
simplicity, we use the energy eigenvalues for
the rotations of H, with two angular degrees
of freedom in a double-minimum potential.
Thus, we can assign the peaks at 10.3 and
12.1 meV to the 0-1 transitions for the two
sites, which we subsequently refer to as I and
II, and we assign the remaining peaks to the
0-2 and 1-2 transitions (22). These assign-
ments are verified by comparison with the
INS spectrum of 4 D, molecules per formula
unit and scaling the rotational energy level
diagram by the respective rotational constants
of H, and D,. The rotational barriers associ-
ated with sites I and II are found to be 0.40
and 0.24 kcal mol !, respectively.

We can make some inferences about the
nature of the binding sites from our study of
the dependence of the INS spectra on H,
loading. As the average loading is increased
from 4 to 8 H, per formula unit, the intensity
of the 12.1-meV band (site II) roughly dou-
bles, whereas that of the 10.3-meV band (site

I) remains constant. We associate site I with
Zn and site Il with the BDC linkers. Further
increases in loading (24 H, per formula unit)
(Fig. 3, bottom panel) show that the line at
12.1 meV splits into four lines, and therefore
we associate four slightly different sites with
the BDC linker. This result suggests that
further increases in the sorption capacity for
these types of materials could be achieved by
the use of larger linkers. Indeed, we observed
a small peak near 14.5 meV at this high
loading corresponding to a small amount of
solid H, (for which the 0-1 transition occurs
essentially at the free rotor value of 14.7
meV), indicative of saturation coverage in
MOFEF-5. As noted above, our 78 K sorption
data suggest that 17.2 H, per formula unit is
close to saturation.

The barrier to rotation for the binding site
near Zn is somewhat greater than those on the
BDC, as one might expect, but also slightly
lower than that for the extra-framework Zn?*
cation in ZnNaA zeolite, for which the rota-
tional transition was observed at ~8 meV
(23). Various factors could contribute to this
difference, including different degrees of ac-
cessibility of the Zn and the strong electro-
static field in the zeolite supercage. The bar-
riers found for MOF-5 are noticeably higher
(0.40 and 0.24 kcal mol ") than those found
in carbons, including single-walled nano-
tubes (20), in which it is ~0.025 kcal mol .
Moreover, the rotational band in that case has
a width of nearly 2.5 meV compared with 0.5
meV in our case. This value corroborates the
much lower mobility (and hence stronger in-
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Fig. 2. Hydrogen gas sorption isotherm for
MOF-5 at (A) 78 K and (B) 298 K.
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teraction) for H, in MOF-5 than in carbons.

Our INS results for hydrogen in MOF-5
point to the importance of the organic linkers in
determining H, uptake levels. Accordingly, us-
ing the same experimental setup and details
outlined above for the room-temperature mea-
surements on MOF-5 (9), we examined H,
sorption in IRMOF-6 and IRMOF-8 (Fig. 1, B
and C). Here we found that the specific H,
uptake is approximately doubled and quadru-
pled, respectively, for IRMOF-6 and -8 relative

to that found for MOF-5 at the same (room)
temperature and pressure (10 bar). Specifically,
for IRMOEF-8, the H, uptake under those con-
ditions is 20 mg of H, per gram (2.0 weight
%)—a capacity well above those found for
“active” carbon (0.1 weight %) (CECA,
France) and “graphitic” carbon (0.3 weight %)
(BASF, Germany, proprietary).

The percent uptake found for MOF-5,
IRMOF-6, and IRMOF-8 at room tempera-
ture and 10 bar is equivalent to ~1.9, 4.2, and
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Fig. 3. INS spectra (T = 10 K) for hydrogen adsorbed in MOF-5 with loadings of 4 H, (top), 8 H,
(middle), and 24 H, (bottom) per formula unit [Zn,O(BDC),] obtained on the QENS spectrometer
at IPNS, Argonne National Laboratory. The spectrum of the guest-free (blank) MOF-5 sample was
subtracted in each case. The very slight oversubtraction near 4 meV arises from a peak in that

region of the blank sample, which cannot be remo

ved by heating under vacuum. Assignments are

based on the use of a model potential and observed isotope shifts from a spectrum of D, in MOF-5.
Peaks at 10.3 and 12.1 meV are assigned to the 0-1 transitions for the two principal binding sites

(1'and 11, labeled on the spectra). Other tentative a
(0-2, site 11), 7.5 meV (1-2, site 1), 17.5 meV (0-2,

ssignments are 4.4 meV (1-2, site Il), 15.5 meV
site 1), and 14.5 meV (solid H,). The regions of

MOF-5 corresponding to sites | and Il are shown schematically in the top right corner.
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9.1 H, per formula unit, respectively. These
capacities are well below the saturation level
as determined at 78 K for MOF-5 (17.2 H,
per formula unit), which points to the poten-
tial for higher uptake at ambient temperature
and higher pressures. The capacity of these
structures for hydrogen at room temperature is
comparable to the highest capacity achieved for
carbon nanotubes at cryogenic temperatures,
although the capacity of those materials is very
sensitive to preparation conditions and appears
to saturate at lower pressures (24). We antici-
pate that further increases in performance can
be expected, with new IRMOFs having similar
but larger organic linkers.
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