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OF THE | NVENTI ON PCT/ SGO1/ 00137 This invention relates to an economcally

vi abl e n@igewhsdaar produci ng hydrogen by the reaction bet \wedrsGaaves7 and QS}
preformed carbon material. 5 DESCRI PTI ON OF THE RELATED ART Hydrogen is oke. -
of the nmpbst promsin ces_for the new century, especially in

vi ew of the great prgmlmmnnmmmmnn thfé field of hydrogen storage in the

| ast three years. It can.,ggyf0oreseen in the near future that the

utilization of hydrogﬁg; ob'F Y the rise, and as

such, the need for fin |'fhﬁg newéan eﬁg@fgﬁdng‘i‘\;@%l e sources of

hydrogen is urgent. In the present tinme, there are four main processes for

produci FEELPADPTHE INVENEKQNKal gas-water reform ng process; (2) coal -gasif
ration; (3) heavy oil-partial oxidation; and (4) water electrolysis. In the

nat ural gas-yaier reformn rocess, . nat ur d steam are co-fed into
215 T xea beBanafo relaies cfn ropanicay,viable Sehod B po G edndrondt
conposi Eﬁe%acti'oﬁbgivﬁ;%ﬁ%a'té}ahﬁgréf&?tféd%rarboﬁhﬁatéﬁﬁpt'0” is carried out at a
tenperature of between 700-900 C. Hydrogen, CO and snmall amounts of C02 are
prodgced. The CO \Ahiﬂ%'h'fhi Eroduced fromthis reaction, is forwarded to a
shifd r ARTth water at 300 to 500 C to produce
hydr ogen and carbon di oxi de (al so known as the water gas shift reaction).
20 Currently | S 1. e ) [ S gggtp' ed in,

I ndustry. Infph%gggéﬁ-‘%%s?fﬁgaﬁogir\pgd@gg s?r{eg%yalgg) wa gé}ggﬂr%g%‘g%eé re used
as the tgreiallyakiew ofl iR @parprdgreg maddir the feld bOhydtbish Storapess dse [RA00 C.
Bot h hydrogen and carbon nonoxi de are produced in _the reaction. In order to
i ncr eas &wehyears. lyganybe forasesndn the pear duRuse thatdbe wtiligation of hydragep ag amn; f ¢
react or | S : Mp\Vie) n and
car bon |0§? élé‘;}g“‘rﬁ’?i Prg?gr@{g?étqﬁ %%ﬁ%&m‘gg&%‘f%@&ﬂﬁ%ﬁa&@&ﬁ -~ + heat ;
coall0+ WiBletsonmas of hydr@gen i€Grgeatnd WO 02/ 04345 -2 PCT/ SA1/ 00137 CO + H20
-~ CQ2 + H2. (water-gas shift reaction). Since hydrocarbons which are

heavi er than_napht ha nnotthbe used directl undgr th«%1 watg{yref or nj\ng
process to pi Breﬁﬁfgr BB HAUY A0 PTEESPYSF aPt BIACHERS drogsBe has
been coRg®ial @ds-walkr réfofmiPaadcell;! (2P 8sdligatifieaticha (3 Ykbaby VfSutial DRfM¥oRl | 1S
allowed to 5 react with a m xture of oxygen and water in 'the presence of a

cat al ysand(4)avatarelestralysise of 600 C. This reaction will also occur without a
catal yst at a tenperature of above about 1100 C. The el ectrolysis of water

i's suitabl A i ' I ' : ,
g ogen 1o 1 i HARGACESARAR, S1fidd Goboks, SariiP b Beeahl areltoieoREE
whels 16@ixby ed gotonn Thexu@hist, avkick Beaspalhyda aickel Bdsed compesition;ifs pladéin -

cat hode reactiron 20H -~ %202 + H20 - anode reactior} o
the reactor. The reaction i1s 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 CO 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:
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coal + H,O + heat = H; + CO; and *159159*




H20 ~ H2 + %02 - cell reaction The cost of this process is conparatively
hi gher than the others, however there is 15 research being perfornmed on the
devel opmyg o2afsz4¥or e efficient elenents. In addition to tiETHEGIVOBOUr

met hods for produci ng hydrogen, there are several technologies in

devel opnent which are promsing. One _@f. themis the thernmal cracking of
natural gas which has the follow ng reaction scheme CH4 ~ C + 2H2. The
operating tenperature is ar g i on bl ack forned
as the product. The 20 car b?rgblfg%%%%gi?%@{eﬁ ?é‘%tg@geaggﬁ uel or as a
conponent in ink or paint. It has been suggested that the thermal cracking
of natural g&dngsrhysicecartions wdigheare theardemsham naphshs canmotibe ysexl diteellynundéror ni ng

Pret T oifiselir drotzaihe PRoSs B RERbAC rdibisn e tedty Bigatfal StidAicR Btihenne  ,°°
avai | ablpgs bdéi!GoridaRieg. 18 the me@g mmiial axiaawEﬁmé@r hw&%dap iSldwed Roen
EF SU RY OF TH T

which is nore econom cal. BRI } | NVENTI he present
i nveft i geact mithpamixturenfpxygen angd watprinithe presenosraf dueatalyst lay d tergparaturnel | si ng

w0 021 08 5T+ Pt ekl 3 E16 B AR B s erdpbrined BLAAGRGLPH on o
a hydroqao®e@ in the presence of a netal catalyst. The invention is also

drawn to a method of producing hydrogen conprising catalytically
deconposi ng nd a preforned carhon 5

drqcarpbops to form hydrogen
material, an chﬁPy(ﬁs foa‘mtam W&a&ﬁ["gﬁ’ Wi%?‘ﬁ cheep plegtrigiydsiavaileblen YBat eri al
to form 1 3 i i on,
st of I esy fyidgen RiHtodickd By 1! it oy ML REC Phatepl YRR [0
or Afnothydmgemandoxymen bsesthe prducts] es att ached to one end of the fiber or
tube. 10 Additional features and advantages of the invention will be set
forth in the foll owi ng descripki.o a i art W, |l be apparent fromthe
description, or may be |ear Rgg Bi'y?e;)r'%l@gﬁ' - cfhode FRAEHeT on.  These
variations are considered to be within the scope of the invention. BRI EF
DESCRI PTI ON OF THE DRAW NGS2051 = 0,6+ 8,0 S afodeEbadtiezroge of the prefornmed
carbon nanofi bers or nanotubes; and Figure 2 is a mass spectrum show ng the
amount of hydrogen, CO and_C02 formed at variqQus tenperatures. DETAILED
DESCRI PTI ON' OF THE | NVENTI OR@12 Hab&éht cellyeastionmn i ncl udes a met hod for
produci ng hydrogen by the reaction 20 between water and preforned carbon
materi al at QIIBE r iRl Offery to 100
at m pressur ea‘h%he n%%ﬁ ?%E;s% I?%%Hﬁcponpri s);egggggtﬂselba%f cont ac elvgrg&ng?etfy
hy did6c aréssarchibeingperfotmdd arothe devalopmen offmoreafficientrdlementst eri al . The
invention also includes a nmethod of produci ng hydrogen conpri sing

car bon 25 i ARGROR 45 (RSN 85 Ffiins 56k reibing R er. thee prBtvala
carbon nghfislogies i dévelopoienthvaith are isif@ dORBof them B 1eS MefR4l ¢

f
material conprises at least 20 wt % carbon nanot ubes or nanofi bers bonded

to a netauralgastwhigh|hps the, follnwang reastion sehame fllseri € + A Thecoperatingeast
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



WO 021 04345 -4 PCT/ SGA /00137 50 wt % car bon nanot ubes or nanofi bers bonded
to a netal. In other words, the preforned carbon material has a nolar ratio
of carbogoRdRisal ranging from 10,000:1 to 1:10. Prefer 20WpGot/HM3To| ar
rati o of carﬁ)on to netal is from5,000:1 to 100:1. The nmetal which is
bonded to the carbon nanotubes or nangfibers is a transition 5 netal which
optionally contains a support. The transition nmetal is preferably a nenber

Fr om ¢ neral i shaRa Y] R eSahlhion BE8 tdFochitRRCR' o DR P T pydl o' o
C

al kal i , Silica, zirconia, yttriumoxide, zeolites, alumnosilicates,
al um na, and m xtures thereof. The relative weight ratio of the support to
the transition netal_. is. 20:1 to 1:1. Pre e(i%glﬂé, the transition netal is

ni ckel 10 or TasHAventign; ishalse dram dp: & dneiiod ol HEPdwRRs, B Gogerisme

| ant han q GRERRADOHS &b UorhN hidi8gdPTafiBt 4 QftefRfmBd fafioned.

car bon lr%aggta%bﬁaiﬁ’ g;ggﬁg@sgiﬁega#b?omot hewgtrloup %on%i stin ?‘} al kanes, al kenes,
al kyfies maerinkpandca siepl officohtactisg waterewith the prefomied, carbpe matenialctar Poms ar e
Cl-C12 al kanes, . Cl1-Cl2 al kenes, Cl-C6 al kynes, and C6-Cl4 aromatic

hydr ocai‘ﬂg‘?ﬁ’g‘.’nﬂc@r"?’i‘éégcti vity of metals varies depending upon the
substrate. For exanple, NI or Co has a higher activity using CH4 whereas Fe

has a hi gher sggbiduigd t JMeeBpdet bf theGRvéntioh, mbii@f HiereDImeQ BAbEH hiagerial is _
hydrocarbon with a netal to formthe preformed carbon material, hydrogen is

pr esent ,in hedfonmof carhon pansfibers or saneiubesavidy catalst pagficles attaghed te pagreid of; hi s
step is ﬁe 11;orrr:f-;\1)l i n an oxygen-poor atnosphere. Mdre preferably, oxygen is
| ess t hdPe BPSET /s of t he gas conposition. Once the preforned carbon
material is fornmed, the hydrocarbon feed is discontinued, and the preforned
car gn nat er igdditichab fostees dnd advaatages of ahe vinvartionhwilblbe $edrforthginhyier ogen.
Under the conditions in which the hydrogen, form step is perforned, the
wat er | Jollewingdescsiptionsangp past wifl deapparent fom t%ae%ﬁw%‘i%s PERAY i?ﬁg%ﬂfr%om 300C
to abouty ', 25 - 0-Thedd rfation ke 2bMiddrb Pl bAMtlin thé'Seps TP &eAl U €
ranges fbygrﬁg%égg%dﬂg%g{otnhg%?&essu?gﬁslosGIBt3 éo atm Both the step of

f or m ng ihveatipnef or med carbon material and the catal ytic deconposition of
wat er step can be perforned in either a batch or continuous process.

Pr ef er ahl [ i it f water step is perforned in a
conti nUMQMﬁNQﬁWQ to 5,000 mM/mn-ng carbon. In
other words, the flowrate is from 10 W O 02/04345 -5 PCT/ SG01100137

10,080 nl perpifne' i9& TEM afidgerdfahe/sieforféé tarbop firiofibenfor handtubdshendcat al yst
activity reduces, but the activity can be regenerated and the catal yst

recycled for further use. The preforned carbon erials ar tai ned. by
t he catal yt i F1gWearipaspass ﬁPPCB'Pmt@ﬂW %Bﬁgu?tr?fgﬁ °§?%§§QT@QSE$)28§F% st s.
The norp reformed carbon S materials is shown in Figure 1. It
can be s%glr’ﬁ%é?&’%s éo§f the material is in the formof carbon nanofibers

or nanotubes. The size of the carbon nanofi bers or nanotubes is from2 to
500 nm i DETAIREDDESCRIPTJODNORTHE INVENEEONN | engt h.

—

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 at least 20 wt % carbon nanotubes or

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



Through careful observation it was revealed that there is a dark particle
at one end of these nanofibers or nanotubes. This particle is the

transi tige JRifs based catalyst. The 10 size of the catapysisGpROdIBT! es is
normal |y the same as the dianeter of the carbon nanofibers or nanotubes.
Once the preformed carbon material coptaining the nanotubes or nanofibers
has been prepared, the production of hydrogen can begin. The catal ytic

deconpogi tign of water .t dr,o0en. s inifiat o] ont act .ng st eam
D whParbr Bl o SR RRR8 Le b Tt MosfiE Mool ot L e
and pr egEbéE matdrialhas A ndlak etid/Bf TRohr oMt Ydngéhg FmaNT000: Pito AFIHUCt S
formed, i.e., hydrogen, carbon dioxide and carbon nonoxi de, at specific

react i oRreferablg the ratiq ofcanbancto seate] is fram 5,8Q0: tnH¥: kit ur es bel ow 400 C,
there is no change in the amount of hydrogen, carbon nonoxi de and carbon
di oxi de. As ot | i 1 . carbon
di oxi de begi %‘E@%ﬁ%@%&ﬁmﬁ}%ﬁ@%@%ﬁﬁﬁ?{l gn ?tg&f%odrrﬁag@ ﬁi?a%%ﬁ%g t%&f)ﬁ@; and at
550 £ bniktal odidhooptidnalty dentsinsla lsysivooly The tranasitiommetyh éxprefirabip aveerbled of, C02

has a cgntinugus slight drop. The conposition of the carbgn containing
pr oduct § 0§ pemcgc SFbie. 79 e spbar scorsfrentip eplesipd opt B giHRoSS of

QP
wat er f lﬁ@%)dr@l L Goxdad : f t Bk e
purifi e%grﬁggﬁie%%tu esrk:)xr?éegg%?)%‘jl ers)8 gi/imr%l?téﬁgas(’:at ai ’y@#agig’r?ﬁ:?ﬁe
r enov edoxidedzeokites,calyminosilicates) yaduminenand mixtuee thereofeThardative WeighiGatiber eas
the carb nanot ub or npanofi ber f e_present i nvent.i on ntained in
e car o i FupoutH0 e prs MR IR 1 20 ol s PREEEaE Y the BARH 08 Bt om0
mligor i | w pitAtniadgneditm ckid®dr laktRaidm 6xi@é, t he direct
rea%?i oﬂ{]%gtgivt\eﬁeﬂrlléﬂ\f\lgtsg angocar bgnacgélguls mat eriral S (suc% as 30 water-coal
reaction and water-coke) requires tenperatures as great as 1200 C to

overcone \\Dhohydracbonsgiseiglingle forgwtion of prsformgd catben matsrishateselseledi er

bet ween,reagtants and.prod h jc d N . i action
¢ erpor aAFoES bR CPRBIRE: o bt oBieeS Blsfors ittt aaE algKs " Bebf
transi t prflerdblyathe i dideibendire CHC, £illdartls, CHE Cillkdnes) QaNHIARS, andiC Ot bei ng
bound to theory, it is presuned that the electron cloud of the H20 5
nol ecul aromptiehydiosarkpes t he surface of the transition netal based catal yst,
and the H O H bondi ng weakens or even breaks. Carbon atons which are nearby

di ffased thr . bC d react
W A0 To fof L0 gy tpRRaRes S ®RE upin U SuBREA Kok RAGENES: B0 Ler
and f or ls#highenuctieitpeasing CHa whiceeas Fe hiaea highersictivity wherCodng\Ghle hi gh
tenperatures favor CO due to the equilibriumreaction: 10 ~ 2C0 -~ C + C02

+ heat. In the first ste f form ng,the.preforned. carpon terials. the
deconposi ti OPPB‘F sf%e"%&%ﬁ@% nggro[:%bg%pvﬁ@leadngt&f%&ng P{f’?o%_ﬁ’@g Nl oﬂvr e
pref er ahiayerfal,fhgmﬁggnisopr%&fat,%dlsbﬁor&m?mme@fcﬁv&& ek gageesPrefepsbly,amigt i on i s
fromO.1 to 100 atm_ and preferably from1l to 80 atm 15 The anount of

hydr ogeftep ds perferthedrintamcoxyiger-poer atmopphepe: Aorgpaeferablyiexygan isdessHbathfount of
hydrQgen ga ( ed i the second step. From 100 m | ligrans of nickel
basg@ c q?‘stﬁega%%qgoﬁlﬁp iters is required to reduce the catal yst, but
fromthe same 100 mlligrans of reduced catal yst containing tens of grans
of carbon na@ake bihes prefugiied] @arbont eaterial i3y doragd the ehydrociwbar feed hisst eam

It has been observed that the carbon material g 20 consuned in th

r eact i ofisgentiged,andithe peaformgd rarhogJnstoralils sxposed fasan eXness.of waterthereby qyct i on
of the r hon j i GitsSin : vi%&ﬁ f the
car bon gar’o "gehg‘?g%’gif :ﬁé{aa?f @ggﬁ’g‘gg aft 3}% (t; glgrhggz:otg?%g&ﬂﬁlhﬁﬁe&%fsl ow %edszpeci fic
exanpl esheawstepistivithie forivDof stéans.t Thetcontitions forahisistep. rahge foinl 300eC wodbowt ood,

. however, that the specific details %Iéyen in each exanpl e have been sel ected
for 285 p0PYEsenslenp. 1 atm iot108 @i Prafesably.dhe tpmperptiye reanges fiomed00:200°Gand

limtati;ons of t.he i ion. Exanple 1 In the first step, 30 mlligrans of

Ni cat al sl?re?sgreslggﬁ‘é?pggﬂon magnesi um oxi de support. The N /MO catal yst is

pl aced into a reactor. Hydrogen is blown over the Ni/MO catal yst as the

t enper at ur e Both ahe edep f7 @imihg The prefdrmed rcagam nmatetiad candt hveu edtalytiev O

02/ 04345 .. .
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-



_ "7 _ PCT/SGA /00137 and CH4 gas is blown over the catal yst for about half
an hour, thereby producing the preformed carbon material containing nostly
carbon ngrphldississ or nanotubes bonded to the Ni/ MO cat alpegisgatoéibe ends of
the fibers. A TEMimage of these preformed carbon nanofibers or nanotubes
bonded to the Ni/ MO catal yst at the ds of the fibers can be 5 seen in

Figure 1. In the same reactor, CH4 isdiscontinued and an excess of steam

is blo r terial. at 550 C by .br oduci ng
nycrogen OOzt tBAF bt R, GRlRE DR ilelBa of b IR RNE B0
cat al ysthutithe aptivicyechn betregeherataticdndrihe ddislystQedyeleddorfudther uge. r ai sed to 600 C
and C2H4 i s added for about one hour. Both hydrogen and the preforned

carbon materigls are prodyced. The C2H4 i s discaontinued apnd steamis_ added
above the pr rP‘r'éé’”@Sﬁi °WP%‘F§%8HF&?°&%%%@W epiiagy of The

t enpera | Is g | e WO
02 0434219915%51%3%@%?%’(:%’%@/ @toi%@%tg i“"‘ﬁeﬁ%ﬁ?"éﬁ gpfr B 8%2% e@dér%%(gn '
conpbi sinmgerdals iscshowih iodiguretli niy cambe seeni thit mogiraffthe materiahisoimnthenfdrar oAl at a
t enper at ure of ahout 300C to ahout, 1088%0;{%&]33? il atmto 100 a

| )

m
pr essur arbgnianaiivers oy pARQubes. o The jge QPQ’%@F“W?%%&%‘"&@ step
of ~cont 3¢ 5)@ mdin ARG My Beldp B niBloab if Rngtr M the preformed carbon
material. 3. The nmethod according to claim1 or 2, wherein the prefornmed
carbon material conprises at |east 20 wt 9% car bon nanot ubes or nanofi bers
bonded to a rdweugh carefghebsprvationitavasaevialeg the thergiisra Aarkpasticle rat oneeend

hydr ocarons are sel ecte Qm I onsi stin f al kanes, . .al kenes,
al kynes,ol% SR eé%&?#?&%%s*&ﬁ@%ﬁ%rﬁsé& &?‘fgﬁf?@trﬁﬁ lg?is(?grmﬁg Véétghecl aim
2, woer giz dffike cRAIPSt pasticlestis AbHhAliyode BRhEhs i didintey b8 |chtbof @RAGHLREs 2
support. 6. The nethod according to claims$S, wherein the transition netal
Is a rrer%@Panﬂb*?@roup VIIl of the periodic table. 15 7. The nethod according
to claimb5, wherein the support is selected fromthe group consisting of

al kal i ne eart ' ' L k Ala i i Lreoni a,
yttrium oxi de(?hcg)é%?ﬁjt?eefg , al ﬁ?ﬁnaél%??a ﬁag{%é%t?&gr%{rﬁenxg%ﬁog% S r%§ xntahﬁ(?)g%er%her eof .

8. The rbetinpréparedthd prglutiorcéHiydrdgen eirebegim Theaatatytivategzdbmpesition ¢00at&00C. 9.

The net hod, acgording tqo claim1, wherein the pressure iis 1 to 80 atm 20
168 T ot doaten db et ynbontacting sleait With 0 APHAT AR ATSaSIedoca b Lo
fromst hepdiegatat 18 daSiraiBBRMpéahee efduff or med carbon material. 11. The

nmet hod according to claim1l, wherein the hydrogen is produced in a batch or

continuous process. )
Figure 2 is the MS spectrum showing the amount of products formed, i.e.,

hydrogen, carbon dioxide and carbon 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
20  of carbon dioxide begins to increase. Hydrogen starts to form at around 450 °C, and at 550
°C both carbon dioxide and hydrogen reach an apex. At above 550 °C, CO, has a
continuous slight drop. The composition of the carbon containing products strongly
depends on the temperature and H,O/C ratio. An excess of water favors the formation of

carbon dioxide.

25 It was found that the purified carbon nanotubes or nanofibers having the catalyst
particle removed produce very little hydrogen at temperatures around 800 °C whereas the
carbon nanotubes or nanofibers of the present invention contained in the catalyst produced
more than a hundred liters of hydrogen from 100 milligrams of nickel based catalyst. It is
well known that the direct reaction between water and carbonaceous materials (such as

30  water-coal reaction and water-coke) requires temperatures as great as 1200 °C to overcome



WO 02/04345 g_ PCT/SGA /00137 12. The nethod according to claim 11,

wher ei n hydrogen is produced in a continuous process at a flowrate of 1 to
5, 000 m%, Bofscar bon. 13. The nmethod according to cl ai BFC#SGotien1dl n t he
hydr ocar ons are Cl-Cl12 al kanes, Cl-Cl12 al kenes, Cl-C6 al kynes, and C6-Cl4
aromati c hydrocarbons. 5 14. The met hgd according to claim®6, wherein the
metal is nickel or cobalt which is supported on either nmagnesium oxi de or

| ant hanym.axi The. et h acce i ef or med
car bon ﬁ’&tlﬂﬁ‘ﬂ] “H&%“%Pﬁff‘ef g?l Se%?éagfgﬂ% hd g&%g alzl?hre\aar%%ilh% Fltogqn ' 000: 1
to 1: 10reghfied TBftioR! RAfpermeer 6F 1@ indemtivel pﬂoBessV\ibedlﬁl fo thee ppeseficer of dhecar bon
material conprises at 10 |east 50 wt % car.bon nanotubes or nanofibers
bonded trensitiprmatal attached\atenerend of thesathondrAgtubgslr ogen conpri si ng

catal ytically deconposi ng hydrocarbons to form hydrogen and a preforned

car bon mat er t ' rbon
material to :‘vg#hmuﬂ%gmgge ggh&%pgﬁ%gr Ttﬁét %t ngagcog%%%‘geﬁf@:‘l aim
3, wher gidleduleintersidi® mtlmhefsnﬁ‘w&soﬁlhe manﬂhomamtdrbzasddswtalysn and thesG@O4H i n

di d 100 | h. Th cor di | ai
2 aﬁé?&pﬁﬁmaﬁvegi%a cBevR iRy CHEOD RS Ut EETpay IRl € o out
300 Bay Wd0sirrRdcof the ! Gtald %a@rﬁélesz%d-rfbﬁcmiho@) 36 CRrfl T, @r ctei M 19,

e step o ref

wherein ormng t ormed carbon material is carried out at
400 to $uBsequentty, twoiH itons 8ill embine fgethet andibrmNlx. hewAemperatures favor
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| wr nhc] fé}%@é‘]‘b‘%ﬁ CQz while h]gbéf‘eaﬁfetafeé&‘@é]c%f‘&%?c‘ﬁf E%Ifkgﬁlg]rﬁacflc%l.)] calcalc
a] ca] cay] ca] ca] cal] cal] cal] ca] cTal] ca
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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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seen in Flgure 1.

In the same reactor, CH, is discontinued and an excess of steam is blown over the

preformed carbon material at 550 °C thereby producing hydrogen, CO; and CO.
Example 2

50 milligrams of a pre-reduced Co/MgO catalyst are placed into a reactor. The

10  temperature is raised to 600 °C and C;H,is added for about one hour. Both hydrogen and

the preformed carbon materials are produced. The C,Hy is discontinued and steam is

added above the preformed carbon materials containing the Co/MgO catalyst. The
temperature is raised to 550 °C. Hydrogen, CO and CO; are obtained.



(10%+& ()-! pdESE7 10T9) 10%& ()-99' 10%& ()-19% 10%& ()- ""10%& ()- &f
1092 & () - &10% & ()-V: a?SE7 10T! S3f 5M 1096KX& () -!33M 10%m& () - FLF1109%2 & () -

T/ 3" 10% % olohnas$l0% & () - ., 110%& ()- uV7! " 10%& () - 10%o®/sGhriadd®?bs () -
10zz 10zz 10zz! " ,; "10%z& ()- 8&10%& ()- nbdEuV7! G 10%& ()-:-$10%& ()-1
10%& ()- z10%& ()- YLF"10%& ()-Z"10%& ()-' z- DAEUV7! " & t $10%& () -

10%& ()-G'10%& ()-" "10%& ()-10%& ()- , 10%& () - I A?2uV70

"10%& ()-!,3"10%b& ()-9*10%& ()-(4"10%& ()- ! Y¥%' 10%b& () -"10%& () -
rarirte '@WQQ "10%& ()-7ml0%& ()- 96MLOYD& ()-S5

109%& ()= 3M 10%& ()-13"10%& ()- " A#5#6#7#DHHFWHDC3" 10988 () -

| S109%@ () - Y10%@ ()-910%@ ()- 10b 10D

10bs<s$40%&' oY0 ok () - E% 10008 () - %aE () 10%@& () -
10bs<sS 10008 LndiPSOAUEOTNER, (hieh VU or SHANER Gt i

Pl 0% profor8aGHirbom RNt @) teinberhRHEABE dbout 300*GHo about 1000°C ynder 0.1 atm -

Z'' L (((7)dEbC(3" 10%@&' () -' F" 10%@& () - FU%" 10%@& () - #mlo%@&’ () - ! S10%@& () -

F* 10%@xtQ YOG jim pressuve.dEbC83" 10%@& () - 6F" 10%@& () - @3" 10%@& () - 3$10%@& () -
Y 109@& () -s*$10%@& ()-V,,,,,,,,-bC" 10% u& ()-F! L10% u& ()-Y10% u& ()-L10
% u& ()- 10@10@ 10@ _ o

s$109¢& % ) Therme¢thod amartiaxtoodaime! ,(further coonsisiag ) steposficosta¢ting a hydrocarbon

10% U& (Vi 10% W& L)1, Y .
L$10% uf‘%}g‘??"-‘ﬁ%@‘?‘ﬂ%‘?ﬁ%&%"&nP}a-“’!f{a}-$10%/uvu&' ()-L-10% u& () -

9+ni 10% u& ()- "$10% u& ()-!N oo o oty 10
" $109%4 ULU&' L) - 445555555uN7] L 10%GE () - | LO%GE () - L 10%@& () 10-u-u 1Q-u-
10- u-ﬁ?]{-’%s?‘ﬂfo%e .oﬁ&aiofqu% ﬁcﬁ%&ﬁ% ot %6&%%0‘?&\?7%[‘%@/@{%(’?-‘“&'65@' ()-
10%@& ()cbﬁiﬁi&@s‘@éaﬁt)zm %@@én(ﬁanﬂih%&o@ﬁaﬁbﬁﬂ&@b@lﬁﬁﬂ’ WH e/ 10@

10@&f 10%@&" () - | F" 10%&' () -
F' 109@& () - 3$109%@& () - y109%@& () - F10%@& () - RSO 9d9k9z99#: X Y: /

4. The method according to claim 2, wherein the hydrocarbons are selected from the group

10  consisting of alkanes, alkenes, alkynes, aromatics and mixtures thereof.

5. The method according to claim 2, wherein the metal is a transition metal which

optionally contains a support.

6. The method according to claim 5, wherein the transition metal is a member of Group
VIII of the periodic table.

15 7. The method according to claim 5, wherein the support is selegted from the group
consisting of alkaline earth oxides, rare earth oxides, alkali oxides, silica, zirconia, yttrium
oxide, zeolites, aluminosilicates, alumina, and mixtures thereof.

8. The method according to claim 1, wherein the temperature is 400-900°C.

9. The method according to claim 1, wherein the pressure is 1 to 80 atm.

20  10. The method according to claim 1, wherein the hydrogen gas is produced from the

reaction between water and preformed carbon material,

11. The method according to claim 1, wherein the hydrogen is produced in a batch or

continuous process.
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supported on either magnesium oxide or lanthanum oxide.

15. The method according to claim 2, wherein the preformed carbon material has a molar
ratio of carbon to metal ranging from 10,000:1 to 1:10.

16. The method according to claim 3, wherein the preformed carbon material comprises at

10 least 50 wt % carbon nanotubes or nanofibers bonded to a metal.

17. A method of producing hydrogen comprising catalytically decomposing hydrocarbons
to form hydrogen and a preformed carbon material, and a step of contacting water with the
preformed carbon material to form hydrogen, CO;, and CO.

18. The method according to claim 3, wherein the carbon nanofibers or nanotubes are

15 from 2 to 500 nm in diameter and up to 100 microns in length.

19. The method according to claim 2, wherein the step of forming the preformed carbon
material is carried out at 300 to 1000 °C and 0.1 to 100 atm.

20. The method according to claim 19, wherein the step of forming the preformed carbon
material is carried out at 400 to 900 °C and from 1 to 80 atm.



