; abe3eHELFn6TO; $WO 02/ 0~3. 1~ -1 METHOD FOR HYDROGEN PRODUCTI ON FI ELD OF THE
I'NVENTI ON 28" n November 2003 PCT/ SGOL/ 00137 This inventign y&babes24&s an
econoni cal i{ vj'?‘bl e method for produci ng hydrogen by the reaction %et ween
wat er ‘and"QPEH3ed carbon material. 5 DESCRI PTI ON OF THEPRESSYEIART
Hydrogen is one of the nost prom sing energy sources for the new century,
especially in view of the great progrdss made in the field of hydrogen
storage in the last three years. It can be foreseen in the near future that
the utilization of hydrogen as an energy source will be on the rise, and as
such, the need for fi NGERHORKOMINDBOGENARODICTIQN! e sources of
hydrogen is urgent. In the present tinme, there are four main processes for
pr oduci PO R9ETE mﬁsﬁ@ﬁal gas-water reform ng process; (2)

coal -gasification; (I eavy oil-partial oxidation; and (4) water

el ectrolysis. In the natural gas-water reform ng process, natural gas and

" steam are coThixdnventionaelis ié aeecdneshicaligoiisble mEA® AR plodsting Wlfdieh By

usual ly .a nfib(%kel Rgesed conpgsitjon, is placed in the reactor. Theé reaction
i s car r gJeasitonbetween syaterand prefopped earbenemategial 900 €. Hydr ogen, CO and
smal | amounts of C02 are produced. The CO which is produced fromthis

reacs i ODESCRIGIMTON G30THE REINFED ARt or wherein the CO reacts with water
at 300 to 500 C to produce hydrogen and carbon di oxi de (al so known as the
,wat er-gas shift reaction). 20 Currently, this is the dom nant process for
produci ng hy #yéeean us eenei af ithel manst promisirgh energyl sogeces ffoc athé arwpCORESS

coal , . are uysed as the feed stock. The operating :
¢ emper aphPsafg e SE P el SEoa Ry made offe 18,05 uAasa stoarison Weeki de
are prothieegedrs) Thean BagiresRn ih thOhes' fuhfe Itﬂﬁ&ﬁ@%ﬁli&&hﬁ/b?hfcgogén Ry g ogen,
t he carbon nonoxide is fed into a shift reactor when the carbon nonoxi de
reacts SISy seures wilbboonthy risepad a3 surhathe needfonfindiog indw. andheeonmpizally

reagsi o r - + 02 -; CO + heat; coal + H20 + heat -~ Hz
¥ Cpé; an bl%sg{?@%%@&g‘m}gﬁ%”% Noverber 2003 PCT/ SGO 1/ 00137 CO + H20 ~
C02 + H2: ~water-gas shift reaction). Since hydrocarbons which are heavier

t han napht halw éenptesére timedthelier aret foyr wie prodessesafor pro®icgThidopELc@FSs t 0

roduce drogen,  the heavy oil - tial oxidation process
P naqxrali ggs-water refonnmgyprocess;p(% coal-gasification; (3) ﬁeavy oil-partial oxidation;

and (4) water electrolysis.

In the natural gas-water reforming process, natural gas and steam are co-fed into a

15  fixed bed reactor. The catalyst, which is usually a nickel based composition, is placed in
the reacfor. The reaction is carried out at a temperature of between 700-900 °C.
Hydrogen, CO and small amounts of CO, are produced. The CO which is produced from

this reaction, is forwarded to a shift reactor wherein the CQ reacts with water at 300 to 500

°C to produce hydrogen and carbon dioxide (also known as the ‘water-gas shift reaction).

20  Currently, this is the dominant process for producing hydrogen used in industry.

In the coal-gasification process, coal, water and oxygen are used as the feed stock.
The operating temperature normally surpasses 1200 °C. Both hydrogen and carbon
monoxide are produced in the reaction. In order to increase the yields of hydrogen, the
carbon monoxide is fed into a shift reactor when the carbon monoxide reacts with water to

25  form hydrogen and carbon dioxide. The major reactions are as follows:

coal + 0; = CO+hest; G

*[66166*

LT

*G00002*

coal + HyO + heat = H, + CO; and




has been conceived. In the heavy oil-partial oxidation process, heavy oil

is allowed to ~' 5 react wwth a m xture of oxygen and th | ‘
presence of a catalyst at a tenperature of 600 C. This \rﬁg %ovgﬁ‘mb%b??m%l SO
occur wi MO8 H atal yst at a tenperature of above about @@1)’&?}1}3
electrolysis of water is suitable only where cheap electricity is

available. In this process, hydrogen ré-produced by the direct pyrolysis of
water in a battery cell where 10_hydrogen and oxygen are the products. 2H20
+ 2e' -~ H2 + 20li- - cathod€ObEe®iBCR0orH: wampp-gas shifizenctionhode reacti on
H20 -~ H2 + %92 - cell reaction The cost of this process is conparatively

hi gher than (digeObhGbsabBVEKRE dDRER b SpdP b IRALEROPEL N ELBN B 0N The

devel opnment of nore efficient elenents. hea

met hods thewageraeferining prodessgo mrodive rhydaugen sthe dieavy bitqlanil @gidsion Process

devel opnent, whi ch are promn sjng. e of themis the thermal _cracking of

nat ur al r%ésb%iceﬂc%‘é%d'thbm"oi“?agw Q%P%%!c?ﬁl 1ocpreResscheavy; oitis  aliewed fhe ‘
oper at i NgadtQARLS Alikfufe bP A i Jolom formed
as the pr%duct. The 20 cgr On%glpg%er%ﬂr@h%@eg%ﬁ}té%g%%&géelgstggaﬁu BTQJS@%;QFa
conponerfioli %¢. 1 Thiskeantiopawill alsd behmsvillmaha saglyst beal témpératube of Hesverdbout
cracki ng %bogatural gas process is conpetitive with the natural gas-steam
reform ng1 rgtess. Each of the above described nmethods for producing
hydrogen is too inefficient and V costly to conpete with other sources of

ener gy curr erfeyelasteily€ilo€ waldtus suftl€ ohly Whét8 %ﬁezgp élcctri%gsfis BYAGSES [\E}Er
pr oduci ng, hydrogen which is nore econom cal. BRI EF SUMWARY OF THE | NTI ON

The pr edBistProeess dtydengeniis produged by thedirpetipyrolysisofimeatanin 4 battevy cell svhere 9
hydr;gage IS i y@%er with a preforned carbon naterial. Thiis
preflgr n&ﬂg&g&gﬁ&@%ﬂﬂ%ﬁ%ﬁg& 003 WD 02J0O 13a~ -3 PCIT/ SGO 1 /00137
material is prepared by the deconposition of a hyarocarbon in the presence
of a netal catalyst. The inv2ii0 e2ei © H) $20H awhthbae seadBédiod of produci ng
hydr ogen conprising catalytically deconposi ng hydrocarbons to form hydrogen
and a preforned carbon 5 materj.al, and step of contacting water with the
preformed carbon materi al tofégr'r'n’ @#J%?Q]:m@#?,re%ﬁ%nco According to one
aspect of the invention, nost of the preforned carbon material is in the
form of carbon nanofibers orgaRetyhego téy rat@dyst particles attached to
one end of the fiber or tube.

The cost of this process is comparatively higher than the others, however there is

15  research being performed on the development of more efficient elements.

In addition to the above four methods for producing hydrogen, there are several
technologies in development which are promising. One of them is the thermal cracking of
natural gas which has the following reaction scheme CH; = C + 2H,. The operating
temperature is around 800 °C with hydrogen and carbon black formed as the product. The

20  carbon black can be further used as fuel or as a component in‘ink or paint, It has been
suggested that the thermal cracking of natural gas process is competitive with the natural

gas-steam reforming process.

Each of the above described methods for producing hydrogen is too inefficient and
costly to compete with other sources of energy currently available. Thus there is a need for

25  aprocess for producing hydrogen which is more economical.
BRIEF SUMMARY OF THE INVENTION

The present invention, in-part, is drawn to a method for producing hydrogen

comprising contacting water with a preformed carbon material. This preformed carbon



10 Additional features and advantages of the invention will be set forth in
the foll ow ng descri ption, and in part wll be apparent, Erhc&[gv%,l;\ger 2003
descri ption, may be | ear ned by practice of the invention

vari at'i 0%08?/343ébn5| dered to be within the scope of the i R¢EMGIHO1IBRI EF
DESCRI PTI ON OF THE DRAW NGS 15 Figure 1 is a TEMinmage of the preforned
carbon nanofi bers or nanotubes; and Ftgdre 2 is a mass spectrum show ng the
amount of hydrogen, CO, and Q02 formed at various tenperatures. DETAILED
DESCRI pmm@qsm@arWMhﬂded'mqmmlem a ihyusoehrbon innhk yeesenée 6Bk hAgtal or

pr odu0| %}(dr ogen by the reaction 20 between water and prefornmed carbon
mat eri al tat a tenperature of about 300C to about |000C under 0.1 atmto 100
"atm pressure. The nmethod further conprises a step of contacting a

hydr ocar bon Ihehirventidralis tatsof drawrt lie a0 apfivdred Eadian: Eh%rbﬁl'com ing

i nvention Iso i n¢l udes a nmet hod of produ0| ng hydrogen corrprl sin

“catal yt |‘@ aHIéc&WBB‘QPﬁQg hiyyrrecashansnto terrmdn)rﬂr@ganr egéra am:lfoanpd afadvane d-

car bgn eral @{tﬁﬂ f er wt the for

car bgn %ng%tltgﬁlalah&afgép dOtac ro gwﬁﬁgkﬁ W‘%’H@ P rtﬂog’Eml

mat er i thydmgan;@@s,aaﬂ(]@ast 20 wt % car bon nanotubes or nanof| bers bonded
to a netal . Preferably the preformed carbon material conprises at |east

WO 02/ 0: 13a5 5‘? Novenber %003 PCT/SGA / QU137 ' 50 wt % car bon

nanot ubes or %%?H g i ene 25Raet Pl vension most of the preformed carhen plamlmed
carbon R f om 00:1
Co 1 10 TR fof aPErten Heh iberP bl MnBlubGe: R SalafysfBhrBolcl ARNAS 1o AN T ¢ o
100: 1. thefikenagitulidhi ch i s bonded to the carbon nanotubes or nanofibers is a
transition ~ ' 5 netal which optlonally contains a support. The transition

met is prefg nenber of the ic table, and the
supg(k))rt is pre#@&%ll?egtggg ?ré(g afl‘(ﬁ?é%ﬁ L H‘VGB“%'F ge(ﬁet zfpﬂléllﬂn@eearth
oxi des, foRewingalebdtippiohdam indaleabill mﬁs&m froh ﬁédezdz{g@n%ﬂ' S iy bé Bél Hegx! de
zeolltes al um nosjljcates, alumna, ‘and m xtures théreof ative
wei ght roXtRractice of tee muppsione These Mariatioas sietdonsidaretiab be sviftfn thet snoﬁe af the

Pref er ab) Vu, [)He transition metal is nickel 10 or cobalt which is supported
on either rragne5| um oxi de or | ant hanum oxi de. The hydrocarbons useful in
the formation of preformed carbon material are selected fromthe group

consi st iIBRIEN DESCRIFTION OFEHE BRAWENGSar omati cs and ni xtures thereof.
Pr eferabl y, the hydrocarbons are Cl-Cl2 al kanes, Cl-Cl2 al kenes, Cl1-C6

al k and C tic h ocar,bon S The_activity of netals

varl es depeng%ead%ﬁrrml@%ﬁfs‘iﬂé‘? E’equﬁ’teaé'&” manofibers,or nagophes; anfli gher
activity using CH whereas Fe has a higher activity when using C2H5. In the
step of cont &gireQ ifla Muds SRRiBAThYWIE the BRbAAt dfhylRIgEh! 66, MEEO] fhrfhegar PON

at various temperatures.

DETAILED DESCRIPTION OF THE INVENTION

The present invention includes a method for producing hydrogen by the reaction
20  between water and preformed carbon material at a temperature of about 300°C to about
1000°C under 0.1 atm to 100 atm pressure. The method further comprises a step of

contacting a hydrocarbon with a metal to form the preformed carbon material.

The invention also includes a method of producing hydrogen comprising

catalytically decomposing hydrocarbons to form hydrogen and a preformed carbon

25 material, and a step of contacting water with the preformed carbon material to form
hydrogen, CO,, and CO. '

The preformed carbon material comprises 4t least 20 wt % carbon nanotubes or

nanofibers bonded to a metal. Preferably, the preformed carbon material comprises at least



materi-al, hydrogen is present, and optionally other reductive or inert
gases. Preferably, this step is perforned in an oxygen- pgar .
Mor e preferabﬁé, oxygen is less than 5 20 wt % of the ga?gﬁéggég?ff%%?fChce
the pref 8YORHOBAT bon material is forned, the hydrocarbon f /00137

di sconti nued, and the prefornmed carbon material is exposed to an excess of
wat er thereby formng hydrogen. Under-4he conditians in which the hydrogen
formng step is performed, the water is in the formof steam The

condi t i §Asvi%Greathvnsnaspmbes angenofibors IRDAE! tova atemit In2#herORGds, the prefOerdedat m t 0
100 atm__Preferably, the t rature.ranges from 400-900C and the pressure
is 1 to BYORRreHa hes ﬁé“%\%’engaetb"f 0 SWng}gt'ffE{aLF@W&r@&%aiﬁeﬁg&%@ef’il% and
the cat ®ryfeiably] GRAABIAS Htio T cafbonad et iSRoASI00B1 BSIGRI Med in either a

bat ch or continuous process. Preferably, the catalytic deconposition of

water step is performed in a continuous process 30 at a flowrate of 1 to
5,000 rnl/mi iBggnetal which ispbandad ito dhe earbon Ranetnbssy eranamofibersris m ttansitioACT/ SGO

1/ 00437 =+ A~ERibh sardndin Rt . . r_hour_pe ram
catalyst . ‘gﬁibgogtéératf%rg ‘%fn F"{ullszrrgQgptphmét gg a %ﬁg%&%?a&%ﬁf%ﬁﬂgé‘ﬁgﬁbpg ?ﬁe
acti vi t Yoroap VAH oftheyserividixd table] ahl dhe stypdoytsis prefeysly deleoted fitrh BE Thef
pref ormed carbo erials are obtained by the 5 catal ytic deconposition o
hydr oc at"B%%m}grPr}tqﬁgﬁ‘HP éé@ﬁ ©O&146$, rarg %@&Q&Sm@lhﬁmﬁ% sipg, @ifconife ypriumor ned
car bon ri | .| i ; | G AR .nost. of . .1 he
mat er i allmiids:?’ ikﬁdlttctﬁég%%?%&cﬁlbdg%g;ggﬁﬁlﬁ%no I bers 8%5%@3%%2%&“%‘3'%%% g‘mc?f t he
car bon ofithefsuppors toothe transitioh @wetalds 20:0 o 2: 1t BrelfSrabR)thertransitioh areedlas niekeél nay

be 38 to 10[? m'ﬁ.rgns in Ie(ggt h., Through careful observatign it wag reveal ed.
t hat Yt hQF §o%alt whigh i3 supposted p. either magnesipm oxide prdanthanwm pxides or nanot ubes. . )
This particle is the transition netal based catalyst. The size of the

catal yst par tihe/t§ardcarbdns Wedthin ke fRafeTsE dﬁéf&rﬂﬁd ChrdBE hibdierti afd WeldefidOON
nanofi bers or nanotubes. once the prefornmed carbon materi a? containing the
nanot ubdiomy the graypi desisting of sdkanes raligpaes calkyres, groutitics and miktungsdtherpefi can

begi n. ic d | K f 20 f h i
it a CAEBbA M GREIRAY G- P E CaryiERes et B Cobver
at the deashitichydes@afionkur e and pressure. Figure 2 is the M5 spectrum

show ng the anount of products forned, i.e., hydrogen, carbon di oxi de and

carbon 25 nonoxi de,, at _specific reaction tenperatures. |L can be seen that,
at teénper at urd€ asHyigohostals vassedepending upaihthe substrate Eorsuemplst Nivpd Cogen,

carbon gRpQ P.'lgqlx@r ﬂﬁgﬁitg %@%&3%@5&@% }féoﬁastaklﬁ%ﬁ&%ﬁ Whén ﬁﬁﬁg g?ltﬁes 400C, the

intensity of Tcar e begins to I ncréase. drogen’s ¥ to form at
30 around 450C, and at 550C both carbon di oxi de and hydrogen reach an apex.
At above S50dn tlgGehaf centadlingi byslrscasborgwith ANEMEHD fBidre piefodndd carbon

material, hydrogen is present, and optionally other reductive or inert gases. Preferably, this

step is performed in an oxygen-poor atmosphere. More preferably, oxygen is less than 5

R

20  wt% of the gas composition.

Once the preformed carbon material is formed, tile hydrocarbon feed is
discontinued, and the preformed carbon material is exposed to an excess of water thereby
forming hydrogen. Under the conditions in which the hydrogen forming step is performed,
the water is in the form of steam. The conditions for this step range from 300°C to about

25  1000°C under 0.1 atm to 100 atm. Preferably, the temperature ranges from 400-900°C and
the pressure is 1 to 80 atm.

Both the step of forming the preformed carbon material and the catalytic
decomposition of water step can be performed in either a batch or continuous process.
Preferably, the catalytic decomposition of water step is performed in a continuous process

30 at a flow rate of 1 to 5,000 ml/min-mg carbon. In other words, the flow rate is from 10-



PCT/ SGO 1100137 2~ec~~' ~1~~~-il 2002 1 -5a drop. The conpositi '@E h
.carbon-contai ni ng products Strongly depends on the terrp%ig;t req%ﬁr .@37
rati o. An excess of water favors the formation of carbon EEQ?@ A 2002

found that the purified carbon nanotubes or 5 nanofibers having the

catal yst particle renmoved produce very little hydrogen at tenperatures
around 800C whereas the carbon nanotubes or nanofi bers of the present
in\(e-qti on contained in the catal yst produced nore than a hundred liters of
hydrogen from 100 m | ligrans of nickel based 10 catalyst. It is well known
that the dioen0 mdaperoholetpeegramt eat alybtcar Buraceoesrimat enxfi al s (such as

wat er - coal _reaction _apd t er - cok requires.,t ap ur es. e as 1200C
to overcon%”ﬁVElﬁlBEchgﬁb\%s\@lf Fic,&tl.v 3%%/ 5@9%%7%3%%?2%8%&%1\/ nﬁg% %03

PCT/ SGOL/ Opdgpeheadae i ghdt ties madylgetcréayciet floet feenherargeant s and
products. The dramatic drop in the required reaction tenperature of the

i nventive process i §,duge t he, pr.esenc A nsy ttached
at one end of the cipﬁoﬁr%g%%? ecsia%%ﬂ?tt %u%r a@'%né%o%%%ﬁé’glrt?? it is
presuned tbatala celdecbupos it ord off hiyleot&ibonsb impkbe upreserticer @aft s with the
surface of _t transition netal. base talys d i ng
weakens orC%Q%jr?'sotrséaké‘hedﬁ?ﬁ% OIﬁga’nﬁ’gmgﬁ%hp%?éedrﬁggr Sépﬁ?ﬁ"u%s%&g t%‘lni(rgoughout

t he body olssstidwcerofFigheecat alitsicapabei seées tdrzet meattofitthke O to form C02
or CO. Subseguent]ly, two F( a%oms \g:a'fll gorrbi netfﬁ et her anrcli flﬁarrg H2. Low

t enper at ur BREFEVAT 1hd T 5PRat?Th Bt BHIMETEHIRTR % fhpef AU &S f avor CO
due to therhgusiidrdfunrheecaatbomn naHdfib2€h or Manbtiibas+ikeftom [0 tiche first

step of formng the preformed carbon materia t.ne deconppsition of the
hydr ocdborf0; & i} r‘ﬁ@ﬂ‘eﬁﬁF 3‘?‘531‘%' 5 T@OB"C{,OS ST8PE &P abTiF M om 400 t o

900 C. The pressure of the deconposition reaction is from0.1 to 100 atm
and preferably fromthroagOcatefull mbEeevatbomt itofwalay drogehedashaised in the

first step is very snall conpared to the angoupnt .of hydrogen gas produced in
the secondERER. *FrMPFBOPRFELFLT difs OF AraKel BReSdTBRCAIGEES 00
mlliliter sahstalspl r athilOphPEUEE: tihe that akysdé it s wetam bhsedane 100
mlligranms of reduced catal yst _caontai ni ng tens of _grans of cagﬁ?n

nanof i ber s S253LYs4%00 The 81220PL HiRA SFEALEFE ?)?Brd’lfcl%d’ WPt ROETe It has
been observed bhad ddhaneaubanep@t &if ahel saZboft GO ber8 bhe reaction based
on the follow ng observations. First there is the production of the carbon

cont ai ni ng™PRFBBR®t s C02 and CO. Second, .the weight of the carbon sanple
dramatically drops after the reaction. The foll owi ng specific exanples are

provided to illustraid tel prepbimed darbohl haberigldecstaddindosiever, that
the specific details given in each exanpl e have ‘1?63:3‘ sel eﬁt ed. for 25
4

pur poses of#APFYREP a?’?d}?%#&bﬁ?:é B ReSTHBrEBREE Ca®TPRECH AT t At i ons of
the inventinaroEXAN®A® Begin. The catalytic decomposition of water to

20 form hydrogen is initiated by contacting steam with the
catalytic preformed carbon material at the desired

temperature and pressure.

Figure 2 is the MS spectrum showing the amount of

products formed, i.e¢., hydrogen, carbon dioxide and carbon

25 monoxide, at specific reaction temperatures. It can be seen
that, at temperatures below 400°C, there is no change in the
amount of hydrogen, carbon monoxide and carbon dioxide. As
the temperature surpasses 400°C, the intensity of carbon
dioxide begins to increase. Hydrogen starts to foxm at

30 around 450°C, and at 550°C both carbon dioxide and hydrogen
reach an apex. At above 550°C, CQ; has a continuocus slight

AMENDED SHEET
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In the first-step, 30 mlligranms of Ni catalyst is supported on nesi u

~ oxi de suppdrt. The Ni/MyO catalyst is placed into a reag ggg! /9%137
bl own over the Ni/MJO catal yst as the tenperature is rai

hydrogen gas is discontinued 28t" Novenber 2003 WO 02/ 013a5

PCT/ SGO / 00137 and CH4 gas is blown over the catal yst for about hair an
hour, thereby producing the prefornmed carbon material containing nostly
car.--b$)n nanof i bers or nanotubes bondedsdo the Ni/MJO catal yst at the ends of
the fibers. A TEMimage of these preformed carbon nanofibers or nanotubes
bonded todtrbp.N T}h@ﬂ:@@fa&lm&bnaﬁtm enabonf cdlea fiier prodocbe 5 seen in
Figure 1. In react or i sconti and _an excess of steam
is bl own WéPHQﬁ% % 3 EQ?b%?‘F‘ Pl 2 ‘flnlg‘g) CCr?ﬁé?eb?‘rbroduci ng
hydr ogen, etc@sandf Gt dxX FaRbes2thd fodnatdbansf ofa¥bd &ilogddeed Co/ MyO
catal yst are placed into a reactor. The 10 tenperature is raised to 600 C
and C2H4 i s added f )] abo e hour.. Both dro and ref or med
carbon materials are p"‘faosduoualg "i'ﬂ &mpugl |scon?| ue a&,%gug ea??nrl s added
above tdie namefobers hmhh@ tlhiBt eatalyzsmcymunnegrém@/mucat akygt. The

el vo n-- YR’ BudStace) St bRr 4C R Bt B B CHERG Kot ogen

conpri si NnGga@bdhefanbt @wY aat nagdorabers Wi ha ﬁféé@zﬂm&dnf‘aaiﬂi&ﬂ material at a
tenperature of abou 300C toﬁgbout 1000C under 0.1 atmto, 5 100 atm

pressure, SHEALPR th’é R GEALAE PTAPGRE BPFEI ERYMf | r2f | east about 20

wt % car bon jagat Bbeﬁy@fogi@ﬂfffrb&elﬁo h&fﬂqq;r‘aﬁlsaoﬁ'eﬁﬂl'kﬂnd:a@é@ pr ef or med
carbon material is produced _hy deconposition of a h%éjrocar b%n in the

‘present® dRtEd¥stet aft 1% “QallTI‘?@q'fﬁt € AF ARG tT°2T M PEEWRERei n the

hydr ocar bapted an8ebgebsithdddud hiteBIALP @RS ki Mg of-@ddtanes, al kenes,
al kynes, aromatics and m xtures thereof. 3. The nethod according to claim

1, wher ei rrqaseion andi atex1coke) t reAUHes s CafReEREVEED AT SRRty 2Fr esent on a
15 supportizgoec to overcome

AMENDED SHEET
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4. The nmethod according to claim3, wherein the transition netal is a
member of Group VII| of the periodic table. 5. The net h(&%mq@oq,gh%pgoéé)
claim3, wherein_ the 20 support is selected fromthe group consisting of

al kal i ne WA des, rare earth oxides, alkali oxides, SiIVREPVOOLYconia,
yttrium oxide, zeolites, alumnnosilicates, alumna, and m xtures thereof.

G The nethod according to claim1, V\,hér-el n the 25 tenperature is 400-900C.
7. The nethod according to claim1l, wherein the pressure is 1 to 80 atm 8.
The net HB8 h!ﬂ'c‘@?@i‘?ﬁb’“ﬂ@lfawﬂ%betmemt@cmts mucpreducvshe'ﬂm dratdatic kys}y ingthe i S

d A DED SHEET | PEA/ AU ' No ber C
Er1? 03(132 ecel veéﬁ%}] R&g‘ﬁ ?ﬁ%&fﬁ e Inyentye Rocestets,due é‘?:éh? cﬂr%mﬁ%%%rﬁle one

of cl ai neandition metaltRERddations ehd 8f B8 @Arbof nEhGENELd i N a continuous process.
10. The method according to claim1, wherein hydrogen is produced in a

cont i nuous erQ, ss at a flowrate of 1 to 5 5, 000 m /mn-ng carbon. 11. The
net hod accord ﬁgo‘ﬂtob'?ﬂl&l m@t%mP@bﬁﬁﬂerdbﬁr%@@cm Qb.lu(t@?tlalll{ﬂles

Cl- C§x2 , I arb The

ot had anSRRREineehcls i Ritkece ¥R inC Hatelfion? O afed YHAREC a0 W it i

i s suppdmmddlgcmemnmmr e\rmgneesksu iGatbondatoms whict mrmm\b@%ffﬁsedltﬁmuﬁheutr‘iﬁé hod

accordl to c 1, ﬁlrel n f prefornmed carbon material has a nol ar

rati o of (‘?Xr BBﬁ“{r’Pﬁc%éig e S8Ry S1809 0629t with) Ordo foxmy £O0:Tie8 66 hod
di Wi6ihs T8 Ll ses at

accordl 'B!lb%% Caﬁ%%ﬂ W]lltcgﬁlbﬁfeett)gétg@rda:ﬁﬁfer i O% %8%) rrlén[p 1%%%%? avgr

| east 50 wt9 on nanot ubes . or nano

net hod dhe foration afjCOy dvhilpdhigh temperatunes favat €0/ duectalthe eqielibrima sedition:
hydr ocarbons in the presence of a ZO netal to form hydrogen and a preforned
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the hydrocarbons is carried out at 300 to 1000 °C, more prefcrably from 400 to 900 °C.

The pressure of the decomposition reaction is from 0.1 to 100 atm, and preferably from 1
to 80 atm.

15 The amount of hydrogen gas used in the first step is very small compared to the
amount of hydrogen gas produced in the second step. From 100 milligrams of nickel based
catalyst, 100 milliliters is required to reduce the catalyst, but from the same 100 milligrams
of reduced catalyst containing tens of grams of carbon nanofibers, over 100 liters of
hydrogen are produced with steam. It has been observed that the carbon material is

20  consumed in the reaction based on the following observations. First there is the production
of the carbon containing byproducts CO, and CO. Second, the weight of the carbon
sample dramatically drops after the reaction.

The following specific examples are provided to illustrate the invention. It will be
understood, however, that the specific details given in each example have been selected for

25  purposes of illustration and are not to be construed as the limitations of the invention.

Example 1

In the first step, 30 milligrams of Ni catalyst is supported on magnesium oxide
support. The Ni/MgO catalyst is placed into a reactor. Hydrogen is blown over the
Ni/MgO catalyst as the temperature is raised to 700 °C. The hydrogen gas is discontinued
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of contacting water with a preformed carbon material at a
temperature of about 300°C to about 1000°C under 0.1 atm to
100 atm pressure, wherein the preformed carbon material
comprises at least about 20 wt% carbon nanotubes or
nanofibers bonded to a metal and the preformed carbon
material is produced by decomposition of a hydrocarbon in

the presence of the metal.

2. The method according to claim 1, wherein the
hydrocarhong are selected from the groﬁp consisting of

alkanes, alkenes, alkynes, aromatics and mixtures thereof.

3. The method according to claim 1, wherein the metal
is a transition metal which is optionally present on a

support.

4. The method according to claim 3, wherein the

transition metal ie a member of Group VIII of the periodic
table.

5. The wethod according to claim 3, wherein the
support is selected from the group consieting of alkaline

earth oxides, rare earth oxides, alkali oxides, silica,

.zixrconia, yttrium oxide, zeolites, aluminosilicates,

alumina, and mixtures thereof.

G. The method according to claim 1, wherein the

temperature is 400-900°C.

7. The method according to claim 1, wherein the

pressure is 1 to 80 atm.

8. The method accorxrding to any one of claims 1 to 7,

wherein the hydrogen is produced in a batch process.
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S 5,000 ml/min-mg carbon.

11. The method according to claim 2, wherein the
hydrocarbons are C;-C;; alkanes, ¢,-C,; alkenes, C;-C¢ alkynes,

and C;-Cy¢ aromatic hydrocarbons.

12. The method according to claim 3, wherein the metal
10 ie nickel or cobalt which is supported on either magnesium

oxide or lanthanum oxide.

13. The method according to claim 1, wherein the
preformed carbon material has a molar ratic of carbon to

metal ranging from 10,000:1 to 1:10.

15 14. The method according to claim 1, wherein the
preformed carbon material comprisés at least 50 wt% carbon

nanotubes or nanofibers bonded to a metal.

15, A method of producing hydrogen comprising
: catalytically decomposing hydrocarbons in the presence of a
20 metal to form hydrogen and a preformed carbon matcrial that
comprises at least 20 wt% carbon nanotubes oxr nanofibers
bonded to the metal, and a step of contacting water with the

preformed carbon material to form hydrogen, CO;, and CO.

16. The method according to claim 1, wherxein the
25 carbon nanofibers or nanotubes are from 2 to 500 nm in

diameter and up to 100 microns in length.

17. The method according to claim 1, wherein the step
of forming the preformed carbon material is carried out at
300 to 1000°C and 0.1 to 100 atm.
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