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Due to its clean combustion and high heating value, hydrogen
is under consideration as a replacement for fossil fuels in mobile
applications. To achieve this goal, however, an effective means of
on-board storage is requiréggrompting the U.S. Department of
Energy to set 2010 storage system performance targets of 6.0 wt
% H, and 45 g H/L.2 Recent work has exposed the considerable
potential for cryogenic hydrogen storage in microporous metal-
organic frameworks exhibiting robust three-dimensional network
structures and high surface aréa#n particular, frameworks
consisting of tetrahedral [2@]%" units linked via rigid arylcar-
boxylate ligands were found to adsorb large amounts of hydrogen
reversibly at low temperature and moderate pressures. For example, ) ) . o

Figure 1. Powder X-ray diffraction patterns collected using Cat Kadiation

at77Kand pressures of up to 50 bar,@(BDC); (MOF-5, BDC~ for Zn4O(BDC) exposed to air for<1 min (1), 10 min, 12 h, and 24 I2}.
= 1,4-benzenedicarboxylate) was shown to adsorb 5.2 excess WtThe broad hump centered at ca’i8 due to the sample holder.

% Hy,* while Zn,O(BTB), (MOF-177, BTB~ = 1,3,5-benzene-
tribenzoate) exhibited a record uptake of 75 mg/1075-m@.0
excess wt % k° Here, we report conditions for the synthesis and

Counts

Table 1. Gas Adsorption Properties of Zn,O(BDC); Resulting
from Various Preparations

a b b a
handling of ZnO(BDC); that significantly increase its gas adsorp- .o N(:nl:rﬁ);?; ?r/:fz) s?;;fg)”" (ejé:gﬁe%)
tion capacity, resulting in the highest gravimetric and volumetric

. . . ref9 11.8 570 1010 1.3
loadings yet reported for a cryogenic hydrogen storage material. ref 8 145 950 1250
The compound ZO(BDC); serves as a prototype for an ref 7 29.7 2900
extensive family of metal-organic frameworks in which oxo- ref 10 31.6 3080 4.3
centered Zp tetrahedra (of the type encountered in basic zinc ref 3c 34.4 3362
acetate) are connected through linear organodicarboxylates to give ref 5 3530 4170 5.2
a cubic network structureAs formed from a solution assembly w ‘312'2 gégg 2288 ?i

reaction, the pores within the structure are filled with guest solvent
molecules. Remarkably, these guest molecules can be evacuated aaximum uptake observed at 77 KSurface area determined by fitting
to leave a rigid metal-organic scaffold that is typically stable up to the N, adsorption isotherm at 77 K to the BET or Langmuir equation.
400 °C under vacuunfi” Despite this apparent stability, there is (BDC); (1) in 70—80% yield. Significantly, raising the temperature
considerable variation in thg;&ig)orted gas adsorption properties of o extending the duration of the reaction was found to afford a
Zn4O0(BDC); (see Table 1j°>71% Depending on the preparation,  ye|iow-tinted product with reduced surface atéalthough condi-

the N, uptake at saturation varies from 11.8 to 34.4 mmol/g, while }ions were identified under which DME could be employed as a

the maximum H uptake varies from 1.3 to 5.2 excess wt %. less costly alternative to DEF (see Supporting Information), the
In order to resolve these discrepancies and determine the truégface area of the resulting material was generally somewhat lower.
hydrogen storage capacity of ZD(BDC);, a variety of synthetic During the course of these investigations, @(BDC); was

methods were explored. Ultimately, the highest surface area materialgpserved to decompose in humid air. Exposure of a pulverized
was obtained by employing a modification of a previously reported  jesolvated sample dfto air for 10 min resulted in appearance of
method? in which the exposure to water and air was minimized. 5 ey peak at@= 8.9 in the powder X-ray diffraction pattern

In this procedure, a 3:1 mixture of Zn(NJ3-6H,0 and HBDC is indicating partial conversion to a second phase (see Figure 1).
dissolved in diethylformamide (DEF) and heated af@0without Further exposure to air produced an increase in the relative intensity
stirring. The reaction is monitored visually until crystal formation ¢ tpig peak, as well as the appearance of two additional peaks at
has _ceased (usually after 10 _h), whereupon the heatlng_ is iM-29 = 158 and 17.8 suggesting formation of a compound
mediately stopped and the mixture is transferred to a nitrogen isostructural to Zg(OH),(BDC),*2DEF (MOF-69C):3 After 24 h,
atmosphere. The colorless cube-shaped crystals are washed withhe conversion ofl into a solid of formula GiH201Zn, (2 = 1-
anhydrous DMF and anhydrous @i, and the exchanged guest 51y 0y was complete. In contrast, no reaction was observed upon
solvent is removed under reduced pressure to afford pus®-Zn exposure ofl to dry O, or anhydrous organic solvents such as
methanol, DMF, or DMSO. Thus, the decomposition of,;@n

I%J;‘niverslit%\//I of Calgomia, Berkeley. (BDC); can be attributed to atmospheric water. This is consistent
S purtus Unersity oo with results concerning the immersion of nanoparticles of MOF-5
TUniversity of California, Los Angeles. in water® as well as recent calculations predicting;@(BDC); to

14176 = J. AM. CHEM. SOC. 2007, 129, 14176—14177 10.1021/ja076877g CCC: $37.00 © 2007 American Chemical Society
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Figure 2. Hydrogen adsorption isotherms for samples of@G{BDC);
prepared with Iw, filled symbols) and withoutl, open symbols) exposure
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Figure 3. Kinetics trace (blue line) for excess,tptake upon exposure
of a liquid nitrogen-bathed sample dfto a pressure of 45 bar oftjas at

to air, and as reported in ref 5 (green triangles). Data were measured at 77298 K. Note that it takes almost 1 min for the temperature (black line) to
(blue) and 298 (red) K and are shown as excess (squares) and total (circlesjeturn to 77 K. Inset: Excess uptake capacitylofieasured for sequential

uptake? All isotherms showed full reversibility without hysteresis. Solid
lines indicate the density (right-hand scale) of puregds!’

» adsorption/desorption cycles.

at 1.67 kg/min, and a lifetime of 1000 refills. Ongoing work is
be unstable in the presence of more than 4% water by Mass. focused on increasing the,Hadsorption enthalpy within such
Importantly, gas adsorption measurements showed the decomposimaterials as a means of improving upon the low room-temperature

tion product,2, to be nonporous, with no significant uptake of N

storage capacity (see Figure 3)thereby generating materials

or H, at 77 K. The differences in the gas adsorption capacities suitable for use in noncryogenic systems.

reported for ZgO(BDC); (see Table 1) could therefore potentially
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performed in air without use of anhydrous solvents. Nitrogen Rgferences

adsorption measurements at 77 K revealed isotherms (see Figures
S5 and S6) with maximum Nuptakes of 35.8 and 44.5 mmol/g

for 1w and 1, respectively, confirming the deleterious effects of
air exposure. Fitting the data with the BET equation gave respective
surface areas of 3100 and 380@/gn Note, however, that a step
occurring in the very low pressure region of each adsorption iso-
thernm® complicates the fitting procedures used to estimate surface
areas, such that the amount of Adsorbed actually provides the
most meaningful comparison for the materials listed in Table 1.

Even more dramatic differences are apparent in thadsorption
data (see Figure 2). At 77 K and 40 baw adsorbs 5.0 excess wt
% H,, which is comparable to the uptake of 5.2 excess wt % re-
cently reported for a similarly prepared sampléelnder these
conditions,1 adsorbs 7.1 excess wt % Hepresenting the highest
gravimetric capacity yet observed for a hydrogen storage material
operating at 77 K. The volumetrict$torage capacity of a material
is also of critical import? but requires knowledge of the totabH
uptake. Using the crystallographic volume of the sample, the total
H, uptake forl at 77 K was calculated to reach 10.0 wt % at the
relatively safe pressure of 100 bar, and then to climb as high as
11.5 wt % at 170 bar. The corresponding volumetric storage
densities are 66 and 77 g/L, respectively. Remarkably, the latter is
greater than the density of liquid,Hwhich is 71 g/L at 20.4 K
and the lower pressure of 1 bErNote that, consistent with this
record volumetric uptake capacity, the pore dimensions within
Zn,0(BDC); are near the 10 A diameter thought to be optimal for
hydrogen storage at 77 K.

Other key characteristics for a hydrogen storage material are the
loading time and recyclabilit}? Kinetics measurements performed
on 1 showed that, with an initial applied pressure of 45 bay, H
uptake achieved saturation in approximately 2 min (see Figure 3).
In addition, the uptake was found to be fully reversible, with no
detectable loss in capacity after 24 adsorptidesorption cycles.

The foregoing results demonstrate that, when protected from air,
Zn,O(BDC); provides a promising medium for achieving the 2010
DOE hydrogen storage system targets of 6.0 wt %, 45 g/L, loading
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