24 May 2005 HYDROGEN.STORAGE USI NG CARBON- METAL HYBRI D COVPCSI TI ONS

CROSS- REFERENCE TO RELATED APPLI CATI ONS The present Application is a
continuation-in-part of Provisional Patent Application 60/252,751 filed 22
Novenber 2000: BACKGROUND OF THE | NVENTI ON Hydrogen is a\M

commodity in the chem cal and péetrol eum processing |ndustr|e£X3$§ggbally
it is manufactured, usually by a reforming of natural gas;, and is

delivered to the users' sites by pipeline, as liquid H2 or as the highly
conpressed gas in cylinders. The transport of hydrogen as a cryogenic
liquid or as conpressed gas are 10 caprtal and energy-intensive processes

which result in a srgnrfrcantl %w%%% c% del i vered gas. :
Therefore, there has been ,rd?_.ﬂ d at finding | ower
cost alternatives, pri ncr é opi Glp‘err a.Fs t%at could
effectively "capture hydrogen at or near anbr ent conditions and rel ease
the gas as desired, th I grts have been
greatly stimulated by @%%@ﬁ#@%gﬁ'ﬁ%ﬁggﬁp %%ﬁll-lghréeen fuel cells
whi ch, for nobile systens, jdeall ui 1 e £ przIed & af BhfeREAD f,acat,gﬁans
for an on- boar d Hiegrggent (ﬁppﬂ%ﬂ"dgﬁ%ﬂ mﬂ 8‘?’"1 ﬁ% Pesegrc t owar ds g/a
"contai n" hydrogen has focus%‘cg)F 26&; ‘reversibl e chenical reaction and
absor pt i on 69725227 3 filed 22 Howembes?t®% g netal alloys to form netal

hydri des, Represent ative systens are LaNi 5, FeTi and various magnesi um 20
rich aI-_I_oys -such as My2Ni. and. Mg2Fe. In general, the hydride-formng

‘netal s/alloys that denonstrate f e Wpropert i es displ ay -
poor H2S5capacity, whereas hybﬁ‘ﬁ!@/‘?éﬁﬁb B't:tﬁ'[ S metal s/alloys with
arel at.r vely.h gr[!]yd%.gg |saac\|r.ud)éiyguesregrc%h1ln¥oc}}ya |} th%ngh%\rh?éa?ghg petroleum processing

industries. Typrcally itis manufactured usually by a reformlng of natural gas, and is

_ delrvered to the users’ sites by pipeline, as liquid Hz or as the hlghly compressed gas in
cyl:nders The transport of hydrcgen as a cryogenic Irqurd or as compressed gas are
10 'capztai and energy-mtensrve processes whrch result in a srgmf cantly higher cost for the
delwered gas Therefore, there has been a large research effort directed at finding lower
cost altematives prmcrpally on developing matena!s that could effectively “capture’
,hydrogen ator near_ ambient conditions and release the gas as _desired lat the point of
use. Recenrly such efforts have been greatly stimulated by the emerging teehnology of
15 Hz-dn'ven fuel cells which for moblle systems, ideally require a safe and cost-effective

I

" means for an on-board storage of hydrogen.

Most of the research towards ways to “contain” hydrogen has focused on the
reversible chemrcal reaction and absorption of H; by various metals and metal alloys to
form meta! hydrides. Represen’ratrve systems are LaNis, FeT' and various magnesrum-

20 rich aiioys, such as MgzNi and MgzFe.

In. general, the hydride-forming metalsfalroys that demonstrate favorable

thermodynamic properties disptay poor H: capacity, whereas hydride-forming

-




t her modynamni ¢ properties. Wile substantial research efforts have been
focused upon the synthesis and study of new generations of bi-, tri-, and
mul ti-netallic alloys that denonstrate increnental inprovenents in

hydr ogen capacity and adsorptioni desorption 5 kinetics, it ﬁgn be argued
that the art has reached a point of dimnishing returns wt t to
advanci ng the functional characteristics of these systens, castlng doubt on

their connﬁ{egélggm%%mép%%@ég m@'ﬂ? %gévé&g; IQ%EI%W \Eéeuz‘ffﬁﬁér?blfaor H2 storage.
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at near-anji ent tenper at rbon, nay not ube
2005 uch system ng ere ore go ngt offer%ractxwaf cal or econorm% advant ages over t%e useM?y

~ compressed or hqurt' ed hydrogen. Rodnquez el alin US 5, 653 951 (1997) claim the
storage of hydrogen in various Iayered ¢arbon nanostruct‘ures including carbon
15 nanoﬁbers and carbon nanotubes. Hydré_gen storagé data is only given for_ca_rbon
nanofiber materials Which téke up. ~1.22cc of Hzlgrarri at 205 K, 3.5 psia H; pressure.
_ T.his corresponds fo a uptaké of only ca. 0.01 wt % Hg, é_capacity Which Is far tqo small
for any practical apblicatioh Bulk graphite, which has a surface area less than that of
carbon nanoﬂbers would be expected to show an even smaller H, capamty
20 Recently, Chambers, Rodriquez e &/ reported in'J. Phys Chem B 1998, 102,
4253 that carbon nanofiber materials of unspeclf ed speclﬂc origin reversibly sorb very
large, 50 wt % or greater, quantities of hydrogen under high H, pressure. These results
have not been confirmed by others, and havé baen directly disputed in a number of
publications. See Rzepka, M. et al, J. Phys Chem B, (1998) 102, 10894.
25 A. C. Dilion et alin Nature Vol. 386, p. 379 (1997) reported on an unusual

sorption of hydrogen at near-ambient temperatures by single-walled carbon nanctube
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(SWNT) nmaterials. The SWNT nmaterials are relatively recently discovered new
structural fornms of carbon which essentially consist of rolled-up single
sheets of graphite, with an external diameter of ca 12 A and a very |arge
| engt h-to-di aneter aspect ratio. The SWNT's are usually bundl ed together
and appear by electron mcroscopy as long fibers which can Bé M#6240ned and
their properties otherwi se nodified by sel ective oxidation processes. SWAT

mat eri al s(SWRTPIRESHE The SUAIT atitianl ark ostafvelyegentlyodiscosereer v stractural
anal ogous to activated carbons, due to their high surface area. However,

t he anbi efdmis@reambahWiicH Bssantisllyl consistsiublied-af sibplel shvetstof graghdee witben
directly disputed in a recent  publication by -Ye, Y., ‘et at, Appl. Phys

Lett. (198Qbméfdiadader of £3 12 A Abdraivery IaigedengtB-to-Hlaavetemaspent raBoc Thel1999)
146, 2015 reported that carbon additives have been shown to have a - '

favor abl eﬁWrﬁfﬁs fareggsgirélng bRh&Iek QSR Rl appR 8T ByDsIBRRSEmRFosBabY s Iethfibers | oy's

for nickel-nmetal e batteries. Here, carbon Is incorporated

intersgit m;chycﬁh Q;et%ﬁ@hW¥n@Lmtﬂrﬁe&iw&heMiﬁ Rlodrkt dy selectivelsxidatisre
ydro

di ffusion o gen into the bulk of the alloy. K Funaki, at al., J.

Al l oys Cogn,.;egé%%w?ﬁr()mm'ﬂeﬁgns]a‘ie Bﬁa&tm%sbwT &ewi(Blybgehic) tempesdtures,
y nec al: a

graphite anical  alloying into MgNi, a wel I - known petal hydride

formng c bud BtV hb Q. high QFacY arka! HowevAy the Bmbidm e X
lg 1.31. %g@ﬁ%@gd@or}’g‘*éﬁ?{’gﬁ@%&%&%@ﬁ@%omac ?atio of %@dr ogen plus

carbon. t &"ﬁﬁg{”&? HEP%% rés%ﬁ@bf‘ﬁillgﬁ 6P bAfHve bREh eitbEYsAAEd Inerduet | de

'sites in ~are sinply replaced by carbon atons. Thus, there
[ [ M A  Eyl ' ; ity. G- Sand k, J.
A1 oy ConpDIcpidEB 985 3L AhBP RS LeR I T4 I Y on of eul fur

| eni q _ , o oML
haseldl | oys i & PR BRAL TPARLR/ERE R, (opar R 0 e P <tor age

capaci ty gl hRSSRvAl halned brilRnfIB L adavohibid Bfiek LAY electrichéinien t 2

teaches " . _ ( 5> storage of hydrogen®. Here the wel | - known:
oo ) PflrBie 5ol LBy A0St Pt st 11
" incorporated interstitially in the alloy electrode where inter alia, it alds in the diffu_sion of
% hydrogen into the bulk of the alloy. K. Funaki, et al., J. Alloys Comp. (1888) 270, 160
15 .‘lhave-shéwn thaf the introductibn of graphite by mechanical élloykn intp MgNi, a well-
known metat hydridé forming cdmposition, yields alldy compositions 6f formula MgNICy
where x < 1,31. Upon hydrogenation of Mg_NIC,.the‘ atomic ratio of hydrogen plus carbon
to metal, (H+C)IM,. remains constant indicating that the 'hydride sites in the metal alloy
ét:e simply reptacéd by carbon atorns.i _Thus. there ié no e'\‘rident increése in hydrogen
20  storage Capacity. G. Sandrock, J. Alloys Comp. (1 999) 283-85, 877 tepqrts that.
the 'additioﬁ of sulfur, se'lenil..lm, and carbon, nhon-metal _eléments to', specifically, Ti-Mn

Laves phase alloys is reported to "pave the way" for increasing the H, storage capacity

of 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 H. at cryogenic
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24 May 2005 tenperatures is said to be sonmewhat enhanced by the presence of
an added highly dispersed transition netal, eg Pd, Pt, conponent. The
utility of this systemis however, restricted to cryogenic tenperatures,
ie, at less than 273 K; Exanpl es provided are at 77 K and ?EM% gohsi S
theorized here that the H2 nolecule i s adsorbed onto the mefal 3 5
atons, (nonatom ¢ hydrogen), which "spills" onto the carbon surface, this

activated hydrogen thhus "filling the available sites on the activated
carbon” - aémFéﬂé&iréé)rsbﬁld{d?bestewﬁﬂ%ahcﬁb [pPEsINCS RF bh auesd h%ﬁty
"Hydrogen Spillover” by P. A Sernon and G C. Bond, Cat. Rev. 211

(1973) has dzég@t | Cufﬁsﬁngh%étﬁﬂ@@@ﬁ' r%v%ﬁts Wétﬁﬂsty%fﬁﬁ@rs?ﬁ@mr@h%\mever

catal ysts, y W th'stch syste as are use for Chem cal 10

hydr ogenat iy r8lilteats b@Bﬁem@&n%ﬁ]m@? a[gib%sftﬁérﬁzfé K:' BedrhMas bRﬂudeWé%%?'? by

reversi bly | SSOCl a : atom species on Its surface. But
'ctglr bon_cat & S 2 F‘dé‘i?gt%%?&%d P%»&h%ﬁﬁ*sﬂ?ﬁﬁg‘s@”&fﬁ#ﬁ%ﬁ%ﬂﬁ?@%@%"1‘1

Pd/ C 47 XP&'

of th{:aIt no%n% sorg{mnhgdpéé :c%n @'R'e rre?é h(t)“ialcr-)%:ené urrefo%séc?f fsétcﬁélcggs
e proY| HdopuRals oo tﬁé‘?v%il%ﬁféréf b P e QR afla SSort'2 apiyblepauety f1om

the. netal e su e na ure ransferr
usual 1y vory sl °grmueﬁf‘“ﬁé’%e‘**ﬁ@ﬁv&?%%g#ﬁ’?%ﬁﬁﬁfbﬁﬂw923%"5 and
that o bourd ¢ GudrecP il ol ARR0f6R R 18 ge;{esfgmkfsagarygﬁ 8By Ovi des

further datd on eErr’prio ture epor 1998,

106, 4290 o 14T BRI AT W RO
L1 Sot oo, HiqBehf Bl e P BURBL Y Ry fooBR b S,
S o 01 A OO oA BB O BB chad o
retal, Wi Gkt YBF ifSfarks, by bR Prldiperay GiPLatBH Al I00IARE 88 P?ld)%l’er S.
623 K, PYAI,04 at 473-573 K, Pd/C at 473 K, and also by PYWO,, the amount of Hy
‘taken up is in excess of the known Hz-sorptuon capac:lty of the metal alone. Numerous -
15  studies have provided support for the theory that some of the H, “sp:lls over" from the
metal to the support but the nature of this "transferred” hydrogen is not presently known_
The quantity of this hydrégen_ 'on the suppon is usually véry small, amounﬁng to only
| several atoms of H for every H that's bound to the metal, - |
~ N. Rodriguez and T. Baker, US 61-59538, provides further data on their:prior
20 -Iiterature report in J. Phys.Chem B 1998, 108, 4253 of Hz-ugiake by lﬁyered
nanostructures which include graphite, carbon nanofibers, multi-walled carbon
nanotubes ete,, that have been treated with an inert gés at elevated temperétures. Thé
H: absorption is claimed t§ take place when the materials ére subjectéd to ﬂowing
hydrogen at a pressure from 1000 psia to 3000 psia. The patent describes a use of

. 25 nandstrueture that is intercélated with a minor amount of a suitable metal, which serves

to increase the gap between the nanomaterial's layers.
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-4 24 May 2005 BRI EF SUMMARY OF THE | NVENTI ON The present invention is a
process for. the transport and storage of hydrogen by reversible sorption
and contai nnent within carbon-nmetal hybrid materials. The process 5
conprises contacting a carbon-nmetal hybrid conposition with

hydr ogen- cont ai ni ng gas at a mai ntai ned pressure of fron1ab%€pm¥£08§ia to
about 2000 psia, preferably 20 to 500 psia, and a tenperature from about
253 Kto 473 K, and preferably from273 Kto 328 K, whereby the
carbon-metal hybrid conposition sorbs and thereby stores the hydrogen gas.

The hydrogen that is sorbedBRIEFSUMBARYORTHE INVENIOONt i on is 10
subsequently rel eased by lowering the H2 pressure to from 1l psia to 200

psia, preferalphy préseitinténtion IS frsdeds 16MHE BRandptR SRSit0RgeME hyemaendiure to
from273 Kto 573 K, preferably from293 Kto 363 K. The process of the

present i NyesrsipIe SUASHON & dohtdieMBREVIRiY cHOBR-riBIAIBA8 miteridl Thepradeesi fic
reaction conditions set out above along with the careful selection of

particubar corfprisas BoMadiigtd cArbh ntbtarBiyBrid sbmposiistewith B ayalogbARANINAE &8s

condi tions, the carbon-netal hybrid naterials of the present invention
di spl ay an ghld mARAIHAHrESRAE bf Komhhdbut £ B8 8hout LAY psiCpersTaBly d0te

capacities of the hybrid' s individual conponents, and also allows for the

hydr ogen t’ 2k i TR j L :
ydr og B00sh argfa% ttbﬂr%l%ﬁur%%f&?ﬁﬁb{é[? 23% Mm%ﬁ%@kﬁmﬁ 6maYa K to

i ndefinite period n a vess l'east” the equilibrium. °

partial pr |p#3’5@f’c§:wrﬂéq’%§ﬁ’\?wp’h%§r l&\fﬂ?id%ﬁit@_sﬁgn 588 \LPiaRerBly R84 fHel ON,

BRI EF DES gure I's a plot of the tenperature
Ted ' : d . 1) of
progranire 2',%{@?@ “Tgéf@ﬁdgt ggHQGQQﬁBed ﬁ-ﬁh%&:gmoﬁ M&EPtSnpdpspse 1) of a

hybrid conp of d graphite and 90% titani unl 4% vanadi um 6%
al um nygn alghByequienty? fe1d4ieddYdawering the H. pressure to from 1 psia to 200 psia, preferably
| from 14 to 50 psia, and/or increasing the temperature to from 273 K to 573 K; prefefably
from 293 K to 363 K. i | o |
The process of the p’reéeﬁt ihvention operates to reversibly sorb hydrogen due to the .
specific reaction conditions rset oﬁt'_above along with the careful selection of particular
15 carbon-fneta! hybrid materials. Under the claimed process cbnd‘rtion’s. the carbon-metal
hybrid materials of the present invention display an Hz sdrption'capac'rty that is greater
| than the sum of the capacities of the hybrid's individual céﬁwponents, and also allows for
the hydrogen to be stored in the carbon-metal hybrid materials foran indefinite period of
time ir_'a a ‘veséel under af least the equilibrium partial pres_suré 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 exioliated graphite and

80%titanium/4%vanadium/6%aluminum alioy.
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Figure 2 is a plot of the tenperature programed desorption (TPD) of
hydrogen from a sanple (Exanple 2) of a hybrid conposition of nmesoporous
carbon m crobeads and 90% titani um 4% vanadi uni 6% al um num al | oy. Figure 3
is a plot of the adsorption/desorption isothermcycle at 292 &a&f hydr ogen
on a sanple (Exanple 2) of a hybrid conposition of nmesoporo 4 gl

m cr obeads and 90% ti tani um 4% vanadi um 6% al um num al | oy." Fi gure 4 i S a

pl ot of the tem‘l_%’-ﬁ%?rlgaﬁﬂ%% \E m?q, 9{%&5@%%{@&%%

sanpl e (Exarrpl tiwalled carbon nanotubes

and  90% t| off} é%%é% é%%@%‘le d%t &% Wb?@o?%@horfﬁf maSoddrY EarBor Fricr obleadls Of

t he terrperzz sorption hydr ogen ~from a sanpl e

{1t any und 4008 &%@%’ﬁ%ﬁ%&ﬁfnﬂﬁ%l g, & 67T & plot of the
5 0f a hybr Pé"%‘aﬂ%‘?dr de %%W?ﬂé%f °*%é95 ST 3 BRI RE o i 656
(TPD) oF nyuiibaEn o %‘aﬁ%aneeeiswﬁé@?e%? LS S S
?éﬁBQL;&?Z@"% Brds A %Qa%!enwg‘rv?%@rm’%ﬂ%ﬁg&eﬁﬁvgop# foma sample
el Figure o RE4R s e el ABUI R AEIABASEREY Y PRARE
kol e o TP P Al &w?’é'ﬁ%t ﬁﬁ‘éﬁﬁé%s&%ﬁﬁé“aﬂé@@%réﬁﬁiﬂd
(0 o SRR BT S0, * 0 o o o
1b . - Figured Is a plot of the temperature programmed desorptlon (TPD) of hydrogen
from a sample {Example 4) of a hybrid composition of graphite nanoﬁbers and
.' Qo%trtan|uml4%vanadxum!6%aiummum ailoy
_ Figure € is a plot of the temperature programmed desorption (TPD) of hydrogen B
froma sample (Example 5) of a hybrid composition of graphite and
15 Qo%trtamumM%vanadnumlS%alummum alloy | |
Figure 7 is a plot of the temperature programmed desorption (TPD) of hydrogen
- from a sample (Example 6) of a hybrid composition of _graphite nano_f‘ bers and trtanium
 metal. o | | o
, Fig'ure 8 is a piot of the temperature programmed desorpﬁon (TPD) of hydrogen
20 from a sampie (Exarnple 7)of s hyorid composition of grapnite nanoﬁbers' and vanadium
metal. ' | |
Figure 8 is a plot of the temperature programmed desorption (TPD) of hydrogen
from a sample (Exampie 8) ofa hybrid composltion of_graphite and nickel metal,
Figure 10isa pict of the temperature programmed desorption (T PD) of hydrogen

25  from a sample {Example 8} of a hybrid cornposition of 1:1 graphite and platinum metal.



Figure 11 is a plot of the tenperature programed desorption (TPD) of
hydrogen from a sanple (Exanple 10) of a hybrid conposition of graphite and
palladiumnetal. Figure 12 is a plot of the tenperature progranmed
desorption (TPD). of hydrogen froma sanple (Exanple 11) of a hybrid
conposi tion of graphite and rutheniummetal. 5 Figure 13 is 24 Man20®¥ the

t enperature programred desorption (TPD) of hydrogen from a sanple .

(Conparative exatghg i @fpl&@;ﬂtﬁé {ehperatltoprygranmheddésnption (TRD)OE Hydsogen

powder. Figure 147is a plot of the tenperature programed desorption (TPD) .

of hydr oggr@nﬁ 5%@;}&@%@1& Oy ara IRbrid @ompastbreofdrapthitd aridipaliadiure hvetal.

powder . I gure a plot” of tthe tenperature progranmed desorption

(TPD) . of hydrog?ggu,gr% 3 ﬁa?kﬁ@mﬁnﬁﬁraﬁaﬁ%ﬁ%&&mﬁm@diwmo??_hal

powder. Figure I's ap e tenperature programred desorption PD)

of hYdrog_erﬁoniE%%éé%@é gﬂ@%rﬂbﬁﬁ%oﬁgagmﬁﬁof%agﬁi@ﬁd AffeHOARhSlal.

powder . Fi gur the ‘tenperature pr anmmed desorption (TPD)

of hydre@gen 15 & sal i ; i
mlled graphite %é%]e@ 'gg{%ﬁﬁéﬁ%%egétgﬁéﬁﬁ%’%%% ?éesrgs%tr" atﬁr e | ng’lé??gm?rgd
desorption, (TP ' ; - naeol %5 i a
hybrid con&f’&? ?%ﬁl%jﬁ (é’go?li%%?@ee éa’{ﬁﬁm'%&g%’ﬁ“né net a .%iagﬁﬁé%gﬁ%ngng?npﬂgg of
t he tenper&twgg programmed desorption (TPD) of hydrogen 20 froma sanple
(Conpar at i g ﬁrrpl e 7) of 10% plati num nmetal on activated carbon. DETAI LED

Ty car bon- raeue OB AR of e RhfiRfled ANEAMALY dcsdotiir(GPL) oflBRgen

enpl oys carbon-r conpositions as~e trve, reversible
absor Dent s el WHAIRL AR e SPUHhdrdled it pekiish Pract i cal - storage
10 Figure 15 s a plot of the temperature programméd. desorpﬁbn_ (TPD) of hydrogen
| frorn .a sample (Comparative example -3) of vanadiuh mefa! powder. | |
Figure 16 is a'ﬁlot of the temperat-ure pfogramnied desorption (TPD) of hydrogen
from a sample (Comparative example 4) of paliadium metal powder. o - |
Figure 17 is a plot of the témperatur_e programmed desorption (TP_D) of hydrogen
15  from a sample (Comparative exémple 5) of mechanicaﬁy milled graphite powder. |
V Figuré 18 is a plot of the temperature programmed desorption (TPD) of hydrogen -
from a sampie (comparétlve exafnple 6) of & hybrid composition of graphite and R
magnesium metal. } |

Figure 18 Is a plot of the terﬁperature programmed deéorption {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 empiloys carbon-metal hybrid
compositions as effective, reversible absorbents for hydrogen and serve as materials for

25  a practical storage of the gas.



24 May 2005 The carbon portion of the carbon-netal hybrid conpositionis a
"substantially. graphitic structure", preferably a single-sheet graphitic
structure wherein "graphitic structure" is defined as a structure
conprising a conjugated unsaturated, all carbon, aromatic géﬂj 5
Exanpl es of suitable "substantially graphltlc car bons lncl& @#ﬁphlte
Itself, exfoliated graphite which consists of a | oose assenbly of single ,
.sheet's: of graphlte single wall carbon nanotubes and nanocones which are -

derived by %Efeﬁpédn%cﬂhyn of @leWartsin-Mitl hybrivheemsiion & afsubstantisdy bon
nanocells, nmulti-wall carbon nanotubes which consists of concentric sheets

of rolled- Hﬁiélelluéfese"cerelmblyersnlglbeheet grépiitic stuchire seessim 'graghiishi t e

sheets tha are stacked 1n a direction that .is either 10 perpendicul ar or

~at an acutg, .jtﬂgleelstdérheea&labafucmreébmpnﬂngemnmgatedndnsatmwoﬂlba@rbmr bon
m cr obeads, ‘and carbon soot which has been substantially graphitized as

shown by . té,gmgﬁ.bagr@lEggrﬁﬂesmmlfa%@ﬁldbstiﬂlhllmt‘mhltlmbmnbonsb‘lcludm car bon
nmet al. hybrid conposition should have the capability of reversibly reacting.

wi-th hydr I'Pé@'l%id#ﬁ@falwﬂe%se‘mtblhef aIEglprshee%Of
Thi s rgctﬁﬁh'kgl*ﬁyﬁﬁgﬁgﬁ%@ﬁeﬂél |y be a process where there is a

di ssoci ati he. I HRE naRY®INes Whichfare Metivexhbpf ei t her |
&%Bﬁ{l ,%ﬂ%lé’% E’&g%\% rfanbhubls GAE n

surface. or rides. The platinumgroup netals, le. Pt, Pd, Ir,

Rh, Ru and. @OF am ng#lesm@?qhggsoe dphﬂé odﬁlbeﬂhnafocellmhaﬂtemﬂ carbon

Tran5|t|on as wel [ as all oys - that conprise these

metals, us ug@gl?és%ﬁhﬁ UohE of Ko, ditdis dfrolierp Biphitecapmrenamctbet:

(extrenel y Sl zes) tt..an uptake of hydrogen that approaches

about 1 H/‘g,ﬁ L?ﬁ &8%&’@% sqa"%&igr%légts?aﬁér@m&éd irP@birédlioR thatdm eithersol ve in E .

its bulk c rogen with the formation of various

hydri d phase e [ RidBosBrbiad andfnidrbporbugnsi tion
Ser i es‘FD d@??oﬁt J#clﬂé%nﬁjg%%ﬁﬂa‘?ﬁgﬁg gflés%ﬁml I oy% whi g% i nclude -

these meta ﬁé’?’gﬁ“ﬁg"&’?ia /3\4&%\6{ ‘10*5‘5‘ hihas EResLb&ant@lly beddhitizetizsshoan 25 |

form bul k. I'n this Invention are-hybrid

mat eri-al s ﬁ%ﬁﬁ%ﬁ&%&l e @trﬂi‘cr&wﬁﬁ des of the sane af orement I oned net aI S

of ‘the Tra
The metal portion of the carbon metal hybrld composition should have the capability

. of reversrbly reacting with hydrogen in the temperature and pressure ranges of the
| 15 | process This reaotlon with hydrogen wnll ysually be a prooess where there isa
g . dlssoclation of the M2 molecule with the reversible formatlon of elther surface or bulk
mefal hydrldes The platlnum group metals, je. Pt, Pd, Ir, Rh Ru and Ds and also Ni
. and Co, (all of which are metals of the Transitron Serles of elements) as Well as alloys
: that compnse these metals, usually form surface hydrldes and at very hlgh dlsperSlons
20 (extremely small sizes), exhibit an uptake of hydrogen that approaches about 1H!metal
| atom. Of this group of elements. palladium can dissolve in its buik considerabie amounte
of hydrogen with the fonnation of varlous hydnde phases, Also usefu! are the earlier
group metals of the Transition Series, i.e. Tl Zr, Hf, V/, Nb, Ta, and Crand also alloys
which include these metals, such as TiV, TV/AI, Fe/Ti, Fe/CriMn, ZrlFelCr which can
25 form butk metal hydrides, Aise lncludedln this lnventloh are hybrid materials of carbon

- and metal hydrides of the same aforementioned metals of the Transition Series of
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-8 24 May 2005 el enents, where the netal or metal alloy conbination has
been hydrided by reaction with H2 to forma. bulk netal hydride prior to
conmbi nation with the graphitic carbon. Exanples are LaN 5H6, CaN 5H6,

MmN 35C0o0. 7Al 0. aH, (Mmn = M sch netal, a m xture of |anthani g% a%.ﬁﬂ}g

el ements), MmN 4. 15Fe0. 85Hx; Ti Mhl. 4Vo62Hx and Ti 0.86 Zr0.0 3/[ as
listed in the review by G Sandrock in J. of Alloys and Conpounds, 293
(1999) 877. The chosen netal hydrides or netal alloy should preferably be -

rever si bl e glinidhts, 46 the Wetd 6r mAes alld dopibitatidnihas beep hiydnidedibyrperctiorewith hus
providing in situ at process conditions the nmetal or netal alloy conponent

of the car lpghg rétrad bl Brdtdl hyBh8e pABOO Rofiration With tisssgraphitibicarbiony eBtdarles
di splay a useful H2 sorption-capacity as 10 defined by the pressure and

tenper at ur @res WANIHA BN ] NS08, AP, NI 5 Mischahetsl, tifmisture bElastinarsde t he
capacity of the 1 ndivi ual conponents of the hybrid. Said carbon-netal -

hybrids mayedip a@ﬁegsﬁ%ﬁwiﬁsmgggrmh%uﬁ A8 Ty lVsmHsae fstedidn the

subj ecting~a physic adm xture the two or nore components to relatively

L _ pure o ore Con
ener get {, C %%?; f‘% Sitdto@Sin®, bPAIIGR ;ﬁd@ﬁﬁ@dﬁn@@, 26 (HD99)&F 7( ETHE chosen

bal |l -mTIling sanitation in a ultrasonic energy field, where there is -

| ocal therw{almﬁ&&”@f RES) Yoy SRAIDrefeldtly SORIVEAINO With Fegietiiorthed in a
Ium The nedi

i quid ned um can “have  'benefi'cial properties, acting as nore

t han j ust ge%géﬁlg,bd"%g&g{ién bydr eSO prlRihg Bk Lt BitkesAEdAtions the

conponent s. ssist in commnuition, or in the case of

. hite. : L ao> . . herm cal .
grapnite %ﬁﬁ"?g@é}a@g'%%h@%gﬂ%g?ihééafﬁﬁ“"@@'h?@‘@.C em cal source o

hydr ogen. rinding 1s conductéd in an inert atnwssphere,

in the presenfig, Qérﬁgﬁ—%&ﬂg{}ﬁog@é ?fhtﬂistiﬁﬁ‘erﬂbﬁaﬂﬂra? dliseful H) ¥eHSRh-capEERLaol

hydrogen. During t gri ndi e graphitic carbon is not intended to act :

sol el yq@s aehr?%{ b Matpra u?élhlﬂ@fem;sbrét!&?e MMihg 2B54rplicH Rle, whidhisQrestentea

I.nto the resultant carbon-netal hybrid conposition. ‘Alternatively, a -

Gonoor: T e RS 0 psbe kbRt 2% e
gases, - ~ Said carbon-metal hybrids may be prepared by a number of different methods, such
| ,'a.s by sﬁbjecting a ph'ysiéal .admixture of the two or more éomponents to relatively
energetic processes such as a intiméte mechanical gripding {e.g. ball-milling) or
15  sonication in a ultrasonic énergy field, where there is local thermal and-compressi\':e
energy. The. sonication:is conducted in a fiquid medium. The medium can have
beneficial properties, acting as moré thap just a physical suppbrt fbr the su_sbended
metal and cérbon compoﬁents. Thus; it can assist in r;omminuition, or in the case of
' raph_ite, assist in exfoliation, or it can act as a_chemi_cat source of hydrogen. Typically
20 -the grinding is conducted in an inent atmospheré. in the presence of hydrogen; or in the
preseﬁce of 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 resultant carbon-metal hybrid composition. |
Alternatively, a carbon-metal hybrid composition may be formed using chemical

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

including, but not limited to, methane, ethylene, and acetylene, may be decomposed




| ncl udi ng, but not limted to, methane, ethylene, and acetyl ene, nmay be
deconposed -9 24 May 2005 thermally, with mcrowave plasma, or with | aser
energy, with or without the participation of various net aI catal ysts, to
form substantially graphitic carbon materials. The netal ﬁ@) of
t he nmetal - carbon hybrid nmay be used as the catalyst for dec %8
t he carbon-containi ng gases. The netal (s) may al so be jntroduced by CVD of _
volatile netal conpounds concomtant to-graphitic carbon fornmation,
deposi t ed upemaliiewitiprmisrowave plasmenciwitly aper arecgys withor witboutAte partmmtlnp
sol-ution processing nethods may be used .to form netal-carbon hybrid
conposi t i ortf vareusametsad aatalystso tyferinsubstantalyigraghitic casben matarialsp odlheimetalt he
desired netal or netals may be introduced to the graphitic carbon by sinple
stirring 1CGompohent{$iedthe gietat-cadiant hybrid ntydegusedidstthe catalysties decempositien]
fromthe netal salt solution, nmay be reduced by heating under reduced
pressure, wwfithe cmbomreontaamng)gmr dheanetaifglenay also belintradyced by it otyolatily.
hydroogen, methane. The resulting carbon-metal hybrid conpositions will
cont ai nba lmethl eoneemds @oncomitart torgraphitic carboatfaimatiohpyr, deposited gpompthieses
1-80% (w w) of the netal -carbon conposition 15 and are substantially free
of netal carévielslyformied graphitcesthmturat ons I n interstitial sites of the
crystalline nmetal lattice. The bal ance of the hybrid conposition will be
formed of  car bGdditanaily, sloidibh arocessing mxthadst may be ugedihiiotrh enétal-sarbort ur e.
The two key requirenents are that the carbon have a substantially :
“graphitic $iybrdtompositiohst hat adlrespusetr arganiu sdiuticini of la salthoe compbund otithe be in
intimate contact, be capable of reversibly reacting with hydrogen 20 at the
process conesiradmetalor metgle naybeintroduddd ip thesgraphitic Tarbon dysimple stifring? with
the netal may be either a surface reaction of the gas with small netal '
parti ces andér heating inawlutichaThiggajshiticocdrbens, separtiedrirosh the metak salbselltion,
hydri de. While not desiring to be bound .to a specific theory, one potential
nmechani sm tway be fedsced bg heaiigeundes esueed bressur, uher ambhmtrpbspfmne.rmrurﬁér
"H2-spillover" -as described by P. -
a reduclng atmosphere, e.g. hydrogen, methane

The resulting carbon-metal hybrid compositlons wnII contain a bulk concentratnon |
of metal, or metal alloy, which comprises 1-80% (wAw) of the metal-carbon composition
15 and are substantially free of metal carbids domains or carbén atoms in interstitial sites of
) the crysta_lliné metal lattice. The balance of tﬁg hybrid comp,o_sifion will be formed of
carbon materials fhat are substantiélly graphitic in structure. The two key requirements |
are that the carboﬁ have a substantially graphitic structure an& that the metal, with which
the carbon must be in inﬁmate coﬁtact, be capable of reversibly reacting with hydrogen
20 at the pfocess cbnditions of temperature and H; pressure. The reaction of H; 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 net desiring to be bcuﬁd to a specific theory, one potential mechanism for
this reversible incorporation of H, is the pheﬁomenon of "H,-spillover” as desbﬁbed by P.
25 A Sérmcn, 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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25 A, Sernon, et al as described above. This nmechani smInvol ves a

di ssoci ative adsorption of hydrogen as atons on the netal surface which
then "spill" over onto the support. -10 24 May 2005 A second and nore
definitive possible nechanismfor our H2-reactive carbon- méai\lfl s%(@tsems l's
one where the graphitic carbon actual |y undergoes a netal - catalyzett" _
chem cal hydrogenation, converting its graphitic conjugated or aromatic
system (where the carbon atons are substantially sp2 hybri di z,ed% to a
substantially sae.emmmmaadﬁmit@emesiblemhmém‘gf AHh@apt @ofo
every carbon, which now has an sp3 hybridized electronic structure. The
pr ot ot ypi canetaksysteras issonemhmd!ne)gmgiﬂp@ﬁrh@n agtually odergoes A matel-cal?ed on

of 1Hto every Catom le fromC to (CH),,. Calculations by high-level ab
initio quashemicatbytragecatiomscoruestinaits grgpiuisronjugaiemhar alematiaisyst haré on
Package) and DMl (Mol ecular Sinmulation Inc. 1990, Version 4.6) predict

for this hytiecgroatdtoms afe substardiaty spf hyheidiged)dn arsybstaptially saflirpied Ftrsturgp
and -8.5 kcalnole H2, respectively. Both values are suggestive of a

f avor ablse pwisreome H-atam hambeen agdiddgevertyasrhpraphichaiow has yrsp iydsdizedn| e
by 7.3 and 8.5 kcal /nole H2 respectively, but not too stable to preclude
Its' bei neelestromicséthicturby TheatrototypicBbexacupie irthe bidrogeratieaaf geaphite, with the
hydrogenati on of benzene to cyclohexane at 298 K (a process which is not
easi | y- r eveadsitibninf 1 focevieaaCiatayy, iefromL 6, B (CoHMc LKallations bywohalekeh#ht NiRar e
of any reports of such a catalytic hydrogenation .of graphite. However, a
cheni cal noquanhimimechenice thethaodsn usihg YASFh{Miennarfsb inltio Sipnlatian Paskagm@ndbes
by their reaction with lithiumnetal in |iquid amonia has been recently
announced bM8! (Madddutar, Sichuftiosinios d 980, VeEsiod 4l ipredict fon thisdyarageaation of Forr o,
J. Phys. Chem B; 2001; 105(33); 7938-7943. 20 The carbon-netal hybrid '
conpositoi ongragisitcendrgyl changasrof a7.8 koakrhollH fand -Bickcalimoler i, espestivalvg Boty
hydrogen. A specific process for reversibly storing and rel easing hydrogen
i ncor por at emlissaretsapbestive of adavoraisis erocess Hieathat adrydiegenated graphitgonll Bgbr i d
conposi tion. The vessel is designed to facilitate heat transfer to and from
the solid more stable by 7.3 and 8.5 kcal/mole H, respectively, but not too stable to preclude its’ .

being reversibie by héaﬁng. For comparison, the heaf of hydrog;nation of benzene to
.cyclohexane at 298 K (a process which is not eaéi]y reversed by.mﬂd heating) is -16.3
15  keal/mole Hs. Wé are not aware of any réports of such a ca_ta.lytic hydrogenation of
gfaphite. Howevef, a chehfca!'non-catalytic reduction of graphite and also of.carbon
" nanotubes by their reaction with lithium metal in liquid ammonia has been recently |
announced by S. Pekker, J.P. Saivetat, E. Jakab, J. M. Bonard and L. Forre,
J.Phys.Chem B; 200%; 105(33); 7938-7943, o |
20 ‘ The carbcﬁ—metal hybrid compositions described herein are useful for the
revetsible storage of h}l;drogen. A épeciﬁc process for reversibly storing and releasing
hydrogén incorporétes-a suitable storage vessel, containing the metal-carbon hylprid
composition. The vessel is designed to facilitate heat transfer to and from thé solid
contents. The vessel is 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 vesse! can be controlled by the use of
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contents. The vessel is connected to a.vacuum punp 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 tenperature of the
vessel can be controlled by the use of -11 24 May 2005 staag 5 i ng
(e.g. cryogenic gas/liquid/solid or refrigeration) and heati 3“ ng
resistive electrical or heat transfer nedia) processes. The carbon net al
hybrid conposition nmay be activated for hydrogen sorption by heating under

?:gesmgd?&tﬁ?i %ﬁﬁfi%ﬁé“@é?%‘ g ﬁf’%das%’%‘%‘? qEERALIR A éﬁgﬂi?;f g
will be f et B&ﬁm Eorlg tﬁfaﬁa{mﬁdé%’ypgééfgﬁ&sm%érrbg&"}géénlg rhtgont agt

composi 11 GATRRHC éf’ejra%?fﬁ%?ﬁr%tg@%”ﬁ%&#% PRI R SRIA AT S s
W11 st ongaBelpdiyeteIEn s a9 5 g RS BAs P el AIbrGATRBE e D

time upder, at | east .the qU| | i b{l um partial pressure of hydrogen.
cont f of | edf 8‘?%&?@3""@?“ $18"9%58Y ogen from the vessel can be acconpl i shed by

oot o ghocoudrlalt gL BREREe %g%@?ﬂﬂﬁﬁrﬁ%ﬁ% igoshBf wifiTfEtiges
be heat edWIF B8P a1t AL 52120 ik ies, BBy Bk bt et Bl 00 Y
ey be. d) SEREGHRPBYI Eh “Serq%Hfasrérbsw%aWﬁs °9$'§3§ﬁ§€3"5 Becte 222.”ng
the car boreAmIPRICoRJRPLRSS T P hﬁﬁbé%‘%&ﬁirﬁ%&”ﬁé} SRR B e
desi 140 carEpErREE BT RaTPasHion gL ﬁ&ﬁﬂﬁé@aﬁ?gmﬁ%@‘e?&&r%%r*‘géiﬁiuit ]
A el oTage e o e A R Vb e o
Conirolled discharge of the hydrogen from the vessel can be accomplished by
| lowering the equlllbrlum pressure of gaseous hydrogen in the vessel, feeding gaseous
hydregen ;‘roni the vesse! fo the end L.se .point.'at a constant, near ambient vessel
15 temperature Alternatively, the vessel may be heated, resultmg inan :ncrease of the
pressure of gaseous hydrogen which may be fed to the end use point, or in some
' instances, the hydrogen may be discharged by a combination of lowering the pressure '
and increasing the temperature. Upon partia/complete d:scharge of the stored
hydrogen the carbon-metal hybrid composition may be recharged by admlttlng hydrogen
20  tothe storage vessel, with heatingfcoohng to maintain the vessel at a desired
temperature. until the desired equllibrium 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 H, may be conducted by (a) a Hy-pressure swing process, (b)

a temperature-swing process or (¢) a combination of the two.
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gas flow, can be perfornmed as necessary to maintain optinmm performance. In
accordance wth the general process steps set out above, In practice the 25
storage or containnment of H2 may be conducted by (a) a H2-pressure sw ng
process, (b) a tenperature-swing process or (c) a conbinati of t wo.
-12 24 May 2005 Thus, for the pressure-swing process H2 is gg:#l?)f% i nt o
the vessel containing the sorbent at from 14 psia to 2D00 psia of H2
partial pressure, preferably at 20 psia to 500 psia, and is desorbed at

t he sanme tenper r b I_sgw SSSU i€ adh 1o'tBE ¥8sddl BoMtainifMeie t O
200 psia, pref e?g | &r%?n’%ﬁ&gm a %'BEO ps"i E.adgmlggpﬁtohg@t gsr%eratttja?né@ém ng

process: t hgkioiad (oM AGI8 1 Moddhdidier @P@égﬁ%ltrptﬁ%ug.%ﬁ{g by dt 200peid o Boo

preferably from 273 K to 323 K, ‘and | me pressure but
at a hi gheﬂsiat,‘r%g?% aé%:friﬁ'esd ?ﬁ}thé%gﬁb%gr%gé?ai@e PiiBatts loReRpREEREYin the PargStrEm! O

363 K. More p erre e conbi ned pressure-tenperature sw ng process,.

f whi ch L: ' t Lal f 14 la to 2000
st . "pr of or B 15 0By bl o e 8 bl P erature of 255 K to 473
psi . pr efer abi) X to ot . 473
ol ace 3t ot patigfebrareicunprdiol R R RORABB T the's AR R ol 10y
14 la t ; ; bl
From 263 R0 By RUAITIRA K 1o K # < Giegieed aP 2 shme BREE? LY,
ocour at REREEHTRhe Unbrafe, BR0RTS Ko BT SRGretdbill BAPRAK iESK he g2

was 15 admt e desorption tenperature 1s also

shanificant!y hyghacrereisl i bom RsalipRIGR Hule Khingl A65sa! Wi T or

at a | ower t enperat'ur e I 'sorptio sure I's now

Si gni 11 Catghd kol ANELi BP0 4 Aol SilEerdbl 1 2bsikio SROGHS; prlifalip st 20/pRKO! abl e

and preferre ondi t1ons tenperatufe-pressu SW ng process wll
and | aoer 900 PRE R BEahRE BE28: 15 A7 K o b o Pk (0 e, Ml o 26

IKongr 35? es'ﬁglsj?rﬁ\‘gtggré tra]ﬂﬁ’ ﬁgﬁ%ﬁgﬁgkinﬁ'%lécg%%%zypam’al ﬂF‘e%QGr%t éfcfn‘brﬁ dshpten! ace at

200 psia, preferably from 14 psia to 50 psta, and a temperature of from 273 K to 573 K,
| préferably from 293 K fo 363 K But there may be cénditibns where the desorption will
ocour ét pressures which are the same or higher than 'thése at whuch the gas was B

| 15  admitted, but only if the desorption temperature is also sighiﬁcanﬂy higher. Likewise, |
deéorpticn could take place atthe sameorata iower temparature than that for sorpfion if
the pressure is now significantly lower than that of the initial Hz uptake. The most |
favorable and preferred 'cénditions for this tempefature-pressuré 'swing process wilt be
Where_ the Hz sorption takes place at a combinatfon of hfgher pressures and f.ower

20 températures: ranging from 30 psia to 500 psia, and frorh 283 K to 323 K, with the
subsequent H; recovery by desorption taking place at lower pressures ‘and highér
temperatures: ranging from 15 bsia,to 25 psia, and from 333 K to 363 K.

The following examples are presented to better illustrate the present invention

and are not meant to be limiting.
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tenperatures: ranging from 15 psia to 25 psla, and from 333 Kto 363 K. The
foll ow ng exanpl es are presented to better illustrate the present invention
and are not nmeant to be limting. 25 -13 24 May 2005 Exanple 1. Exfoliated
graphite + TI/V/Al alloy A 20 ng sanple of graphite (1-2 mggrticé(fqi}_size,
Al drich) was suspended in 5.0 Mnitric acid (50 nmL). This %@h n was
sonicated, using a % In. inmersion probe (Sonics and Materials, Inc., VC
750), for 16 hours-at 288 K (the suspension was held in a 5 jacketed gl ass

o R B A L 5 L e e L
e SRR B T g s i,

water until the _ ~solid was washed with
aryi ng- vl riergis GRSy ARHBoRbuR ReaonBiel A A IOROMERE pRRST
were ot BRBSANa MeterBeghao G b e ol 2B HesitEnbotRed ndfa o
O kb stk Sl £ eBhetidgbis o ouring
car bon,  afaeras BetpTBAI3 re) 80 59 Wieke oec o BRLEHe sRc iV Sikatn
Cont act . vivER Harea 46 alumies Blarbped asescw Sfezes waiss il s B She Lum (1
T enper at UlEsle wAgHS pEhe GYBY( PS03 MAERRG WD GERORRENE LERH JERET T Rl
volume into the evacuated sanple cell to give an |nitial hydrogen ssur e
of ca. 10Kgel abome Thesiataneodeing wes 35 e SoRSNE SIRSREA FOSRPEPL TR  of
one second,- showing a decrease in pressure that corresponds to hydrogen
upt ak# bysalidéndicatet éhe pesence ﬁengtygma;rﬁdﬁasf tvedopdiameter. These metal
| particles were nbt present in the graphite before soniéétion. The graphite particles were
| exfoliated into small (ca. 0.05 x 1 x 1 um) plates of g_rabhite during the sonication in nitric
~acid, ‘ASsuming a n'egligible ipsé of cérb_on during the sonlcatio.n.. the sample " | |
" composition is estimated to be 43% (wiw) carbon, and 57% SOTVEAI/4V alioy. The
| 15 | _sample_was placed in a quariz cell, of known volume, fitted wuth a thermocouple 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,
hfgh—burity (99.999.-*%) hydrogen was expanded from a known volume into the
' evacuated sample cell to ;_:iive an initial hydrogen pressure of ¢a, 10 psia. The pressure
20 ofthe éystem was recorded at interval of one second, showing a decrease in préssure
that corfesponds to hydrogen ‘upta.ke by the sample. After the system had reached an
equilibﬁum pfessure, the cell was cooled to 77 K undér the hydrogen atmosphere. While
holding the sample at 77 K, the hydrogen was evacuated from the cell {{otal evacuatidn

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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equi libri um bressure, the cell was cooled to 77 K under the hydrogen
at nosphere. VWile holding the sanple at 77 K, the hydrogen was evacuat ed
fromthe cell (total evacuation tinme of 15 mnutes). A tenperature

programed desorption (TPD) experinent was then 25 conduct e%“é\t’iSii‘gﬂéhe '
lay :

foll ow ng procedure: The sanple was warned, at a constant r 4 May
2005 from 77 Kto ca. 1000 K. During this heating, the sanple cell was
under a dynam c . vacuum from a turbo-nol ecul ar punp. Sinultaneously,

[ ansducerafiq ¢ e JRREK: ipurGifis HeaRio 2o banilE o8) RESERAL Eaiding B
Pyar ogen . vepher B ARder RoREIR Bl  SHUMEhPSR predfREenaibeRin 4R e o
"t het enePIBERTESY gl Hepntive Brassu tabtlter 2R HheRiash iR adT UL
o apit« of gt Ay Breegded (@R BiEs “BaneyiReT o s Bisal ok BRIEIROLE BT o
observed TseB N A PErase )y 156 S P aple TRttt T PERON R 10y A
ent rely CRRSTRSEAIRroR sy B ot BTl R, Farept aloiytPh s ofpdled ¢
i R BB, PRTHRC 4 A S POtk =
orR B e bt e SRS B R B P
Uai ng | 2APRcond. Hartani nskie etngep e aon i spe R I el B nGR
chi 1139 vt ZA0nsad Koffis rpahis Goapretpara et pul SRR HEE EPd 2 1 o
the temper g uEalad Moy, Oa ik Be X hydradih dvafifioh i'fkcorded at ca. 750 K. This
B : peak is entirely consistent with hydfogén desorption from SOTUBAIAV alloy as it is similar
" {o samples of pure QbTiIBAIMV alloy which.have a particle size of ca. 1 gm diémeter.r No‘
gases other than hydrogen were detected auring the TPD expeﬁmént.
- . , . .. | |
'_ Example 2; Meépporous carbon microbeads + TUV/AI alloy
A 5 mg sample of mesoporous carbon rnlcrobeads‘(pore size ca. BOlnm) was
suspended in 5.0 M nitric acid (50 mL). This suspension was sonicated, using a Yain,
: immez:_sion ‘probe (Sonic$ and Materials, Inc., VC 750), fdr 16“hdurs _th 288 K (the
20 suspérﬁsion was held in a jacketed glass vial, chilled water was continuously circulatéd
through the jacket to moderate the temperature) and 50 W/t.:m2 power. The resulting |
dark gray suspension was filtered (0.1 pm alumina fiter) 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 um
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dark gray suspension was filtered (0.1 p.malumna filter) and washed with
dei.oni zed water until the pH of the filtrate was >5. The gray solid was
washed with acetone and dried under vacuumat 373 K for 2 hours. The

wei ght after drying was 20 ng. Scanning 25 el ectron m croscaopy, of @@F solid
I ndi cated the presence of netal particles of ca. 1 m.-15 24%%&Va§6

di aneter and small (ca. 100 nm di aneter) carbon particles, These netal
particles were not present in the carbon mcrobeads before sonication. The
smal | carggn beads agpﬁgr to coat the surface"pI t netal particle.

Assuni ng SABgIE ghdisaialldes, 190 nm Aiggieten) crikgn pRRiCles o Hnest MRl PRRtclen eI
conposition . |s es%k&gted to be 25@6(vw%? carbon, and 75% 5 99Ti / 6Al/ 4V .

al | oy. The"WRRASET Se spEhadNicrPPgagy Befoe saniqationr The 3MA!l FaIbeReeads@PREaM t h
a thernmocouple that, is in direct contact with the,sgg&% .., The sanpl e was

act i vat ed Ricoathesugags geiheyneiglpariae Assunipg Anecligip ¢fsareomewing Bired
to coot to rpoom tenperature. At, rqQomtenperatur hi gh-purity (99.999+%
hydr ogen BB PRTRE BamPleFAmPISHIORS SHinAtRd Ma%ﬁ%éw fARR ARk e cell
to give an lLnitial hydrogen pressure 10 of ca. 10 ps|a. Th ressure, of the
syst engmsgﬂr@éémaﬂéﬁ Thi sartale wasiplasied 1a 8 ARz °§'h8§1"ﬁ%"§%@'ﬁe Yedwiha

pressure that corresponds to a rapid hydrogen uptake by the sanple. After
the syst erthgfRPTOURIErER in dtprt FeppFtMiibe satmple. thesamitle wag actiatedat o 77

K under the hydrogen at rmsgherg. VWi l-e holding the sanple at 77 K, the
hydr ogen w23 Keynderyaedm (b m1hdorider ope Bewnans\allewed (oreq! taEeom 15

‘monutes). A tenperature 15 progranmed desor&%ion T%g) experinment was then
conduct ed,eRRRIRIIEN Atream daperatyse Jugi ety (SIS pErogen Wit erRended o
constant rate, from77 Kto ca. 800 K. During  this heating, the sanple
cel | was iR kpowpyaime pitheAvesiaied samplsselitn give pantial ydrogen pressure
Si mul taneousl y Bressure changes in the cell were recorded using a
sensi fiPve PrasiQpea. Thamesses otthe systamevasraserdag at birsvals ohoed sRcoNhs
recor ded gﬁin a mass 20 spectroneter (also used to assay for evol ution of
gases ot héMOWRgR Aecipatflr)Pressyee thab somrespopds to rapisthydipasn watake prithe 2)
show t he pres?nce of  hydrogen desorption at .
. _ sample. After the system had reached an equilibrium pressure, the cell was cooled to 77
- .. Kunder the hydrpgan atmosphere. While holding the émple at 77 K, the hydrogen was |
" evacuated fiom the cell {total evacuation time of 15 minutes). A temperature
15 programmed desorption (TPD) experiment was then conducted, using the following
-procedure; The sample was warmed, at a constant rate, from 77 K to ¢a. 800 K. During
this heating, the sample cell was under a dynamic vacuum from a turbo-molecutar pump.
Simuitaneously, pressure changes in the cell were recorded using a sensitive pressure
transducer and a'gas-phase hydrogen 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 smail amount of hydrogen eveolutlon is observed in the
temperature range from 77-200 K. This is consistent with physisorbed hydrogén 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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three tenperatures. A small anount of hydrogen evolution is observed in the
tenperature range from 77-200 K This is consistent with physisorbed
hydrogen and suggests the presence of sone micropores in the mesoporous
carbon ‘m crobead-netal 25 hybrid. A second, very sharp peakkﬁﬂk hég gen
evolution is observed in the temperature range of 240-360 K*Yfi{ %iak i s
not observed for either pure nesoporous carbon -16 24 May 2005 m crobeads
or pure 90Ti/6A1/4V alloy. A third peak for hydrogen evolution is recorded

at  500- 70fhidfenetisor REiAk ot ﬁls@{l‘lﬁi!raﬁgx)f (ﬁ?ﬁlﬂ ok Tor H!ﬂd?égefhyl\%{foﬁﬂﬁﬂ i?@?ﬁ%@é& ﬁg i

from 90Ti/6AI/4V alloy of partic aneter ca. gases rt

nya ogen ez eehago Bk & g bR 8L, 28RSO YU on
reSSPoL o4 PR HANGDI 7 . G SARRIFA bAoA AL PR
near Al ohl SATRREANGES Aok bon RS b o SRy B B APHLES,
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(the " suspRupen Eamersirge prODsrts e it cemopelids mvsiils ifionsngs ~
ti | ' |, at.ed h h t ' ket  t ite the t ) t
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‘pmalumna filter) and washed with deionized water until the pH of the '
filtrate was >5. The gray solid was washed with acetone and dried under .-

el ect ron RRTBLE g MR ceparelibes @R TABEAI of "reral Tparti obes
bef or d%oni cat | A5 T SABBEH WA Eaid e Maiiets 3 RSP etarien.
AT O EENE T 1 TR TR
| a % in. immersion probe (Sanics and Materials, Inc., VC 750), for 16 hours at 288 K (the
suspension was held in a jacketed g}ass vial, chilled water was continuously_ circulated |
| through tﬁe jacket to mﬁderate the temperatufe) and 50 W/em? power, The resulting
15 © dark gray suspension was filtered (0.1 um atumina filter) and washed with deionized
watér until the bH of the ﬂltrafe was 5, Thé gray solid was washed with acetone and
' dried under vacdum at 375 K for.2_ hours. The weigh_t after drying was 65 .mg. Scanning -
;Iectron' micrcs_cohy of the solid indlcatéd the presence of metal pérticles of ca 1 um
diameter. These tﬁeial p_artf;:les were not present in the MWRT before sonication. -
20 Assuming a negligible loss '6f carbon during the sonication,' fhe sample composition is
estimated to be 45% (w/w) carbon, and 55% QOWSAIMV alloy. The sampie was placed
in a quartz cell, of krhown volume, ﬁﬂéd with .a thermocouple that is in dired contact with
the sample. The éam;:le was activated at 1023 K under vacuum (‘i'x 10 torr) for one
hour and allowed ta cool to room temperature. At room temperature, high-purity

25 (99.989+%) hydrogen was expanded from a known volume into the evacuated sampie
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in a quartz cell, of known vol une, fitted with a t hernocouple that is in
direct contact with the sanple. The sanple was activated at 1023 K under.
vacuum (1 x 10"4 torr) for one hour and allowed to cool to room

tenperature. At roomtenperature, high-purity 25 (99.999+% zi;;[‘y%o%g@%
expanded from a known volunme into the evacuated sanple -17 o 5 cel |

to give an initial hydrogen pressure of ca. 10 psia. The pressure of the
systemwas recorded at intervals of -one second, showi ng a decrease in

Phe: syst et SV ARACd Sherhrh@Rl £ P RRRR, Al el ol B oA e Tos
K under ek 00RrGLITRF BREREcorl gy APk UoBBast e 8RBk il coh@plinod 60

hydrogen was evacua evacuation tinme of
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“hydrogen’ ev ron 1 observ tenpe ture range
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' gases other than hydrogen). The resuits of the TPD experimem (Fig. 4) show the
presence of hydrogen desorptién at two temperatures, A peak for hydrdgen evolution is -
'obse}ved in the temperature range of 240-380 K. This peak ls not observed for either
15 b_ure MWNT or pure .90TU6AU4V' alioy. A second péak- for hydrogen evolution is

recorded at 500-800 K. fhis peak'ié entirely consistent with hydrogen desorpt_ién from |
90TVBAI/AV alloy of particle diamétef ca. 1 pm. N§ gases other than hydrogen were.

detected during the TPD experiment,

20 Example 4: Graphite Nanoﬁbers + TNIAI alloy |
A 1.0 g sample of graphite nanofibers (150 nm diameter; 1 pm length) and 1.0 g
ofa 90TU6AII4V alloy (Cerac, Inc.; -50 mesh) were pl_aced ina20cc t.ungsten éarbide '
grinding vial with four tungsten carbide grinding balls. This mixture was ball milled _for 16
hours (Model BOOOD; Spex, Inc.) at room temperature under argon atmosphére. The

. 25 sample was removed from the tungsten carbide vial in an argon glovebox and a portion
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grinding vial with four tungsten carbide grinding balls. This nmxture was
ball mlled for 16 hours (Mdel 8000D, Spex, Inc.) at roomtenperature
under argon atnosphere. The 25 sanple was renoved fromthe tungsten carbide
vial in an argon gl ovebox and a portion -18 24 -May 2005 of t N%. @g
placed in a quartz cell, of known volume, fitted with a therno &gﬁ t hat
Is in direct contact with the sanple, The sanple was activated at 1023 K
under vacuum (1 x 10'4 torr) for one hour and.allowed to cool to room

233‘5%28“?5 16 3o R BB R A oy e R Kb’ Bl dhnoPHREadE “QS‘S
it Al I BERRh InLatBe, TheRahiie Wi BAERN 028 5P

recorded a ease’in pressure
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Eﬁgtg”?;ﬁée %iﬁ#tﬁt %"Prfas h%%%@%%éﬁ%"eg o <EREERBIRERRI g esren'tcleoﬁf |
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t Ke- rrgc ha\r,g;(@ § ﬁ‘ﬁﬁ ‘P?%g’eﬁ% bé‘&%ﬁ‘gﬁ%ﬁﬁﬂ? wm%ﬁ §‘§%“3‘Fe§vﬁ’%? mﬁﬁlqgésgbser vgd
In thet erWa‘?‘Fn%d ata cSisiant ratezﬁ'om% 5<o CaT @2% I-'f)eﬁslﬁ-i ng th';q'xeatmg, the sample cell
' was held under a dynamic vacuum from a2 turbo-molecular pum‘p. _Simuitaheodsly, |
| préssure Changes in the cell were recorded using a sensitive pressure transducerand a
15 gas-phase hydrogen ion count was recorded using é_ mass spectrometer (élso used to
assay for évolution of gases other than hydrogen). The results of the TPD experiment
(Fig. 5) show the presence of hydrogen desorption at three témperétures. A peak for
hydrogen adsorption is obsefved at ca. 77-200 K. This peak is commonly observed for
gfaphi_te samples which have been ball milled in the absence‘of hetai (see comparative
éD ekamble #S and F-Tg 17) and Is due fo tﬁe desorption of hydrogen which is physicalfy
| adsorbed in microporous sites generaféd by the mechaniﬁ‘;al ;ﬁilling. A second 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 Q0TI/BAUAV alloy. The third peak
for hydrogen evolution is recorded at 500-800 K. Thi.s peak is entirely consistent with
25 hydrogén désorbtioh from 90TVBAI/4V alioy (see comparative example #1 and Fig. 13).

A small amount of methane is co-evolved with this peak.
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observed for either pure (netal-free) mlled graphite or 90Ti/6Al/4V all oy.
The third peak for hydrogen evolution is recorded at 500-800 K. This peak
is entirely consistent with 25 hydrogen desorption from 90Ti/6Al/4V all oy
(see conparative exanple #1 and Fig. 13). A small anount of 425& h%ﬁﬁ?is
co-evolved with this peak. -19 24 May 2005 Exanpl e 5: _Graphi% ay Al
alloy A 1.0 g sanple of graphite (Al fa Aesar, 2-1514mparticle size) and
1.0 g of a 90Ti/6AI/4V alloy (Cerac, Inc.; -50 nmesh) were placed in a
20.cc tungsten.carbide 5 grinding vial with twelve tungsten carbide
grinding balls. This m'xture was ball-mlled for 1 hour (Pulverisette 7,

Fritsch) ag,rﬁn?ﬂglst Qgpgggﬁﬁé grm@%zaxlargon at nosphere. The sanple was

removed fro e tun en c ial in an argon gl ovebox and a portion
her mocoup! et R 4 et abriec@ita asSar £hiA i I 42 phe Ca At s

o cool 1 STUBATUAIY Gidses 1533 Bosmestilasope pliced b 4 R0 GhusUsIenpar99800013)
Lo 01 V8 arBTAT G AMEEH0R e ErrberarBHInG Eal o MYAUT S S8l BHISSH o1 he
syst em was éeco%ded_at interval s, of one second, show ng a decrease in

pressur e t hARUTdBRivedssiteds Rritsch) ehfoom tenperiuie unisenrigopptmasphesepiTae Af ter

the system had 15 reached an equilibriumpressure, the cell was cooled to -
77 K underSamile waaregeyedirers dhe tungstenymarkide wrkin s argen elayghax and g podiont he
“hydrogen s, evacuated fromthe cell (total evacuation tine of 10 . :

m nut es) . AheABEPIEIRIARdIN 8 QUaRZEall & kBewn velumeriitad withp tharmeseupladhatien

conduct ed, '

. ing the follow n rocedure; The sanple was -warned, at a
const ant r"éH .?‘t?CPB?ﬁWW’ﬂP(m%s%'&?’g-Q-Gb? R?"’Bl?rWﬁgaﬁngdﬁééP?%ﬁ,mdﬁévéw élcel
20 wa

hel d_under _.a dynam ¢ vacuum from a turbo-nol ecul ar

Si mul 3_9nedifsq yior fr oo fyoer en@ AlRved te qoRklodeein temperaiEe oAl @%‘#ﬁqnﬂ@e@mre,
senst i ve RSSO Sl CRIRel a0 8 despliase VAL 0SS et Vs
. evécuated sample cell to givé an initial hydrogen pressure of ca. 10 psia. The pressure
, of the system was _reco_rdéd at intervals of one sebbnd. éhowing .a deérease in pressure
~ that corresponds to a rapid hydrogen uptake by the sample. After the system 'had.
15 reachéci an equilibrium pressure, the cell was cooled td 77 K under the Ihydrogen
atmosbhére. While holding the sample at 77 K, the hydrogen was evachated from the
- cell (totél evacuaticn time of 10 mimﬁes).' A temperature programmed desorption (TPD)
experimeht was then conducted, using the foliowiﬁg precedure: The sample was
| warmed, at a constant rate, from 77 K to ca. 900 K. During thls heating, the samplé cell
20 was helid under a dynamic vacuum from a turbo-molecular pump. Simuﬁa.neously,
pressure changes In the cell weré recorded using a sensitive pressure transducer and a
gss-phase hydrogen ion count was recorded using a mass spectrometer (also used to
assay for evoiutiorﬁ 6f gases other than hydrogen). The resuits of the TPD experiment
(Fig. 6) show the presence of hydrogen desorption in two temperature ranges. A peak
25 for hydrogen adsomption is observed at ca. 77-200 K. This peak is commonly observed

for graphite samples which have been bali milled' in the absence of metal (see
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assay for evolution of gases other than hydrogen). The results of the TPD
experinment (Fig. 6) show the presence of hydrogen desorption in two
tenperature ranges. A peak 25 for hydrogen adsorption |Is observed at ca.

77-200 K. This peak I's comonly observed for graphite sanpggf%@higg have
been ball mlled in the absence of nmetal (see -20 24 May 20 ﬁﬁ Ative
exanple #5 and Fig. 17) and is due to the desorption of hydrogen which is
physi cal |y adsorbed in m croporous sites generated by the mechanical '
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The sagpl e was renpved fromthe tungsten carbide vial in an argon gl ovebox -
and a portion of the sanple placed in a quartz cell, of known vol une, '

sanpi ¢ vae S0 & SHRERHAN I8 & TduB MR 1721107 (orm) for one hour and
(99" 909+% hyarSqard SEEP BRI nRooars SRt BeRer 1 HTbeDAE) BPdcLAged

o cssar o of afuilTodR nender Bes Hetonds Rl Wee Broshie adbertnasi ng &
ol o - ACPIIOE Siifs Wi B FERRRB Fe i g h Al ARBITe was el | vas
ot 77, et P o SR B o n et wertiempe(atencey BeR | on 1) o
of 10 m mﬁrﬁggphe@‘e.t ﬁ@ gér%}a!lérv?asprrer%%(/gmg 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
__'573 K under yacuuni ('1 x 10 ton_') for c;ne hour and aflowed to coo! to room tempéréture.
'_15 At room temperamre, high-purity (99.999+%) hydrogen was expandeﬁ from a known
- volume intq the evacuated sarhplé céil to give an initial hydrogén pressure of ca 500
“tor. The pressure of the system was recorded at intervals of one second, showing a
decrease in pressure that é:ofrespohds to a rapid hydrogen uptake by the sample. After
the system had 'feach_ed an equilibrium pressure, the cell was Gooled to 77 K under the
20 hydrogén atmosphere. While halding the sample af 77 'K, the hfdrogen was evacuated
from the cell (total evacuation time of 10 minutes). A temperature programmed |
desorption (TPD) experiment was then conducie&, using .the following procedure: The
sample was warmed, at a constant rate, from 77 K to ca. 700 K. During this heati.ng. the
sample cell was heid under a dynamic vacuum from a turbo;holecular pump.
25  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
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desorption (TPD) experinent was t hen conducted, using the follow ng:
procedure: The sanple was warned, at a constant rate, from77 Kto ca, 700
K. During this heating, the sanple cell was held under a dynan1c vacuum
froma turbo-nol ecul ar punp. 25 Sinultaneously, pressure chqﬂg @0

cell were recorded using a sensitive pressure transducer and a a hase
hydrogen i on count was recorded using a mass -21 24 May 2005 spectroneter
(al so used to assay for evolution of gases other than hydrogen). The
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. Example 7 Graphxte Nanofibers + Vanadlum Metal
A 1.0 g sample of graphite nanofibers (150 nm diameter; 1 pm Iength) and 1.0g
16 of a vanadium metal powder (Acres Organics; -200 mesh) were placed in a 20 cc |
tungsten carbide grinding vial with four tdhgst_en carbide grinding balls. This mixture was
ball milled for 18 hours (model BObOD; Spex, Inc.) at room temperature under a@on
atmosphere. The sample was ;'emoved from the tungsien carbide vial in an argon
- glovebox and 2 portion of the sample placed in a quartz ceil, &F known volume, fitted with
20 | a thermocouple that is in di;ect contact with the sample. The sample was activated. ét
1023 K under vaclum {1 x 10“"forr) for one hour and allowed to ¢cool to room
temperature. At room temperafure. high-purity (99.599+%) hydrogen was expanded
from a known volume into the evacuated sample cell to give an initial hydrbgen pressure
of ca. 10 psia. The pressure of the system was recorded at intervals of one second,
25 showing a decrease in pressure that corresponds to a rapid hydrogen uptake by the

sample. Afler the system had reached an equilibrium pressure, the cell was cooled to 77
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tenperature. At roomtenperature, high-purity (99.999+% hydrogen was -
expanded froma known volune into the evacuated sanple cell to give an:
Initial hydrogen pressure of ca. 10 psia. The pressure of the system was
recorded at intervals of .one second, 25 showi ng a decrease i? ﬁ%e b e that
corresponds to a rapid hydrogen uptake-by the sanple. After 4f i y?@ em had
reached an equilibriumpressure, the cell was cooled to 77 -22 24 May 2005
K under the hydrogen atnosphere. Wile holding the sanple at 77 K, the

hydr ogen wRsindevieURHAhehWositRre CWnilk holdhlg tRY 36iBle! 771K, The Rid -
m nutes). A terrper;fta’u‘r%eée progr@ﬁmrred d(lasorpt igon ( TPE). égx'per'i rreﬁ% r\kggntwﬁgn

conduct ed, eviizuBRediifin H (VARSI evBEQARH R of HBGMIREIB]. €A Yaspetafised, at a -
constant rate, from77 Kto ca. 775 K During 5 this heating, the sanple

cel | was hglograinmes da@w&v{wm%%&ﬁ%ﬁpé%&%ﬁéﬁwh khe R48Ring

Si mul t aneousl'y, pressure changes Iin the cell were recorded using a

e , .
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recorded using a nmass romet er so used to assay for evaol ution
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show t he presence of hydrfogen desorption at” two enper at ures. peak for
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with.four metal (see comparative example #5, Fig. 17) and is due to the desorption of hydrogen |

| which is physically adsorbed in microporous sites generated by the machanical mﬂling.

- Asecond peak for hydrogen evolution is observed in the temperature range of 225-600

15 K. This peak is hot observed fdr either pure (metal-free) milled graphite. The puré
| | vanadmm metél powder . (-200 mesh) showé hydro.gen”desorption rpeaks at two

temperatures 310 and '510 K (see compérative example #3, Fig. 15).

| Example 7 (a): Graphite Nanofibers + Vanadium Metal. A 1.6 g sample of graphite B
20 nanoﬁAbérs (1580 nm diameter; 1 pm Ieﬁgth) and 1.0 g of a vanadium metal powder (Acros
Organics; -200 mesh) were placed in é 20 ce tgngsten cafbide grinding via! with four
tungsten carbide grind?ng bails. This mixture was ball milled for 18 hours (model 8000D;
Spex, Inc.) at room temperature under argon .étmosphere. The sample was removed
frorn the tungsten carbide vial in an argon glovebox and a portion of the sample placed in
25  aquartz 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 torr) for one hour
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tungsten carbide grinding balls. This mxture was ball mlled for 18 hours
(nodel 8000D; Spex, Inc.) at roomtenperature under argon atnosphere. The
sanple was renoved fromthe tungsten carbide vial in an argon gl ovebox and
a portion of the sanple placed in 25 a quartz cell, of known ﬂu;@ fitted
with.a thernocouple that is in direct contact wwth the sarrp?)é. o 0§arrp| e
was activated at 1023 K under vacuum (1 x 10'4 torr) for one hour -23 24

May 2005 and allowed to cool to roomtenperature. At roomtenperature, '
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m nutes). . A tenperature prograrm n t hen
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ert h.er p%&sﬁi@@%&fsuéaﬁéné@ubéfg‘mg& QQQbﬁgser %d%wign count was recorded usinga -

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

results of t_he TPD experiment (F'ig. 8) show the bresence of hydfogen desorption at two
15  temperatures. A peak for hydrogen édsorption is“observed at. ca.. ?7-200 K. This peak is
R comrﬁonly observed for graphite samples which have t:;een ball mitled in the abs.ence of
metal (see comparative example #5, Fig. 17) and is due to the desorption of hydrogen
‘which is physically adsorbed in micropcaro_us sites geﬁerated by the mechanical milling.
A second peak for hydrogen evolution is observed in the temperature range of 225-600
20 K. This peak is not observed for either pure (metél-free) rnilléd graph_ite. Thé pure |
vanadium metal powder (~200 n‘iesh) shows hydrogen desorption peaks at two
temperatures 310 and 510 K (see comparative example #3, Fig. 15). After the TPD
experiment, the sample was re-activated at 1023 K under vacuurh (4 x10 ton'*) for one
hour and allowed to cool to room tel;nperature before transfer, under helium atmosphere,
25 toa high pressure adsorption testing apparatus., After exposure to vacuum for 10

minutes at room temperature, high-purity (89.898+%) hydrogen was expanded from a
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vanadi um net al povvder' (-200 rres'h) ~shows hydrogen desorption peaks at two
tenperatures 310 and 510 K (see conparative exanple #3, Fig. 15). After the
TPD experinment, the sanple was re-activated at 1023 K under vacuum (1 x .

10'1 torn) for one hour and allowed to cool to room t enper & % ?ﬁf
transfer, under heliumatnosphere, 25 to a high pressure adsorp Y esting
apparatus. After exposure to vacuumfor 10 mnutes at roomtenperature,
hi gh-purity (99.999+% hydrogen was expanded froma 24 24 May 2005 known

vol ure | oS ORI S 06 SYAERAS Ehbie' ) 8 Ui 3R I g BRARER: ggg%ssg; e

of ca. 150 p5|a The pressure o S ste was r
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grinding vial with four tungsten carbide grinding balls. This m xture was
ball milled for 20 hours (nodel 8000D, Spex, Inc.) at roomtenperature

under &rg@Eka [gag»p@f,é Ite-ﬁhﬁzcgé]”pl e 10 was renoved fromthe tungsten carbide
vial in an argon gl o ox and a portion of the sanple placed in a quartz

wth t;ﬁfe EQﬁp“TeV??tﬁ%daﬁnl%F*S%gﬁﬁéﬂ%'ﬁé% B 218 Wppadiclesee o tdhe phniskelios
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| h 77 K under the h
i mosiher HEb B %‘%ﬁ?fﬂ‘@étuﬁﬁﬁteggﬁ%@e"ﬁel w%%rngw‘fé'mﬁégé@e or ob¥eat ed
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~ direct contact with the sample The sample was act:vated at 673 K under vacuum (1 X
10™ torr) for one hour and allowed tc cool to room temperature At room temperature,
high-purity (99.999+%) hydrogen ,was expanded from a known volume into the

15  evacuated sample cell to give an initial hydrogen pressure of ca. 10 psla. The pressure |
of the system Was recorded at intervals of one second, showing a decrease in pressurs
thaft corresponds .to a rapid hydrogen Llptake by the sample. After the system had
reached an equilibrium pressui'é, the cell was cooled to 77 K undér the hydrogen -
atmosphere. While holding the sample at 77 K, the hydrog'en was eva{cqated from the

20 cell {total evacuation time of 10 minutes). A temperature programmed desorption (TPD)
expenment was then conducted, using the followmg procedure The sample was
warmed, at a constant rate, from 77 K to ca. 625 K. During this heating, the samplé cell

“was held under a dynamic vacuum from a turbd-molef:ular pump. Simultanecusly,

pressure changes in the cell were recorded using a sensitive preséure fransducer and a

25  gas-phase hydrogen ion count was recorded using a mass spectrc;meter (also used to

assay for evolution of gases other than hydrogen). The resuits of the TPD experiment
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experiment was then conducted, using the follow ng procedure: The sanple
was warned, at a constant rate, from77 Kto ca. 625 K During this
heating, the sanple cell was held under a dynanic vacuum from a

t ur bo-nol ecul ar punp. Sinul taneously, pressure changes in t%ﬁﬁégll gere
recorded using a sensitive pressure transducer and a 25 gas- - %99 rogen
I on count was: recorded using a mass spectroneter (also used to assay for
evol ution of gases other than hydrogen). The results of the TPD experi nent
-25 24 MayFig0OPsHdw the &és@h@vasfhb@rogéﬁaemﬁaf inhwe teraperaties pdridel OTA péak Wo
tenperature ranges. A peak for hydrogen adsorption Is observed at ca. .

77-200 K. fdimysirdifnkadsDrstioRN® Bbserads 81 o4 ¢7-200'K. OTHH$ pesicisafithafly whkehedave
been bail mlled in the absence of netal (see conparative exanple #5, Fig.

17) and i Sordiaphite $MRple€ HAICRIHNE bRbn Byl FrAEaNn WY Ssehse of PRl (seal | v adsor bed
I n mcroporous sites generated by the nechanical mlling. A second set of

peaks for cHypaRANe eRNAbIMAD Fid. 3 79 BAE VA 1 JrBiBPEStHy R eh WHIgh &f
250-500. K. "This Seakbi-s ﬁE’tld_ ggggfgiesd_ foth-ééi tbﬁser pure}?neo'?gr\-f rg‘egg mlled
graphi e @hysitAliAdsBDEESH niicr8Bordls %wéss%amataa’ WD tiReReendrial PRNARNA eBnd
apparent at 300 and 525 K 10" Exanple 9: Gaphite + Platinum1i1-A 1.0 g
sanpl e of ggf é?ﬂféak@fc{rmyﬂfdgeh?ev&%oﬁ'@ F¥ehiedl i 11 teRiperdidrelraflgd P25 0588 KOUM
powder (Acros Organics; 0.17-0.4 m were placed In a 20 cc tungsten carbide
grindi ng Twisgleahié ho'tfm@%%ﬁéa%@&ﬂﬁa%@)%% éﬁt:hife oribitel PowkieF € Was
ball mlled for 24 hours  (rodel 8000D;, Spex, Inc.) at roomtenperature

under ar gqeeadisEuEBi0AY. ETwd PRaRPTP nfetddne/@e ab?ﬂi‘éh@ﬁlt 30004Rd 45 Kungst en car bi de
vial in an argon gl ovebox. and a portion of the sanple placed in a quartz
cell, of known volunme, fitted with a thernocouple that is in direct _
contact -with the sanple. The sanple was activated at 973 K under vacuum (1

X 1040 t OEK3mplere: OBraphite + PafnEh eyed to cool to roomtenperature. At.room L
tenperature,  high-purity (99.999+% - hydrogen was expanded froma known -

vol une into tha £6 gBakitie bPGrabRHP(RdfidH; -2 AmPaiidfizd)trd £b g IRHEM

pr'essure of ca. 10 psia. The pressure | _ _
- powder (Acros Organics; 0.17-0.4 um) were placed In a 20 cc tungsten carbide grinding

“vial with four thf_xg#ten carbide grinding balls. This mixture was b.all milled for 24 hours
{model 8000D; Spex. Ine.) at fobn_n tempeéture under argon'atmosphere. - The sample
: 15 was femoved from tﬁe tungsten carbide vial in an argon gibvebox ahd a portion of the -
sampl_e piacéd ina quérfz cell, of known vo!urne, fitted with a themmocouple that isin |
direct oqniéat_ndth'the sémple. The sample was activated at 973 K under vacuum (I1x -
10™ torr) for one hour and allowed to cool to room temperature. At roorﬁ termperature, :
- high-purity (99.998+%) hydroge‘n' was éxpanded from a known v.o{ume';nto the
20 evacuated sample cell to gi_ve an initial hydroéen pressure of ‘ca. 10 psia. The pressure
of the systefn was recorded at intervals of one #econd, showing a decrease in 'pressu_re
that corresponds to a rapid hydrogeh uptake'by the sample. After the'system had
reached an equilibrium pressure, the cell was cooled to 77 K under the hydrogen
atfnosphere. While holding the samplé at 77 K, the hydrogen was evacuated from the

25  cell (fotal evacuation time of 10 minutes). A temperature programmed desorption (TPD)
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of ‘the system was recbrde_d at intervals of one second, show ng a decrease
In pressure that corresponds to a rapid hydrogen uptake by the sanple.
After the systemhad reached an equilibriumpressure, the cell was cool ed

to 77 K under the hydrogen atnosphere. Wile holding the sa%g)waﬁgb g? K,
t he hydrogen was evacuated fromthe 25 cell (total evacuatio 8 10

m nutes). A tenperature programed desorption (TPD) -26 24 May 2005
experi ment was then conducted, using the follow ng procedure: The sanple
was war megkpetiment was feardondatted, Usimgthé Tollswirg procefiPOKThOuampE whs S
heating, the sanple cell was held under a dynanm c vacuum from a

t ur bo- nol exarmed, plarponstantratea fromud K to caréeRKU TRIrinh anig e aiing, thesa@ble cuar e
recorded using a sensitive pressure transducer and a 5 gas-phase hydrogen

i on count wasshelecodercaldyrsmig vacuuas fosettionleetlal plsp. Siagitdracusgsay for
evol ution of gases other than hydrogen). The results of the TPD experi nment

(Fig.- 10) peéssure beangesdetreccaliwediy decopest gsga Behsitivel preésiPe LrEBABRIGRT Wh8a
ranges. A peak for hydrogen adsorption is observed at ca. 100-200 K. This

peak i § coasphiage bpdregeeibn douit FEEPFor Ay £ a8k spbcthitYleP@RS Baddiom | | ed

in the absence of netal (see 10 conparative exanple #5, Fig. 17) and is due

to the demsspf fooevelltidryof @308 oMbr ian Kydredeng! TR ks el SR EEPD BxBdihEHiOr OUS

sites generated by the nechanical mlling. A second set of peaks for

hydrogen ¢Figl 40)i showi the phssdinice &f hytirbish HESBRSIOALIN o feRifEPatofe rafgag0
Met hane i s evol ved above 500 K ylu5 @arrpl e 10: G aphite + Pal adla Aa\kl.o g

‘sanpl e of fartypnigen dcbebtivals obisePvarratiRar 100-b60 Ri ZRls Faek isld&ngllo@f aeéénﬁ;m

powder (Acros Organics) were placed in a 20 cc tungsten car gri ndi

vial wi t hfdrgeaphiteusgspleswhizhitade beeh Ball MbleB M {he-ablBhce & nibil @ewas bal |
mlled for 24 hours (nodel 8000D;, Spex, Inc.) at room tenperature under

ar gon1@t mospparative Ekemplens, Fighas) AR \RM (8 thef dABHIRA df 59@%&@9%@6}%‘19 vial

in an argon glovebox and a portion of the sanple place a quartz cell,

?L known ' pbysicetly abisbibed immidioporbiesitaacgumatated Bithe! MedHanfal Affing ORsBEdngM t h

set of peaks for hydrogen evolution is observed In the temperature range of 300-500 K.

Methane is evolved _above 500 K.

15 Example 10: Graphite + Palladium
A 1.0 g sample of graphite {Aldrich; 1-2 um particle size) and 1.0 g of palladium
_ powder {Acros Organics) weré placed ina 20 cc tungsten carl;ide Qri_nding vial V‘.Iithr four.
tungsten carbide grinding bails. This mixture was ball milled for 24 houfs (model 8000D;
Spex, Inc.) at room temperature under argon atmosphere. The sémpie was rerﬁciv_ed
20  from the tungsten carbidé vial In an argon glovebox and a portion éf tf_:e‘sample piéced in.
a quartz cell, of known volume, fitted with a thermocouple thét is in direct contact with the
sample. The sample was aﬁivated at 500 K under vacuum (1 x 10 torr) for one hodr
and allowed to cool to room temperature. At foom temperature, high-purity (99.999+%)
hydrogen waé expanded from a known volume into the evacuated sample cell to give an
25  initial hydrogen pressure of ca. 10 psia. The pressure of the system was recorded at

intervais of one second, showing a decrease in pressure that corresponds {0 a rapid
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sanpl e. The sarfpl e was activated at 500 K under vacuum (1 x 10'° torh) for
one hour and allowed to cool to roomtenperature. At roomtenperature,
hi gh-purity (99.999+% hydrogen was expanded froma known vol une into the

evacuat ed sanple cell to give an 25 initial hydrogen pressurg Ri ﬁ -
psla. The pressure of the systemwas recorded at intervals ‘? Qécond

showi ng a decrease in pressure that corresponds to a rapid -27 24 May 2005
hydr ogen uptake by the sanple. After the system had reached an equilibrium
pr essur e, hydrogercuptakevhy trepsaraplet AFETtHE systder hade=ablyeld ag equitibriuns presstire Wi | e
hol ding the sanple at 77 K, the hydrogen was evacuated fromthe cell

(total evtreustlivas dooled tof7 710 underthe siydrogén tiemyspherteu 'Whils holdiaged seemns pt i on
(TPD) experiment was then conducted, using the 5 follow ng procedure: The

sanpl e wast Tt Ketie Fytirogen west evaicustat dron thervell Toté! teactation HmB6f 1 DURinDEs).hi S
heating, the sanple cell was held under a dynanm c vacuumfroma .

t ur bo- ol Ademperatureprogsamui ecbdesarstion, (TPDEagermenhaag ¢en condbetede Lsingehe
recorded wusing a sensitive pressure transducer and a gas-phase hydrogen

i on cdunt foliasing pcacedeck: Tise sgmpleiasSwanad| aoarebrstarabtepfromety K 6o @gsay for
evol.ution of gases other than 10 hydrogen). The results of the TPD

exper i mend7 i Buririglihisstismating hihesaagtncs wis held uagema dytasde paduum Fdnt 81 ee

t enperature ranges. A peak for - hydrogen adsorption is observed at ca. 200

K. Anot heturipembiecaiar pysipo Shmuktaradouslyppressure kikangerdn itife tdliewdrerpededr e r ange
of  250-350 K. A third peak for hydrogen evolution is observed at 400 K

‘The TPD sirera sansifier pressiire prinkdeben ahdatgae-phass\Rydrogiss ioatcodAwad Pborésd 330
K (see 15 conparative exanple #4, Fig. 16). Methane is evolved at 300 and

>450 K. Hishwpa enskd spectegrhitee (&&Méﬁblanﬁﬁe%zmm@aeﬁbtmm{h te
(Aldrich; 1-2 pmparticle size) and '1.0-g of -ruthenium powder (Acros-

O gartioc s‘;hydﬂfghn)fe‘?ihé rewesite op acERD ieRpériméntqFigh Unoshoarthe prdviefice of hixdtogen 20
vial with four tungsten carbide grinding balls. This m xture was ball -

m | | ed f adesdfption i mréermsraﬂﬁ@angsﬁ% péaRGor) hydfodePQitisb SNDA ISbbE v ger
argon at nosphere. The.sanple
. ca8. 200K Another peak for hydrogen evo!uhon is observed inthe temperature range of
_250~350 K. A third peak for hydrogen evolution is observed at 400 K. The TPD
- spectrum for pure pallad:um metal shows peaks at 200, 260, and 330 K {see

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

Example 11: Graphite + Ruthenium
A1.0 g sample of graphite (Aldri_ch; 1-2 um pérticle éize) and 1.0 g of ruthenium
powder (Acros Organics; -200 mesh) were p!ace.d ina20cc tungsfen carbide grinding
20  vial with four tungsten carbide grindihg balls. This mi_:'ctu.re wés ball milled for 20 hours
(hodel 8000D; Spex, Inc.) at room téfnperature under argon atmosphere. The sample
was removed from the tungsten carbide vial in an argon glovébox and a portion of the |
sample placed in a quartz celi, of known volume, fitted with a thermocouple that is in
| direct contact with the sample. The sample was activated at 500 K undér vacuum (1 x
25 10" torr) for one hour and allowed to cool to room temperature. At room temperature,
high-purity (99.888+%) hydrogen was expanded from a known volume into the
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was renoved fromthe tungsten carbide vial in an argon gl ovebox and a
portion of the sanple placed in a quartz cell, of known volune, fitted
with a thernocouple that is in . direct contact with the sanple. The sanple
was activated at 500 K under vacuum (1 x 25 10a torr) for on$ lR,Pur ﬁ?d
allowed to cool to roomtenperature. At roomtenperature, h 4g aﬁ&lo y
(99.999+% hydrogen was expanded froma known volune into the -28 24 May
2005 evacuated sanple cell to give an initial hydrogen pressure of ca. 10

psia. The pras@tedesanle tolbtosyivd eminiias hyd6ger présalirelonba! UPpsia OTheNpesRF@Nd,
showi ng a decrease in pressure that corresponds to a rapid hydrogen. uptake

by the sanpiibe spétesy wasirecspdeidestinientalsior @68 @8caHY, SRMihg B detrBaRE 85 SHESurd he

cell was cooled to 77 K under the hydrogen 5 atnosphere. Wiile holding the

sanpl e at tat eoraspenty ty @ gmid hadrogeragsake by Heanhe Aﬁéﬂthe(sgﬁbﬁu' hgyacuati on
time of 10 mnutes). A tenperature progranmmed desorption (TPD) experi nent

was then ceadved enlequiibmgn phashiel tHevdel fvat'erdlb 77 KIS WP hfir¥gsn War med,
at a constant rate, from77 K to ca. 625K -During this heating, the sanple

cel'l - \as atelospoerde Whileholaing the/ Saripleat TPK, thel AYdRGyeiOL SR 0atel From the
Si mul t aneousl y; 10 pressure changes in the cell were recorded using a

sensitive glldttalrevatuationdimest Wirﬂtes?]aﬁwlhﬁéﬁtm&@F@%n{é&rﬁéz‘s@#ﬁ%hd’ﬁ?’m
recorded using a nmass spectroneter (also used to assay for evolution of

gases ot hesxpetimentwds trepargondidted, ey the felfowinteprdBEREP Thi RBRible WBL Y- 12)
show t he presence of hydrogen desorption in two tenperature ranges. A peak

for hydr ogearmedsat ptomstantyard FOmVETK & of. B25K5 Dufing This heBff thes&Qpddly
observed for 15 graphite sanpl es which have been ball mlled in the absence

of netal (vaschelbupderad dyramievasqinefréi.a farisb-mbleculRP Bump. GifuldheolBly,

desorpti on of  hydrogen which i.s physically adsorbed in m croporous sites

gener d0ed psgssunechargesii thel callivdre Resordedcrsingd semsitval 5pre§’éi?¥ frah€duddy &hggen

evolution is observed in the tenperature range of 350-450 K. 20 Conparative

Exanpl e 1.gasqiiasé Aydrblyenionaouht Wad féroteruamas Afas 9pbdtididMadd Medtger ac,
Inc.; -50 mesh) was placed in a S - '
assay for evolution of gases other than hydrogen). The results of the TPD experiment
(Fig. 12) show the pres_énce of hydrogen desorption in two temperature ranges. A peak
for hydrogen dsofption is observed at ca, 150 K. This peak is commonly dbse_rved for
16  graphite samples which have been ball milled in the absence of metal (see comparative
example #5, Fig. 17) and is due fo the desorption of hydrogen which is physically

adsorbed in micrqporous sites generated by the mechanical mifling. A sécohd set of

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

20 Comparative Example 1: 90Ti-8AI-4V alloy

AD.075¢ sarhplé of 90TU§A!/4V alioy (Ceréc. inc.; -50 mesh) was placed in a
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,
25 10psia. The sample was héated to ca. 750 K to promote the hydriding of the'safnple, as

detected by a decrease in hydrogen pressure. After the system had reached an
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quartz cell, of known volune, fitted with a thernocouple that is in direct
contact with the sanple. At roomtenperature, high-purity (99.999+%
hydrogen was -expanded froma known volune into the evacuated sanple cell
to give an initial hydrogen pressure of ca. 25 10 psia. The 2248%'2 té\?s
heated to ca. 750 K to pronote the hydriding of the sanple, “as 4 P cted by
a decrease in hydrogen pressure. After the system had reached an -29 24 My
2005 equi librium pressure, the cell was cooled to 100 K under -the hydrogen
at nospher equiliatbini prelseling| the deil avasartoled tatt omwud@ertﬂﬁywéq&gamog?ﬁe@yaCUat ed
fromthe cell (total evacuation tinme of 5 mnutes). A tenperature

pr ogr anmeWhile hofdirg thie saFPl) ale100EK | B RydrogBs wiab @0aeRslisbRdhe B8 [t he
foll owi ng procedure: The sanple was warned, at a constant rate;, from 100 K

to ca. 90@kcusiion fime of Sinsinitesy. i A EmpdraturapiRYRIMEARY d¥espit] arPoy rifhent
dynam ¢ vacuum from a turbo-nol ecul ar punp. Sinultaneously, pressure

changes i wag thencehtusted cusirecibedeiibwisy pocediien The isupRl WESWaRAndd afgsducer and
a gas phase hydrogen. ion count was recorded using a mass spectroneter (also

used tho asmsiant fae, feorn110DIKOR @ 908K DulAY His hEAM hﬁh@s‘éﬁ?ﬁl I ul'ts of
the TPD experinment (Fig, 13) 10 show the@presencg' of hy rog%]n‘pﬁigggption

onl'y abovndef d¢narhltevaRaatSrdra e thsdLAs) SR PSR \&fle at 675
and. 750 K. Conpdgpat ive Examr)l e 2: Tirtﬁgﬁ?ﬁ%ppomﬁm%&sa%&éﬂg?ﬁ%ﬁ e of

ti tani um granges in(thk kall RefdfocordddTusiHpSd tertiive PraGafk ﬂrﬂ‘xs@iu&é' &M gé%_cel I, of

known volune, fitted with a thernocouple that 1s 1n direct cont with the

sanpl e Aihase guiogBR Aol Ewalradbrdbd il § Hasd SR8 orhudr SRR sKapded

froma. known volune into the evacuated sanple c

hydr ogen for evatution ?5a6es othdPthas ir!;gfireoﬁtég)s. S‘ﬁ‘\(;g’:le@ut 3 t@@%‘%@%ﬁﬁ%m (19, B0

pronote the hydriding of the sa etec y a decrease hydr ogen

Pr ess0r e shbtthe Ffe[)ﬁﬁ@é’ﬂﬂﬁy&rébéh M@&@gn?ﬂ&}es 508 K. Nﬂ@ﬁ%qﬂsﬂ;ﬁéﬁ%@rﬁd

reached an equi rium pressure, t was cooled to t he
hydr ogen debomton afechsdidLatitsdinadygoe sanpl e at 298 K, the hydrogen was ..

- Comparative Exémpléz: Tianium powder
A0.2 g sample .of_ titanium péwder (Alfa Aesar: -325 meSh)_'was placed ina
15 quartz cell, of known volume, fitted with a thermocouplé that is in direct contact with the
| sample. Atroom femperature, high-purity (99.999¥%) hydrogen was expanded from a :
“known volume into the evaéuated sample cell té gi§e an initial hydrogen pressure of ca.
10 psia. The Sample was heated to ca, 700 K to promote the hydriding of the sample, as
detected by a decrease in hydrogen pressure that corresponds. to a hydrogen uptake.
20 Affef the system had reached an equil_ibﬁum'pr.essure,' the éell was cooled to 298 K |
under the hydrqgen atmosphere. ‘While holding the sample at 298 K, the hydrogén was
| evacuated from the cell (total evacuation time of 5 minufes). A tempefat_ure programmed
desorption (TPD) experiment was then conducted, using the following procedure: The
sample was warmed, at a constant rate, from 288 K to ca 800 K. During this heating,
25  the sample cell was held under a dynamie vacuum from a turbo-molecular pump.

Simultaneously, pressure changes in the cell were recorded using & sensitive pressure
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evacuated fromthe cell (total evacuation tinme of 5 mnutes). A tenperature
programed desorption (TPD) experinment was then conducted, using the

foll owi ng procedure: The sanple was warnmed, at a constant rate, from 298 K
to.ca. 800 K During this heating, 25 the sanple cell was heﬁ£¥%pg@p a '
dynam ¢ vacuum from a turbo-nol ecul ar punp. Sinultaneously, 4 %
changes in the cell were recorded using a sensitive pressure -30 24 My
2005 transducer and a gas-phase hydrogen ion count was recorded using a

s ogans CUanaRIce! ahd a sl tde hU B8R K @UNENA Heb@BFLIRAPAREEL O | 2N

hydrogen). The results of PD"exper 1 nent ydr ogen

Lo be >800° T B @Iz el p ates BF BN Eh S AR AR Ry SRS of
of known o ons of FR1TTR SRR (Fia” Al o e ReRGBon Bpixdbol b L 1
for one hour® RookA P Rg R Hep ekt st bR BB R LY e AL Foom

tenperag ure, high-purity (99.999+h) hydrogen was expanded from a known
volunme into the evacuated sanple cell to give an initi-al hydrogen pressure

of ca. 10 Qﬁ@ar&?ﬁb@ﬁ% %Jé:evaﬁa&im@@&'em was recorded at intervals of

one second, OW ng -a decrease In p ure that corresponds to a rapid

e bt koo AR ARl

‘Wil e hol da,agar&ileelé6%%@%0!3%&%&&5%@@%%&& haY e Bt &Y chHAT MIF ur! |

(total. evacuation tine m nut'e erature progranmed desorpfion

(TPD) expegdrifiel THESahibRwa0 BEaIRL bt 806 K thdeR GagluM [ £14 BB WFGHL RourTe

sanpl e was war ned, constant rate, | ca. 7 I'ng thi s
heating tHa 8 | \@@é.{] ge 2T :ﬂwé ' upm, Q20
nol ecul ar punp. iﬁa%tsglntgous 3&{1 rﬂeégg%réﬁc anggasp%lrar?ﬁfehg%eqmrééé%%c@rzded

usi ng a 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, showing a decrease in pressﬁrs tht corresponds to a rapid |
hydrogen uptake by the sarhple. After the system had reached an equilibrium pressure,
15 the cell was cooled to 77 K under the hyd.rogefn atmosphere. While holding the sample |
| at77 K, the hydfogen was evacﬁated frbm the éell (total eﬁacuation tirﬁe of & minutes),
A temperature programmed desorption (TPD) experiment was then conducted, using the
follo?ving procedure; The sample was Warmed, at Q constant rate, from 77 K to ca. 775
'. K. During this heating, the sample cell was held under a dynamic vacuum from a turbo-
20 molecular pump. Sim_uItaneousiy, pressure changes in the cell were recorded using é
sensitive pressure transducer and a 'Qas-phase hydrogen ioﬁ 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. 15) show two peaks for hydrogen desorption at ca.
300 K and 500 K,

25
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sensitive pressure transducer and a gas-phase hydrogen ion count was
recorded using a nass spectroneter (al.so used to assay for evol ution of
gases ot her than hydrogen). The results of the TPD experinent (Fig. 15)
show two peaks for hydrogen desorption at ca,, 300 K and 500 2 r?l 24
May 2005 Conparative Exanple 4: Palladi um powder A 0.25 g sa ygPos
pal | adi um powder (Acros Organics) was placed in a quartz cell, of known
volune, fitted with a thernocouple that is in direct contact with the

sanpl e. Theorfgdratiee Bram@e 4 ediadivat poierK under vacuum (1 x 10-4 torr) for ‘
one hour and - allowed to cool to roomtenperature. At room tenperature,

hi gh-purity (9%9%ﬁ’&amﬁﬁfb¥@EMi%§oﬁ&|@ﬁ@@%§ GrgaRica) %Q@mcagtmuhnio the

evacuat ed sanpl e ce to give an initial hydrogen pressure of ca. 10 psla.-

The pressukt, dffknbh vaUPie TUa with @PERStoBble thALl [nVdifet %ntgﬁﬂﬁﬁ%‘é%ﬂple. '
showi ng a decrease in pressure that corresponds to a rapi ydr ogen ‘upt ake

by the sanmesanfiié fes bbfvatdd ESIRANIGAHBEGM I x QB IthirPlk Ui RBGCAH . 10 the
Whi [ e ho

cell was cooled to 77 K under the hydrogen atnosphere.- di ng the

sanpl e5 ataliddedto édtﬂ?td‘bﬂéﬁpﬂaﬂibéﬁ@fﬁre?vﬁi%%qgmbéﬁmrb.hﬁ?ﬁ-%hht(yﬁl(bﬁbgb+%§acUat i on

time of 5 mnutes). A tenperature programred desorption PD) experi ment
was then. ¢oadgeh s dxphided iEm 2t o Vaturie m‘@%{%r@accmsd SamBletcala® g A% d,

at a constant rate, from77 Kto ca. 5000 K During this heating, the

sanpl e celidiangaivgbel pradare of dby I BsR, VIRYHRLIOH e syl vids ARLPG & punp.

Si mul taneously, pressure changes in the cell were reCorded using a '

'sensi tiveiRsQaRWidnb %@B&Qﬂ%ﬁéﬁvﬁ?%r@e(%ﬁ%gﬁﬁgﬁs%% sBOnEORY S

recorded using a nmass spectrone assay for evol ution of

gases ot haydioBan uPtéQé ®Y9R sarhBR. Afe? el s}s@cm héé¢ re?zcg?sg ég%bmgﬁfgn (ﬁs&wré%

show t hree peaks for hydrogen desorption at ca. |
10 the cell was cooled to 77 K under the hydrogen atmosphere. While hoiding the sample

at 77 K, the hydrogen was evac_uated from the cell (total evacuation time of 5 minutes).
A 'temperatun_e programmed desorption (TPb) éxpenfment Qvas then éonducted, usiﬁg the
following procedure: The sampie was warmekﬁ, at a constant rate, from 77 K to ca. 500
K. During this héatin'g_, the sample cell was held under a dynamic vacuum from a turbo-
15 molecular pump. Simuttaneously, pressure changes in the cell were recorded using a
sensitive pressure transducer and a gas-phase hydrogen ion count was recorded using a
mass sbectr'qmeter (also used to assay for evolution of gases bthef than hydrogen). The
results of the TPD experiment (Fig. 16) show three peaks for hydrogen desofption .at ca.
200, 250, and 330 K. | |
20 B
Comparafive Example 5: ,.Meéhanicany milled graphite powder
A20g sample of graphite (Alfa Aesar,; -325 mesh) was placed in a 20 c¢ zirconia
grinding vial with four zirconia grinding balls. This sample was ball milled for 6 hours
(model 8000D; Spex, In¢.) at room temperature under argon atmosphere. The samble
25 was removed from the Zirconia vial fn an argon glovebox and a portion of the sample

placed in a2 quartz cell, of known volume, fitted with a thermocouple that is in direct
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Conpar ati ve Exanpl e 5: Nbchanlcally mlled graphite powder A 2.0 g sanple

of graphite (A fa Aesar, -325 nesh) was placed in a 20 cc zirconia

grlndlng vial with four zirconia grinding balls. This sanple was bal

mlled for 6 hours (nodel 8000D; Spex, inc.) at roon1tenper§?§g;3jﬂﬁger

argon at nosphere. The sanple 25 was renoved fromthe zirconi Al

argon gl ovebox and a portion of the sanple placed in a quartz cell, of

known -volume, fitted with a thernmocouple that is in direct -32 24 May 2005

contact wi edniadiavithai ampleD TR e WaS aawa&éeaét%zstx At vEndU?ﬁ'g yREUUM (1
re.

x 10" torr) for one hour and all'owed to cool to roomterrperat room

t enper at urtesr) firgime HOUF bhy ﬂ&ﬁbcﬂ%% e ?dbqrf
vol une into ghe -.evacuat eda sanpl e ?gow?gqgﬁeeeﬁégﬁelﬁptla ﬁhrﬁ roge @ﬁgsure

O o ey T (EoTIuB<R RN b aRIEPRUR krbwh °ﬁ‘”#]§‘8%%’%3?§“§%3£?§8§? ed
fromthe Cﬁnﬁp!éb@ﬂﬁﬂgi@é’ﬁﬁﬂﬁﬁdlﬂ rbgéF?ﬁr%Eeré o‘ifhgufoeﬁs?n duﬁ' g&f‘ﬁg%gf WY |

programed desorption (TPD) ex con
fol | owsn e n r 77 K
[0 o PoRRRGT uR (RRBOUT S REBY. (Ol R %aév@%%aa% Kdhe

changes | noIHen e %?35‘?25%%“3'%2 e S%ﬂ%ﬂ'%'@‘f 1P B8R A neaucer
and 3 gas tahasRuNGF AR RO on DY SERLHRS WAL BbrkonilasaRAg, Rt o

(al so used to assay for evoluti

Tort! hyar aolohm Biscesie s "{*’Ee“%%*z?'"éé‘%ﬁ%r"%”%*éeﬁ%ﬁe PRITRiPER £t case
a0 b1 ol BRaRhg MERARBR TR Bl BB BT BT A | o,
20 co St o mi e SRy ’{*%%USSFE@“&'@ ok in15e BplFRlralSBa RS ol ng
ball s.  ThisgngHivel pHeSsie traR8dicelhd E%ag %rhagep hm%& oA Ght 2O %QOrded usinga

mass Spectrometer (also used to assay for evo!u‘aon of gases other than hydrogen). The
resulis of the TPD experiment (Fig. 17) shows only one peak at ca. 77 150 K for
hydrogen desorption from the sample There was no detectlble increase in desorption

15 rate of hydrogen at temperatures above 150 K.

Qompara{ive Example 6: Graphite + Mégnesium
A 1.{5 g sample of graphite powder (Aldrich, 1-2 um) and 1.0 g of magnesium

metal (Aldrich, -200 i'_nesh) were placed in a 20 cc stainless steel grinding vial with four .
20  stainless steel grinding balls. This mixture was ball milled for 20 hours {mo&ei 8000D;

Spéx, inc.) at room tehmrature under argon atmosphere. The sample was removed

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

quartz ceil, of known volume, fitted with @ thénnocouple that is in direct contact with the

sample. The sample was activated at 523 K under vacuum (1 x 10™ torr) for one hour
25 | and allowed to cool to room temperature. At room temperature, high-purity (99.999f%)

hydrogen was expanded from a known volume into the evacuated sampie cell to give an
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Spex, Inc.) at roomtenperature under argon atnosphere. The sanpl e was
renoved fromthe stainless steel vial in an argon glovebox and a portion
of the sanple placed in a quartz cell, of known volune, fitted with a

t hermocoupl e that is in direct contact with the sanple. Th @gﬁgl S
activated at 523 K under. vacuum (1 x 10" torr) for one houre)z a &%ﬁomd

to cool to roomtenperature. At roomtenperature, high-purity (99.999+%
hydrogen was expanded from a known vol unme. into the evacuated sanple cell to -

give an - BiaphydrbgerPp@Ssireidfical 101w¢la OTRE sBinBRWHshtled ® cal 950K @ prdlidte
sanple was heated to ca. 750 K to pronote the hydriding of the sanple,. as

det ect ed bthesyddding as thel saniple) RocseREE BY Wik crebbs & h}&x‘&gerﬁﬂrﬁ&.ﬁﬂﬁh% [ gached
an equilibriumpressure, the cell was cooled to 87 K under the hy(frogen

at nospher esystém hed hedabiet gint drRilBANTP Redurd Thécell WSS BXSEPRAEY NBRIEY Fuat ed 5
fromthe cell (total evacuation time of 15 mnutes). A tenperature

pr ogr ammedhydsege  gtiosphéréPOVhimnsiding ey sakisie BNSNKCPRAVERN Wi é\%cbgfed '

foll owi ng procedure: The sanple was warnmed, at a constant rate,- Trom87 K

to ca. S825rdn thricelniptahevactativn 8 of TEmikdd)! A tERbbrat@s disdrdmler 2
dynam ¢ vacuum from a turbo-nol.ecul ar punp. "Si nul t aneousl y, pressure -

changes i rdesheption|(TPDEeparintat ded thén dthdactesding 1@ BIRASY pRcedQre: IARsducer
and a gas-phase hydrogen ion count was recorded using a nass spectroneter

(al so usecsamplewaswatnedeatel soristiht Pite JRsR 87 M B%a. BRER. ) i
results of. the TPD experinent (Fig. ?LB) show t he pﬁsenc@nggﬁﬁbgﬁgﬁghe

“desor pt i orsamplé vell wAshEIGLALEF & d mwac&nhﬁwmé\ﬁﬁﬁbimdfe&%? fr  hydrogen
adsorption is observed at ca, 87 200 K. This peak iIs comop |"y observed for

graphi t e. Simpltaecuklychrebave dpargedRlthe cdiPwére! rb@&i‘déd"uéiﬁ&a?%@ﬁﬂ@p@ss al .

(see conparative exanple #5, Fig. 17) and is due to the orption o

hydr 0dn wisnedudes ant ssyasaitiase daRICBAThA ol RESPRIRILY Hifa ppgRer al ed by the
mechani cal mlling. A second set of peaks for hygrogen evolution is S

oS o Sheermlbe e o gesh BSby s fos eIV FOENE M40, ),
(whi ch r epessteiof theaTRD l&kﬁﬁ’iiﬁéﬂtﬂ?@fh@) show the presence of hydrogen desorption in two
~ temperature ranges. | A low-intensity peak for hydrogen adsorption is observed at ca, 87-
- 200K. This peak is commonly observed for gfaphite'samples which have been ball
15 milled in the bsenqe of metal (see'cémparaﬁvg example #5, .Fig. 1'?) and is due tﬁ the
| desorption of hydrogen which is physically adsorbed in microporous sites generatéd by
| the mechanical milling. A second set of peaks for hydrogen e\)olution is observed at the
temberatures of 650 and 820 K. No hydrogen evolution at near-ambient témperatures
{250-400 K), as are observed in examplés 1-11 (which repre'sent carbon/metal hybrid ,
compositions where the metal cbnstituent is a transition met‘al). is observed in thé present

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

composition for hydrogen storage under these conditions of use.

Comparative Example 7: Activated Carbon + Platinum

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

area activated carbon was activated at 523 K under vacuum (1 x 10 torr) for one hour
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20 conpositions where the netal constituent is a transition netal) is
observed in the present case. Magnesium an alkaline netal, does not forma
useful carbon/netal ~hybrid conposition for hydrogen storage under these
conditions of use.- Conparative Exanple 7: Activated Carbon + f%ﬁt |2%gn 25 A
1.5 g sample of 10% (w w) platinum (1l nm netal- particle'size? Y _ :
hi gh-surface- area activated carbon was activated at 523 K under vacuum (1
X 10"4 torr) for one hour -34 24 Nay 2005 and allowed to cool to room -
tenperature, A, _roomtepperature,” high-purity (99.999+% hydrogen was
expanded f 5’6‘?@’%@%@9@% REM thMpetatiEe o Al s tetnpemtptes highkpurity (99 999-2)
initial hyﬁqugggn ressure qf ca. 10 psia. No hydrogen uptake at ambi ent

t enper at ur & Y Bt Exrangsdfiom 3 kppwe volumetina thelevasuated aPrplieeldtpgiveane

t he hydri diin[ﬁ% }g‘}‘ the 5 sarr_gl ? but no detectable hzdr ogen adsorption was
evi dent at PR YAGRPERSHTE of 2g.+ 1) psia. hio dydrogen uptekelkt ambignt enpegkidre room
terrperaturvt‘a{ ége C§|| was cool ed to 77 K under "the hydrogen atnosphere. '
whi e hol d¥iyotiReedalbpsamplerwakheatad tgai 535 dtomremotathe hgtsding eothe he cel |
(total zevacuatiqn tine of 2 mnutes). A tenperature prograned desorption
(TPD) éxpgﬁﬂﬂ?@%ae detactable hydiegenadaoeption weasevident atthisgemperstore eAftdine 10
sanmpl e was, warned, at a constant rate, from77 Kto ca. 570 K During this
heat i ng, t‘H%SY gmas llowedita soeldp doam termparaitye dne celMessicovléd WTRAK under

t ur bo- nol ﬁguhar agurrp. Si mul taneously, pressure changes in the cell were
recor ded 8¢ AYAr298R AYNesphere; r\daile helding thmsatnple at AN &, thegmairgdeasealydr ogen
‘ion count was recorded using a-nmass spectrometer (al so.used to assay for
evol uti on SYRCYRed Fortthe cell (tate! Avasuatinnrtime Th2 miniies)e MtietrpendiuterolFihmed
experi ment Q-Fiﬂ- %ﬁ%pshow.t he presence.of hydrogen desorption In one

t enper at uFESPRAGR (THD)rperiment wsithegeanduetied, pisingrthe &ollotvingrprecediirec The87- 200
K. Thjt,)@ peak js due to the desorption of hydrogen which is physically -
adsor bed FPATPIR V¥RSWBFDRS &t Acenstant rete freot 77 Kite da.cifi0GN Dubing thishegiimy, the
desorption ‘[%eaks at near- anbient tenperatures (250-400 K), as are observed
I'n exanpl &&nplecellwas held Hadarasdynamic vacuum from a turbo-molecular pump. '

Simdltéheobsly.- pre;éure changes in the call were recorded Lislng a sensitive pressﬁre
transducer and a gas-phase_hydrbgen ion count was recorded uéing a .m'ass
- spectrometer (also ised to assay for evolution éf géses other than hydrogen). The
15 fesq!ts of the TPD experiment .(Fig. 19) show the presence of hydrogen desorption In
one temperature range. A peak for hydrogen adsorption is obéefved at ca.. 87-200 K.
This peak is due to the desorption of hydfogen which is physically adsorbed in
microporous sites in the activated carbon.'. No hydr'ogen'desorption peaké at neé(-
. ambiept temperatures (250400 K), as are observed In examples 1-11 (which represent
20  carbon/metal hybrid compos&ions Vv'vhere'thAe meta.i constituent Is a transition metal) is
observed in the present case.' The éc_tivated 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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20 carbaon/metal hybrid conpositions where the netal constituent is-a :
transition netal) is observed in the present case. The activated carbon in
the present sanple does not have a substantially graphitic structure
(graphitic structure: a conjugated, unsaturated aromatic) ng{@%ogt
exhibit a (002) reflection in the x-ray powder diffraction . p 235 24
May 2005 Di scussion of exanples Five graphitic carbons have been intinmately
conbined with snall particles of 90Ti/6Al/4V alloy using ultrasonication
and ball mlling techniques. In exanples 1-5, 5 tenperature programed -
desorption ,TPDg, shows .t he desorption of adsorbed hydrogen fromthese

mi xtures i frIHESIPRRHeXaNBRIE® range of 250-400 K. As shown in conparative
exanple 1, simlar exposures to hydrogen and subsequent tenperature
programred des&iMstaraphitmearoors bave: bawhl intivatalyl coynbiienwitthysiEIP BEMicHRSS Pt i on
only above 500 K. which is unsuitable for the energy efficient storage of
hydr ogen. pﬂ“@ﬁ/ﬁé{rﬂ@y veing(lteasanishticrbandballantiing todhnipeisamh eﬁéﬁnﬁle@ 1-5ed
graphite shows hydrogen desorption during TPD only below 150 K.- which is
al so urkui tegmesaties progranehed desorpticr (TRIYaholvs theldssaamtiotus adberbel ehyapsdh OF -
energy-intensive cryogenic or refrigeration systens. Exanple 6 denonsirates
a simlar Eemdbesamidurpsinetheitempenatoraedraje. of BBO4DDNISAS SRS i édipSative
hydrogen from a graphite nanofiber/titani umsanple-at ca. 300 K~ I'n'15
conpar at i v@@fd@r‘gl milar eXposTRD tohythpden gat siissequendempertire R8grammeg 2|

(Ti HX) occurs above 600 K, with maxi mum desorption rates occuring at >750

‘K. Exanpl edegomiignpnajurel ADSAIAM sloyIshowe hiryrogersldesuipis drlpaneve SORRNI tic -
carbon and vanadi um netal can adsorb hydrogen .at 9.7 and 147 psia,

respect i veMyich Brinstiiaiie for the enengyefficient stvpsyecsfUiyafogen! e eompaRtitteand 600
K.* 1n_conparative exanple 3, ‘the 20 TPD of hydrogen from hydrided vanadi um
met al 1PviE¥apiia S samplawf didchaniealty milledrpraphltel shows Ryt bgetRgasdiptih.@uriny! 510
K.- Exanpl e 8 -denponstrat.es that a hybrid conposition of graphitic carbon and
ni ckel TPD only below 1 50 K, which is gis’.o unsuitablg for the efficient storage of hydrogen due
to the _need for energy-intensive cryogénic of fefri’geration 'systems.' |
- Example 6 demonstrates a simitar effect with pure titanium metal. TPD shoWs
' giesorpﬁon of hydrogen from aAgraphite nandﬁberlﬁtanium sampie at ca. 300 .'K. .In
15 | comparative examp!e 2, the TPD of hjdrogen from hydrided fitanium metal (TiH,) occurs
above 600 K, with maximum desorptioh rates occuiing at>780 K. - |
Example 7 and 7(a) demonstfate that a hybrid composition of graphitic carbﬁn
and vanadium metal can adsorb hydrogen' at9.7 ahd_ 147 psia, respectively, and desorb
hydrogen at temperatures between 250 K and 600 K. In comparative example 3, the
20 TPD of hydrogen from hydrided vanadium metal (VH,J occurs at two different. .
témperature_s under vacuum, 310 and 510K | | ) |
Example 8 demonstrates that a hybrid compositibn of graphitic carbon and nické!
metal can adsorb hydrogen (0.18 mmol/g) rapidly at ambient temperatures and hydfogén
pressures of less than 15 psia. The desorption of hydrogen, d_ﬁring TPD, occurs at 350

25 K. The iiterature on hydrogen adsorption by carbon-supported nicke! teaches that high

tequeratures have typically been necessary to see uptake of hydrogen of this
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metal can adsorb hydrogen (0.18 mol/g) rapidly at anbient tenperatures and
hydr ogen pressures of |ess than 15 psla. The desorption of hydrogen,
during TPD, occurs at 350 25 K. The literature on hydrogen adsorption by
car bon-supported nickel teaches that high tenperatures have24.x/ﬁi ?@h y. been
necessary- to.see uptake of hydrogen of this -36 24 May 2005 Ta Yrude. For -
exanpl e, a sanple of 10% N on activated carbon adsorbs 0.09 mmol /g of
hydrogen in less than 10 m nutes, .but only at the high tenperature of 673

K, and themagmitude. iRoderamaplef & e8mplei & 1% G SreaRIvEtea Ao it LpLion
starting at 500 K and peaking at 900 K (Fuji noto, KW§o Toygg%ed,ﬂdésﬁ@to%.

Surf. Sc!.oftytrigen(nRes thah 10 e bﬁh@ﬂ?aitﬁgm%bh'{g%ﬁat%%f %Eﬁﬁ gér]}{di !y

hi gher than the desorption tenperature of ca. I'n the pres

i nvent i on ER ofiiydiogersBomuhls NyOsdmile EM&&QE&!}B%&P&@%%EOE%F%% af gPO K

denonstrates that a hybrid conposition of graphitic .carbon an atinum

metal can andsakingyed 000 &1 Fufimto, RITDIdyB3hi SPEELYS@E A1 (1GBAPST 44y € and

a hydrogen pressure of less than 15 psia. -The desorption o 0g€n,

dur i ng5TPThesé temperaturad 2 2b4RAtifly Highdr 1 Rk we&brﬁﬁoﬁ‘&ﬂﬁsﬁé&%\[)g& 505 Rison by

carbon-supported platinumteaches that high tenperature beeri Used to

see upt akdsindhie byedengieventioRlaatlinmwi 1665 &Jﬁ%bf)@fopﬁycﬁ?é}paoﬁbapk adsor bs 0. 06
mrmoUg hydrogen at the el evated  tenperature of 623 K and™11.6 psia H2 E

pressure over @Xaniphed eemoRetRatbs thafa hbiid BsthbSition & -grabhitiBYE&s tngM J-
Phys. Chem (1964) 68, 2748). Car bon-hgupport.%d pl at igrﬁbmzm% _15%\5\’fw) I's

‘reported phtindmanétaleditadsses By )% ' 1 : j Ir e
(Hﬁnt , C. pE. J. Caf al ysi s (1.97?%@%3?&%821[#,@“%0&@%%%&%@3%%&{%gfya

hybri d cohpdregen presefrecsfagddithig 15 peROMT olpfibh Byl GE s Fpppisor b
hydrogen (0.55 nmmoUg) rapidly at gnlbi- m@g%@g#g?ﬂ’?es ar’lghﬂ@?c‘?gﬁgn

pr esstl esocdurs ab350-400 K1 T haitstatufd 8n APSBEES b@ébrﬁﬁoﬁ%ﬂéé?ﬂ&ﬂs%é}w&éﬁg TPD, 20
occurs at 150-400 K..- The literature on hydrogen adsorption ‘ _ S

car bon- suplatindm deaunleb #ekit WgH tAPRARLEE Mavd bebh LEIB'sab Uikl Y BydigEnUsed to )

see substantial uptakes of . _ o : _ | :
Platinum (0.2-1 %) on carbon black adsorbs 0.06 mmot/g hydrogen at the elevated =~
temperature of 623 _K and 1.6 psia .Hz pressure.ovér Bd minufes (Robeli. A. J.; Ballou,
E. V.; Boudart, M. J. Phys. Chen. (1964) 68, 2748). Carbon-supported platinum (10%

15 wM) is reported to adsorb 0.06 mniollg hydrogen at 294 K and 14.f psia H, pressure |
(Hunt, C. E. J. Catalysis (1871) 23, 93). | | o
~ Example 10 demonstrates that 2 hybrid comp@sition of graphitic caibon and

palladium metal can adsorb hydrogen (0.55 mmol/g) rapidly at amblent tér_nperatures :
and hydrogen pressures of Iess than _15 psia. The desofption.of hydrogen, during TPD,

- 20 _occurs at 150-400 K. | The literature on hydrogén adsorption by Sarbdn-suppofted
palladium teaches {hat high temperatures have been used to see substantial uptakes of
hydrogen. Palladium (5% wiw) on carben adsorbs 0,24 mmol'lig hydrogén in <1 hour at
423 K and 1.9 psia hydrogen pressure (Suzuki, S, Suzuki, T. Bull. Chem. Soc. Japan
(1965) 38, 2020). Palladium (5% w/w) on carbon adsorbs 0.03 mmol/g hydrogen, a far

25  smaller amount than the present invention, at 294 K and 14.7 psia hydrogen pressure

(Hunt, C. E. J. Catalysis (1871) 23, 93).
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hydr ogen.. Pal I 'adi um (5% w'w) on car bon adsorbs 0.24 mmoUg hydrogen in <1
hour. at = 423 K and 1.9 psia hydrogen pressure (Suzuki, S.; Suzuki, T. Bull.
Chem Soc. Japan (1965) 38, 2020). Palladium (5% w w) on carbon- adsorbs

0. 03 nmolg hydrogen a far 25 snal.ler amount than the presenﬁ Mé %
294 K and 14.7 psia hydrogen pressure (Hunt, C. E J. CatalYysi ((3 1) 23
93) . -37 24 May 2005: Exanpl e 11 denonstrates that a hybrid conposition of

hi b d h d (0, 10 |/

Poordly at Cambi g 11 8B ﬁéﬁegﬁ@%wﬁ”aiﬂsﬁﬁagqﬁpﬁgﬁé‘mé Gboomw 19
Th f h 0-500 K. Th :

lp;s![ Zr at u?e'qg% [%tn%é%%aaéﬁg?%%%g? r(bgg @ﬁﬁi Za@tbfqﬁ‘?mﬁwl{ré%cﬁes
t hat t h | d bed t
o et L AR b 'ﬁ%%?ﬂﬁ#@%ﬁﬁ)s IR TR A
d bs - 298 K d di I d hyd
rossure anGHE 405890, ﬂ%b‘ éagﬂrgfnqx@mdme@ agsaiptian 3333%56%%%3@@%(32?36&
ca. 40Q and, 600K kBah t?u ; _Rodri guez- Rano
Guer r ePo- FUSNIUR teap ﬁ§p At mﬁﬂaﬂauw@watof amresembamreae@slsgeen@gsmed

Catal ysts (C. L| 1997) ] npl e #Car bon/ Met al H2
Pressur e ﬁg &(%sgaﬂeﬁﬁ‘m /nwﬁw °"!L lﬂ-@uﬁ%@wegrgawhl&e@@@m
9.71.54.0 G'AI 65/ ﬁp%or ous car gon/ 90T| - 9.75.72.
7 0.0609 mmol/g ydrogen at 298 K and an undxsclosed hydrogen pressure and the
-~ TPD of hydrogen from this sample gives rise to peaks at ca. 400 and 600 K [Badenes
| P.; Daza, L.; Rodnguez—Ramos I.; Guerrero-Ruiz, A in Spﬂlover and Mlgratlon of
10 Surface Specses on Cataiysts (C. Li, Q. Xin, eds.) p. 241 (1997)] | |

Example # Carbon/Metal . .| Hz Pressure | H, Uptake Time
. ' | (psia) {mmol/g)} {min.)
1 o Exfoliated graphitelQDT'- 8.7 . 1.5 4.0
BAl-4V : - '
2 Mesoporous carbon/80Ti- | 9.7 - R EN 23
SAl-4V - ' : : '
3 MWNT/S0Ti-8Al-4V 8.7 3.9 5.9
14 Graphite nanofi bers/S0Ti- | 8.7 043 | 5.0
I B6Al-4V 1 o : :
S Graphite/80Ti-6Al-4V 8.7 0.13 77
6 Graphite : 8.7 0.13 138
' nanofibers/Titanium | | )
7 Graphite X 0.23 | 100.5
' nanofibers/\Vanadium " ' '
7@ Graphite - T [147 0.88 - {372
nanofibers/VVanadium . ' o
8 Graphite/Nickel - 9.7 0.18 158
9 Graphite/Platinum 9.7 0.35 6.3
10 Graphite/Palladium 8.7 0.55 ' 1.8
11 Graphite/Ruthenium 8.7 0.10 7.3
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6Al - 4V 3MANT/ 90Ti - 6Al - 4V9. 73. 95. 9 4G aphi te nanofi bers/90Ti -
6Al - 4V 5G aphi t e/ 90Ti - 6Al - 4V9. 70. 137. 7 6G aphite 9.70.133.8

9.70.435.0

nanof i bers/ Titani um 7G aphite 9.70.23100.5 nanofi ber s/ Vanadi um 7

(a) Graphite 1470.8837. 2 nanofl ber/Vanadi um 8G aphi te/ Ni ckel 9
9G aphi te/ Pl ati nun®. 70. 356. 3 10G aphi t e/ Pal | adi un®. 70. 551. 8

11G aphi te/ Rut heni un®. 70. 107. 3 N: W LR\ appi n Metal - Carbon Hybrid.doo 15 -38
24 May 2005 CLAIMS 1. A process for reversibly sorbing hydrogen gas
conprising bringing a hydrogen-cont@ihiMg gas into contact with a
carbon-metal hybrid material under conditions of tenperature and partial
pressure of hydr QoaiovhRer @bYreléiSibharsb®ing ®lyatogen gas comprising bringing a

hydrogen-containing gas into contact with a carbon-metal hybrid material under

conditions of temperature and partial pressure of hydrogen whereby the carbon-metal

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

material; said process characterized in that the carbon-metal hybrid material comprises

a substantially graphitic carbon component and a metal or metal alloy component

which reversibly reacts with the hydrogen, 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 with the substantially graphitic carbon

component to form the carbon-metal hybrid.

2. A process in accordance with Claim 1 wherein said substantially graphitic

carbon component of the carbon-metal hybrid material is selected from the group

consisting of graphite, exfoliated graphite, single wall carbon nanotubes, single wall

carbon nanocones, carbon nanocells, multi-wall carbon nanotubes, carbon nanofilm,

mesoporous and microporous 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 carbon-metal hybrid material is a single-sheet graphitic

structure.

4. A process in accordance with Claim 1 wherein said metal component of the

carbon-metal hybrid material is 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, V, Nb, Ta, and mixtures

thereof.
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hybrid material sorbs said hydrogen gas, and subsequently adjusting the
tenperature and/or pressure to cause desorption of said hydrogen gas from
the carbon-nmetal hybrid material; said process characterized in that the
carbon-nmetal hybrid material conprises a substantially grap@%%iﬁﬁﬁgﬁbon
conponent and a netal or netal alloy conponent which reversibly~-reatts
with the hydrogen, wherein the said netal or netal alloy conponents of the
carbon-nmetal hybrid material has been reacted with hydrogen to forma
metal hydride prior to conbination with the substantially graphitic carbon
conponent to formthe carbon-nmetal hybrid. 2. A process in accordance with
d ai m 1 wher ei 8. Aarctessinsdcagidhadel wittlgChairhi 1t whereinahdbydrogempanmeaihingf t he
carbon-netal hybrid material is se|lected fromthe group , consisting of
gr aphi t e, B&isoPronglidingt spwacteWIthisal earfen-metad ySHI raAtsHab Es @ ‘geﬁﬂ%@g Al |

car bon ”aﬁ&gﬁﬂg%n{:ﬁ’&%&b 'i‘ﬁ?‘éﬁ%% h800 g&ihtokggﬁxjo%erg ?gﬂgigg%fs@ﬁﬂé %@%ng%@iﬁbon

nanofil m”™ nesoporous an Croporous car , substantially
gr aphi t i zbybrohmbteniaksbs saidhgdnogan paseand therpredsuredin the pesseleis subseqaethyr dance

with daim.2 erein said sypstantiall raphitig. carbpn, conponent of the
G bon- meredhcd, Hi iant g 55 Ltpes s afeBonosorbing, Mo Bargeh e fan”y ' A
process i theRGARWAARGENWHdnite@AM 1 Wherein said netal conponent of the
carbon-nmetal hybrid nmaterial is a netal or an alloy containing a netal

selected fromthe group consisting of Pt, Pd, It, Rh, Ru, Gs, Ni, Co, Ti,
Zr, Hf, V, Nb, Ta, and m xtures thereof. 39 24 May 2005 .5.. A prqgcess in
Zcbordance wi t i PR MRES IR R TP SgRR Ot R m e Wiougnt 1 nto
contact WstrBdgcrl & 55U hsiiRb 200 BYiR kb HedoBt &fid Bl droferdgaéessel at a pressure
frombetween 14 psia to 2000 psia of hydrogen partial pressure whereby said

hybrid material sorbs said hydrogen gas, and the pressure in the vessel is
subsequently 7. A process in accordance with Claim 1 wherein the hydrogen-containing gas

is brought into contact with said carbon-metal hybrid material In a vessel at a
temaperature from between 253 K to 473 K whereby said hybrid material sorbs said
hydrogen gas, and the temperature in the vessel is subsequently increased without
adjusting the pressure, thereby desorbing the hydrogen gas from the carbon-metal
hybrid material,

8. A process in accordance with Claim 7 wherein said temperature in the

vessel is increased to about 273 K to 573 K to desorb said hydrogen gas.
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reduced wi thout adjusting the tenperature, thereby desorbing the hydrogen
gas from the carbon-netal hybrid material. 6. A process in accordance with
Claim5 wherein said pressure in the vessel is reduced to about 1 psia to
200 psia to desorb said hydrogen gas. 7. A process in accor dg@myv%]dog Claim
1 wherein the hydrogen-containing gas 1is brought into contact wth said
carbon-netal hybrid material in a vessel at a tenperature from between 253
Kto 473 K whereby said hybrid material sorbs said hydrogen gas, and the

tenperature ingt |, sg@ﬁl ol AV as%ﬁﬂnmr L l.ysting the
pressure, ther gb‘gei)ééé%ﬁﬁ}ar%&id%g&hy r ggié]lﬁl 1g+§§&f%1?lom t e é%?%%)rr\lfa?r@?gl hybri d
mat eri al . gs isRoptced sdth saidaeeivorcmpaehybridmbaleablfor avdut O to 128indintienper at ur e

in the vessel is increased to about 273 Kto 573 K to desorb said hydrogen
gas. 40 24 May 2005 9. A process in accordance with Caiml| wherein said

hydr ogen- cont ai§i Agro@8Sinl apcGAMAHALCHE Oh iﬁéré’in“sﬁiﬁ%{hdﬁ%@ﬂal dd

material for about 0.5 to 120 mnutes. 10. process in accordance W th
Cl ai m 1 whetariah cgai store drdpweembtlabndhybrwtts hysitegenait gmbiest or mehreambient 0. 1

and 10 wt%@(tdrogei.n at anbi ent or near-anbient conditions of tenperature
and pr essGPEINNS Of ASPIAWERANG PTESSUTS dance with C aim 1 wherein said

carbon-netal hybrid material contains a bulk concentration of netal or
metal alloy, which conprises from1l to 80%on a weight basis of the
car bon- net al hybrAgrongsseini agtordare WitlpCladre dswheseinseidenaghantmetat bytirily hydr ogen

i -metal hybrid terial. whi.ch _hyhri i al '
aubstant | HSALPEes AEOIK SonshtSion it afih Sl mptl By PhER Birel e R)° °
conponent (£aP3kha wiighthasls o e/ cativacibRphy¥ridmhedaogen, said process

conprising bringing a hydrogen-containing gas into contact with said
carbon nmetal hybrid material within a storage vessel at a hydrogen parti al

pressure from 12. A process for reversibly storing hydrogen using a carbon-metal hybrid
material which hybrid material comprises a substantially graphitic carbon component
and a metal or metal alloy component capable of reversibly reacting with hydrogen,
said 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 20 psia to 500 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 about 1 psia to 200 psia
and increasing the temperature to between about 273 K to 573 K to desorb said

hydrogen gas from said carbon-metal hybrid material.
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about 20 psia to 500 psia and a tenperature from about 253 Kto 473 K
whereby said carbon netal hybrid material sorbs, thereby storing said
hydrogen gas, and subsequently reducing the hydrogen partial pressure to
bet ween about 1 psia to 200 psia and increasing the tenper aﬁ#’f\ﬁa #brqget ween
about 273 Kto 573 Kto desorb said hydrogen gas fromsaid Car gri= 18t al
hybrid material. 41 24 May 2005 13. A process in accordance with Claim 12
wherein after d43i# peenchom-aseerdincetwith Chiinrd2evhieagin abetsaidedrborhygtabgen, t he

hydr ogen rtial pressure i educed to et ween sia tao 50.psi,a _and the
tonper at ubgorid HerBhaSh® bR RIRER b8 oSl e BRsR s eliol e
hydr ogen gasvebh Mpkiico GArRGNantErtha kenhyepitht 5 Riceédsad to Bdwedn AELIS K ©
accordance with Claim 12 wherein sai'd substantially graphitic carbon

conponent 363 Ktthaleserb lamhydsezan gag Biondthegedonanetplhybad eeatedels r om t he  group
consi sting of graphite, exfoliated graphite, single wall carbon nanotubes,
single wall carbon nanocones, carbon nanocells, multi-wall carbon

nanot ubes, car honA pRsuesy inl adtordBsepatiDORIMANd whegdin pait Gubstaaiallgn ni cr obeads,
substantially, graphitized carbqgn soot, and m xtures, thereof. 15. A process

i n accor d&FPBItR qaRbary eemRRorEn Rk thei sarhor-meRbhabrid siatesind it selecteddrom the
car bon- nme A = - et n Al i, i jal
ol oot ed_ ERPBRCRRBE Bapfite, 3 fdalds fopifle, B A cROORTRRIBLMRS] 1,
Zr, Nf, Vwallbcarban marthcomdsxtoartes tnhescet$, nhbti-whlprearbeas namtalesorchebone Wit h
Claim 12 wherein said hydrogen can be tored within said, carbon-.netal
hybri d e BRI, FESORRTON 8 FHFTOROTIMS ice%osfmm@a@%fsaﬁ%am}afbﬁ gappiltidhed.
17. A proggsssn kdbidaRonganeemtdp C ai m 16 wherein said carbon-netal hybrid
material stores between 0.1 and 10 wt % hydrogen at ambi ent conditions. 42
15. A process in accordance with Claim 12 wherein said metal component
of the carbon-metal hybrid material is a metal or an alloy containing a metal selected
from the group consisting of Pt, Pd, Ir, Rh, Ru, Os, Ni, Co, Ti, Zr, Nf, V, Nb, Ta, and

mixtures thereof.
16. A process in accordance with Claim 12 wherein said hydrogen can be
stored within said carbon-metal hybrid material for an indefinite period of time before

it 1s desorbed.

17. A process in accordance with Claim 16 wherein said carbon-metal hybrid

material stores between 0.1 and 10 wt% hydrogen at ambient conditions.
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24 May 2005 18. A process in accordance with Caim 12 wherein the hydrogen
stared in the carbon-netal hybrid material can be desorbed and recovered
on denmand by adjusting conditions of tenperature and/or pressure to
provide a readily avail able supply of hydrogen. 43 24 May 2005

18.A process in accordance with Claim 12 wherein the hydrogen stared 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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