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. HYBROGENSTORAGEUSING
CARBON-METAL HYERID COMPOSITIONS

CROSS-REFERENCE TO RELATED APPL!CATIONS

The present Applmtlon isa contlnuatlon-in-part of Provrsronal Patent Applrcatron , "

; 60/252 751 f' Ied 22 November 2000

BAoKGRoUND OF THE'tNVENTION o

Hydrogen is a wzdeiy used commodlty in the chemrcal and petroleum processmg |

_ mdustnes Typtcally Ri is manufactured usually bya refonmng of natural gas and s

del:vered to the users’ snbs by p:peime. as liquid H; or as the highly compressed gas m

' cylmders The transport of hydrogen asa cryogemc liquid or as compressed gas are

: caprtal and energy—mtensrve processes whtch result ina srgnrﬁcant!y hrgher cost for the -

| cost altematrves pnncrpaﬂy on developmg materials that cou!d effectwely oapture

' h_ydrogen at_or near ambient condrtrons and release the gas as desired, at the pomt of_ =

use. Reoently such efforts have been greatly stimulated by the emerging tech'nology of

' Hz-dnven fuel ce!ls which, for mobile systems, |deally requrre a safe and cost-effeotxve o

- means for an on-board storage of hydrogen

Most of the research towards ways to contam hydrogen has focused on the

" reversibie chemrcal reactron and absorption of H, by various metals and metal afloys to

form metal hydndes Representatlve systems are Lale. FeTi and various magnesrum-

rich aﬂoys, such as Mg;Ni and Mg.Fe.

!n general, the hydride-forming metals/alioys that demonstrate favorable

thermodynamic properties display poor H. capacity, whereas hydride-forrmng
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. _metals/a_lloys'with a relatlvely'hlgh_ Hz capacity generally have unfavorable

| thennodynamic properties While substantial research efforts have been focused upcn
the synthesls and study of new generatlons of bl- tn- and multl-metalllc alloys that -

' demonstrate mcremental |mprovements in hydrogen capacrty and adsorptlonldesorptron
. kmetlcs rt can be argued that the arthas reached a pomt of drmrmshmg returns w1th . '
s respect to advancmg the functlonal characteristics of these systems castmg doubt on

| _thelr commerclal wabrllty and applncatlon ata large scale for H; storage

The sorptron of hydrogen by vanous new structural forms of carbon has reoently: :

' galned w:despread attentuon lt has been known for some tlme that htgh-surface-area

'.10_-.

: actlvated carbon and also certam alkall-metal graphrte rntercalatlon compounds W|ll

- reversxbly sorb conslderable quantltles of hydrogen but only at cryogenlc temperatures o

'.Such systems therefore do not offer practml or economxc advantages over the use of a

e compressed or liqulf' ed hydrogen Rodnquez et alin US 5, 653 951 (1997) clalm the
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. -storage of hydrogen m vanous layered carbon nanostructures lncludmg carbon '

nanof bers and carbon nenotubes Hydrogen storage data is only grven for carbon -

nanofiber materlals whrch take up ~1 22cc of Hzlgram at 285 K, 3.5 psia H, pressure

~ This corresponds to a uptake of only ca, 0.01 wt % Hy, 2 capacaty which s far too small N

for any practlcal appllcatron Bulk graphlte whlch has a surface area less than that of

: carbon nanoﬁbers, would be expected to show an even smaller H. capacnty

Recently. Chambers Rodnquez et al reported ind Phys Chem B 1988, 102

- ,4253 that oarbon nanofiber materials of unspecrfied SpeCIﬁc origin reversibly sorb very

large, 50 wt % or greater, quantmes of hydroge_n under high H. pressure., These resuits

have not been conﬁrmed by others, and have been directly disputed in 2 number of
publications. See Rzepka, M. et al, J. Phys Chem B, (1998) 102, 10894.
" A. C. Dilion et alin Nature Vol. 388, p. 379 (1997) reported on an unusual

sorption of hydrogen at near-ambient temper_atures by sing’le-walled carbon nanotube
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- known metal hydride fonnmg composltlon yrelds alloy composrtlons of fon'nula MgNrcx

~ (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

'xtemal diameter of ca 12 '13. and a 'very large 'length-to-diameter aspect ratio. The

'SWNT’s are usually bundled together and appear by electron mrcroscopy as long fibers
. whrch can be shortened and therr propertles otherwise modlt'ed by selectwe omdatron '
| _'processes SWNT materlals are expected to adsorb Hz at low (cryogemc) temperatures .

_analogous to actrvated carbons due to their hrgh surface area. However, the ambxent— '

| temperature Hz sorptlon results of Dilion ef al have been- durectly dlsputed in a recent

o pubhcatlon by Ye, Y., et al, Appl. Phys Lot (1089) 74, 2307,
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L Aymard et al, J. Electrochem. Soc (1999) 148, 2015 reported that a

‘-_ carbon addrtrves have been shown to have a favorable effect on the electrochemrcal
:performance of multl-metat alloys for nlckel-metal hydnde battenes Here, oarbon is
N _incorporated lnterstmally in the alloy electrode where Inter alla. it aids in the dlffusaon of |
. hydrogen into the bulk of the alloy K. Funaki et al J. Alloys Comp (1998) 270 160

~have shown that the introductron of graphrte by mechamcal alloymg :nto MgNr, awell- -

where x<1.31. Upon hydrogenatlon of MgNer the atomrc ratlo of hydrogen plus carbon
to metal (H+C)IM remams constant tndrcatmg that the hydnde sltes in the metal alloy

are stmply replaced by carbon atoms Thus. there is no evndent increase ln hydrogen

'storage capacrty G Sandrock J Alloys Comp (1999) 293-95 877 reports that

| the addition of sulfur, selenrum, and carbon, non-metal elements to, specifi cally. Ti-Mn

Laves phase alloys is reported to "pave the way" for increasing the H; storage capacity
of these alloys. | | i B .

~ InUS Patent 4,716,736 (1988) J. A. Schwartz teaches "metal assisted cold -
storage of hyclrogen". Here the well-known capabtllty of activated high surface area |
microporous (not substantially graphitic) car_bohs fo physically adsorb Ha at cryogenic

3.




o temperatures is said to be somewhat enhanced by the presence of an added highly

L dtspersed transrtron metal eg Pd, Pt, component The utllity of thrs system is however, )
: 'restncted to cryogenic temperatures, ie, at less than 273 K; Examples provided are at 77
' 'K and 85 K. Iti is theorized here that the H, molecule is adsorbed onto the metal asH

. atoms (monatomrc hydrogen) which "sprlls onto the carbon surface thrs actavated

E hydrogen thus "f illing the avarlable sites on the actrvated carbon ~as physrsorbed Hz

The concept of hydrogen spillover see “Hydrogen Splllover" by P. A Sennon and

o :,G C. Bond Cat Rev. 8(2) 211 (1973) has |ts genesrs in fundamental studres wrth . '

-supported metal catalysts partrcularty with-such systems as are used for chemrcal

hydrogenatron reactnons The metal has the role of actrvatmg" hydrogen by reversrbly o -

o ._'dxssocratmg Hz into metal-H atom specres on rts surface But lt's has been observed '

o that, for mstance, by heatlng Pt drspersed on carbon catalysts (deslgnated as Pt!C) at

- _623 K PtIAl203 at 473-573 K PdIC at 473 K, and also by PtIWO;. the amount of Hz

) taken up ls m excess of the known H,-sorptron capacrty of the metal alone Numerous B

studres have provrded support for the theory that some of the Hg "sprlls over“ from the

~ metal to the support but the nature of thls "transferred" hydrogen is not presently known _

The quantrty of thrs hydrogen on the support is usually very small amountrng to only

B several atorns of H for every H that's bound to the metal.

20

N Rodnguez and T. Baker US 6158538, provides further data on therr prtor

lrterature report inJ, Phys. Chem B 1998 108, 4253 of Hz-uptake by layered .

| nanostruotures which lnclude graphite, carbon nanoftbers. multr-walled carbon |

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

‘H2 absorptlon is claimed to take place when the materials are subjected to ﬂowrng

_ hydrogen ata pressure from 1000 psia to 3000 psia. The patent describes a use of a

nanostructure that is rntercalated with a minor amount of a sultable metal, which serves
to increase the gap between the nanomatenal's layers |
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BRIEF SUMMARY OF THE lNVENTION

The present |nvent|on isa process for the transport and storage of hydrogen by

: reversrble sorptlon and containment wrthm carbon-metal hybnd materials. The process. o
~ comprises oontaeting a carbon—metat hybrid composition with 'a'hydrog_en;eontaining gas
" at a _maintai_ned_pre_sSure 'of: from about 1_4 psia to '_about 2000 psia, preterably'_zo_to

1_56'0 psia,-and a'ternperatu'r'e from about 253 K"to 473 K and prefe'ra‘bty' from 273 K.to

- 328 K whereby the carbon-metal hybnd oomposltnon sorbs and thereby stores the |
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| L hydrogen gas The hydrogen that is. sorbed in the earbon—metal compositron zs
--subsequentty released by Iowenng the H2 pressure to trom 1 psta to 200 psia, preferably
_-.from 14 to 50 psra and/or tncreasmg the temperature to from 273 K to 573 K, preferably -

from293Kt0363K.

The process of the present snventron Operates to reversrbly sorb hydrogen due tothe h

specrhc reactron condttrons set out above along with the careful selectron of partrcular

" carbon-metal hybnd matenals Under the claimed process condrtuons the carbon-metal . o

hybnd matenals of the present rnventlon drsplay an Hz sorption capacrty thatis greater | o

than the sum of the capaclttes of the hybnd's rndrvldual components and also allows for

_ the hydrogen to be stored in the carbon-metal hybnd matenals foran mdetimte penod of

' ttme ina vessel under at least the equrhbnum partral pressure of hydrogen prior to bemg o

reeovered by desorptron
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a plot of the temperature programmed desorption (TPD) of hydrogen |
froma sample (Example 1) of a hybrid composrﬁon of exioliated graphite and |

90%trtamum/4%vanadrum/6%atumrnum alloy.
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' Frgure 2isa plot of the temperature programmed desorptron (TPD) of hydrogen ;

" froma sample (Example 2) ofa hybrrd composrtron of mesoporous carbon mrcrobeads

_ and 90%titan|um/4%vanad|umls%alum|num alioy. -

' Fgure 3 isa ptot of the adsorptronldesorptron rsotherm cycle at 288 Kof

: hydrogen ona sample (Example 2) of a hybnd composrtlon of mesoporous carbon

_ .mrcrobeads and 90%trtanruml4%vanadrumls%alummum alloy

Frgure 4 |s a ptot of the temperature programmed desorptron (TPD) of hydrogen '

-"_f’°"‘ a sarnp!e (Exampte 3) ofa hybrrd composrtlon of multrwalled carbon nanotubes and o |

25

O%t:tanruml4%vanadiumle%alummum atloy

Fsgure 5 Isa plot of the temperature programmed desorptron (TPD) of hydrogen B

' frorn a sample (Example 4) of a hybrid composrtron of graphrte nanot‘ bers and
| -QO%trtanluml4%vanadxurnls%alum|num alloy. o o
Frgure 6 is a plot of the temperature programmed desorption (TPD) of hydrogen L "

- from a sample (Example 5) of a hybrid oomposrtlon of graphlte and

90%trtanluml4%vanadrumls%alumlnum attoy _ _
Frgure 7is a plot of the temperature programmed desorptron (T PD) of hydrogen "

- from a sampte (Example 6) of a hybrid composrtlon of graphite nanof'bers and trtamum
" metal. o | o _ | ' |
Figure 8 ie a plot of the'terriperature programmed desorption (TPD) of:hydrogen' T ;' .

from a sample (Example 7)ofa hybnd composutron of graphrte nanot' bers and vanadrum :

metal

Frgure Qisa ptot of the temperature programmed desorptron (TPD) of hydrogen
from a sample (Example 8) of a hybrrd composrtron of graphrte and nlokel metal

Frgure 10isa plot of the temperature programmed desorption (TPD) of hydrogen

from a sample (Example 9) of a hybrid compo_srtron of 1:1 graphite and platinum metal.
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| Figure 11 isa plot of the temperature programmed desorptron (T PD) of hydrogen

| from a sample (Example 10) of a hybrid composltlon of graphlte and palladlum metal.

Figure 12 is a plot of the temperature programmed desorptlon (T PD) of hydrogen B
from a sample (Example 11) of a hybrid composrtron of graphite and ruthenrum metal.
~ Figure 13 i is a plot of the temperature pro.rammed desorptron (T PD) of hydrogen

from 3 sample (Comparatrve example 1) of 90%t|tanruml4%vanadlun116%alumrnum alloy'_

powder

Frgure 14 isa plot of the temperature programmed desorptron (TPD) of hydrogen' _-

- _from a sample (Comparatlve exampie 2) of tltamum metal powder

F‘ igure 15 i is a plot of the temperature programmed desorptxon (TPD) of hydrogen o

fmm a sample (Comparatrve example 3) of vanadrum metal powder

Frgure 16 i is a plot of the temperature programmed desorptron (TPD) of hydrogen ) R

. from a sample (Comparatrve example 4) of palladium metal powder

Frgure 17isa plot of the temperature programmed desorptron (T PD) of hydrogen o

_ from a sample (Comparatrve example 5) of mechanrcally milled graphlte powder _

' Frgure 18 is a plot of the temperature programmed desorptron (TPD) of hydrogen -

' from a sample (Comparative example 6) ofa hybnd oomposrtzon of graphrte and

magnesrum metal

Frgure 19 is a piot of the temperature programmed desorptlon ('l'PD) of hydrogen

'from a sample (Comparatrve example 7) of 10% platlnum metal on actrvated carbon

* DETAILED DESCRIPTION OF THE INVENTION
The presen't invention is a process which employs carbon-metal hybrid
compositions as ef_fective,_ reversible absorbents for hydrogen and serve as materials for

a practical storage of the gas.
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' The carbon portion of the carbon-metal hybrid composition is a "substantially - -

graphltlc structure”, preferably 8 single-sheet 'graphltic structure wherein "graphitic

. .'structure" s def ned as a structure compnsmg a conjugated unsaturated all carbon, -
- aromatlc structure Examples of surtable “substantlally graphitic” carbons mclude,
Q .graphlte ltself exfoliated graphite which consists of a loose assembly of smgle sheets of

graphlte, srngle wall carbon nanotubes and nanocones Wthh are denved by

appropnately "folctlng slngle sheets of graphlte carbon nanocells mult:-wall carbon

o _' _ nanotubes whlch con5|sts of concentrlc sheets of rolled-up graphtte carbon nanoﬁbers ;

’ '_whlch comprlse small graphlte sheets that are stacked ina dlrectlon that is elther

- perpendicular or at an acute angle to the f‘ ber's axis, mesoporous and mlcropcrous

L -carbon mlcrobeads and carbon soot whlch has been substantlally graphltlzed as shown

by transmlsslon electron microscopy.

15

h The rnetal portlon of the carbon metal hybnd composltton should have the capablllty o o
-' of reversrbly reactmg thh hydrogen in the temperature and pressure ranges of the |
| '.process Thrs reactlon wrth hydrogen wrll usually bea process where there |s a -

- drssoclatlon of the Hz molecule W|th the reversrble formation of either surface or bulk

- metal hydndes The platmum group metals, ie. Pt, Pd, Ir, Rh, Ru and Os and also Nx

o ) and Co, (all of which are metals of the. Transltlon Senes of elements) as well as alloys

20

that compnse these metals usually from surface hydrldes and at very hlgh dsspers:ons
(extremely small sizes), exh'blt an uptake of hydrogen that approaches about 1H/metal
“atom. Of this group of elements. pelladtum can dissolve in its bulk ccnslderable amounts

: ot hydrogen with the formation of vanous hydnde phases Also useful are the earher

group metals of the Transrtlon Senes, i.e. Ti, Zr, Hf, V, Nb, Ta and Cr and also alloys
whtch lnclude these metals, such as Ti/V, TWIA! FeIT i, Fe/CrMin, ZslFelCr whlch can
form butk metal hydndes Also lncluded in this lnventlon are hybnd matenals of carbon

and metal hydndes of the same aforementloned metals of the Transrtlon Serles of

"-8-_ |




B 'ellements where the metal or metal alloy combination has been hydrided by reaction with

H; to form a bulk metal hydnde prior to combination with the graphitic carbon Examples

. are Lalel-lg, CaleHs. MmNr; 5C007AL, aH,. (Mm Misch metal a m:xture cf lanthanlde
group elements) MmN, -,5FemH,, TiMN VoaHy and TioanZfocaVoarhb a8 itsted in the
, review by G. Sandrock in J. ofAlloys and Compounds, 293 (1 999) 877. The chosen

'metal hydndes or metal alloy should preferably be reversxble with respect to the

o ) desorptlon and re-sorptron of hydrogen thus prowdmg rn srtu at process condltrons the '

- - metal or metal alioy component of the carbon-metal hybrid. -

The éarbon-metal hybrids of thls mventlon dlsplay a useful H; sorption-capacity as

- 10 - defined by the pressure and temperature swing absorphon cycle, which is greater than o

the sum of the capacity of the mdlvldual components of the hybnd

Sald carbon-metal hybnds may be prepared by & number of drfferent methods, such .

S as by subjectmg a physrcat admixture of the two or more components to relatzvely h

a energetxc processes such as a mtlmate mechamcal gnndmg (e g ball-mlltlng) or

15

energy. The sonrcatlon is conducted in a liquid medium. The medlum can have -
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sonzcatlon ina ultrasomc energy ﬁeld where there is lccal thermal and compresswe o

- beneﬁclal propertues acting as more than jUSt a physical support for the suspended

o metal and carbon components Thus it can asslst in commmurtlon or in the case of

. ) graphtte, assist in exfollation, or it can act asa chemlcal source of hydrogen Typlcally :
a8 the grinding is oonducted inan inert tmosphere, in the presence of_hydrogen, orin the
 presence of a chemical source of hydrogen. During the grinding, the graph'itic carbon is

| not mtended to act solely asa lubncant as taught in the art but rather is lncorporated

mto the resultant carbon-metal hybrld composrtton

o Altematrvely, a carbon-metal hybrid composmon may be formed using chermcal
vapor deposition (CVD) of th_e carbon and/or the metal(s). .Ca_rbon—contatmng gases,
fncluding_. but not limited .to,. methane, ethylene', and acetylene, may be -decomposed

-g-
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~ thermally, with microwave plasma. or with laser energy, with or without the partioipation -

- ) " of varlous metal catalysts to form substantlally graphmc carbon matenals The metal

10
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’ component(s) of the metal-carbon hybrid may be used as the catalyst for decomposltlon o
" ofthe carbon-contatnlng gases The metal(s) may also be introduced by CVD of volatlle :
metal compounds concomntant to graphrtrc carbon formatlon. or deposuted upon the |

prevnously formed graphrtlc structure

Addltionally, solutlon processmg methods may be used to fonn metal-carban -

| | hybnd composltlons An aqueous or organlc solution of a salt or compound of the
' '_, : fdeslred metal or metals may be lntroduced to the graphltlc carbon by slmple strmng
.and/or heattng in solutton ‘The graphltlc carbons. separated from the metal salt solutton S .
- may be reduoed by heattng under reduced pressure. under a tnert atmosphere or under

_ | a reducrng atmosphere eg. hydrogen. methane. .

The resultlng carbon-metal hybnd composlttons w:ll contam a bulk concentratron

-.'of metal or metal alloy, which comprises 1-80% (wlw) of the metal-carbon composrtlon

and are substantratly free ot' metal carblde domalns or carbon atoms in mterstxttal sltes of "

the crystallme metal lattice. The balance of the hybnd composltlon will be formed of
| carbon matenals that are substant:ally graphltic in structure The two key reqmrements B
| are that the carbon have a substanttally graphttlc structure and that the metal, with which

| the carbon rnust bein mtlmate contact be mpable of reversrbly reactlng wrth hydrogen

at the process oondlttons of temperature and H, pressure. The reactlon of Ha with the
metal may be either a surface reaction of the gas Wlth small metal parttcles or a reaction
that leads to the formatlon of a bulk metal hydnde o

- While not desiring to be bound toa speclf'c theory, one potentlal mechanlsm for

this reverstble rncorporatlon of Hy is. the phenomenon of "Hz-splllover" as descnbed byP. -

A Sermon. etalas descnbed above This mechanlsm involves a dtssoclatlve adsorption -

of hydrogen as atoms on the metal surface which then "sptll" over onto the support

-10-



A second and more definitive possrble mechamsm for our Hz-reactive carbon—

' metat systems is one where the graphmc carbon actually undergoes a metel-oatalyzed

ohemrcal hydrogenatron converting its graphrtro oon;ugated or aromatic system (where

_the carbon atoms are substantlally sp hybndrzed) to a substantrally saturated sfructure
. where one H—atom has been added to every carbon, whrch now has an sp° hydndtzed

o eleotronrc structure The prototyplcal example Is the hydrogenatron of graphrte with the - '

e addntlon of 1H to every C atom ie from C,. to (C-H)n. Catcu(atrons by h:gh—level ab mmo

' quantum mechamoe methods usmg VASP (Vlenna Ab initio Srmulatlon Package) and

10

_ _'-DMol (Molecular Simulatlon lno 1990, Versron 4. 6) predlot for this hydrogenatron of

. -'graphrte energy changes of 7.3 kcal/mol Hz and -8.5 koallmole Ha, respectwely Both
" 'values are suggestive of a favorable process i e that a hydrogenated graphrte will be o S
. more stable by 7. 3 and 8 5 koallmote Hz respectively, but not too stable fo preclude |ts .

 being reversrble by heatmg For companson the heat of hydrogenatron of benzene to

cyolohexane at 298 _K (a prooess which is not_ easily reversed by mﬂd heatrng) Is -16.3 S

20

28

koallrno!_e Ha. We are_not aware of any'reports of euch a cetalytic hydrogenation of

Qrephite. "However, a_che_rnical'non-catalytic reduction of gr_aphite and also of 'carbon

_nanotubes by their reaction with lithium metal in fiquid emmonia has been recently'- -

- announced by s. Pekker J.P. Salvetat E. Jakab, J. M. Bonard andL. Fon-o

J. Phys Chem B; 2001 105(33); 7938-7943 |
' The cerbon-metat hybnd oomposrtrons described herem are useful for the
reversrble storage of hydrogen A specific process for reversibly stonng and releasing
hydrogen moorporates a suitable storage vessel, contarnmg the metai-carbon hybrid
composntson The vessel is deslgned to faor!rtate heat transfer to and from the solid
contents. The vessel is c_onneoted to a vacuum-purnp _apparatus, a Source of inert gas,
a'nd.a source of pure, gaseous hydrogen wherein the hydrogen is delivered to the veeset

at the desired pressure;' The temperature of the vesse! can be controlied by the use of

]l -
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standard cooling (e.g. cryogenic ga’s/liquidlsolid or refrigeration) and heating (eg. B

' resrstrve electrml or heat transfer media) processes. The carbon-metat hybrld
composltlon may be activated for hydrogen sorptton by heatlng under vacuum or :nert
gas ﬂow Hydrogen is admrtted to the storage vessel untrl a desired equlhbrlum pressure g | }

'_ 'of gaseous hydrogen is present.

B  Typically, the contact time of the carbon-rnetal hybnd composition with the H, gas L L

N _ wrtl be from about 0 5-1 20 mrnutes although shorter or Ionger contact trmes may be ‘

25

o ,desrred dependmg upon the partzoutar carbon—metal hybrld composmon and specif‘ c o
3 | reaotron condrtsons used. Generally. under these condrtrons rt may be expected that the
.' 10 _. .fcarbon-metal hybnd composztron will store between 0 1 and 10 wt. % hydrogen for an |

- rndeﬁnite penod of t:me under at least the equnlibnum part:al pressure of hydrogen

- COntrolled dlscharge of the hydrogen from the vessel can be accomplrshed by o

) lowenng the equmbnum pressure of gaseous hydrogen m the vessel feeding gaseous

hydrogen from the vessel to the end use pomt. at a oonstant near arnblent vesset

_temperature A!tematrvely. the vessel may be heated resuttmg in an increase of the
pressure of gaseous hydrogen which may be fed to the end use pomt orin some

rnstances the hydrogen may be discharged by a combination of lowering the pressure :

and rncreasmg the ternperature Upon partlalloomplete dnscharge of the stored

' hydrogen, the carbon~metal hybrrd composrtxon may be recharged by admlttmg hydrogen '
to the storage vessel with heatmg/ooohng fo mamtam the vessel at a desrred
| temperature. until the desired equlllbnum pressure of gaseous hydrogen is reformed.

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

gas flow, can be oerformed as necessary to maintain optimum performanoe.
In accordanoe with the general process steps set out above, in practice the

storage or containment of H, may be conducted by (a) a Hze-pressure swing process, (b)

-a temperature-swing process or (¢) a oombination of the two.

-12-



~Thus, for the pressure-swmg process H. is admrtted into the vessel oontammg the

sorbent at from 1 4 psia to 2000 psra of Hy partral pressure preferably at 20 psia to 500

psia, and is desorbed at the same temperature but at a Iower pressure, in the range from -

B psra to 200 psia, preferably from 14 psia 650 psra

For the temperature-swmg process the Hz rs contacted with the sorbent at from |

| '253 K to 473 K, preferably from 273 Kto 323K, and is desorbed at the same pressure |
' but at a hrgher temperature at from 273 Kto 573K, preferably from 293 K to 363 K.

More prefen'ed is the combrned pressure-temperature swmg process for whrch. '

' the sorptron wrlt be at a Hz partial pressure of 14 psia to 2000 psi, preferably at 20 psia =

10

) desorptton and Hz recovery takrng pfaoe at a Hz partra! pressure of from 1 psia to

to 500 psia, a temperature of 263 K to 473 K, preferably from 273 Kto 323 K; wrth

200 psra preferably from 14 psra to 50 psia, and a temperature of from 273K to 573 K,

- preferably from 293 K to 363 K. But there may be condrtrons where the desorptlon wrt!

 oceur at pressures whrch are the same or hrgher than those at whrch the gas was .

15"

- 20

25

admrtted but on!y rf the desorptron temperature is also srgnrt‘cantly higher. erewrse

desorptron cou!d take place at the same or at a tower temperature than that for sorptron :f

: the pressure is now srgmt'cantly lower than that of the tmtral Ha uptake The most

favorable and preferred condrtrons for this temperature—pressure swing prooess wilt be

where the Hz sorptron takes place ata combrnatron of hrgher pressures and lower .

: temperatures rangmg from 30 psia to 500 psia, and from 283 Kto 323 K, with the

subsequent H, recovery by. desorptron taking piace at lower pressures and hrgher
temperatures: rangrng from 15 psia to 25 psia, and from 333 K to 363 K

The foilowing examples are presented to better rllustrate the present mventron

~and are not meant to be nrmtrng
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- Example 1 Exfoliated graphite + TiN/Al alloy

10

A 20 mg sample of graphite (1-2 pm partrcle size, Aldrich) was suspended in5.0

'.M mtnc acrd (50 mL) ‘This suspension was sonicated, using a & in tmrnersnon probe
' (Sonlcs and Matenals lnc Ve 750) for 16 hours at 288 K (the suspenslcn was held ina
- jacketed glass vral chulled water was contmuously circulated through the Jacket to
moderate the temperature) and 50 W/cm? power The resulting dark gray suspension
' was t'ltered (0 1 pm alumrna t' Iter) and washed wrth delomzed water untll the pH of the -
' f'ltrate was >5 The gray solld was washed with acetone and dned under vacuum at 373 -

K for 2 hours The werght after drymg was 35 mg. Scannmg electron mlcrosc<:py of the |

'-'solrd mdicated the presence of metal partlcles of ca. i pm d:ameter These rnetal

- partrcles were not present in the graphlte before somcatlon ‘The graphrte partlcles were -

. exfollated mto small (ca. D 05 X 1 x 1 p.m) plates of graphrte durlng the somcatron |n mtnc '

'."amd Assuming a neglsglble Ioss of carbon during the somcatton the sample

E composrtton is estrmated fo be 43% (wlw) carbon, and 57% 90Ti/6AlI4V alioy. The

15

sample was placed i |n a quartz cell of known volume ﬁtted with a thermocouple that isin

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

| 10“ torr) for one hour and allowed to cool fo room temperature At room temperature

-hugh-punty (99.909+%) hydrogen was expanded from a known volume into the

L evacuated sample cell to glve an mltral hydrogen pressure of ca. 10 psia. The pressure .

20

of the system was recorded at interval of one second ‘showing a decrease i in pressure

that corresponds fo 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 77 K the hydrogen was evacuated from the cell (total evacuation

25

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

' conducted usmg the following procedure The sample was warmed, at a constant rate,

-14 -
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- from77 Kto ca.. 1000 K. During this heatlng, the sample cell was under a dynamic
~ vacuum from a turbo-molecular'pump" ' Simultaneously, pressure ohanges' in the cell
. were recorded usmg a sensrtrve pressure transducer and a gas-phase hydrogen ion
-' count was recorded uslng amass spectrometer (also used to assay for evolution of o

 gases other than hydrogen) ‘The results of the TPD experiment (Fig. 1) show the

presence of hydrogen desorptlon at three temperatures Hydrogen evolutlon is observed |

" Cin the temperature range from 77—180 K. Thrs is conslstent with physlsorbed hydrogen

E 'and suggests the presence of some mlcropores in the exfol;ated graphrte/metal hybnd

10 -
k __90T|I6AII4V alloy. A third peak for hydrogen evolutlon is recorded at ca. 750 K. This

: '_ A second, substantral peak for hydrogen evolutlon is observed in the temperature range

of 240-500' K. This peak i is not observed for erther pure exfollated graphrte or pure '

E peak is entlrely oonslstent wrth hydrogen desorptlon from 90T:I6Al/4v alloy as itis similar -

15

25

_to samples of pure 90Ti/6All4V alloy whloh have a paruole size of ca. 1 um drameter No R

: 'gases other than hydrogen were detected dunng the TPD expenment

 Example 2: MeSoporous carbon microbeads + TiV/Al alloy

‘ASmg sample of rnesoporous c_arbon mlcroheads (pore size ca. 80 nm) was

suspended in 5.0 M nitric acid (50 mL). This suspension was sonicated, using a % .

immersion probe (Sonics and Materlals, Inc., VG 750), for 16 hours at 288 K (the

'. suspensron was held in 8 jacketed glass vial, chilled water was continuously clrculated

through the Jacket to moderate the temperature) and 50 W/cm power. The resuiting
dark gray suspension was filtered (0.1 pm alumina filter) and washed with deionized
water until the pH of the filtrate was >5. The gray solid was washed with acetone end
dried under vacuum at 3_73 K for 2 hours. The weight after drying was 20 mg; Swnning

electron microscopy of the solid indicated the presence of metal particles of ca. 1 um

-15-



) 'dtameter and small (ca. 100 nm diameter) carbon partlcles These metal particles were

'.'hot present in the carbon mlcrobeads before somcatron The small carbon beads appear - .- -

L 1o coat the surface of the metal partlc!e Assumxng a negrgrble loss of carbon dunng the

.somcatron the sample oomposltton is estnmated o be 25% (wlw) carbon, and 75%
- SOTBAI/4V alloy.’ The sample was placed in a quariz cetl of known voiume, f'tted with a

. thermocouple that is in direct oontact w:th the sample. The sample was actlvated at

1023K under vacuum (1 X 10" torr) for one hour and atlowed to cool to room '

. '.temperature At room temperature high-purity (9. 999+%) hydrogen was expanded

10

K under the hydrogen atmosphere Wh:le holdmg the sampte at 77 K, the hydrogen was .

from a kn_o_wn volume into the evacuated sample cell to give an inltial hydrogen pressure
_' of ca. 10 psia.. The preserre of the systerrt' was recorded at intervals of one-sec'ond
. showmg a decrease in pressure that corresponds toa rapld hydrogen uptake by the

B sample. After the system had reached an equthbnum pressure, the cell was cooled to 77' '

o 'evacuated from the cell (total evaouatlon ime of 15 minutes). .A temperature
SRTE "programmed desorpt:on (TPD) experiment was then oonducted using the followmg o

g prooedure The sample was warmed ata oonstant rate, from 77 K to ca. 800 K. Durmg '_

thls heatmg. the sample cell was under a dynamic vacuum from a turbo—molecular pump |

o Stmuttaneously, pressure changes in the celt were recorded using a sensmve pressure

20 -

25

o transducer and a gas—phase hydrogen fon count was recorded usmg a mass

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

' results of the TPD expehment (F|g 2) show the presence of hydrogen desorptron at

three temperatures A small amount of hydrogen gvolution is observed in the
temperature range from 77-200 K. This is consistent w:th- phystsorbed hydrogen and
suggests the presence of some micropores in the mesoporous carbon microbead-metal
hybrid. A second, very sharp peak for hydrogen evolution is observed in the tempe_rature
range of 240-360 K. This peak is_not_observed for either pure mesoporous carbon |
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rnicrobeads or pure S0TVEAI/4V alloy. A third peak for hydrogen evolution is recorded at

.509-700 K. This peak is entirely consistent with hydrogen desorption from S0TI/BAI4V
| alloy of particle diarneter ca'. 1 ;.rm. No gases other than hydrogen were detecfed during
| . the TPD exoen'ment An adsorptionldesorption hydrogen isotherm'cycle (Fig. 3) has |
_been recordéd at 298 K on the mesoporous carbon microbead-metal hybrid composxtron o
: between the pressures of 0 03-14. 9 psia, whlch demonstrates reverstble hydrogen

-. _ adsorptron at near—ambrent temperatures for this composrtron

| 'Example 3 Multlwalled carbon nanotubes (MWNT) + 'n/wAt anoy

A 25 mg sample of MWNT (-300 mesh Matena!s and Electrochemrcal Research,
lnc ) was suspended in&. O M mtnc acrd (50 mL) This suspensron was somcated using

’A in. immersion probe (Sonics and Matenals Inc., VC 750) for 16 hours at 288 K (the '

-_suspensnon was held in ajacketed g!ass vral chrlled water was contlnuously crrculated

: .through the Jacket to moderate the temperature) and 50 W/em? power The resultmg

dark gray suspensxon was filtered (0 1 pm alumma fi lter) and washed with deionized -

'water until the pH of the fltrate was >5, The gray sohd was washed with acetone and

- dried under vacuum at 373 K for 2 hours. The weight after drymg was 55 mg. .Scannmg o

electron microscopy of the solid indicated the presence of metal particles of ca. 1 um
diameter. These metal particles were not presert in the MWNT before sonication. -
Assuming a negligible loss of carbon during the sonication, the sample composition is .

estimated to be 45% (w) carbon, and 55% 90TI/BAVAV alloy. The sample was placed

ina quartz ceil,_ of known volume, fitted with a thermocodple 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 |
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o pressure, the ceil was cooled to 195K under the hydrogen atmosphere. Whrle holdrng o o

- cell to give an rmtxal hydrogen pressure of ca. 10 psia. The pressure of the system was
' recorded at intervals of one second, showing a decrease i in pressure that oorresponds to _

- _a rapid hydrogen uptake by the sample. After the system had reached an equrlrbnum

- the sample at 195 K the hydrogen was evacuated from the cell (total evacuatlon time of -
- 10 mmutes) A temperature programmed desorptlon (l' PD) expenment was then .

o ) conducted usrng the followmg procedure The sample was warmed at a constant rate, '

.from 185 K to ca. 1000 K Dunng thrs heatxng, the sample cell was under a dynamlc

- g vacuurn from a turbo-moleoular pump. Srmultaneously. pressure changes in the cell

10

were recorded usmg a sensntlve pressure transduoer and a gas—phase hydrogen ion

count was reoorded using a mass spectrometer (also used to assay for evolutlon of

- 'gases other than hydrogen) The results of the TPD expenment (Fig. 4) show the

o presence of hydrogen desorptlon at two temperatures A peak for hydrogen evolutron is .

15

.20

. 25

- observed in the temperature range of 240-380 K. This peak is not observed for either
: pure MWNT or pure 90T|16AII4V alloy A second peak for hydrogen evolutlon s
. recorded at 500-800 K. Thrs peak ls entrrely consrstent with hydrogen desorptlon from -

90TI/BAI/4V alloy of partlcle dxameter ca. tum. No gases other than hydrogen were.

""deteoted durlng the TPD experiment.

Example 4: Graphite Nanof'bers + TlN/Al alloy
A 1.0 g sample of graphlte nanof‘bers (150 nm d:ameter ] p.rn length) and 1. Og

of a 90Tl/6A|/4V alloy (Cerac, lnc -50 mesh) were placed in 2 20 cc tungsten carblde

gnndlng vial wlth four tungsten carbide grinding balis. Thrs mlxture was ball milled for 16
hours (Model 8000D; Spex, inc.) at room temperature under argon atmosphere. The

sample was refoved 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 thermocouple that is

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

S X 10“ torr) for one hour and allowed to cool to room temperature At room temperature
| ) hrgh-purrty (99 999+%) hydrogen was expanded from a known volume into the

- evacuated sample celt to give an rnltral hydrogen pressure of ca. 10 psia. The pressure o
_ .”:of the system was recorded at intervals of one second, showmg a decrease in pressure

- that corresponds to a rapid hydrogen uptake by the samp!e After the system had

reached an equmbrrurn pressure the cell was cooted to 77 K under the hydrogen

'- atmosphere While holdrng the sample at 77 K, the hydrogen was evacuated from the

cell (total evacuatron time of 10 mrnutes) A temperature programmed desorptron (TPD) B

_ expenment was then conducted, usmg the foilowrng procedure The sample was

o .warmed at a constant rate, from 77 Kto ca. 825 K. Dunng thrs heatrng, the sample cell

20

25

was he!d under a dynamlc vacuum from 2 turbo—molecular pump Slmultaneous!y.

N pressure changes in the cell were recorded using a sensltlve pressure transducer anda

gas—phase hydrogen ion count was recorded uslng a mass spectrometer (also usedto

o assay for evolutlon of gases other than hydrogen) The results of the TPD experiment
_'(F'g 5) show the presence of hydrogen desorption at three temperatures. A peak for

| hydrogen adsorption i is observed at ca, 77-200 K. Thrs peak is commonly observed for

graphite samp!es Whlch have been ball mrlled in the absence of metal (see comparatrve :

| example #5 and F‘ ig. 17) and is due to the desorptron of hydrogen whlch is physrcalty

adsorbed in microporous sites generated by the mechanical milling. A second peak for
hydrogen evolution is observed in the temperature range of 250-40_0_}( This peak is not
observed for either pure (metal-free) milled graphite or 90TVBAV4V alloy. The third peak
for hydrogen evolution is recorded at 500-806 K. This peak is entirely consistent with

- hydrogen desorptlon from 90TV6AII4V alloy (see comparatrve example #1 and Frg 13)

| A small amount of methane is co-evolved with this peak
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N sample was removed from the tungsten carbide vral inan argon glovebox and a portron _' . ', o
| _- hzgh-punty (98, 999+%) hydrogen was expanded from a known volume into the ; |

20

25

| -.Example 5: Graphrte + TiNIAl altoy
| A 1. 0 g sample of graphite (Alfa Aesar; 2—15 pm parttcle size) and 1 Ogofa . -
- "._ 90TrISAlI4V alloy (Cerac inc.; -50 mesh) were placed ina 20 cc tungsten carbtde N

_ gnnd'n_g vial wrth twelve tungsten carbrde gnn_dmg balis. This mixture w_as bali _mllled for

"~ 1 hour (Pulverisette 7, Fritsch) at room tem'perature under argon atmosphere. The -

| ;of the sample placed ina quartz cell, of known volume ftted wrth a thermocoUple that s . L

: '. in direct contact with the sampie ‘The sample was actlvated at 1023 K under vacuum (1

X 10‘ torr) for one hour and allowed to cool to room temperature At room temperature

| evacuated sample cellito glve an tnxtlal hydrogen pressure of ca. 10 psla The pressure .
' of the system was recorded at intervals of one second showmg a decrease in pressure o
- that corresponds toa rapld hydrogen uptake by the sample. After the system had

) ‘reached an equllrbnum pressure, the cell was cooled to 77 K under the hydrogen -

_ atmosphere While holding the sample at 77K, the hydrogen was evacuated from the |
cell (total evacuatlon time of 10 rmnutes) A temperature programmed desorptnon (TPD) -

| experiment was then conducted, using the followmg procedure: The sample was _

wanned ata constant rate, from 77 K to ca. 900 K. Dunng thls heatmg, the sample oell . ”

was held under a dynamrc vacuum from a turbo—motecular pump Srmultaneously,

.pressure changes in the cell were recorded usmg a sensrttve pressure transducer and a

gas—phase hydrogen ion oount was recorded using a mass spectrometer (also used to

' assay for evolutlon 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

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

for graphrte samples whlch have been ball milled in the absence of metal (see
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. comparative example #5 and Fig. 17) and is due to the desorption of hydrogen which is
_physically adsorbed in mlcroporous sites generated by the' mechanical milling A second

' peak for hydrogen evolutlon is observed in the temperature range of 300~450 K. Thls -

peak is not observed for either pure (metal-free) mllled graph:te or 90Tll6All4v alloy

Example 6: Graphtte Nanof'bers-l- Titanium Metal

A 1.0 g sample of graphrte nanor bers (150 nm diameter; 1 pm length) and 1 O g

e of a t:tantum metal powder (Alfa Aesar' -325 mesh) were placed ina20cc tungsten

> carblde gnndlng vial wrth four tungsten carb:de gnndmg balls This mixture was ball

mllled 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 anda portion of the sample placed in a quartz cell of known volume fitted with

15

20

25

a thermocouple that is in dlrect contact wrth the sample The sample was activated at
'573 K under vacuum (1 x 10 torr) for one hour and allowed to cool to room temperature. '
At room temperature, hlgh-punty (99 999+%) hydrogen was expanded from a known

'_ volume into the evacua_ted -sampl_e 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 toa raptd hydrogen uptake by the sample After
the system had reached an equlllbnum pressure, the cell was cooled to 77 K under the
: hydrogen atmosphere. While hol_dl_ng the sample at _77 K. the hydrogen was evacuated

~ from the cell (total evacuation time of 10 minutes). A temperature-programmed '

desomption (TPD) expenment was then conducted uslng the followmg procedure The
sample was warmed, ata constant rate from 77 K to ca. 700 K. Dunng this heat:ng. the. '
sample cell was held unde_r a dynamrc va_cuum from a turbo-molecular pump. .

Simultaneously, pressure changes in the cell Were_recorded using e'sensitiv_e pressure'
transducer and a ges-phase hydrogen ion count was recorded'using a mass | |
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. spectrometer (also used to assay for evolution of gases other 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 observed at ca. 77-200'1(.' This peak is

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

: metal (see comparatlve example #5, Fig. 17) and Is due to the desorptton of hydrogen
.whrch is phys:cally adsorbed in microporous sites generated by the mechanical mrllrng :

: } A second peak for hydrogen evolutron is observed in the temperature range of 250-350 o

- K. Thrs peak is not observed for erther pure (metal-free) milled graphrte or tltanrum .

metal powder The titanium metal powder (-325 mesh) shows a hydrogen desorptaon
'peak at temperatures >800 K (see oomparatrve example #2 I-'“g 14) Methane and

'oarbon monoxrde rmpuntres are observed between 200-600 K.

o 'Example 7 Graphlte Nanof' bers + Vanadrum Metal

A 109 sample of graphite nanofbers (150 nm drameter‘ 1 um length) and1.0g |
of a vanadlum metal powder (Acros Organlcs -200 mesh) were placed ina 20 cc

tungsten carbrde gnndrng vial with four tungsten carbide gnndmg balis. Thrs mrxture was .

ball mtlled for 18 hours (mode! 8000D; Spex. inc. ) at rcom temperature under argon

= atmosphere The sample was removed from the tungsten carbide vlal inan argon a

B glovebox and a pomon of the sample placed ina quartz cell, of known volume, fi tted with

20

_'25

a thermooouple that is in drrect contact wrth the sample The sample was actlvated at
1023 !< under vacuum (1x 10“ torr) for one hour and allowed to cool to room |

-temperature At room temperature hrgh-punty (99 999+%) hydrogen was expanded |

froma known volume mto the evacuated sample cell to give an rnrtral hydrogen pressure -

- ofca. 10 psia. The pressure of the system was r_eaorded at rntervals_ of one second, _

showing a decrease in pressure that corresponds to a rapid hvd_rogen uptake by the -

- sample. After the system had reached an equilibrium pressure, the cell was cooled to 7_7
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K under the hydrogen atmosphere While halding the sampte at 77 K the hydrogen was '

) evacuated from the cell (lotal evacuatron tlme of 10 mmutes) A temperature

programmed desorptton (l' PD) expenment was then conducted, usmg the fol!owmg

procedure: The sample was wenned at a constant rate, from 77K to ca. 775 K Dunng ) o
: _ thrs heatmg, the sample cell was held under a dynamnc vacuum from a turbo-molecu!ar
: pump Srmultaneously, pressure changes in the cell were recorded usmg a senstttve

o '_ pressure transducer and a gas-phase hydrogen ion count was recorded usmg a mass ._

- spectrometer (also used to assay for evolutton of gases other than hydrogen) The

N 'results of the. TPD expenment (th 8) show the presence of hydrogen desorptton at two '

10

20

25

| 'temperatures A peak for hydrogen adsorption is observed at ca. 77-200 K. This peak is

| '_ commonty observed for graphrte samples which have been baﬂ mrlled in the absence of o

metal (see comparatrve example #5 Fug 17) and | is due to the desorptton of hydrogen

" -_which is physrcally adsorbed m mroroporous sites generated by the mechanical mmmg

: "A second peak for hydrogen evotutron |s observed ln the temperature range of 225-600

K. This peak is not observed for gither pure (metal—free) mtlled graphite. The pure

vanadrum metal powder (-200 mesh) shows hydrogen desorptton peaks at two |
temperatures 310 and 510 K (see oomparattve example #, th 15) |

| Example 7 (a) Graphrte Nanof‘bers + Vanadtum Metal. A 1 0g sample of graphrte "

nanof' bers (150 nm drameter 1 um length) and 1 0 [ ofa vanadtum metal powder (Acros

_ Orgamcs, -200 mesh) were placed in a 20 cc tungsten carbtde grinding vial with four

tungsten carbtde gnndmg balls. This mixture was ba!l mrlled 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 portton of the sampie placed in
~aquartz cell, of known volume, fitted with a therrnocouple thatis in direct oontact with the -

sample. The sample was activated at 1023 K under vacuum (1.x 10 torr) for one hour '
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R at 77K, the hydrogen was evat:uated from the oell (totai evacuatton time of 10 mmutes) o

L and a!lowed to cool to room temperature At room temperature, hrgh-punty (®°. 999+%)

hydrogen was expanded from a known volume mto the evacuated sample cell to give an ' o

|n|t|al hydrogen pressure of ca. 10 psra The pressure of the system was recorded at

a 'tntervals of one second showmg a decrease in pressure that corresponds to a raprd o
| _-hydrogen uptake by the sample Atter the system had reached an equrhbnum pressure

- the cell was cooled to 77 K under the hydrogen atmosphere While holdmg the sample

o A temperature programmed desorptron (TPD) expenment was then oonduoted usmg the -

.-10 }

. '_ molecular pump Snmultaneously, pressure ohanges |n the celt were recorded usmg a

| followmg prooedure The sample was warmed at a constant rate, from 77 K to ca. 775 _

) K. Dunng thls heatrng, the sample cell was held under a dynarruc vacuum from a turbo— -

. o 'sensmve pressure transducer and a gas-phase hydrogen ton count was recorded usmg a
o o mass spectrometer (also used to assay for evolutlon of gases other than hydrogen) The -
' results of the TPD expenment (Flg 8). show the presenoe of hydrogen desorptlon at two N

: .15 .Vtemperatures A peak for hydrogen adsorptlon is observed at ca 77-200 K Thrs peak :s_ o

. _' commonly observed for graphnte samples whsch have been ball rml!ed in the absenoe of

metal (see comparative example #5 Flg 17) and is due to the desorptlon of hydrogen '

which is physrcally adsorbed in mlcroporous sltes generated by the meohanml m:llmg

B A second peak for hydrogen evolutron is observed in the temperature range of 225-600 -

.25

' K This peak ls not observed for etther pure (metal-free) mllled graphrte The pure

vanadlum metal powder (-200 mesh) shows hydrogen desorptlon peaks at two

' temperatures 310 and 510 K (see comparatlve example #3, Fig. 15) After the TPD

expenment the sample was re-actavated at 1023 K under vacuum (1 X 10" torr) for ¢ one

| hour and altowed to cool to room ternperature before transfer. under heltum atmosphere, ;
| toa hlgh pressure adsorptron testmg apparatus After exposure to vacuum for 10 -

- mmutes at room temperature high-purity (89.999+%) 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 mtervals of one second, showrng

a decrease ln pressure that corresponds toa rapld hydrogen uptake by the sample -

Example 8 Graphrte + Nrckel | ‘ _ _ _
A 1 0g sample of graphlte (Alfa Aesar‘ 215 pm parhcle srze) and 1.0 g of nickel

| . powder (Acros Organrcs -100 mesh) were placed ina20 cc tungsten darbrde gnndmg

 vial wnth four tungsten carbrde gnndmg balls Thrs mrxture was ball mlled for 20 hours | -
.,(model 8000D; Spex lnc) at room temperature under argon atmosphere The sample '
: was removed from the tungsten carbrde vra! in an argon glovebox and a portron of the

' --sample placed ina quartz cell of known volume, fi tted wrth a thermooouple that is in o

dlrect contact wrth the sample The sample was actlvated at 673 K under vacuum (1 X '_ -

| 10"‘ tor) for one hour and allowed to cool to room temperature At room temperature, |
. hlgh—punty (99 999+%) hydrogen was expanded from a known volume into the
'evacuated samp!e cell to grve an rmtral hydrogen pressure of ca. 10 psra The pressure :

ofthe system was recorded at mtervals of one second, showing a decrease in pressure-_"

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

: reached an equilrbnum pressure the cell was cooled to 77 K under the hydrogen :

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

: cell (total evacuatron txme of 10 mmutes) A temperature programmed desorptron (TPD)

| expenment was then conducted uslng the followrng procedure The sample was

warmed ata constant rate, from 77 K to ca. 625 K. Dunng thrs heatrng, the sample cell -

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

pressure changes in the cell were recorded using a sensltlve pressure transducer and 2

gas-phase hydrogen lon count was re_corded uslng a mass spectrometer (also used to '

~ assay for evolution of gases other than hydrogen). The results of the TPD exper'ime'nt )
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. _(Fg 8) show the presence of hydrogen desorptlon in two temperature ranges A peak '
- for hydrogen adsorptlon is observed at ca. 77-200 K Thrs peak s commonly Observed

2 for graphnte samples whloh have been ball mzlled in the absence of metal (see

.' .""oomparatrve example #5, Fig. 17) and is due fo the desorp'clﬁn of hydrogen Whichis. .. - |

' physrcalty adsorbed in microporous sites generated by the mechamcal mtlltng A second N
set of peaks for hydrogen evolutron is observed in the temperature range of 250-500 K o

- This peak is not observed for enther pure (metal-free) mrlled graphrte or mckel powder

o .' (see d:scussuon) Two peaks for methane are apparent at 300 and 525 K

10

15
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: Example 8 Graphrte + Platmum 1: 1

A 1.0 g sample of graphrte (Aldnch 1 -2 um partrcte srze) and 1 0 g of platmum

' powder (Acros Orgamds 0.17-0.4 um) were plaoed rn a 20 cc tungsten carbtde gnndmg - .

_ vnal w:th four tungsten carbrde gnndmg balls This mrxture was ball mllled for 24 hours -
6 (modet 8000D Spex, tnc) at room temperature under argon atmosphere The samp!e o

| 'was removed from the tungsten carbrde vral in an argon glovebox and a portlon of the

. sample ptaoed ina quartz cell, of known volume ﬁtted wrth a thermooouple that isin .

direct contact wrth the sample The sampte was actlvated at 973 K under vacuum (1 X

..10" torr) for one hour and altowed to cool to room temperature At room temperature
-_hrgh-punty (99 999+%) hydrogen was. expanded from a known votume rnto the ,
-evacuated sampte oell to grve an xmtral hydrogen pressure of ¢a. 10 psra The pressure ‘
 ofthe system was recorded at intervals of one second, showmg a decrease in pressure

' _that corresponds toa raprd hydrogen uptake by the sample. After the system had

reached an equilibrium pressure the oelt was cooled to 77 K under the hydrogen
atmosphere While holdmg the sample at 77 K, the hydrogen was evacuated from the

cell (total evacuation time of 10 mrnutes) A temperature programmed desorption (TPD)
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experiment was then conducted using the .following procedure: The samnple was

- warmed ata constant rate, from 77 Kto ca. 800K, Durmg thss heating, the sample cell

was held under a dynamic vacuum from a turbc—molecular pump. Srmultaneous!y,

. pressure changes in the cell were recorded uslng a sensrtlve pressure transducer and a -

gas-phase hydrogen lon count was recorded usmg a mass spectrometer (also used to

_ assay for evolutlon of gases other than hydrogen) .The results of the TPD experlment
(Fig. 10) show the presence of hydrogen desorptron in two temperature ranges A peak

. for hydrogen adsorptuon is observed at ca. 100-200 K This peak is commonly observed ', |

a _for graphlte samples which have been ball mllled In the absence of metal (see

10

comparatrve example #5 Fig 17) and is due to the desorptlon of hydrogen Whlch is
' physrcally adsorbed in mrcroporous sxtes generated by the mechamcal mrllrng A second -

o set of peaks for hydrogen evolu'non is observed in the temperature range of 300—500 K

T Methane is evolved above 500 K

- 20

25

Example 10: Graphite + Palladrum .

' A 1 0 g sample of graphrte (Aldnch 1-2 um partrcle srze) and 1 0 g of palladium
powder (Acros Orgames) were placed m a20 cc tungsten carbide grrndmg vial W|th four
tungsten carblde gnndmg balls This mlxture was ball mllled for 24 hours (model SOOOD
Spex Inc. ) at room temperature under argon atmosphere The sample was removed |
from the tungsten carbide vial i m an argon glovebox and a portlon of the sample plaoed in.
a quartz cell, of known volume, fitied with a thermocouple that is in direct contact with the
sample. The sa_mple.was activated at 500 K under vacuum (1 x 10" torr)- for one hour

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

- hydrogen was expanded from a known volume into the evacuated sampie c'ell'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
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__'hydro'g'en uptake by the sample. After the 'system had reached an'e'quibn'um pressure o
" the cell was cooled to 77 K under the hydrogen atmosphere Whr!e holdmg the sample |
- at77 K the hydrogen was evacuated from the cell (total evacuatron time of 10 mmutes)
A temperature programmed desorptron (TPD) expenment was then conducted usmg the |
_-.foltowrng procedure The sample was warmed at a constant rate, from 77 K to ca. |
-475K Dunng thrs heatmg, the sample cell was held under a dynamic vacuum from a

' turbo-molecular pump. Slmultaneously. pressure changes in the cell were recorded

- _ uslng a sensmve pressure transducer and a gas-phase hydrogen ion count was recorded _'

o using amass spectrometer (also used to assay for evolution of gases other than

10

hydrogen) The results of the TPD expenment (Flg 11) show the presence of hydrogen __'- | .

- desorptton in three temperature ranges A peak for hydrogen adsorptlon is observed at

; ca 200 K. Another peak for. hydrogen evotut!on is observed in the temperature range of

| 250-350 K. A third peak for hydrogen evoluhon is observed at 400 K The D

_ -'speotrum_ for pure palladrum metal shows peaks at 200, 250. and 330 K (see .

15

20

| : (model SOOOD Spex lnc ) at room temperature under argon atmosphere The sample

25

comparative example #4, Fig. 16). Methane is evolved at 300 and >450 K. -

Example 11: Graphite + Ruthenium N | |
: A 1. 0 g sample of graphite (Aldnch 1-2 um partlcle ssze) and 10g of ruthenlum

_ .powder (Aoros Orgarucs -200 mesh) were plaoed Ina 20 cc tungsten carbrde gnndrng

vial wrth four tungsten carblde gnndmg balls. Thls mlxture was ball milled for 20 hours

was removed from the tungsten carbide vaal in an argon glovebox and a portron of the '

sample placed ina quartz cell, of known volume ﬁtted wrth a thermocouple that is in

| direct contact w:th the sampie. The sample was actuvated at 500 K under vacuum (1x "

10“" torr) for one hour and allowed to cool to room temperature At room temperature

hlgh-punty (9. 999-!-%) hydrogen was expanded from a known volume into the
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evacuated sample cell to give an Initlal hydrogen pressure of ca. 10 psla The pressure

- of the system was recorded at intervals of one second showmg a decrease in pressure
" that corresponds toa rapid hydrogen uptake by the sample After the system had
‘resched an equmbnum pressure. the cell was cooled to 77 K under the hydrogen
atmosphere Whrle holding the sample at 77 K, the hydrogen was evacuated from the -
cell (total evacuatlon trme cf 10 mrnutes) A temperature programmed desorptron (T PD)
| _experrment was then conducted usrng the follow:ng procedure The sample was
' wan-ned ata constant rate, from 77K to ca. 625K. Dunng this heatrng, the sample cell "
| .was held under a dynamlc vacuum from a turbo-molecular pump Srmultanecusly, E |
pressure changes in the cell were recorded usmg a sensrtlve pressure transducer and a

.gas-phase hydrogen ion count was recorded uslng a mass speetrometer (also used to

B assay for evolutlon of gases other than hydrogen) The results of the TPD expenment

15 -

20

25

" (Frg 12) show the presence of hydrogen desorptron in two temperature ranges. A peak '

i for hydrogen adsorption is observed at oa 150 K Thrs peak is commonly observed for

graphlte samples whlch have been ball mllled in the absence of metal (see comparatrve _

_example #5, Flg. 17)andis due _to th_e desorptron of hydroge_n Whlch is physically .

- adsorbed In microporous sites generated by the rnechanical milling. A second set of B

| peaks for hydrogen ev_olution'l_s observed in the temperature range of 350-450 K.

Comparatrve Example 1: 90T|-6Al-4v alloy

A 0. 075 g sample of 90Tr/6All4V alloy (Cerac, inc.; -50 mesh) was placed ina
quartz cell, of known volume, ﬁtted with a2 thermocouple that s in direct contact wrth the
sample At room temperature high-purity (89.999+%) hydrogen was expanded from a
known volume into the evacuated sample cell to give an initial hydrogen pressure of ca,
1 0 psia. The sampie was heated to ca 750 Kto promote the hydndmg of the sample as

_de_tected by a decrease in hydrogen pressure. After the system had reached an
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- "eduillbrium- pressure, the cell was cooled to 100 K under the hydrogen atmo__sphere.

: Whtle holdlng'the sample at 100 K, the hydrogen was evacuated from the cell (total

evacuatlon tlme of 5 mmutes) A temperature programmed desorptiofi (TPD) expenment

 was then oonducted uslng the following procedure The sample was warmed at a |
- constant rate, from 100 K to ca. 800K, Dunng this heatmg, the sample cell was held

| under a dynamlc vacuum from a turbo-molecular pump. Slmu!taneously. pressure

- changes ln the cell were reoorded usmg a sensitive pressure transducer and a gas—

o phase hydrogen |on count was recorded using a mass spectrometer (also used to assay .

o for evolution of gases other than hydrogen) The results of the TPD expenment (Fig. 13) :'

S0

show the presence of hydrogen desorptron only above 500 K. The peaks for hydrogen

' desorptron are observed at 675 and 750 K

- '-Comparatlve Example 20 Trtanlum powder

A o 2g sample of tltanrum powder (Alfa Aesar' -325 mesh) was placed ina

_ quartz cell of known volume fi tted wrth a thermocouple that is in drrect contact with the '

sample At room temperature hrgh-punty (98. 999+%) hydrogen was expanded froma.

o knOWn volume into the evacuated sample cell to grve an lnltral hydrogen pressure of ca.

20

25

10 psia. The sample was heated to ca. 700K to promote the hydndlng of the sample, as_

:detected by a decrease in hydrogen pressure that corresponds toa hydrogen uptake

After the system had reached an equrllbnum pressure the cell was cooted t0 208K

under the hydrogen atmosphere, Whule holding the sample at 298 K, the hydrogen was '

- evacuated from the cell (total evacuatlon time of § mlnutes) A temperature programmed

desorptlon (TPD) expenment was then oonducted using the followrng procedure The

sample was warmed at a constant rate from 298 K to ca. 800 K. During thrs heatlng,

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

Slmultaneously, pressure changes in the cetl were recorded usrng a sensitive pressure -
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transducer and a gas-phase hydrogen ion count was recorded usmg amass

spectrometer (also used to assay for evolutlon of gases other than hydrogen) The '

results of the TPD expen_ment (Fig. 14) show hydrogen d.e_sorptlon only. above 600 K.

" The peak for hydrogen desorptlon is observed tobe>800K.

Comparatrve Example 3 Vanadrum powder |

- AQC. 56 g sample of vanadium powder (Aoros Orgamos -200 mesh) was placed in

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

- sample The sample was actwated at 800 K under vacuum (1x 10" torr) for one hour-

and aliowed to oool to room temperature At room temperature, hrgh-punty (99 999-%)

hydrogen was expanded from a known volume info the evacuated sample cell to grve an '

' mrt:al hydrogen pressure of ca. 10 psra The pressure of the system was recorded at

| ,mtervals of one.se__oond, showing a decrease in pressure that corresponds toa rapid

. hydrogen up'take by the sample. After the system had reached an equilibrium pressure,

15

L2

25

the cefl was cooled to 77 K under the hydrogen atmosphere. While holding the sample

| at77 kK, the hydrogen was evacuated from the cell (total evacuation time of 6 minutes) .

A temperature programmed desorptron (T PD) experiment was then conducted usingthe

followmg procedure The sampie was warmed at a constant rate, from 77 Kto ca. 775

K. Dunng this heatmg, the sample cell was held under a dynamxc vacuum from a turbo-

molecular pump. Srmultaneously, pressure changes in the celt were reoorded uslng a

sensrtrve pressure transducer and a gas-phase hydrogen ion count was recorded usrng a'

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

~ results of the TPD experiment (Flg 15) show two peaks for hydrogen desorptton at ca.

300 Kand S00 K,
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h Comparatlve Example 4; Palladrum powder '

10

.15

.20 ’

A o 25 g sample of palladlum powder (Acros Orgamcs) was placed ina quartz

_' ._ cell, of known volume ﬁtted with a then'nocouple that is in direct contact with the sample .
. | 'The sample was act:vated at 500 K under vacuum (1 X 10“ torr) for one hour and - |
-allowed to cool to room temperature At room temperature hlgh-punty (98. 999+%)
3 hydrogen was expanded from a known volume lnto the evacuated sample cell to glve an '_ '
--mrtlal hydrogen pressure of ca. 10 psla The pressure of the system was recorded at .
L mtervals of one second showing a decrease in pressure that corresponds to a raptd
- hydrogen uptake by the sample After the system had reached an equrlrbnum pressure o
'the cell was cooled to 77 K under the hydrogen atmosphere Whrle hotdmg the sample |
- at77 K the hydrogen was evacuated from the cell (total evacuatron tlme of 5 mmutes)
B A temperature programmed desorptron (TPD) expenment was then conducted uszng the
'.'followlng prooedure The sample was warmed at a constant rate, from 77 K to ca. 500
K- Dunng thts heatlng, the sample cell was held under a dynamlc vacuum froma turbo-

- moleoular pump Slmuttaneously, pressure changes in the cell were recorded usmg a

sensltwe pressure transducer and a gas—phase hydrogen lon count was recorded usrng a

mass spectrometer (also used fo assay for evolutlon of gases other than hydrogen) The' "

- results of the TPD expenment (Flg 16) show three peaks for hydrogen desorptlon atca. .

200 250, and 330 K

' 'Comparative Example 5: '.Me'chanlcally'mllled 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 tor 6 hours

(model 8000D; -'s'pex, lnc.).:at room temperature under argon atmosphere. The sample

was removed from the Zirconia vial in an argon gl_ovebox'a'nd 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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sensrtlve pressure transducer and a gas-phasa hydrogen ion count was recorded usrng a

contact with the sample The sample was actlvated at 1023 K under vacuum (1 x 10“ .

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

purity (98. 999+%) hydrogen was expanded from a known volume mto the evacuated

" sample oell to grve an initial hydrogen pressure of ca. 1 0 ps:a The cell was slowly
. '_ cooled to 77 K under the hydrogen atmosphere Whlle holdlng the sample at 77 K, the |
_' hydrogen was evacuated from the cell (total evacuation time of 15 rmnutes) A
, temperature programmed desorptron ('l‘PD) expenment was then conducted uszng the
| 'followmg procedure 'l'he sample was warmed at a constant rate, from 77 K to ca. 425
K Dunng thrs.heatlng. the sample cell was helcl under a dynamrc vacuum from a turbo- N

-molecular pump Srmultaneously. pressure changes in the cell were recorded usmg a

mass Spectrometer (also used to assay for evolutron of gases other than hydrogen) The

: results of the TPD expenment (Flg 17) shows only one peak at ca. 77-150 K for

.15

20

25

| hydrogen desorption from the sample There was no detectble mcrease m desorptlon _

' rate of hydrogen at temperatures above 150 K

' Comparatlve Example 6: Graphite * Magneslum

A1 0 g sample of graphite powder (Aldrich, 1.2 pm) and 1.0gof magnesrum

metal (Aldnch -200 mesh) were placed ina 20 ce stainless steel gnndmg vial wrth four

stamless steel gnndmg balls. This mlxture WaSs ball mxlled for 20 hours (model BOOOD

: Spex lnc ) at room temperature under argon atmosphere The sample was removed

from the stainless steel vial in an argon glovebox and a portron of the sample placedina

quartz cell of known volume, fitted wrth a thermocouple that is in direot contact with- the '

" sample. The sample was actrvated at 523 K under vacuum (‘l x 10 torr) for one hour
and allowed to cool to room temperature. At room t_emperatur_e. hrgh-punty (_99.999-1_-%)

" hydrogen was expanded from a known volume into the evacuated sample cell to give an
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- tmhal hydrogen pressure of ca. 10 psla The sample was heated to ca, 750 K to promote"

: the hydndmg of the sample as detected by a decrease in hydrogen pressure After the
._ '_..system had reached an equrlrbnum pressure the cell was cooled to 87 K under the
. 'hydrogen atmosphere Wh:le holdlng the sample at 87 K, the hydrogen was evacuated .

from the oell (total evacuatron txme of 15 mlnutes) A temperature programmed ': - __
desorptron (TPD) experiment was then conducted usmg the follow:ng procedu:'e The
| :.-'sample was warmed at a constant rate, from 87 K fo ca 825 K Durlng this heatrng, the
| '.".:-sample oell was held under a dynamlc vacuum from a turbo-molecular pump o
R s;mmtaneously, pressure changes in the cell were recorded usmg a sensmve pressure _ -

._--'transducer and 3 gas-phase hydrogen |on count was recorded usmg a mass

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

L :results of the TPD expenment (Frg 18) show the presence of hydrogen desorptron rn two .

'_-temperature ranges A low-lntenslty peak for hydrogen adsorptlon is observed at ca. 87- o

B - 200 K Thls peak is commonly observed for graphlte samples whlch have been ball

15

25

mllled xn the absence of metal (see comparative example #5, Fig. 17) andis due to the

| desorptlon of hydrogen whlch is physrcally adsorbed in mlcroporous sites generated by
. the mechanlcal mlllmg A second set of peaks for hydrogen evolutlon is observed at the o
' temperatures of 650 and 820 K. No hydrogen evolutlon at near~amb|ent temperatures o

: (250-400 K), as are observed in examples 1 11 (whlch represent carbonlmetal hybnd

composltlons Where the metal constrtuent is a transition metal) is observed m the present

. -case. Magnesrum. an alkalrne metal does not form a useful carbon/metal hybnd '

composrtlon for hydrogen storage under these condltlons of use.

Comparative Example 7: Actlvated Carbon + Platrnum
A 15¢ sample of 10% (w/w) platmum (1 nm metal partlcle srze) on hlgh-surface-

area acfivated carbon was actwated at 523 K under vacuum (1 X 10“ ton') for one hour



o ,and allowed to cool to' room temperature At room temperature 'hlgh-purlty (°s. 999+%)

_hydrogen was expanded from a known volume into the evaouated sample oell 'to gwe an '-
N rmtlal hydrogen pressure of oa 10 psra No hydrogen uptake at amblent temperature
* was detected The sample was heated to ca. 525 K to promote the hydndmg of the

- sample but no detectable hydrogen adsorptron was ewdent at thrs temperature Atter

o .the system was allowed to oool to room temperature the cell was cooled to 77 K under 3

10

' the hydrogen atmosphere Whrle Rolding the sample at 77 K the hydrogen was
.evacuated from the cell (total evacuatlon time of 2 mmutes) A temperature programmed -

i desorptlon (TPD) expenment was then conducted usmg the followmg procedure The |
sample was warmed, at a oonstant rate from 77Kto ca. 570K, Dunng this heatmg, the -
| sample cell was held under a dynamrc vacuum from a turbo-molecular pump |

: Slrnultaneously. pressure changes in the oell were reoorded usrng a senSIthe pressure -

| _ 'transducer and a gas—phase hydrogen ion count was recorded ustng a mass '

o spectrometer (also used fo assay for evolutlon of gases other than hydrogen) The :

20

: resutts of the TPD expenment (Frg 19) show the presence of hydrogen des°"pﬁon m o
~one temperature l'ahge A peak for hydrogen adsorptlon is observed at ca. 87-200 K

'Thts peakis due fo the desorptron of hydrogen Whlch is physaoally adsorbed n

microporous sxtes ln the actrvated oarbon No hydrogen desorptron peaks at near-

- ambrent temperatures (250-400 K}, as are observed in examples 1-1 1 (which represent

| carbonlmetal hybrld oomposmons where the metal constrtuent rs a transttron metal) is

observed in the present case, The actwated carbon in the present sample does not

have a substantlally raphrho structure (graphrtnc structure: a oon;ugated, unsaturated e

' arorn_aﬁc)_ nor does it exhibit a [002_] reflection in the x-ray powder diffra_otion pattern.
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- Discussion of examples

o Fi\re graphltlc carbons have been intimately'comblned with small partlcles of

9011/6AU4V alloy using ultrasomcatlon and ball milling techmques In examples 1-5
. temperature programmed desorptlon (T PD) shows the desorpt:on of adsorbed hydrogen L

: 'from these mrxtures in the temperature range of 250-400 K As shown in comparatrve | )

- ' ,example 1 srmrlar exposures to hydrogen and subsequent temperature programmed

o TPD only below 150 K, whrch is also unsultable for the eft'clent storage of hydrogen due Lo

15

25

: desorptron on pure 90T116AU4V alloy shows hydrogen desorptlon only above 500 K,

| whloh is unsurtabte for the energy eff cient storage of hydrogen In oomparatrve

example 5 a sample of meohanrcally mltled graphlte shows hydrogen desorptlon dunng .

o to the need for energy-lntenswe oryogenlo or refngeratron systems

Example 6 demonstrates a slmrlar effect wrth pure tatanrum metal TPD shows S

._desorptron of hydrogen from a graphrte nanoﬁberltttamum sample at ca. 300 K. ln .' B

comparatrve example 2, the TPD of hydrogen from hydnded tltanlum metal (Ti |H,) oceurs -

N above 600 K with maxrmum desorptlon rates oocunng at >750 K -

Example 7 and 7(a) demonstrate that a hybnd oornposrtron of graphrtlc sorbon

| and vanadrum metal can adsorb hydrogen at 9.7 and 147 psia, respechvely and desorb
f hydrogen at temperatures between 250 K and 600 K, ln comparatlve example 3 the |
' TPD of hydrogen from hydrided vanadrum metal (VH,() oocurs at two dtfferent .

' -.temperatures under vacuum, 310 and 510 K

Example 8 demonstrates thata hybrrd oomposrtlon of graphrtrc oarbon and nrokel .

metal can adsorb hydrogen (0.18 mmolig) raprdly at ambzent temperatures and hydrogen

‘pressures of less than 15 psia. The desorption of hydrogen, during TPD, occurs ‘at 350

K. The literature on hydrogen adSorptlon_by oarbon-supported nickel ,teache's that high -~

temperatures have typically been necessary fo see uptake ot' hydrogen ot_thls '
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. magnitude. For example a sample of 10% Nl on actwated carbon adsorbs 0 09 mmol/g

of hydrogen in less than 10 minutes, but only at the hrgh temperature of 673 K and the

_ : TPD of hydrogen frorn thrs NI/C sample shows hydrogen desorptuon starting at 500 K
_ -and peaklng at 800 K (F-'u;rmoto K. Toyoshl, S. Stud Surf Sci. Catal. (1 981) 7 235)
These temperatures are substantrally hrgher than the desorp’aon temperature of ca. 350

. Kin the present :nventlon and much less surtable for hydrogen storage |

' Exampte 9 demonstrates that a hybnd composmon of g graphmc carbon and

- ptatmum metat can adsorb hydrogen (0 35 mrnollg) rap}dly at ambrent temperature and a

' hydrogen pressure of !ess than 15 psra The desorption of hydrogen, dunng TPD

10

“ occurs at 350-400 K. The Irterature on hydrogen adsorptron by eerbon-supported ,

B ) platmum teaches that hrgh temperatures have been used to see uptakes of hydrogen . |

. Platlnurn (0 2- %) on carbon black adsorbs 0. 06 mmollg hydrogen at the elevated .

15

temperature of 623 K and 11. 6 psra Hz pressure over 60 mmutes (Robell A J Batlou, =

"E.V; Boudart M. J Phys Chem. (1964) €8, 2748) Carbon-supported p!atmum (10%" -~
: wlw) is reported to adsorb 0 06 mmollg hydrogen at 294 K and 14 7 psra Hz pressure

(Hunt C.E. J Catalysrs (1971) 23, 93)

Examp!e 10 derncnstrates that a hybnd composrtlon of graphltlc carbon and

' palladlum metat can adsorb hydrogen (o 55 mrnollg) rapidly at ambient temperatures

o and hydrogen pressures of less than 15 psra The desorptron of hydrogen during TPD

25

_ occurs at 150-400 K The Irterature on hydrogen adsorptron by carbon-supported

palladium teaches that hrgh temperatures have been used _to see substantial uptakes of |

| 'hydrogen. Pa'ltadium (5% wiw) on"carbon adsorbs 0.24 mmol_lg hydrogen in <1 hour at

423 K and 1.9 psia hydrogen pressure (Su_zukt. S.; Suzuki, T. Bull. Chem. Soc. Japan

(1965).38, 2020). Palladium (5% wiw) on carbon adsorbs 0.03 mmolig hydrogen, a far

smaller amount than the present _invention. at 294 K and 14.7 psia hydrogen pressure
(Hunt, C. E. J. Catalysis (1971) 23, 93). | |
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Example 1" demonstrates that a hybnd composltlon of graphrhc carbon and

. Mhenrum metal can adsorb hydrogen (0 10 mmol/g) raprdly at ambient temperatures

‘and hydrogen pressures of less than 15 psia. - The desorption of hydrogen during TPD "

_- :- occurs at 400-500 K. The llterature on hydrogen adsorptxon by carbon-supported

5 . ruthemum teaches that very small quantmes of hydrogen have prewous!y been adsorbed o

at ambtent temperature Ruthenlum (1% w/w) on hlgh-surface-area graphrte adsorbs =

k only 0. 009 mmollg hydrogen at 298 K and an undrsclosed hydrogen pressure and the

o 'TPD of hydrogen from thls sample guves rise to peaks at ca 400 and 600 K [Badenes

- ) P Daza L Rodnguez-Ramos, s Guerrero—Rurz A ln Splllover and Mlgratron of -

10 ."Surrace Specles on Catalysts (C. Li, Q Xln, eds)p 241 (1997)]

Hz Pressure_

H. Uptake

' "ﬁme

. .| Example # g Carbon/_MetaI o ] ,
L . - | (psia) (mmolfg) . | (min.)
1 o Exfolrated graphlteIQOTr- 8.7 .. 1.5 40

2. Mesoporous carbon/90Ti- 9.7 - 187 23
13 MWNT, /90T|-6AI-4V 9.7 3.9 5.9

4 Graphite nanofi bers/90T|- 9.7 0.43 150

5 - Graphrte/QOTl-ﬁAMV 8.7 }0.13 |77
16 - Graphite 1987 - 0.13 -1 3.8
I | nanofibers/Titanium _ -~ _ -

7 | Graphite - —19.7 . 10.23 | 100.5

- nanofi bersNanadtum 2 _

17 (8) Graphite {147 . 0.88 T 1 37.2
1 nanofibers/Vanadium - ' '
8 Graphite/Nickel 8.7 0.18 5.6
9 - Graphite/Platinum 9.7 0.35 6.3
10 Graphite/Palladium 9.7 0.55 1.8

BEE Graphite/Ruthenium 9.7 0.10 7.3

N:WMLR\appin Metal-Carbon Hybrid.doc
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A

- CLAIMS

‘ 1. A process for reversrbly sorbing hydrogen gas ccmpnsmg bnngrng a

- hydrogen-contalmng gas into contact with a carbon-metal hybnd matenal under

- condtttons of temperature and partral pressure of hydrogen whereby the carbon-metal

hybnd material sorbs saud hydrogen gas and subsequently adjustmg the temperature

- and/or pressure to cause desorptton of Sald hydrogen gas from the eorbon-metal hybnd :
B matenal' sard process d1aractenzed in that the carbcn»metal hybnd materlal compnses al .

substantlalty graphmc cerbon component and a metal or metal alloy component which

) . '-.-reversrbly reacts wrth the hydrogen '

2 A process in accordance wrth Claim 1 wherem sard substantlally graphrtrc

- carbon component of the carbon-metal hybnd matenal is selected from the group

” - consrstrng of graphrte, exfolrated graphrte srngle wall carbon nanotubes, smgle wall

15

20

25 .

C . oarbon nanocones carbon nanocells multr-wall carbon nanotubes carbon nanot‘ lm, -
.mesoporcus and mlcropcrous carbon mtcrobeads substantrally graphrtrzed carbon soot. :

: 'and rmxtures thereof

3. A process in accordance wrth Claim 2 wherern sard substant:ally graphltlc '

' _carbon comporent of the carbon-metal hybnd matenal isa smgle-sheet graphrtrc

structure

4. Aprocess in accordance with Claim 1 wherein said metal component of the
carbon—metal'hybrid_matertal is a.metal or an alloy containing a metal selected from the
group consisting of Pt, Pd, Ir, Rh, Ry, Os, Ni, Co, Ti, Zr, Hf, V, Nb, Ta, and mixtures

thereof.

. -39-




Ead
x

T

5. Aprocess in accordance with Claim 1 wherein the_said'metal or metal alloy .
| components of the carbon—metal hybrid material has been reacted vvr'th hydrogen to'.form _
a metat hydrrde prlor to combmatton with the substantra!ly graphrtrc mrbon component to

e form the carbon-metal hybnd

6 A process in accordance with Ctarm 1 wherem the hydrogen-contammg gas :
s brought mto contact wnth sard carbon-metal hybnd material in a vessel ata pressure

; _from between 14 psra to 2000 psra of hydrogen partzal pressure whereby sard hybrzd

: . mateﬂal sorbs sald hydrogen gas, and the pressure ln the vessel :s subsequently

-reduced wrthout adjusting the temperature thereby desorbtng the hydrogen gas from +he, '_ :

- '.: carbon-metal hybnd matenal

7 A process in accordance wrth Clalm 6 wherem said pressure m the vessel is . S

- _ reduced to about 1 psla to 200 psta to desorb said hydrogen gas

8 A process in accordance wtth Clalm 1 wherem the hydrcgen-contarmng gas

is brought lnto contact with sard carbon-metal hybnd matenat in a vessel ata

temperature from between 253 K to 473 Kwhereby sard hybrid materral scrbs sard

o hydrcgen gas, and the temperature in the vesset is subsequently mcreased wrthout

28

' adjustmg the pressure thereby desorbmg the hydrogen gas from the carbon-metal

| hybnd matenal

9. A process in accord_ance with Claim 8 wherein said_temperature in the vessel

is increased to about 273 K to 573 K to desorb said hydrogen gas.
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- 10. A process in actordance with Claim 1 wherein said hydrogen-conta_ining gas |

s contacted with said carbon-metal hybrid material for about 0.5 o 120 minutes,

11 A process in accordance with Clarm 1 wherem sard carbon-metal hybnd

_materrat can store between 0. 1 and 10 W% hydrogen at ambtent or near-amb|ent

condrtrons of temperature and pressure

12 A process in accordance with Claim 1 wherem saad carbon—metal hybnd

'- rnaterla! contarns a butk concentratlon of metat or metal alloy, whlch compnses from 1 to

80% ona wetght basrs of the carbon-metal hybrid matenal o '

13 A process for reversxbly stonng hydrogen usmg a carbon—metal hybnd

B ,matena! whsch hybrid matenal compnses a substantlally graphrttc carbon component

15

and a metal or metzl alloy component capable of reversrbly reactmg with hydrogen sard Lo
'_ prooess compnsmg brmgmg a hydrogen-contaxmng gas into contact wnth said carbon— |

* metal hybrid matenal wrthun a storage vessel at a hydrogen partlal pressure from about

14 psia to 2000 psra and a temperature from about. 253 K to 473 K whereby said carbon-

' metal hybnd matenaf sorbs thereby stonng said hydrogen gas, and subsequently

o reduclng the hydrogen partral pressure to between about 1 psra to 200 psia and

20 -

- 25

mcreastng the ternperature to between about 273 K to 573 K to desorb said hydrogen

- gas from satd carbon-metal hybrid matenal

- 14, A prooess in accordance wrth Clarm 13 wherein the hydrogen-contammg gas
is contacted with the carbon-metat hybnd material wnthm the storage vessel ata

hydrogen partial pressure from about 20 psia to 500 psia and a temperature from about

273 Kto 323 K.
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15 A process in accordance wrth Claim 14 wherem after sard carbon-metal

hybnd matonal sorbs said hydrogen, the hydrogen partial pressure is reduced to -

o between 14 psna to 50 psia and the temperature is mcreased to between about 293 K to

_ 363 K to desorb the hydrogen gas from the carbon-metai hybnd matenal

16. A process in accordance wrth Clalm 13 wherem sasd substant:ally graphltlc .

: -carbon component of the carbon-metai hybnd matenal is selectod from the group

| , "conslshng cf graphxte exfolrated graphtte smgle wall carbon nanotubes smgle wali

.10

.15

20

' carbon nanocones, carbon nanoce!ls mu!tr-wa!l carbon nanotubes carbon nanof‘lm
_' .mesoporous and mlcroporous carbon m:crobeads substantrany graphmzed carbon soot, -

- and mlxtures thereof

17 A process in accordance with Clarm 13 wherem sald rnetal component of the B
. carbon-metal hybnd matenal |s a metal or an alloy contammg a metal selected from the

: group consvsttng cfPt Pd, lr Rh Ru Os, N| Co Tl Zr Hf V Nb Ta, and rnixtures

. thereof

: 18_; A process in accordance witn .Cla.i'no 13_wheretn said hydrogen can be stored

" within said carbon-metal hybrid materiai for an indefinite period of fime before it is

- - desorbed.

19. A process in accordance with Claim 18 wherein said carbon-metal hybrid

material stores bet\lveen 0.1 and 10 wi% hydrogen at ambient conditions.
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- 20. A process in accordance wnth Clalm 13 wherem the hydrogen stcred int

uppl of
'condltlons of temperature and/or pressure tc prcv;de a readﬂy avadable - pp v

hydrogen L




