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HYDROGEN STORAGE USING 
·CARBON-METAL HYBRID COMPOSITIONS 

CROSS-REFERENCE TO RELATED APPLICATIONS 

The pre~ent Appli~ticn is a continuation-tn'."'part of Provisional Patent Application . 

601252,751filed22 Novembe_r 2000~ 

.. BACKGROUND OF THE INVENTION 

. Hydrogen is a widely used commodity in the chemical alid petroleum processing 

industries .. Typically it is_ m~nufactured, usually by a refonning of natural gas. and is · · 
. . . . 

delivered to the· users' sites by pipeline, as liquid H2 or as the highly compressed gas ·in. 

cylinders~ The transport of hydrogen· as a cryogenic liquid or as compressed gas are 

1 o ·· capital and energy:.intensive processes which result in a srgnfficantly higher east for the 

ciellvered gas. TtMtrefore, there has been a large research effort directe_d at finding lower 

cost alternatives, ·principally on developing materials that could effectively •capture• 

hydrogen at or near ambient conditions and release the gas as desired, at the point of 

use. Recently such efforts have been greatly stimulated by the emerging technology of . 

1.5 Hrdriven fuel cells which, for mobile systems1 ideally require a safe and cost-effective 

means for.an on-board storage of hydrogen .. 

Most of the research towards ways to •contain•. hydrogen· has focuse,d on the 

reversible chemical reaction and absorption of H2 by various metals and metal alloys to 

form metal hydrides. Representative systems are LaNis, Fe Ti and various magnesium-

20 rich alloys, such as Mg2Ni and Mg2Fe. 
·• 

In general, the hydride-forming metals/alloys that demonstrate favorable 

thermodynamic properties display poor H2 capacity, whereas hydride-forming 
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. metals/alloys with a relatively high H2 capacity generally have unfavorable 

thermodynamic properties. While substantial research efforts have been focused upon 
. . . . . 

the synthesis and study of new generations of bi-;tri .. , and multi-metallic allpys that· 

demonstrate. incremental improvements in hydrogen capacity and adsorption/desorPtion ·· 

5 . kinetics,· it can be ~rgued that the art has reached a point of diminishing retums with 

respect to advancing the functional. characteristics of these systems, casting doubt. on 
. . . .· . : . . . : . .. . . . 

their cemmerdal viability and application at a Jarge scale for Hz storage. 

· ·· · .· . · .· The sorptfon of° hydrogen by various new structural forms of carbon has recently. 

·· .. Qain~d widespread attention._ It has been.known for some time that high .. surface~area .. · 
.1 o · ·. a~vated carbon and a~so certain alkali-metai graphite intercalation com~unds win . . · 

~versibly sorb considerable quantities of hydrogen, but only at cryogenic temperatures. 
. . . . . . . . . . 

Such ~ystems therefore do not offer pradica1_ or economic advantages over the use of 
. . . . 

compressed or lfquified hydrogen. Rodriquez et al in US 5,S53,951 (1997) claim the . 

storage· of hydroge~. in ~aiious· l~yered carbon nanostructures including carbon 
. . . . 

15 nanofibers and carbOn nanotubes. Hydrogen storage data is only given for carbon·· 

nanofiber materials which take up -1.22cc of H2'gram at 295 K, 3.5 psia H, pressure . 

. This corresponds to a uptake of only ca.· 0.01 wt% H2, a capacity which is far too small 
. . 

for any practical applieation. Bulk graphite, which has a surface area less than that of 

carbon nanofibers, would be expected to show' an even smailer H2 capacity. 

20 Recently, Chambers, Rodriquez et al.reported in J. Phys. Chem B 1998, 102,_ 

. 4253 that carbon nanofiber materials of unspecified specific origin reversibly sorb very 

large, 50 wt % or greater, quantities of hydrogen under high H2 pressure. These results 

have not been confirmed by others, and have been directly disputed in a number of 

publications. See Rzepka, M. et al, J. Phys Chem /3, (1998) 102, 10894. 

25 A. C. omon et al in Nature Vof. 386, p. 379 (1997) reported on an unusual 

sorption of hydrogen at near-ambient temper~tures by single-walled carbon nanotube 
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(SwNT) materials. The SWNT materials are relatively recently discovered new structural 

forms of carbon which essentially consist of rolled-up single sheets of graphite. with an 

external diameter of ca 12 A and a very large ·1ength-to--diameter aspect ratio. The 

·,: SWNT's are _usually bundled together and appear by electron microscopy as long fibers 

5 which can be shortened and their properties otherwise modified by selective oxidation · 

. processes. SWNT materials are expected to adsorb H2 at low (cryogenic) temperatures, 

analogous to activated carbons, due to their. high surface area.· However, the ambient-· · 

temperature H2 sorption resuits of Dillon et al have been-directly disputed In a recent 

publication by Ye, Y., et al, Appl Phys _Lett. {1999) 7 4, 2307. 
. . . . ' . . . 

. 10 · L. Aymard, et al, J.tE/ectrochem. Soc. (1999) 146, 2015 reported that 

·'."\. 

15 

. carbon additives have bee~ ·shown to have a favorable effect on the electr~chemical ·.· . . 

performance of multi-metal alloys for nickel-metal hydride batteries. Here, carbon is 
. . 

incorporated Interstitially In the alloy eledrode where inter a/ia, it aids in the diffu$ion of . 

hydrogen into the bulk of the alloy. K. Funaki, et al., J. Alloys_Comp. (1998) 270, 160 · 

have shown that the Introduction of graphite by mechanical alloying into MgNi. a well- · 
.. 

known metal hydride fanning composition, yields alloy compositions of formula MgNiCx 

where x !\f: 1.31 .. Upon hydrogenation of MgNiCx the atomic ratio of hydrogen plus carbon 

to metal,· (H+C)IM, remains constant indicating that the hydride sites in the metal alloy 
. . . ' . . 

are s~mply replaced by carbon atoms. Thus. there is no evident increase in hydrogen 

20 storage capacity. G. Sandrock, J'. Ailoys Comp. (1999).293-9~. 877 reports that 

the addition of sulfur, selenium, and carbon, non-metal elements to, specifically, Tr-Mn 

Laves pha~e alloys is reported to "pave the way" for increasing the Hz storage capacity 

cf these alloys. 

In US Patent 4,716,736 (1988) J. A. Schwartz teaches "metal assisted cold 

25 storage of hydrogen". Here the well-known capability of activated high surface area 

microporous (not substantially graphitic} carbons to physically adsorb Hz at cryogenic 
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temperatures is said to be somewhat enhanced by the presence of an added highly 
. . 

· ... dispersed .transition metal, eg Pd1 Pt,. c0mponent. The utility of this system is however, 
. . . 

restricted to cryogenic temperatures, ie, at less than 273 K; Examples provided are at 77 

· Kand 85 K It is theorized here that the H2 molecule is adsorbed onto the metal as H 

5 . atoms, (monatomic .hydrogen}, which "spills" onto the carbon surface, this activated . · 
. . 

· hydrogen thus "filtlrig the available sites on the activated carb~n" - as physisorbed H2. 

The con~pt of hydrogen spillover, see "Hydrogen Spillover'' by P~ A. Sennon and 

.· •. G. C •. Bond, Cat. Rev. 8(2) 21.1. (1973) has Its genesis in fundamental studies with 
. . . ·. . . . ·. . . . . 

.·. supported metal catalysts, particularly with· such ·systems as are used for chemical 

. . 10 . . hydrogenation rea~ions. The metal has the role of "acti~ating" hydrogen by reversibly 

· .. dissociating H2 into metal·H atom species on its surface. But it's has been observed 

that, for instance, by heating pt dispersed on carbon catalysts (designated as PtfC) at 
·. . 

623 K, PUAl203 at 473-573 K, Pd/C.at 473 K, and also by PW/03, the amount of H2 

. · .. taken up is in excess of the known Hrsorption capacity Of the metaf alone .. Numerous 

· · 15 studies have provided support for the theory that some of the H2 "spills over" from the 

metal to the support but the nature of this "transferred'' hydrogen Is not presently known. 

The quantity of this hydrogen. on the support i$ usually very small. amounting to only 

.. several atoms of H for every H that's bound to the metal. . · 

N. Rodriguez and T. Bake~. us 6159538, provides further data on their· prior 

20 literature report in J. Phys.Chem B ·1998, 106, 4253 of HrUptake by layered 
. . 

nanostructures which Include graphite, carbon nanoflbers, multi-walled carbon 

nanotubes etc., ·that have been treated with an inert gas at elevated temperatures. The 

H:z absorption is claimed to take place when the materials are subjected to flowing 

hydrogen at a pressure from 1000 psia to 3000 psi a. The patent describes a use of a 

25 nanostructure that is intercalated with a minor amount of a suitable metal, which serves· 

to increase the gap between the nanomaterial's layers. 
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BRIEF SUMMARY OF THE INVENTION 

. The present invention is a process for the transport and storage of hydrogen by 

reversible sorption and containment within carbon-metal hybrid.materials. The process · 

5. comprises contacting a carbon·metal hybrid composition with a hydrogen-containing gas 

ata maintained.pressure.of from abOut 14 psia to about2000 psia. preferably20to 
. . . 

500 psia, and a t~mperature from about 253 K to 473 K, and preferably from 273 K to 

· 328 K, whereby the.carbOn-metal hybrid composition sorbsand thereby stores the 

. hydrogen gas. The hydrogen· that is sorbed in the cai'bon·metal composition is 
. . . . . 

10 ·subsequently released by lowering the H2 pressure-to from 1 Psia to 200 psia, preferabiy 

. from 14 to so psia, and/or increasing the 'temperature to frOm 273 K to 673 K, preferably · · 

from 293 K to 363 K. 

· The process of the present invention operates to reversibly sorb hydrogen due to the 

specific reaction conditions set out. above· along with the careful selection of particular 

· • 15 carbon-metal hybrid materials. Under the claimed process conditions, the carbon-metal 
. . 

hybrid materials of the present invention display an H2 sorption ·capacity that is greater 

than the sum of the capacities of the hybrid's individual components~ and also allows for 

the hydrogen to be stored"in the carbon·metal hybrid materials for an indefinite period of 
. ·. . 

. , , . . • , I 

time in a "vessel under at least the equilibrium partial pressure of hydrogen prior to being · · . . . . . 

20 recovered by desorption~ . 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a plot of the temperature programmed desorption (TPD) of hydrogen 

25 from a sample (Example 1) of a hybrid composition of exfoliated graphite and 

90%titanium/4%vanadium/6o/oaluminum alloy. 
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· Figure 2 is a plot of the temperature programmed desorption (TPD) of hydrogen . · 

from a sample (Example 2) of a hybrid composition of mesoporous carbon microbeads 

and 90%tltaniµm/4%vanadium/6%aluminum alloy. · 

Figure 3 is a plot of the adsorption/desorption isotherm cycle at 298 K of 

5 hydrogen on a sample (Example 2} of a hybrid composition of mesoporous carbon 

.microbeads and 90%tltanium/4%vanadium/6%aluminum alloy. 

· . Figure 4 is a piot of the temperature programmed desorption (TPD) of hydrogen 

from a sample {Example 3) of a hybrid composition of multiw~lled carbon nanotubt!s and · 

.. ·90%titanium/4%vanadlum/6%aluminum alloy. · 

1 o · · · . _., . Figure 5 is a plot of the temperature p~granimed desorption (TPD) of hydrogen 
·. . . . . . . . 

from a sample {Example 4) of a hybrid composHion of graphite nanofibers and 
. . 

·90%titanium/4%vanadium/6%aluminum alloy • 

. · -~ Figure 6 ·is a plot of the temperature progra":lmed desorption (TPD) of hydrogen ... · · · 

from a sample (Example 5) of a hybrid composition of graphite and 

· 15 90%titaniurn/4%vanadium/6%alumlnum alloy. 

:Fig_ure 7 is a plot of the temperature programmed desorption (TPD) of hydrogen 

· from a sample (Exa~ple 6) of a hYbrld composition of graphite nanofibers and.titanium 

metal. 

F_ig.ure 8 is a plot of the temperature programmed desorption (TPO) of hydrogen 

20 from a sample {Example 7) of a hybrid composition of graphite nanofibers and vanadium 

metal • 

. Figure 9 is a plot of the temperature programmed desorption (TPD} of hydrogen. 

froni a sample (Example 8) of a hybrid composition of graphite and nickel metal. 

Figure 1 O is a plot of the temperature programmed desorption (TPC) of hydrogen 

25 from a sample (Example 9) of a hybrid composition of 1:1 graphite and platinum metal. 
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Figure 11 is a plot of the temperature programmed desorption (TPD) of hydrogen 

from a sample (EXample 10) of a hybrid compo$ition of graphite and palladium rnetal. 

Figure 12 is a plot of the temperature programmed desorption (TPD) of hydrogen 

from· a sample (Example 11) of a hybrid composition of graphite and ruthenium metal. 

5 . ·Figure 13 is a plot of the temperature programmed desorption (TPD) of hydrogen 

from a sample {Comparative example 1) of_90%titanium/4%vanadium/6%afuminum alloy . 

powder .. 

. . Figure 14 is· a plot of th• temperature progra~med desorption (TPD) of hydrogen 

from a sample (Comparative example 2) of titanium metal powder; . 

1 O · Figure 15 is a plot of the. temperature programmed desorption (TPD) of hydrogen 

from a sample (Comparative example 3) ·of vanadium metal powder. 

Figure 16 is a· plot of the temperature programmed desorption (TPO) of hydrogen 
. . . . . 

. from ·a sample (Co~parative e:Xample 4) of palladJum metal poWder. · .. · 

Figure 17 is a plot of th~ temperature. programmed desorption (TPD) of hydrogen 

15· . from a sample (Comparative example 5) of mechanically milled graphite powder. 

Figure 18 is a plot of the temperature programmed desorption. (TPD) of hydrogen · 

from a sample (Comparative enmple 6) _of a hybrid eomposition Of graphite and 

magnesium metal.·. 

Figure 19 fs a plot of tlie temperature progra~med de~orption (TPD} of hydrogen 

20 from a sample (Comparative example 7) of 10% platinum metal on activated carbon .. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention is a process which employs carbon-metal hybrid 

compositions as effective, reversible absorbents for hydrogen and serve as materials for 

25 a practical storage of the gas. 



" 

· The carbon portion of the carbon-metal hybrid composition is a "substantially 

graphitic structure", preferably a single-sheet graphitic structure wherein "graphitic 

. structure" is defined as a structure comprising a conjugated, unsaturated, all carbon, . 

aromatic structure. · Examples of suitable "subStantfally graphitic" carbons include, 

5 . graphite itself, exfoliated graphite which consists of a loose assembly of single sheets of 

·. graphite, singfe wall carbon nanotubes and nanocones which are derived by 

appropriately "folding" single sheets of graphite. carbon nanocells, multi-wall carbon 

nanotubes whic~ consists of concentric sheets of rolled-up. graphite, carbon. nanofibers · · · · 

which comprise small graphite sheets that are stacked in a direction that is either. 
. . 

10. perpendicular or at an acute angle to the fiber's axis, mesoporous and micrpporous • · .. ·. 

carbon microbeads, and carbon soot which has been substantially graphitized as shown 
. . 

· · · by transmission electron microscopy. 

The metal portion of the carbon metal hybrid composition shQuld have the capability 

C>treversibly reacting with hydrogen in the temperature and pressure ranges of the · 

15 process •. ~his reaction with hydrogen will usually be a process where there is a · 

.: dissociation of the H2 molecule with the reversible formation of either surface or bulk 

metal hydrides. The platinum group rnetalst ie. Pt, Pd, Ir, Rh, Ru and Os, and also Ni 
. . 

and Co, (all of which are metals Of the Transition Series of e·lements) as well as alloys 
.. . 

that comprise these metals, usually from surface hydrides and, at very tiigh dispersions 

20 (extremely small sizes), exhibit an uptake of hydrogen.that approaches about 1H/metaf 

.atom. Of this group of elements, palladium can dissolve in its bulk considerable amounts 

of hydrogen with the formation of various hydride phases. Also useful are the earlier 

group metals of the Transition Series, i.e. Ti, Zr, Hf, V, Nb, Ta. and Cr and also alloys 

which include these metals, such as TiN, TIN/Al, Fe/Tl, Fe/Cr/Mn, Zr/Fe/Cr which can 

. 25. form bulk metal hydrides. Also included in this invention are hybrid materials of carbon 

and metal hydrides of the same aforementioned metals of the Transition Serles of 
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elements, where the metal or metal alloy combination has been hydrided by reaction with 

H2 to form a bulk metal hydride prior to combination with the graphitic carbon. Examples 

. are LaNi5H9; CaNi5H6, MmNi3~o0•7Alo.aHx (Mm = Misch metal, a mixture of lanthanide · 

group elements), MmN~_1sFeo.asHx; TIMnuVo.e2Hx and Tio.seZro.02Vo.41Hx as listed in the 

5 . review by G~ Sandrock in J. of Alloys and Compounds, 293 (1999) 877. The chosen 

metal hydrides or metal alloy should p~ferably be reversible with respect to the 

. desorption and re·sorption o~ hydrogen thus providing in sit~ at process conditions the 

· . metal or ~etal alloy component of the carbon-metal hybrid. · 

· . . The earbon·metal hybrids of this invention display a useful Hz sorption-capacity as 

.-10 · ·.defined by the pressure and temperature swing absorption cycle, whfch is greater than· 

the sum of the capacity of the individual components of the hybrid. _·· 
. . 

Said carbon-metal hybrids.may be prepared by a number of different methods, such 

as by subjecting a physical admixture of the two or.more components to relatively 

· energetic processes such as a intimate mechanical grinding (e.g. ball·milling) or 

15 sonication in a ultrasonic energy field, where there is local thermaf and-compressive 

energy. The sonication is conducted in a liquid medium~ The medium ean have 

· beneficial properties1 acting as more than just a physical support for the suspended 

metal and carbon components;· Thus, it can assist in comminuition, or in the case of 

graph~e, assist in exfollatlon, or it can act as a chemical source of Hydrogen. TypicalJy · 

20 the grinding is conducted in an inert atmosphere, in the presence of hydrogen, or In the 

presence cf a chemical source of hydrogen. During the grinding, the graphitic carbon is 

not intended to act solely as a lubricant as taught in the art, but rather is incorporated 

into the. result~nt carbon-metal hybrid composition. 

Alternatively, a carbon--metal hybrid composition may be formed using chemical 

25 vapor deposition {CVD) of the carbon and/or the metal(s). Carbon-containing gases, 

fncluding, but not limited to, methane, ethyrene, and acetylene, may be decomposed 
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· thermally; with microwave plasma, or with laser energy, with or without the participation 

·. of various metal catalysts, to form substantially graphitic carbon materials. The metal 

· component(s) of the metal-carbon hybrid may be used as the catalyst for decomposition 

. of the carbon-containing gases. The.metal.(s) may ~lso b~ introduced by CVD of volatile 

. 5 . metal compounds concomitant to graphitic carbon formation. or deposited upon the 

previously formed graphitic structure. 
. . . 

Additfonalfy. solution processing methods may be used to·. form metai-aarbon 

hybrtd compositions .. An aqueous or organi.c solution of a salt or compound of the 

. desired metal or metals may be introduced to the graphitic carbon by simpie. stirring · 
. . . . . 

1 o and/o~ heating in solution. · The· graphitic carbons, separated from the metal salt solution • 

. .. may be reduced by heating under reduced pressure. under a inert atmosphere, or under . 
a reducing atl')'losphere, e.g. hydrogen, methane. 

The resulting carbon-metal hybrid compositions will contain a bulk concentration 

. . . Of nietal, or metal alloy, which comprises 1-80% (W/w) Of the met~l-carbon composition 

15 . and are substantially free· of metal carbide domains or carbon atom~ In interstitial sites of 
. . 

the crystalline metal lattice. The balance of the hybrid composition will be formed of 
. . 

carbon materials that are substantiafly graphitic in structure. The two key requirements •. ·. 

are that the carbon ha\le a substantially graphitic structure ~nd that the metal, with which· 

the ca~on musf be in intimate contact1 be capable of reversibly reacting with hydrogen 

20 atthe process conditions of temperature and H2 pressure. The reaction of H2 with the 

metal may be either a surface reaction of the gas with small metal particles or a reaction 

that leads to the formation of a bulk metal hydride. · 

While not desiring to be bound to a specific theory, one potential mechanism for 

this reversible inc·orporation of H2 is.the phenomenon of .. Hrspillove~· as described by P. 

25 · A. Sermon,·et al as described above. This mechanism involves a dissociative adsorption 

of hydrogen as atoms on the metal surface which then "spill" over onto the support. 
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A second and more definitive possible mechanism for our Hrreactlve carbon­

.metal systems.is one where the graphitic carbon actually undergoes a metal-catalyzed· 

chemical hydrogenation, converting its graphitic conjugated or ar()matic system {where 

the carbon atoms are substantially sp2 hybridized) to a substantially saturated structure 

5 . where one H-atom has been added. to every carbon, which now has an sp3 hydridiZed 

electronic stnicture. The prototypical example is the hydrogenation of graphite, with the 

· addition of 1 H to every c atom, ie from Cn to (C-H}n. Calculations by high-level ab initio 

quantum mechanics methods, using VASP (Vienna Ab initio Simulation Package) and 

DMol (Molecular Simulation Inc. 1990, Version 4.6) predict for this hydrogenation of 

.10 graphite energy changes of ~7.3 kcaVmol H2 and -8.5 kcal/mole H2, respectively. Both 

.. values are suggestive of a favorable process, i.e. that a hydrogenated graphite will be 
. . . . 

.. more stable by 7.3 and 8.5 kcaVmore H~ respectively, but not too stable to preclude its' 

being reversible by heating. For comparison. the heat of hydrogenation of benzene to 

· cyclohexane at 298 K (a process which is not easily reversed by mild heating) ls -16.3 . 

15 kcal/mole H2• We are not aware of any reports of such a catalytic hydrogenation of 

graphite. ·However, a chemical.non-catalytic reduction of graphite and also of carbon 

. nanotubes by.their reaction with fithium·metal fn liquid ammonia has ~en recently 

· announced by S, Pekker, J.P. SaJvetat, E. Jakab, J.M. Benard and L. Forro, 

J.Phys.Chem B; 2001; 105(33); 7938-7943. 

20 · The carbon-metal hybrid compositions described herein are useful for the 

reversible storage of hydrogen. A specific process for reversibly storing and releasing 

hydrogen incorporates· a suitable storage vessel. containing the metal-carbon hy~rid · 

composition. The vessel is designed to facilitate heat transfer to and from the solid 

contents. The. vessel rs connected to a vacuum-pump apparatus, a source of inert gas, 

25 and a source of pure, gaseous hydrogen wherein the hydrogen is delivered to the vessel 

at the desired pressure. The temperature of the vessel can be controlled by the use of 

. \ . . . . 
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standard cooling (e.g. cryogenic_ gasni~uid/solid or refrigeration) and heating (e.g. 

resistive electrical or heat transfer media) processes. The carbon-metal hybrid 

. comp0sition may be activated for hydrogen sorption by heating. under vacuum or inert 

. gas flow. Hydrogen is admitted to the storage vessel until a desired equilibrium pressure · 

· 5 ·of gaseous hydrogen is present. 

Typically, the contact time of the carbon-metal hybrid composition with the H2 gas 

will .be from about 0.5-120 minutes, although shorter or longer contact times may be 
. . . .. . . ·. . 

. d~sired depending upon the particular carbon-metal hybrid composition a~d. specific 

reaetion conditions.used. Generally, under these conditions it rriay be expected that the· 

1 o . ·carbon-metal hybrid composition witr store between o. 1. and 1 o wt % hydrogen for an 

indefinite period of time under at least the equilibrium partial pressure of hydrogen. · 

· .· Controlled discharge of the hydrogen from the vessel can be accomplished by 

. ·· 1ow~ring the equilibrium pressure of gaseous hydrogen in the vessel,· feeding gaseous · 

hydrogen from the. vessel to the end use point, at a constant, near ambient vessel 

15 temperature. · AltematiVely, the vessel may be heated, resulting in an increase· of the · 

pressure of gaseous hydrogen which may b6 fed to the end use point, or in some 

. instances, the hydrogen may be. discharged by a oombination of lowering the pressure 

and increasing the temperature. Upon partial/complete discharge of the stored . 

hydrogen, the carbon-metal hybrid composition may be recharged by admitting hydrogen 

20 to the storage vessel, with heating/cooling to maintain the vessel ~ a desired 
. .· 

temperature, until the desired equilibrium pressure of gaseous hydrogen is reformed. 

· Re-activation. of the carbon-metal hybrid composition, by heating under vacuum or inert 

gas flow, can be performed as necessary to maintain optimum performance. 

In accordance with the general process steps set out above, in practice the 

25 storage or containment of H2 may be conducted by (a) a Hr-pressure swing process, (b) 

a temperature-swing process or (c) a combination of the two. 
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Thus, for the pressure-swing process H2 is admitted into the vessel c6ntaining the 

sorbent at from 14 psla to 2000 psia of H2 partial pressure, preferably at 20 psia to 500 · 

psia1 and is desorbed at the same temperature but at a lower pressure, in the range from 

· 1 psia to 200 psia. preferably from 14 psia to 50 psia. 

· 5 · For the temperature-swing process the H2 is contacted with the sorbent at from 

253 K to 473 Ki prefe~bly from 273 K to 323 K, and is desorbed at th~ same PJ'eSSUre 

but at a higher temperature,. at from 273 K to 573 K, preferably from 293 K to 363 K. 

More preferred is the combined pressure-temperature swing process, for which. 

the sorption will be at a Ha partial pressure of 14 psia to 2000 psi, preferably at· 20 psia 

10 to 500 psia, a temperature of 253 K to 473 K, preferably from 273 K to 323 K; with 

desorption and H2 recovery taking pfa,ee at a H2 partial pressure of from 1 psia to 

200 psia, preferably from 14 psia to SO psia, and a temperature of from 273 K to 573 K, . . . . . . 

preferably from 293 K to 363 K. But there may be conditions where the desorption will 

occur at pressures which are the same or higher than those at Which the gas was . 

15 · admitted, bt.it only ff the desorption temperature is also significantly higher. Likewise •. 

desorption could take place at the same or at a lower temperature t!'Jan that for sorption if 

the pressure is now significantly lower than that of the initial H2 uptake. The most 

favorable and preferred conditions for this temperature-pressure swing process will be 

where the. H2 sorption takes place at a combination of higher pressures and lower . · 

20 · · te'!lperatures: ranging from 30 psfa to. 500 psla. and from 283 K to 323 K, with the · 

subsequent H2 recovery by desorption taking place at lower pressures and higher 

temperatures; ranging from 15 psia to 25 psia. and from 333 K to ·353 K. 

25 

The fellowing examples are presented to better illustrate the present invention 

and are not meant to be limiting. 
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Example 1: Exfoliated graphite +_TIN/Al anoy 

A 20 mg sample of graphite (1·2 µ.m particle size, Aldrich) was suspended in 6.0 

M nitric acid (50 ml). This suspension was sonicated, using a ~in. immersion probe -

(Sonics and Materials, Inc., VC 750), for 16 hours at 2sa·K (the suspension w_asheld in a -

~ __ jacketed glass vial, chilled water was continuously circulated through the jacket to 

_ moderate the temperature) and 50 W/cm2 power. The resulting dark gray suspension 

was filtered (0.1 µ.m alumina filter) and washed with ~~ionized Water until the pH of the - -

filtrate was >5. -The gray solid was-washed with acetone and dried under vacuum at 373 -- --
. . . . 

K for 2 hours. The weight after drying was 35 mg. Scanning electron microscopy of the 

1 o · s_olid indicated the presence of metal pa_rticJes of ca. 1-µm diameter. These· metal 

particles were· not present in the gr-aphite before sonication. The graphite particles were· · · 

· ~liated_ into small (ca. 0.05 x 1 x 1 µm) plates of graphite during the sonication in nitric -

-, ·acid. Assuming a negligible _loss of carbon during the sonication, the sample 

· -~omposition is estimated to be 43% (wlw) carbon, and.57% 90TllSAV4V alloy. The 

. 15 sample· Was placed in a quartz cell, of known volume, fitted with a thermocouple ·that is in 
' -

direct c0ntact with the sample. · rne sample was· activated at 1023 K under vac!Jum ( 1 x 

· 1 O"" torr) for one h~ur and allowed to cool to room temperature. At room temperature, 

higJi..purity (99.999+%) hydrogen was expanded from a known volume into the 

evacuated sample cell to give an initial hydrogen pfessure of ca. 10 psia. The pressure 

20 of the system was recorded at interval of one second, showing a decrease i.n pressure 

that corresponds to hydrogen uptake by the sample. After the system had reached an 
' ' ' 

equilibrium pressure, the cell was cooled to n K under the hydrogen atmosphere. While 

holding the sample at 77 K, the hydrogen was evacuate_d from the cell (total evacuation 

time of 15 minutes). A temperature programmed desorption (TPD) experiment was then 

25 conducted, using the following procedure: The sample was warmed, at a constant rate, 
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.. from 77 K to ca. 1000 K. During this heating, the sampl~ cell was under a dynamic 

vacuum from a turbo-molecular pump. Simultaneously, pressure changes in the cell 

were recorded using a sensitive pressure transducer and a ga&-phase hydrogen ion 

.. count was recorded using a mass spectrometer (aJso used to assay for evolution of 

5 gases other than .hydrogen). · The results of the· TPC experiment {Fig. 1) show the 

presence of hydrogen desorption at three temperatures. Hydrogen evolution is observed 

·. in the temperature range.from 77~180 K. This Js consistent with physisorbed hydrogen 
. . 

and suggests the _presence of some micropores in the exfoflated graphite/metal hybrid. 

· . A second, substantial, peak for hydrogen evolution is observed in the. temperature range 

· 1 O . . . of 240-500 K. This peak is not observed for either pure exfoliated graphite gr;: pure 

90Ti/6Al/4Valloy. A third peak forhydrogen evolution is recorded at ca. 750 K. This 

15 

·• peak is entirely consistent with hydrogen. desorption from 90Ti/6AV4V alloy as if is similar · · 

to samples of pure 90Ti/6AV4V alloy which have a particle size of ca. 1 µm diameter .. No 

·gases Qther than hydrogen ·were deteCted during .the TPD. experiment. 

. Example 2: Mes~porous carbon microbeads + TIN/Al alloy 

A 5 mg sample of mesoporous carbon microbe~ds (pore size cs. SO nm) was 

suspended in 5.0 M nitri~ acid (50 ml). This suspension was sonicated, using a % in . 
• 

immersion probe (Sonics and Materials, lnc.,VC750), for 16 hours at 288 K (the 

· 20 . suspension was held in a jacketed glass vial, chilled water was continuously circulated 

through the jacket to moderate the temperature) and 50 W/cm2 power. The resulting 

dark gray suspension was filtered (0.1 µm alumina filter) and ·washed with deionized 

water until the pH of the filtrate was >5 .. The gray solid was washed with acetone and 

dried under vacuum at 373 K for 2 hours. The weight after drying was 20 mg. Scanning 

25 electron microscopy of the solid indicated the presence of metal particles of ca. 1 µm 
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diameter and small (ca. 100 nm diameter) carbon particles. These metal partides were 

· net present in the carbon microbeads before sonication. The smarr carbon beads appear 

to coat the surface of the metal partiC!e. Assuming a negHgible loss of carbon during the 

. sonication, ttie sample composition is estimated to be 25% {wtW) carbon, and 75% 

·~ 90Ti/6Al/4V alloy.: The sample was placed in a quartz cell, of known volume, fitted with a 

·thermocouple that is in direct contact.with the sample. The sample was activated at 
. . . . . . . 

1023 K under vacuum (1 x 1 o-c torr) for one hour and allowed to cool to room 

temperature. At room temperature, high-purity {99.999+%) hydrogen was expanded. 

from a known volume into the evacuated. sample ceU to give an initial hydrogen pressure 

.1 o · of ea. 10 psia. The pressure of the system was recorded at interyals of one secend, 

showing a decrease in pressure that corresponds to a rapid hydrogen uptake by the 
. . 

.s~mple. After the system had reached an equilibrium pressure, the cell was cooled to 77. 

. . K under the hydrogen atmosphere. While _holding the sample at 7_7 K, the hydrogen was 

evacuated from the cell (total evacuation time of 15 minutes) .. A temperature 
. ' . . 

15 .. programmed desorption (fPD) experiment was then conducted, using the following . 

procedure: The sample was warmed, at a constant rate, from n K to ca. 800 K. During 

this heating, the sample ceJI was under a dynamic vacuum from a turbo-molecular p~mp. 

· Simultaneously, pressure changes in the cell were recorded using a sensitive pressure 

transducer and a 'gas-phase hydrog.en ion count was recorded using a -mass 

20 · ·· spectrometer {also used to assay for evolution of gases other than hydrogen). The 

· results of the TPD experiment (Fig. 2)- show the presence of hydrogen desorption at 

three temperatures. A small amount of hydrogen evolution is observed in the 

temperature range from 77-200 K This.is consistent With.physisorbed hydrogen and 

suggests the presence of some micropores in the mesoporous carbon microbead-metal 

25 hybrid. A second, very sharp peak for hydrogen evolution is observed in the temperature 

range of 240-360 K. This peak is not observed for either pure mesoporous carbon 
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microbeads or pure 90Ti16AJ/4V alloy. A third peak for hydrogen evolution is recorded at 

50!)-700 K This peak is entirely consistent with hydrogen desorption from 90Ti/6Al/4V 

alloy of particle diameter ca. 1 µm. No gases other than hydrogen were detected during 

the TPO e~periment. An adsorption/desorption hydrogen isotherm. cycle (Fig. 3) has 

5 . been recorded at 298 K on the mesoporous carbon microbead-metal hybrid composition 

· between the pressures of 0.03-14.9 psia, which demonstrates reversible hydrogen 

adsorption at near~ambient temperatures for 1his composition. 

Example 3: MultiWaJJed carb~n n•notubes (M"."fNT) + TllV/AJ alloy 

1 o A 25 mg sample of MV\JNT (-300 mesh, Materials and Electrochemtcal Research, 

Inc.) was suspended in 5.0 M nitric acid {50 ml). This suspension was sonicated, using 

. a~ in. immersion probe (Sonics and Materials, Inc., VC 750), for 16 hours at 288 K (the 

. suspension was held in ajack~ed glass vial, chilled water was continuously circulated 

. through the jacket to moderate the temperature) and ·so W/cm2 power. The resulting 

15 dark gray suspension was filtered (0.1 µm alumina filter) and washed with deionized 

water .until the pH of the filtrate was >5. The gray solid was washed with acetone and 

dried under vacuum at 373 K for 2 hours. The weight after drying was 55 mg. Scanning . 

electron microscopy of the solid indicated the presence of metal particles of ea. 1 µm 
.. 

diameter. These metal particles were not present in the MWNT before sonication. · 

20 Assuming a negligible loss of carbon during the sonication, the sample composition Is 

estimated to be 45% (w/w) carbon, and 55% 90Ti/8Al/4V alloy. The sample was placed 

in a quartz cell, of known volume; frtted with a thermocouple that is in direct contact with 

the sample. The sample wss activated at 1023 K under vacuum (1" x 10-4 torr} for one 

hour and allowed to cool to room temperature. At room temperature, high-purity 

25 (99.999+%) hydrogen was expanded from a known volume into the evacuated sample 
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· cell to give an initial hydrogen pressure of ca. 1 O psia. ·The pressure of the· system was 

recorded at intervals of one second. showing a decrease in pressure that corresponds to 

a rapid hydrogen uptake by the sample. After the· system had reached an equilibrium 

pressure, the cell was cooled to 195 K under the hydrogen atmosphere. While holding 

5 · the sample at 195· ~. the hydrogen was evacuated. from the cell (total evacuation. time of · 
. . 

10 minutes). A temperahjre programmed desorption (TPD} experiment was then 
. ·'. . . . . 

conducted, using the following procedure: The sample was warmed, at a constant rate, 
. . . . 

from 195 K to ca .. 1000 K. During this heating, the sample_ cell was under a dynamic 

··vacuum from a turbo-molecular pump. Simultaneously, pressure changes in the cell 

10 · were recorded using a sensitive pressure transducer and a gas-phase hydrogen ion 

count was recorded using a mass spectrometer (also used to assay for evolution of . 

· . ·gases other than hydrogen). The results of the TPD experiment {Fig. 4) sho\ft{ the 

· presence of hydrogen desorption at two temperatures. A peak for hydrogeri evolution is 

observed i~ the_ temperature range of 240-380 K .. This peak is not observed for either 

· 15 pure MWNT or pure 90Ti/6Al/4V alloy. ·A second peak· for hydrogen evolution is 

recorded at 500-800 K. This peak is entirely consistent with hydrogen desorption from · 

90Ti/6AJ/4V alloy of particle diameter ca. 1 µm. No gases· other than hydrogen were. 

·.· deteeted during the TPD experiment • 

. . 

20 Example 4: Graphite Nanofibers + TINIAJ alloy 

A 1. 0 g sample of graphite nanofibers (150 nm diameter; 1 µ.m length) and 1. o g 

of a 90Ti/6Al/4V alloy (Cerac, Inc.; -50 mesh) were placed in a 20 cc tungsten carbide 

grinding vial with four tungsten carbide grinding balls. This mixture was ball milled for 16 

hours (Model 80000; Spex, Inc.) at room temperature under argon atmosphere. The 

25 sample was retnoved from the tungsten carbide vial in an argon glovebox and a portion 
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of the sample placed in a quartz cell, of known volume, fitted with a thennocouple that is 

in direct contact with the sample. The sample was.activated at 1023 K under vacuum (1 

x 10"' torr} for one hour and allowed to cool to room temperature. At room temperature, 

high--purity (99.999+%) hydrogen was expanded from a known volume into the 
. . . 

evacuated sample cell to give an initial hydrog'en pressure of ca. 10 psia. The pressure 

of the system was recorded at intervals of one second; showing a decrease in .pressure 

. that corresponds to a rapid hydrogen uptake by the sample. After the system had 

reached an equilibrium pressure, the.cell was cooled to 77 Kunderlhe hydrogen 

atmosphere. While holding the sampl.e at 77. K. the hydrogen was evacuated frOm the 
. . 

10 · cell (total evacuation time of 10 minutes). A temperature programmed desorption (TPD) 

experiment was then conducted, using the following procedure: The sample was· 

.warmed, at a constant rate, from 77 K to ca. 825 K During this heating, the sample cell 

was held under a dynamic vacuum from a turbo-molt!cular pump. Simultaneously, 

. pressure changes in the cell were recorded using a.sensitive pressure transducer and a 

·. 15 gas-phase hydrogen ion count was recorded using a mass spectrometer (also used to · 

· assay for evolution of gases other than hydrogen). The results of the TPD experiment 

. (Fig. 5) show the presence of hydrogen desorption at three temperatures. A peak for 

hydrogen adsorption is observed at ca. 77-200 K .. This peak is eommonly observed for 

graphite samples which have been ball milled in ttie absence of metal (see comparative 

20 example #5 and Fig. 17) and is due to the desorption of hydrogen which. is physically 

adsorbed in microporous sites generated by the mechanical milling. A seCQnd peak for 

hydrogen evolution is observed in the temperature range.of 250-400 K This peak is not 

observed for either pure (metal-free) milled graphite or 90Tlf6AU4V alloy. The third peak 

for hydrogen evolution is recorded at 500-800 K. This peak is entirely consistent with 

25 hydrogen desorJ)tioh from 90Ti/GAl/4V alloy (see comparative example #1 and Fig. 13). 

A small amount of methane is co-evolved with this peak. 
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Example S: Graphite + TIN/Al alloy 

A 1.0 g sample of graphite {Alfa Aesar; 2·15 µm particle size) and 1.0 g of a 

· 90Ti/6Al/4Valloy (Cerac, Inc.; -50 mesh) were placed in a 20.cc tungsten carbide 

-_ · 5 grinding viaf with twelve tungsten carbide grinding balls. This mixture was ball milled for •-

. 1 hour (Pul~erisette 7, Fritsch) at room temperature under argon atmosphere. The -

. sample was removed from the tungsten carbide vial in an argon glovebox and a portion 

of the sample placed in a quartz cell, of known volume, fitted with a thermocouple that is 

in direct contact with the sample. The sample was activated at 1023 K under vacuum_(1- -

· 1 o x 1 o"' torr) for one hour and allowed to cool to room temperature. -At room temperature, 

high-purity .(99.999+%) hydrogen was expanded from a known volume into the 
. . . 

evacuated sample cell to give an initial h~drogen pressure of ca. 1 o psia. The pressure 

of the system was recorded at intervals of one second, showing a decrease in pressure : . . 

that corresponds to a rapid hydrogen uptake by ttie sample. After the system had 

15 reached an equilibrium pressure, the cell was cooled to n K under the hydrogen 

atmosphere. While holding the sample at 77 K, the hydrogen was evacuated from the _ 

_ cell (total evacuation time of 10 minutes). A temperature programmed desorption (TPO) 

experiment was then conducted, using tl:te following procedure: · The sample was 

warmed, at a constant rate, from 77 K to ca. 900 K. During this heating, the sample cell . 
" 

20 was held under a dynamic vacuum from a turbo-molecular pump. Simultaneously, 

pressure changes in the een were recorded using a sensitive pressure transducer and a 

gas-phase hydrogen ion count was recorded using a mass spectrometer {also used to 
. . 

- assay for evolution of gases other than hydrogen). The results of the TPD experiment 

(Fig. 6) show the presence of hydrogen desorption in two temperature ranges. A peak 

· 25 for hydrogen adsorption is observed at ca. 77-200 K. This peak is commonly observed 

for graphite samples which have been ball milled in the !Bbsence of metal (see 
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· .. comp~rative example #5 and Fig. 17) and is due to the desorption of hydroge~ Which is 

physically adsorbed in microporous sites generated by the mechanical milling. A second 

peak for hydrogen evolution is observed in the temperature range of 300-450 K. This 
.· 

~ea~ is not obsetved for either pure (metal-free) milled graphite or 90Ti/6AV4V alloy . 

Example 6: Graphite Nanofibers +Titanium Metal 

·A 1.0 g sample of graphite nanofibers (150 nm diameter;· 1 µm length) and 1.0 g 

of a titanfUm metal poWder (Alfa Aesar; -325 mesh) were placed in a 20 cc tungsten 

·carbide grinding vial with four tungsten carbide grinding.balls. This mixture was ball 

· 1 O · milled for 20 hours (model aoooo; Spex, Inc.) at room temperature under argon 

atmosphere. The sample 'Was removed.from the tungsten carbide vial in an argon 

glovebox and a portion of the sample placed in a quartz ~II, of known vol~me, fitted with 

· a thermocouple that is in direct con~et with the sa~ple. The _sample \Vas activated at 

. 573 K_ under vacuum (1 x 1 O"" torr) for one hour and allowed to cool to room temperature. 

15 At room.temperature, high-purity {99.999+%) hydrogen was expanded from a known 

. volume into the evacuated sample cell to give an initial hydrogen pressure of ca. 500 
. . . 

torr. The pressure of the system was recorded at intervals ·of one second, showing a 

decrease in pressure that corresponds to. a rapid hydrogen uptake by the s"ample. After 

tlie system had reached an equilibrium pressure, the cell was cooled to Tr K under the 

20 hydrogen atmosphere. While holding the sample at 77 K. the hydrogen was evacuated· 

from the cell (total evacuation time of 1 O minutes}. A temperature programmed 

desorption (TPD) experiment was then conducted, using the following procedure: The 

samP.le was warmed, at a constant rate. from 77 K to ca. 700 K. During this heating, the 

sample cell was held under a dynamic vacuum from a turbo-molecular pump. 

25 Simultaneously, pressure changes in the.cell were recorded using a sens~ve pressure 

transducer and a gas-phase hydrogen ion count was recorded using a mass 
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spectrometer (also u_sed to a~say for evolution of gases oth~r than hydrogen}. . The 

· results of the TPD experiment (Fig. 7) show the presence of hydrogen desorption at two 

temperatures. A peak for hydrogen adsorption is ~bserved at ca. 77-2oo·K This peak is 

commonly observed for graphite samples which have been ball milled in the absence of . 
5 · metal (see comparative example #51 Fig. 17) and is due to the desorption of hydrogen 

. which is physically adsorbed in microporous sites generated by the mechanieal milling. 

·. A second peak for hydrogen evolution is observed in the temperature range· of 250-350 

K. This peak is not obs~ for eHher pure (metalwfree) ·mmed graphite or titanium 
. . . . . . .. · 

metal powder. The titanium metal powder (·325 mesh) ShOVJ9. a hydrogen desorption 

1 o peak at temperatures >800 K (see _comparative example #2,. Fig. 14). Methane and . 

· carbon monoxide impurities are observed between 200-600 K. 

·Example 7: · Graphite Nanofibers + Vanadh.im Metal 

A.1.0 g sample of graphite nanofibers (150 nm diameter; 1 µm length) and 1.0 g 

15 . of a vanadium metal powder (Acres Organics; ·200 mesh) were.placed in a 20 cc 

tungsten ~rbide grinding vial with four tungsten carbide grinding balls. This mixture was 

ball milled for 18 hours (model 80000; Spex, Inc.) at room temperat~re under argon· 

atmosphere. The sample was removed from the tungsten carbide vlal In an argon 

. glovebox a~d a portion of the sampre placed in a quartz cell, of known. volume, fitted with 

20 · .a thermocouple that is in direct contact with the sample .. The sample was activated at 

· 1023 K under vacuum (1 x 1 O_. torr) for one hour and allowed to cool to room 

·temperature. At room temperature, high-purity (99.999+%) hydrogen was expanded 

from a known. volume into the evacuated sample cell to give an initial hydrogen pressure 

of ca. 10 psia. The pressure of the system was recorded at intervals of one second. 

25 showing a decrease in pressure th~t corresponds to a rapid hydrogen uptake by the 

sample. · After the system had reached an equilibrium pressure, the cell was cooled to 77 
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K under the hydrogen atmosphere. While holding the sample ·at 77 K, the hydrogen was· 

evacuated from the cell (1otal evacuation time of 10 minutes). A temperature 

programmed desorption (TPO) experiment was then conducted, using the following 

procedure: The sample was warmed, at a constant rate, from 77 K to ca. ns K. During . 

5 this heating, the sample cell was held under a dynamic vacuum from a turbo-molecular 

· pump. Simultaneously, pressure changes In the cell were recorded using a sef1sitive 

pressure transducer and a gas-ph.ase hydrogen ion count v.tas recorded using a mass 

spectrometer (also used to assay for evolution of gases other than hydrogen). The 

results of ~e.TPD ~xperiment (Fig. 8) show the presenee of hy~rogen d~sorption at two .. 

· 1 o temperatures. A i>eak for hy~rogen adsorption is observed at ca; 77-200 K. This peak is 

commonly observed for graphite samples which have been ball milled in the absence of 

metal (see comparative example #5,.Fig~ 17) and is due to the desorption· of hydrogen 

. ~fch is physically adsorbed in microporous sites generated by the mechank~al mnling. 

A second peak for hydrogen evolution is observed in the temperature ran~e of 225-600 

15 · K. This peak is ·not observed for either pure (metal-free) milled graphite. The pure 

vanadium metal powder. (-200 mesh) shows hydrogen desorption peaks at two 

temperatures 310 and 510 K (see compa_rative example #31 Fig. 15). 

Example 7 (a): Graphite Nanofibers +Vanadium Metal. A 1.0 g sample of graphite · · 

20 nanofibers (150 nm diameter, 1 µm length) and 1.0 .9 of a vanadium metal powder {Acres 

Organics; -200 mesh) were placed in a 20 ce tungsten carbide grinding vial with four 

tungsten carbide grinding balls. This mixture was ball milled for 18 hours (model 80000; 

Spex, Inc.) at room temperature under argon atmosphere. The sample was removed 

from the tungsten carbide vial in an argon glovebox and a portion of the sample placed in 

25 a quartz cell, of known volume, fitted with a thermocouple that is in direct contact with the 

sample. The sample was activated at 1023 K under vacuum (1. x 10-4 torr) for one hour . 
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arid allowed to cool to room temperature~ At room temperature, high-purity (99.999+%) 

hydrogen was expanded from a known volume into the evacuated sample cell to give an . 

initial hydrogen pl"eSsure of ca. 1 o psia. The pressure of the system was recorded at. 

. intervals of one second, showing a de_crease in pressure that corresponds to a rapid 

5 . ·hydrogen uptake by the sample. After the system had reaChed an equilibrium pressure, 

·· the cell was cooled ton. K under the hydrogen atmosphere. While holding the sample 

. at 77 K, the hydrogen was evacuat~d from the. cell. (totaf evac~ation time of 10 minutes) .. · .. 

A temperature programmed desorption (TPD) experiment was then conducted. using the · · 

. following procedure: The sample was warmed, at a constant rate. from_ 77 K to ca. ns 

. . . . 

10 .. K. During this heating, the sample cell W&s held under a dynamic vacuum from a turbo-

. molecular pum~. Simultaneously, pressure changes in the cell were recorded using a 

·sensit.ive pressure transducer.and a g~s-phase hydroge_n ion count Was recorded usi~g a··· 

mass spectrometer (also .used to' assay for evolution of gases other than hydrogen).· The 

·results of the TPD experiment (Fig. S)show the presence of hydrogen desorption at two . 
15 · temperatures. A peak for hydrogen adsorption is observed at ca. n-200 K. This peak is 

commonly obseNed for graphite samples which have been ball milled in the absence of 
. ' 

metal (see comparative example #51 Fig. 17) and is due to the desorption of hydrogen 
' . . . . . . . . . 

· .· which is· physically adsorbed in microporous sites generated by the mechanical milling . 

. A sec0nd peak for hydrogen evolution is observed in the temperature range of 225-600. 

· .. · 20 K. This peak is not observed for either pure (metal-free) milled graphite. The pure 

vanadium metal powder (-200 mesh) shows hydrogen .desorption.peaks at two 

temperatures 31_0 and 510 K (see comparative example #3, Fig. 15). After the TPD 
. .· . . 

experiment, the sample was re-activated at 1023 K under vaeuum (1 x 10-4 torr) for one 

hour and allowed to cool to room temperature before transfer, under helium atmosphere, 

25 to a high pressure adsorption testing apparatus. After exposure to vacuum for 1 O 

minutes at room temperature, high-purity (99.999+%) hydrogen was expanded from a 
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.. 
known volume into the evacuated sample 'cell to give an initial hydrogen pressure of ca. 

150 psia. The pressure of the system was recorded at intervals cf one second. shewing 

a decrease in pressure that corresponds to a rapid hydrogen uptake by the sample. · 

5 . Example 8: Graphite + Nickel 

A 1.0 g sample of graphite (Alfa Aesar; 2·15 µm particle size) and 1.0 g of nickel 
: . ' . . 

powder (Acros Organics;-100 mesh) were placed in a 20cc tungsten·carbidegrinding 
. . 

vial with four tungsten carbide grinding balJs. .This mixture was ball mftled for 20 hours 

(model 80000;· Spex, Inc.) at ropm temperature under argon atmosphere. The sampl~ 

1 O was removed from the tungsten carbide. ~al in an argori glovebox and a portion of the 

· .. sample placed in a quartz cell, of known volume, fitted with a thermocouple that is in . · · 

direct c0ntact with the sample. The sample was activated at 673 K under vacuum (1 x · 

104 torr) for one hour and allowed to cool to ~om. temperatµre. At roo~ temperature, · . ·.. . . . .. 

· high-:-purity (99.99~%) hydrogen .was· expanded from a known volume into the 

·. 15 evacuated sample cell to give an initial hydrogen pressure of ca. -1 O psia. The pressure · 
. . . . . . 

. of the systeni was reeorded at intervals of one second, shoWing a decrease in pressure . 
. . 

that correspond1do a rapid hydrogen uptake by the sample. After the system had · 

reached an equilibrium pressure, the cell was cooled to 77 K under the hydrogen 

atmosphere. While holding the sample at n K, the hydrogen was evacuated from the 

20 . celf (total evacuation time of 10 minutes). A temperature· programmed desorption (TPD) 

experiment was then conducted, using the following procedure: The sample was 

warmed, at a constant rate, from 77 K to ca. 625 K. During this heating, the sample cell . 

was held under a dynamic vacuum from a turbo-molecular pump. Simultaneously, 

pressure changes in the cell were recorded using a sensitive pressure transducer and a 

25 gas-phase hydrogen Ion count was recorded using a mass spectrometer (also used to 

assay for evolution of gases other than hydrogen}. The results· of the TPD experiment . 
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(Fig. 9} show the presence of hydrogen desorption in two temperature ranges. A peak 

for hydrogen adsorption is ob~erved at ca. 77-200 K. This peak is commonly observed 
. . 

for grapt)ite samples which have been ball milled in the absence of metal (see 
. . . . .. 

. ··.comparative example #51 Fig. 17) and is due to the desorption of hydrogen which is. 

5 physically adsorbed in microporous sites generated by the mechanical milling. A second 
. . 

· set of peaks fer hydrogen evolution is ob.served in the temperature range of 250-500. K. · 

This peak is notobserved for either pure (metal-free) milled graphite or nickel powder 

. (see discus·sion). Twa pe-.ks for methane are apparent at 300 and 525 K. · . 

10 · Example 9: Graphite+ Platinum 1:1 : 
. . . . . . . . . : 

A 1.0 g sample of graphite (Aldrich; 1-2·µm particle ·size) and 1.0 g of platinum 

powder (Acros Organics; 0.17-0.4 µm) were placed in a 20 cc tung~ten carbide· grinding 
. . . . . . . . . . . : 

vial with four tungsten carbide grinding balls. This miXture was bail milled for 24 hours 

(model 80000; Spex, Inc.) at room temperature under argon atmosphere. · Th~ sample . 

15 ·was removed from the tungsten carbid~ .viaJ in an argon glovebox and a portion of the . . 

sample placed in a quartz cell, of known volume,. fitted with a thermocouple that is ·in 

direct .contact ~h the sample. The sample was activated at 973·K under vacuum (1 x . 

. 10-4 tOrr) for on_e hour and allowed to cool to room temperature. At room temperature •. 

. ·high-purity (99.999+%) hydrog~ri was expanded from a "known v~lume ·~nto the 

· 20 · evacuated. sample cell to give. an. initial. hydrogen pressure of ca .. 10 psia. The pressure · 

of the system was recorded at intervals of one secondt showing a d~crease·in pressure 

· that corresponds to a rapid hydrogen upta_ke by the sample. After the system had 

reached an equilibrium pressure, the cell was cooled to 77 K under the hydrogen 

atmosphere. While holding the sample at 77 K, the hydrogen wa$ evacuated from the 

25 cell (total evacuation time of 10 minutes). A temperature programmed desorption (TPD) .. 
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experiment was then conducted, ~ing the following procedure: The sample was 

warmed, at a constant rate, from 77 K to ca. SOOK. During this heating, the sample cell 

was held under a dynamic vacuum from a turbo-moleeular pump. Si~ultane6usly, 

pressure changes _in the cell were recorded using a sensitive pressure transducer and a 

5. gas-phase hydrogen ion count was recorded using a mass spectrometer (also used to 

assay for evolution of gases other than hydrogen} .. The results of the TPD experiment 

(Fig. 10) show the presence of hydrogen desorption in two temperature.ranges. A peak 

· . ·for hydrogen adsorption is observed at ca. 100-200 K .. This peak is commonly observed . 

for grapf:>ite samples which have been balJ milled Jn the absenee of metal {see 

1 O comparative example #5, Ag. 17} and is due to the desorption of hydrogen which is 

physically adsorbed in microporcus sites generated by the mechanical milling~ A second 

set of peal<S f~r hydrogen evolution is observed in the temperature range of 300-500 K 

·· .. Methan• is evolved above 500 K. · 

15 Example 10: Graphite+ Palladium 

A1.0 g sample of graphite (Aldrich; 1·2 µm particle size) and 1.0 g of palladium 

powder (Aeros Organics) were placed in a 20 cc tungsten carbide grinding vial with four 
. . . . . . . 

tungsten ca~ide grinding balls .. This mixture was ball miJled for 24 hours (model 80000; 

Spex, Inc.) at room temperature under argot'l atmosphere. The sample was removed 

20 from· the tungsten earbide vial in an argon glovebox and a portion of t~e sample placed in. 

a quartz cell, of kncwn volume, .fitted with a thermocouple that is in direct contact with the · 

sample. The sample was activated at 500 K under vacuum (1 x 10-4 torr)· for one hour 

and allowed to cool to room temperature. At room temperature, high-purity (99.999+%) 

hydrogen was expanded from a known volume into the evacuated sample cell to give an 

25 initial hydrogen pressure of ca. 1 O psia. The pressure of the system was recorded at 

intervals of one second, showing a decrease in pr~sure that corresponds to a rapid 
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.. hydr~gen uptake by the sample. After.the system had reached an equilibrium pressure, 

the cell was cooled to 77 K under the hydrogen atmosphe~e.. While holding the sample 

at 77 K, the hydrogen was evacuated from the cell (total evacuation time of 10 minutes). . . . 
. . . •, . . . 

A temperature programmed desorption (TPD) experiment was then conducted, using the · 

5 foJJowing procedure: The sample was warmed, at a constant rate, from 77 K to ca. 

· 47SK. Durin_g this heating, the sample cell was held under a dynamic vacuum from a 

turbO-molecular pump. Simultaneously, pressure changes in the celi were recorded 

. using a sensitive pressure transducer and a gas-phase hydrogen ion ·count was recorded 
. .. 

· using a mass spectrometer (also used to assay for evolution of gases other than · 

10 . hydrogen). The results of the TPD experiment {Fig. 11 ) shdw the presence of hydrogen 

d~sorption in three temperature· ranges. A peak for hydrogen adsorption is· observed. at 

· ca. 200 K . Another peak for hydrogen ewlution is _observed in the temperature range of 

, 250-350 K. A thii-d peak for hydrogen evolution is observed at 400 K The TPD 

·•. spec_lrum for pure palladium metal shows peaks at 2001 250. and 330 K (see . . . . . . . 

· 15 · comparative example #4,· Fig. 16)._. M~thane is evolved at 300 and >450 K. 

Example 11: · Graphite + Ruthenium 

A 1.0 g sample of graphite (Aldrich; 1-2 µm particle size) and 1.0 g of ruthenium 

. powder (Acros Organics; -200 mesh) were placed In a 20 cc tungsten carbide grinding 

20 . vial with four tungsten carbide grinding balls. This miXture· was b~ll milled for 20 hours 

{model 80000; Spex, Inc.} at room temperature under argon atmosphere. The sample 

was removed from the tungsten carbide vial in an argon glovebox and a portion of the 
. . . . . . .. 

sample placed in a quartz cell. of known volume, fitted with a thermocouple that is in 

direct contact With the sample. The sample was activated at 500 K under vacuum (1 x 

25 10-4 torr) for one hour and allowed to cool to room temperature. At room temperature, 

high-purity (99.999+%) hydrogen was expanded from a known volume into the 
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evacuated sample ceU·to give an initial hydrogen pressure of ca •. 10 psia. The pressure 

. Of the system was recorded at intervals of one second, showing a decrease in pressure 

· that corresponds to a rapid hydrogen uptake by the sample~ After the system had 
. . 

resched an equilibrium pressure. the cell was <;ooled to 77 K under the hydrogen 

5 · atmosphere. While holding the sample at 77 K, the hydrogen was evacuated from the 

eell (total evacuation time of 10 minutes). A temperature programmed desorption (TPD) 

experiment was then c0nducted1 using the following procedure: The sample was · 

wanned, at a constant rate, from 77 K to ca. 625K. During this heating, the sample cell 
. . 

was held under a dynamic vacuum from a turbo-molecular. pump~ Simultaneously,. 

10 pre~sure. changes in the cell were recorded using a sensitive pressure transducer and a 

gas-phase hydrogen ion count was recorded using· a mass spectrometer (also used to 

assay for evolution of gases _other than hydrogen). The results of the TPO experiment 
. . 

: . . . . 

·· _ (Fig. 12) show the presence of hydrogen desorption in two temperature ranges.· A peak · 

for hydrog·en ·adsorption is· observed at ca. 150 K. ·This peak is commonly observed for-
. ·. ·. . 

15 graphite samples which. have been ·ball milled in the abse~ce of metal (se!! comparative 

example #5, Fig. 17) and is due to the desorption of hydrogen Which is physically 
. . 

. adsorbed in microporous sites generated by the mechanical milling. A second set of 

peaks for hydrogen evolution· is observed in the temperature range of 350-450 K. 

20 Comparative Example 1: 90Ti-6AI-4V alloy 

A 0.075 g sample of 90Ti/6Al/4Valloy (Cerac, Inc.; -50 mesh) was placed in a 
. . 

quartz cellt of knowri volume, fitted With a thermocouple that is in direct contact with the 

sample. _At room temperature, high-purity (99.999+%) hydrogen was ·expanded from a 

known volume into the evac~ated sample cell to give an initial hydrogen pressure of ca. 

25 1 O psia. The sample was heated to ca. 750 K to promote the hydriding of the sample, as 

detected by a decrease in hydrogen pressure. After the system had reached an 
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. equilibrium-pressure, the cell was· cooled to 100 K under the hydrogen atmosphere . 

. While holding.the sample at 100 K, the hydrogen was evacuated from the cell (total 

evacuation time of 5 minutes). A temperature programmed desorption (TPD) experiment 
. . . . . 

was then conducted, using the following procedure: The sample was warmed, at a 

5 ·constant rate, from 100 K tO ca. 900K ·During this heating, the sample cell was held 

~nder a dynamic vacuum from· a turbo-molecular pump. Simultaneously, pressure 

changes in the cell were recorded using a sensitive pressure "transducer and a gas-, . . . . . . . 

phase hydrogen ion count was recorded using a mass spectrometer (also 1.$Sed to assay . . . 

for evolution of gases other than hydrogen). The results of the TPD experiment (Fig. 13) 

. · 1 O show the presence of hydro_gen d~sorption only above 500 K. The peaks for hydrogen . 

desorption are observed at 675 and 750. K. 

· Comparative Example 2~ Titanium powder 

· A 0~2 g sample of titanium powder (Alfa. Aesar; -325 mesh) Was placed in a 

· 15 quartz cell, of known volume, fitted with a thermocouple that is in direct contact with the 

sample. At room temperature, high-purity (99.999+%) hydrogen was expanded from a . 

· known. volume into the evacuated sample cell to give an initial hydrogen pressure of ca. 

1 O psia. The sample was heated to ca. 700 K to promote the ·hydridlng of the sample,. as 

deteeted by a decrease in. hydrogen. pressure that corresponds to a hydrogen uptake. 
. . . . . . 

· · 20 After the system had reached an equil_ibrium pressure, the cell was cooled to 298 K 
. . 

under the hydrogen atmosphere. While holding the sample at 298 K, the hydrogen was 

evacuatiad from the cell (total evacuation time of 5 minutes). A temperat_ure programmed 

desorption (TPO) experiment was then conducted, using the following procedure: The 

sample was warmed, at a constant rate, from 298 K ta ca. 800 K. During this heating, 

25 the sample cell was held under a dynamic vacuum from a turbo-molecul.ar pump. 

Simultaneously, pressure changes in the cell were recorded using a sensitive pressure 
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transducer and a gasMphase hydrogen ·ion count was recorded using a mass 

spectrometer (also used to assay for evolution of gases other than hydrogen). . The 

results of the TPD experiment (Fig. 14) show hydrogen desorption only above 600 K. 

The peak for hydrogen desorption is observed to be >800 K. 

Comparative Example 3: Vanadium powder 

. A 0.56 g sample of vanadium powder (Acros Organics; -200 me$h) wa$ placed in 

a.quartz cen, of knowri volume, fitted with a thermocouple that is in.direct contact With the . 
· sample. The sample was activated at 800 K under vacuum (1 x 1 cr4 torr) for one hour 

1 o and arrowed to cool to room temperature. At room temperature, high-purity (99.999+%) 

hydrogen was.expanded from a known volume into the.evacuated s~mpfe cen to.give an 
initial hydrogen pressure of ca. 1 o psia. · The pressure of the system was recorded at · 

. intervals of one second, showing a decrease in pressure that correSponds to a rapid 

.. ·hydrogen uptake by the sample. After the system had reached_ an equilibrium p~ssure, 

15 the ceH was cooled to 77 K un~er the hydrogen atmosphere. While holding the sample 

at 77 K, the hydrogen was evacuated from the cell (total evacuation time of 5 minutes). 

A temperature programmed desorpti~~ (f PD) experiment was then conducted, using the 

following procedure: The sample was warmed, at a constant rate, from 77 K to ea. 775 . 
K. During this heating, the sample cell was held under a dynamic vacuum from a turbo-

20 molecular pump.· Simultaneously, pressure changes in the ·cell were recorded using a 

. 25 

. . . . 

sensitive pressure transducer and a gas,;,phase hydrogen ion count was recorded using a· 

mass spectrometer (also used to as$ay for evolution of gases other than hydrogen). The 

results of the TPp experiment (Fig. 15) show two peaks for hydrogen desorption at ca. 

300 K and 500 K. 
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. Comparative Example 4; Palladium powder 

. A 0.25 g sample of palladium powder (Acros Organics) was placed_ in a quartz 

.. cell, of known volume, fitted with a ttiermocouple that is in direct contact with.the sample. 

The. sample was activated at 500 · K under vacuum (1 x 104 torr) for one hour and · 

5 ·allowed to cool to room temperature. At room temperature, high-purity (99.999+%) · 

. hydrogen was expanded from a known volume Info the evacuated sample cell to give an 

Initial hydrogen pressure of ca. · 10 psia. ·The pressure of the system W3!!i recorded at 
intervals of one second, showing a decrease rn pressure that corresponds to a rapid 

hydrogen uptake by the sample. After the system had reached an. equilibrium pressure, . 

10 . ·the cell was cooled to 17 K under the hydrogen atmosphere. While holding the _sample 
. . . . 

at 77 K, the hydrogen was evacuated from the ceU (total evacuation time of 5 minutes). · 
: . . . . . . 

A temperature programmed desorption (TPD) experiment was then conducted, using the 

·.following procedure: The sample was warmed, at a c0nstant rate, from77 K to ca. 500 · 
. . 

K. · During' this heatin.g, the sample cell was hefd under a dynamic vacuum from a turbo-

·. 15 molecular pt.imp. Simultaneously, pressu~e changes in the cell were recorded using a · 

20 

. . . . . 

sensitive pressure transducer_ and a ga~-phase hydrogen ion count Was recorded using a 

mass spectrometer (also used to assay for eyoJution of gases other than hydrogen), · The· 
. . . 

. results of th_e TPD experiment (Fig. 16) show three peaks for hydrogen desorption at ca. . 

200, 250, ·and 330 K. 

Comparatfve Example 5: Mechanically milled graphite powder 

A 2.0 g sample of graphite (Alfa Aesar. -325 mesh) was placed in a 20 cc zirconia 

grinding vial with four zirconia grinding balls •. This sample was ball milled for 6 hours 

(model 80000; Spex, lnc.) at room temperature under argon atmosphere. The sample 

25 was removed from the zirconia vial in an argon glovebox and a portion of the sample 

placed in a quartz cell. of known volume, fitted with a thermocouple that is in direct 
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contact with the sample. The sample was activated at 1023 Kunder vacuum (1 x 10'"4 
. . . . . 

torr) for one hour and allowed to cool to room temperature. At room temperature, high-
. . 

purify (99.999+%) hydrogen was expanded from a known volume into the evacuated 
. . 

.·sample ciell to giVe an initial hydrogen pressure of ca. 10 psia. The cell was slowly 

.5 cooled to 77 K under the hydro.gen atmosphere. While holding the sample at 77 K, the 

· hydrogen was evacuated from the cell (total evacuation time of 15 minutes). A 

. temperature programmed desorption (TPD} experiment was then conducted, using the 
. . . . 

following procedure:· The sample was wanned, at. a· constant rate! from 77 K.to ca. 425 
. . . . . 

· K. During this heating, the sample eellwas held under a dynamic. vacuum from a turbo~ 

10 ·mo.lecular pump. _Simultaneously, pressure changes in the cell were recorded using a 

. sensitive pressure transducer and a.gas-phase ~ydrogen ion count was recoided using a 

mass spectrometer (also used to assay for evolution of gases other than hydrogen). The 

results of the TPD experiment (Fig. 17) shows only one peak at ca. 77-150 K for · · 
. " . . . ·. . . ..·. . 

hydrogen desorption from the sample. ·.There was no detectible increase in desorption 

·· 15 rate of hydrogen at temperatures above 150 K. 

Comparative Example 6: Graphite + Magnesium 

A 1.0 g sample ·of graphite powder (Aldrich, 1-2 µm) and 1.0 g of magnesium 

· metal (Aldrich, -200 mesh) were placed in a 20 cc stainless steel grinding vial with four 
. . 

20 stainless steel grinding balls. This mixture w:iis ball milled for 20 hours (model 80000; 

. Spex, Inc.) at room temperature under argon atmosphere. The sample was removed 

from the stainless steel vial in an argon glovebox and a portion of the sample placed in a 

quartz cell, of known volume, frtted with a thermocouple that is in direct contact with the · · 

sample. The sample was activated at 523 K under vacuum (1 x 1 o"' torr) fer one hour 

25 and allowed to cool to room temperature. At room temperature, high-purity (99.999~%} 

hydrogen was expanded from a·kn<>Wn volume into the evacuated sample cell to give an 
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. initial hydrogen pressure of ca. 1 O psia. The sample was heated to ca. 750 K to promote 
.. . . 

the hydriding ofthe sample, as detected by a decrease in hydrogen pressure. After the 

.system had reached an equilibnum pressure,.the cell was cooled to 87 K under the 

hydrogen atmosphere. While holding the sample at 87 K, the hydrogen was evaeuated 

.· 5 from the cell (total evacuation time of 15 minutes). A temperature programmed 

·· desorption (TPD)·experiment ·was then conducted, using the following procedure: The 

·sample Yias warmed, at a constant rate,.from 87 K to ca. 825 K. During this heating, the 

. ,sample cell was"held under a dynamic vacuum from a turbo-molecular pump •.. 

· ·.·· S.imultaneously, pressure cha~ges in the cell were rec0rded using. a sensitive presSure 

· 1 o ·transducer and a gas-phase hydrogen ion count was recorded using a mass · · 

speCt:rometer (also used to as.say for evolution of gases other than ·hydrogen) .. The 

results of the TPD experiment (Fig. 18) show the presence of hydrogen desorption in two .. 

temperature ranges.· A low-intensity peak for hydrosen adsorption is observed at ca. 87-

200 K. This peak is eo~monly observed for graphite samples which have been ball . 

15 milled in the absence of metal (see·comparativ~ example #5, Fig. 17} and is due to the . 

desorption of hydrogen ·which is physically adsorbed i.n microporous sites generated by 
. . 

the mechanical milling. A second set. of peaks for hydrogen evolution is observed at the · 

temperatures of 650. and .820 K. No hydrogen evolution at near-ambient temperatures 

(250-400 K), as are observed in examples 1-11· (which represent carbon/metal hybrid . 

. 20 ·compositions where the metal ·constituent Is a transition metal) is observed in the present 

case. Magnesium. an alkaline metal, does not form a useful carbon/metal hybrid 

composition. for hydrogen storage under these conditions of use. 

ComP,aratlve Example 7: Actlvated Carbon + Platinum 

25 A 1.5 g sample of 10% (w/W) platinum (1 nm metal particle size) ~n high-surface-

area activated carbon was activated at 523 K under vacuum (1 x 1 cr4 torr) for one hour 
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_and allowed to cool to room temperature. At room temperature,-high-purity (99.999+%) 

hydrogen was expanded from a known volume into the evacuated sample cell 10 ·give an 
·_initial hydrogen pressure of ca. 10 psia. No hydrogen uptake at ambient temperature. 

-- was detected._ The sampie was heated to ca. ?25 K to promote_the hydriding of the 

5 sample, b~ no detectable hydrogen adsorption was e\lident-at this temperature. After --- - -

- .the system was allowed to cool to room-temperature, the cell was cooled to 77- Kunde~ 

the hydrogen atmosphere. While holding the sample at 77 K, the hydrogen was 
- - -

evacuated from the ceJI (total evacuation time of 2 minutes). A temperature programmed 

desorpUon-(TPD} experiment was then conducted, using the following procedure: The 

-- 10 sample was warmed, at a constant rate, from.77 K to ca. 570 K. During this heating, the 

sample Cell was held under a dynamic vacuu~ from a turbo-molecular pump. 

-_ Simultaneously, ·pressure changes fn the cell were recorded using a sensitive pressure 

transducer and a gas-phase hydrogen ion co~nt was recorded using a mass 
- -

spectrometer (also used to assay for evolution of gases other than hydrogen). The 

15 results of the TPD expertment (Fig. 19) show the presence of hydrogen desorption in 

one temperature range; A peak for hydrogen adsorption is observed at ca. 87-200 K. 

This peak is due to the desorption of hydrogen which is physically adsorbed in 

micropor:ous sites Jn the_ activated carbon. No hydrogen desorption peaks at near­

ambient temperatures {250-400 K), as are' obseived in examples 1-11 {which represent 

.• _--20 carborllmetal hybrid compositionS where the metal constituent is_ a transition metal) is 

observed in the present case. The activated carbon in the present sample does not 

have a substantially graphitic structure (graphitic structure: a conjugated, unsaturated 

aromatic) nor does it exhibit a [002] reflection in the x-ray powder diffraction pattern. 
- -
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. Discussion of examples 

·Five graphitic carbons have been intimately combined with small particles of . 

90T116AV4V alloy using ultrasonicatlon and ball milling techniques. In examples 1-5, . 

5 temperature programmed desorption (TPD) shows the desorption of adsorbed hydrogen · 

from these mixtures in the temperature.'range of 2~00 K~ As shown in comparative 

example 1, si~ilar exposures to hydrogen and subsequent temperature programmed 
. . 

desorption on pure 90Tll6AV4V aJloy shows hydrogen desorption only above 500 K. 
. . . ·. . . ··.· : ··. . . .. . . 

which is unsuitable for the energy efficient storage of hydrogen. In comparative 
. . . 

10 example 5, a sample of mechanically miJled graphite shows hydrogen desorption during 
.· . . : . . . . 

15 

. ·. . . 

TPD only below 1 SO K. which is also. unsuitable for the efficle.nt storage of hydrogen due 

. ·. to the 'need for energy-intensive cryogenic or refrigeration systems .. 

. Example 6 demonstrates a similar effect with pure titanium metal. TPD shows 

. desorptio~ of hydrogen from a graphite nanofiber/titanium sample at ca. 300 K. · In 

comparative example 21 the TPD of hydroQen 'trom liydrided ti~nium m~tal (TiHJ occurs 
·. . . . . . .· . 

· above 600 i<. with. maximum desorption rate5 oecuring. at >750 K. · · 
. . : . . . . 

Example 7 and 7(a) demonstrate that a hybrlci composition of graphitic carbon 

and vanadium metal can ads~rb hydrogen"at 9.7and147 psia, respectively, and desorb 

hydro~en at temperatures between 250 Kand 600 K.' In comparative example 3, the 

· 20 · TPD of hydrogen.from hydrfded.vanadium metal (VH,J occurs at two different 

temperatures under-vacuum, 310 and 510 K. 

·Example 8 demonstrates that a hybrid composition of graphitic carbon and nicke! 

metal can adsorb hydrogen (0. 18 mmolig) rapidly at ambient temperatures and hydrogen 

pressures ofless than 15 psia. The desorption of hydrogen. during TPD, occurs at 350 

25 K. The literature on hydrogen adsorption by carbon-supported nickel teaches that high 

tempe~ures have typically been necessary to see uptake of hydrogen of this 
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magnitude. For example. a samp1e·o110% Ni on activated carbon adsorbs 0.09 mmol/g 
. . 

·of hydrogen in less than 1 O minutes, but only at the high temperature of 673 K. and the 

· TPD of hydrogen from this Ni/C sample shows hydrogen desorption starting at 500 K 

and peaking at 900 K (Fujimoto, K; Toyoshi. S. Stud. Surf. sci Cata/. (1981) 7, 235). 

5 These temperatures are substantially higher than the desorption temperature· of ca. 350 

· K In the present invention and much .less suitable for hydrogen storage. 

Example 9 demonstrates that a hybrid composition of graphitlc· carbon and .. 

. platinum metal .can adsorb hydrogen (0.35 mmol/g) rapldly at ambient temperature and a 
hydrogen pressure of less than 15 psia. ··.The desorption of hydrogen,. during TPD, . 

. 1 o · occurs at sso..400 K. The literature on hydro9en ad~rption by carbon-supported · 

platinum t"aches that high temperatures have been used to see uptakes of hydrogen .. 

Platinum (0.2~1 %) on carbon blacl< adsorbs 0.06 mmoVg hydrogen at the elevated . 

temperature of 623Kand11.6.psia H2·pressure over 50 minutes (Robell, A. J.; Ballou,· -

E. V.: Boudart, M. J. Phys. Chem. (1964) as, 2748). Carbon~supportecl platinum (10%. 

15 · wtw) is _reported to adsorb 0.06 mmoVg hydrogen at 294 Kand 14. 7 psia H2 pressure 

(Hunt, C. E:. J. Catalysis {1971} 23, 93). 

Example 1 o demonstrates that a hybrid compC?sition of graphitic carbon and · 

palladium metal can adsorb hydrogen_ (0.55 mmol/g) rapidly at ambient temperatures 

and hydrogen pressures of Jess than 16 psia. The desorption of hydrogen, during TPD, 

20 occurs at 150-400 K The literature on hydrogen adsorption by carbon-supported 

palladium teaches that high temperatures have been used to see substantial uptakes of 
. . . . 

hydrogen. · Pafradium {5% w/w) on carbon adsorbs 0.24. mmoVg hydrogen in <1 hour at 
423 Kand 1.9 psia hydrogen pressure (Su_zuki. S.; Suzuki, T. Bull. Chem. Soc. Japan 

(1965) 38, 2020). Palladium (5% w/w) on carbon adsorbs 0.03 mmoUg hydrogen, a far 

25 smaller amount.than the present invention. at 294 Kand 14.7 psia hydrogen pressure 

(Hunt, C. E. J. Catalysis (1971) 23, 93). 
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. Example 11 demonstrates that a hybrid· comp0sition of graphitic carbon and 
. . : . ·. . . . .· . ·. . . 

ruthenium metal can adsorb hydrogen (0.10 mmol/g) rapidly at ambient temperatures 

and hydrogen pressures of less than 15 psia. ·.The desorption of hydrogen, during TPD, 

· occurs at 400-500 K. The literature on hydrogen adsorption by carbon-supported 
. . . . 

5 . ruthenium teaches that very small quantities of hydrogen have previously been adsorbed 

at ambient temperature. Ruthenium (1% w/w) on high-surfa~-area ·graphite adsorbs 

. only 0.009 mmol/g hydrogen at 298 K and an undisclosed hydrogen ·pressure and the 

TPD of hydrogen from this sample gives rise to peaks at ca~ 400 and soo K. [Badenes, 

. P.; Daza, L.; Rodnguez-Ramos, l.; Guerrero.Ruiz, A. in Spillover and Migration. of 

· 10 Surface Species on Catalysts (C. Li •. Q. Xin~ eds.) p. 241.(1997)]. 

Example# Carbon/Metal H2 Pressure H2 Uptake Time 
Cosia) CmmoVa\. · (min.) 

1 Exfoliated graphite/90Ti-. 
6Al-4V. 

9.7' 1.5 4.0 . 

2 .. Mesoporous carbonl90Ti- .. 9.7 5.7 2.3 
5Al-4V 

·3 MWNT/90Ti-6Al-4V 9.7 3.9 5.9 
4 Graphite nanofibers/90Ti· 9.7 .· p.43 5.0 

6Al-4V 
5 GraDhite/90Ti-6Al-4V 9.7 0.13 7.7 
6 Graphite 9.7 . 0.13 . .. 3.8 

.. nanofiber&/Titanium 
7 .Graphite 9.7 0.23 .· . 100.5 

nanofibersNanadfum 
7 (a) Graphite· 147 0.88 37.2 

nanofibersNanadium 
.. 

a Graohite/Nickel 9.7 0.18 5.6 
9 GraDhite/Platinum 9.7 0.35 6.3 
10 Grachite/Pafladium 9.7 0.55 1.8 
11 Grachite/Ruthenium 9.7 0.10 7.3 

N:\MLR\appln Metal.Carbon Hybrid.doc 
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CLAIMS 

1. A process for reversibly sorbing hydrogen gas comprising bringing a 

· . hydrogen-containing gas info contact with a carbon-metal hybrid material under 

· · conditions of temperature and partial pressure of hydrogen whereby the carbon-metal 

. · 5 hybrid ·material sorbs said hydrogen gas, and subsequently adjusting the temperature 

and/or pressure _to cause_ desorption of said hydrogen gas from the carbon-metal hybrid 

10. 

· material; said process characterized in that the carbon-metal hybrid material. comprises a_ .· 

. substantially graphitic carbon component and a metal or metal alloy component wh~ch · 

.·reversibly reacts with the hydrogen. 

. 2. A precess in accordan~ with Claim 1 wherein said substaritialty graphitic 

carbon compo~ent of the carbon-metai ~ybrid material is selected from the group. 

consi$ting of graphite, exfoliated graphite, single wall earbOn nanotubes,' single wall 

. . carbon nanocones, carbon nanocells, multi-wall carbon nan.otubes, carbon nanofilm, · 
~ . . . . ·' . . . 

15 mesop0tous and micr0porous carbon microbeads, substantially graphitized carbon soot.. 
. . 

·and mixtures thereof. 

3. A process in accordance with Claim 2 wherein said substantially graphitic 

carbon component of the cartion-metal hybrid material is a single-sheet graphitic . 

. . 20 structure. 

4. A proeess in accordance with Claim 1 wherein ~aid metal component of the 

carbon-metal hybrid material iB a metal or an alloy containing a metal selected from the 

group consisting of Pt, Pd, Ir, Rh, Ru, Os, Ni, Co, Ti, Zr, Hf, V1 Nb, Ta, and mixtures 

25 . thereof. 
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5. A process in accordance with Claim 1 wherein the said metal or metal alloy 

components of the -carbon-metal hybrid material has been reacted With hydrogen to form . 

·a .metal hydride prior to combination wHh the substantially graphitic carbon com_ponentto 

· form the carbon-metal hybrid. 

: . . 

6. . A. process in accordance with Claim 1 wherein the hydrogen-containing. gas . 
. ·' . . . . . . 

. . . . . . . . . 

·is brought into ~ntact with said carbon .. metal hybrid material in a vessel at a pressure 

.from between 14 psia to 2000 psia ~f hydrogen partial pressure whereby sak~ hybrid .. 
. . . . . . . ·._: . .. . . ·. . . ':. 

material sorbs said hydrogen gas, and the pressure· in the vessel is subsequently 
. . 

. 10 reduced without adjusting the temperature, thereby desorbing the hydrogen gas fro~ the .. 

15 

. carbon-metal hybrid material. 

. 7. · · A process in accordance ·with Claim 6 wherein said pressure in the vessel Is 

reduced to about 1 psla to 200 psia to desorb said hydrogen gas .. 

a. · A process in accordance with Claim 1 wherein the hydrogen-containing gas 

is brought into· contad with said carbon-metal hybrid materiaf in· a vessel at a 

temperature from between 253 K to 473 Kwhereby said.hybrid material sorbs said. 

hydrogen gas, and the temperature in the vessel is subsequently increased without ·. 

·· 20 adjusting the pressure, thereby desorbing the hydrogen gas from the carbon-m~tal · 

hybrid material. 

25 

9. A proeess in accord~nce with Claim Swherein said temperature in the vessel 

i9 increased to about 273 K to 573 K to desorb said hydrogen gas. 
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1 O. A process in aceordance with Claim 1 wherein said hydrogen-containing gas 

is contacted with said carbon-metal hybrid material for about 0.5 to 120 minutes. 

· 11. A p.roeess in accordance with Claim 1 wherein said carbon-metal hybrid 
. . . . 

5 material can store between 0.1 and 10 wt% hydrogen at ambient or near-ambient 

ccnditions of terpperature and pr~ssure. 

" ' 

12. A process in accordance with Claim 1 wherein said carbon-metal hybrid . . . . . 

' ' ' 

material contains a bufk concentration of metal or metal alloy, which comprises from 1 to 
' ' 

.. 1 O . 80% on a weight ~sis. of the carbo.n-metal hybrid material. 

13: A process for reversibly storing hydrogen using a carbon-metal hybrid 
' ' ' 

material, whicll hybrid material· comprises a substantially graphitic carbon component 

and a metal or metal alloy component capable of reversibly reacting with hydrogen, said 

15 . process· comprising bringing a hydrogen-containing gas into contact with said carbon~ 

· metal hybrid material within a storage vessel at a hydrogen partial pressure from about 

14 psia to 2000 _psia and a temperature from about.253 K to 473 K whereby said carbon­

' metal hybrid material sorbs, thereby storing said hydrogen gas; and subsequently 

•' reducing the hydrogen partial pressure to between abolit 1 psia to 200 psia and ' 

20 increasing the temperature to between about 273 K to 573 K to desorb said hydrogen 

gas from said carbon-metal hybrid material. 

14. A process in accordance with Claim 13 wherein the hydrogen-containing gas 

is c0ntaeted with the carbon-metal hybrid material within the storage vessel at a 

25 hydrogen partial pressure from about 20 · psia to 500 psia and a temperature from about 

273 K to 323 K. 
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15. A process in accordance with Claim 14 wherein after said carbon-metal . 

. hybrid material sorbs said hydrogen, the hydrogen partial pressure is reduced to 

. between 14 psia to 50 psia and the temperature is increased to between about 293 K to 

s· 363 K to desorb the hydrogen gas from the carbon-metal hybrid material. 

16. A pr0eess in accordance with Claim 13 wherein said substantialfy.graphitic 

carbon component of the carbon-metal hybrid.material is selected from the group. 
. . .. 

consisting of graphite,. exfoJiatei:j sra.phite, single wall carbon nanot~bes, single waif. 

1 O · carbon nanocones1 carbon nanocells, multi-wall carbon nanotubes, carbon nanofiJm, 
. . . 

. . .. . .. 

mesoporous and microporous carbon microbeads, substantially graphitized carbon soot. 

· and mixtures thereof. 

. . . . 

17. A process in accordance with Claim 13 wherein said metal component of the . 

15 · carbon-metal hybrid material is a· metal or an alloy containing a· rrietal selected from the 

. group consisting of pt, Pd, Ir. Rh, Ru, Os, Ni, Co, Ti, Zr. Hf, V, Nb, Ta. and mixtures . 

·thereof. 

18. A process in accordance with Claim 13 Wherein said hydrogen can be stored 

20 · within said· carbon~metal hybrid material for an indefinite periOd of time before it is 

desorbed. 

19. A process in accordance with Claim 18 wherein said carbon-metal hybrid 

material stores between 0.1 and 10 wt% hydrogen at ambient conditions. 
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20. A process in accordance wtth Claim 13 wherein the.hydrogen stored in the 
carbon-metal hybrid material can be desorbed and recovered on demand by adjusting 

. . conditions of temperature and/or pressure to provide a readily available supply of 
hydrogen: 

· ... 

•. 
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