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The commercialization of fuel-cell powered vehicles is limited
by the lack of a safe and effective method for hydrogen stotage.
None of the currently available candidate storage systems is capable
of meeting the DOE criteria for use in transportattérConcerning
adsorbents, nanostructured carbons including carbon nanotubes,
graphite nanofibers, and activated carbon have been the major
candidates for hydrogen storage due to their light weight and high
surface areas. However, recent reports show that, at ambient
temperature, known carbon nanostructures cannot store a sufficient 0 100 200 300 400 500 600 700 800
amount of H required for transportation applicatiohs. Pressure / mm Hg

Recently, a new class of porous metafganic frameworks Figure 1. H; isotherms for MOF-5 (triangles) and IRMOF-8 (circles) at
(MOFs) has attracted much attention because of their potential 77 K. Open symbols: adsorption branch; filled symbols: desorption branch.
applications in adsorption and separation procesteparticular,
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cubic frameworks consisting of tetrahedral {2+ clusters linked 16 | 2 sorton on PUAC and MOF & mixture _

by organic units were discovered to adsorbreversibly up to 1.6 R 1.4 |8 S PunG catalys 2

wt % at 77 K and 1 atrfi.Inelastic neutron scattering studies of Py g

molecular H adsorbed in MOFs indicated that both the metal-oxide § 1.0 - é

clusters and the organic units are the adsorption sites for hydfdgen. S 0381 g

Therefore, the hydrogen storage capacities of MOFs can be signi- < 067 ___ Y&

ficantly modified by replacement of Znh with other similar metal T g‘: ] -

ions, such as, My, Ni2*, or Ci?*, or/and a variation of the organic 0.0 : , , , i

linking units4~8 Ferey et al. reported a high hydrogen storage cap- 00 20 40 60 80 100 120

acity of 3.8 wt % in the metatbenzendicarboxylate AI(OH)(C— Pressure / MPa

CsH4—CO,), MIL-53, at 77 K and 1.6 MP&! However, no signi- Figure 2. High-pressure hydrogen isotherms at 298 K for MOF-5. Dotted

ficant hydrogen uptakes on the MOFs have been obtained at roomline is prediction based on the weighted average of the mixture.

temperature. 1.48 wt % for IRMOF-8 at 1 atm and 77 K. The,Hstorage
We have suggested the use of dissociation/spillover fostér- capacities of MOF-5 and IRMOF-8 obtained in this study are in

agé® and have demonstrated that it is possible to use secondarygood agreement with Panella and Hirséhand the latest corrected
spillover to increase the storage capacities in nanostructured carresults of Roswell et af under the same conditions. In addition,
bon materials by using a catalyst that is capable of dissociating the H, isotherms measured at 77 K~ atm) did not show
H2.° In this communication we report, for the first time, significantly  saturation. Therefore, higher tadsorption capacities can be
enhanced hydrogen adsorption in MOFs via spillover at room tem- expected at elevated pressures.
perature over a wide range of pressure. By using a very simple  High-pressure ktadsorption measurements were performed on
technique to cause spillover, the storage capacity of IRMOF-8 was a specially designed Sievert's apparatus using a static volumetric
increased to 1.8 wt % at 298 K and 10 MPa. This represented antechnique. The apparatus and our measurement procedure have been
enhancement factor of 3.1. Furthermore, the storage was totally proven highly accurate and reproducible by calibration using &.aNi
reversible. alloy powder that forms hydrid¥. To determine the enhancing

MOF-5 (also known as IRMOF-1) and IRMOF-8 were synthe- effect of spillover on pure MOF-5 and IRMOF-8, the hydrogen
sized by a direct mixing method developed by Huang et al. (see isotherm on the Pt/AC catalyst was also measured under the same
Supporting Information for details on synthesis and characteriza- conditions. As shown in Figure 2, unmodified MOF-5 has a hydro-
tion).1%41 For spillover experiments, a catalyst containing 5 wt % gen storage capacity 0f0.4 wt % at 298 K and 10 MPa. For
Pt supported on active carbon was used for dissociation.dfiete, comparison, MOF-5 was reported to have augtake of~0.3 wt
active carbon was the primary receptor for hydrogen spill8%&t. % under the same conditio#sThe slightly higher hydrogen ad-
The catalyst and the secondary spillover receptor (MOF-5 or sorption amount obtained in this study is in agreement with a higher
IRMOF-8) (at a weight ratio of 1:9) were ground together (with BET surface area (1021%g1) and a higher micropore volume
mortar and pestle, for 1 h) to produce the physical mixture. (0.39 cn? g1) than that by Panella and Hirscher (572 gn! and

The H, storage characteristics of MOF-5, and IRMOF-8 at 77 0.28 cn? g1, respectively)? Moreover, our surface area and pore
K and at pressures1 atm are shown in Figure 1. The BEdsorption volume values are in agreement with that reported by Huang et
on MOF-5 or IRMOF-8 at 77 K shows a reversible type-l isotherm al! The hydrogen uptake of Pt/AC at 10 MPa was about 1.0 wt
characteristic of a microporous material. In addition, the isotherms %. It is clear that hydrogen spillover has occurred on the surface
show no hysteresis upon desorption. Thus, the isotherms are totallyof active carbon, as reported in previous literat#f8The expected
reversible. The hydrogen uptakes are 1.28 wt % for MOF-5 and H, capacity of the mixture of P/AC and MOF-5 is shown by the
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2.0 5 Zsomton onPUAC and IRMOF 6 mintrs sure was reached in about 10 min. In 1 h, nearly 70% pfvids

18 G o IRMOF-8 miure adsorbed. A complete uptake of Mould roughly take over 3 h,

| especially at higher pressures. For desorption, it was observed that
over 60% of the adsorbed hydrogen was released in 10 min when

the pressure was decreased to a lower pressure.

In conclusion, we have demonstrated that hydrogen storage by
spillover is a promising technique to achieve significant hydrogen
storage by MOFs. The spillover enhancement factors for MOF-5
00 20 40 60 80 and IRMOF-8 were 3.3 and 3.1, respectively. The highest measured

Pressure / MPa reversible H uptake was 1.8 wt % at 298 K and 10 MPa on a
Figure 3. High-pressure hydrogen isotherms at 298 K for IRMOF-8. Dotted P/AC and IRMOF-8 physical mixture. These results are attractive
line is prediction based on the weighted average of the mixture. because it can be speculated that the spillover and hence the
enhancement of capacities can also be observed on othermetal
organic frameworks (MOFs) or similar porous materials because

stantially higher than the expected values at all pressures. This sig-Of their S|m|I.ar structurgs as MOF.'S gnd IRMOF-8. Additionally,
as reported in our previous investigation, the hydrogen uptake of a

nificant enhancement was clear evidence of secondary spillover of ; . . .
H atoms to MOF-5, as a secondary receptor. The enhancement fac-phySICaI mixture of primary spillover source and a secon_dary
tor (see Supporting Information for definition) was3.3, i.e. the receptor can be further enhanced by building a carbon “bridge”

hydrogen uptake of MOF-5 at 10 MPa was increased by a factor ?hewn:ifq_r:hre ftV\r'O compr?tq gnts; tc;th[:r(::/he rthr? ::ontact;n bet\r/;/eren
of 3.3. There is no apparent saturation value for the physical mix- em: erefore, we anticipate that further InCréases in perior-

ture, even at 10 MPa. Reversibility was assessed by measuring thenance can be expected, with new MOFs having similar but larger

desorption branch down to 1 atm. It can be seen from Figure 2 organic linkers, and exploring an effective bridging teghnigue o
that the desorption branch almost followed the adsorption branch,fenh"’m.Ce pontacts and hen_ce spillover over MOFs. This is under
although there appeared to be a slight hysteresis. The sample Waénvestlgatlon, and results will be reported shortly.

then evacuated to a pressure of 1 Pa (7.50-3 Torr) for 12 h at Acknowledgment. We acknowledge the funding provided by
298 K. The second adsorption branch was in complete agreementthe U.S. Department of Energy’s Office of Energy Efficiency and
with the first adsorption branch. This result indicates full revers- Renewable Energy within the Center of Excellence on Carbon-
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dotted line in Figure 2, by taking weighted average (assuming ad-
ditivity). However, as shown in Figure 2, the; ldptake was sub-

ibility. based Hydrogen Storage.

Similarly remarkable enhancement of Ktorage capacity by Supporting Information Available: Experimental details, N
spillover was also observed on IRMOF-8, shown in Figure 3. The adsorption results, FT-IR spectra, and powder XRD patterns. This
H, uptake on pure IRMOF-8 prepared in this study wa&5 wt material is available free of charge via the Internet at http://pubs.acs.org.
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