; e3e% ! B' @6vyd %r#tat * 159159* RBON NANOTUBES FABRI CATI ON AND
HYRROGEN PRODUCTI ON Thi s appll m@m lﬂ |lated to U. S. Provisi

Application Serial No. 60/330, tober 31, 5 2001, Eﬂmmlmﬂmumm |”"I]
"carbon nanot ubes fabrication and rogen production", the co t ent

which are hereby incorporated by reference. Field of the | nventi on T‘fu
invention relates to a GARPON NANQTGBRES FABROCATION-AED| ed,

si ze-control | abl e carbon-nano I a preferred aspect of this
i nvention includes a nethod o%&?ﬁ;ﬁfr@%wm gas. Background of the

I nvention The di scovery of carbon nanotubes [1] triggered a 15 worl dw de

research effort devotied dppldelarigming ddieidedtydiat.y.e Hebw]sigalicul ating
and neasuring their physical propert| es |;15 and to inproving nethods of

product i &1#ehé- 3PP Licedriisth SRt P extiidediGrargpeghyslical  and
cheni gal pyoaPeldi&s1 P LxafB %ar{ b\@y%bsmm&e fq 20 mufti-wall
carbon nanot Ubes has been calculated to be up to 1.4 t| nmes that of a

graphi t e hytrsigem patvoltcthi cffa 43¢l jcarglardss defr iwreid:lf reom theeretmt  vi bration
experinments perfor eé]ﬁ on s eral nmufti-wall carbon nanotubes in a

transm ssi réﬂoer&tr STSPE%re in the 0.4-3.7 Tpa range 13s. 25

Mor eover, their flexibi I|ty i's remarkabl e 136 and the bending nmay be fully
rever si blFadld toFf ahd iTriveitidsigl e value as large as 110 13" Carbon

nanot ubes have many applications. For exanple, they can be used as supports
for metal catalysts, as 30 in the case of a rutheniumcluster (range 3-7nm

which can be 1 r defoditEN o afkaiis sift fadetioskot Rradusiiing
Struglour %utlh%ﬂaé@ unusialo fapil 1 A ve RELRSSA R d e dBchani cal 1y,

nanot ubes are significantiy stiffer than currently commercially avail abl e
carbon fifwdhqugireand que fdmrel S heoligdd ¢ d rstardrigithemclonaosid e
materi al s S U A Org C foracrean chrocf (ﬁe ti )S. Theoretical cal cul ati ons of
their el ecet roni ¢ strdeture d nd Sdue to their nmesoscopi ¢ structure,
nanot ubes may exhi bit quantum effects arising fromtheir small dianmeter
[41] O DBagkdreaintblofyitked Inmtearteixin i s the 10 encapsul ation of netallic
particles which display physical properti es such as ferromagneti sm or

\?Vglplerconducti vity [TAheFi ilsecdovyg];tyh or‘rtetcaalr or ns(_slenrgtcu dquprsrlgngaenroéélbaes may
15 worldwide research effort devoted to determining their
structure '*"®, calculating and measuring their physical
properties "1 and to improving methods of production [167331,

Carbon nanotubes have many extraordinary physical and
chemical properties. For example, the Young’s modulus of

20 multi-wall carbon nanotubes has been calculated to be up to
1.4 times that of a graphite whisker, about 1 Tpa **!; values
derived from thermal vibration experiments performed on
several multi-wall carbon nanotubes in a transmission

electron microscope are in the 0.4-3.7 Tpa range [°°7,

25 Moreover, their flexibility is remarkable [*¢

and the bending
may be fully reversible up to a critical angle value as large

as 110° 37,

Carbon nanotubes have many applications. For
example, they can be used as supports for metal catalysts, as

30 1in the case of a ruthenium cluster (range 3-7nm) which can be



provi de conponents for nanoscale electrical or electronic devices such as
amglifiers, switches or electrical-mechanical 15 converters. Carbon

nanot ubes have al so been shown to have hydrogen storage capabilities. Three
t echnol ogi es have been applied in the synthesis of carbon nanotubes. They
are carbon-arc discharge, |aser-ablation_and catalytic deconposition
processesdeRosited hen daaioiike cseli Sates ge° vetArod;ukedrdiors trarmgiudsss, ar e

grown between .carbon el ecirodes,jn an inert gas agbtyosphere [1,16] Catalytic
Tect e sCY AT ofh S EEh LA St T S TP AR et ge 1o
i mprove hedhot e HroHevICiiy i i cdk 1Pest BAGE P ©fak UbgSrediowpver, by this 25

process, carbon-nanotubes are obtained as a mxfure with several other

car _b](c)_n f OIS F (e Lkl Ry kv iphfo Uz e ofr kRIS car bo][aqﬁarqart|té@.;em;§,
han 2 0I5 Kocent Ty o SLoyerod CIREEr GBI atT o 1S & nen S0 rEvhed (o

prepar e oatduorsaepwt tihes. Viltido hetghcyl etall @nth plon$ yo £ Ushwad T ye 1 datosetond

pul ses froma Nd: YAG | aser re 2 J used to ablate a, target of
Or aphi t e HetSF BeRptRIL A TS TN hefie ghd Gl pher oS ok HE af RERCBE T4 73K

[44-47] Then o @seNGRa Pfeth 1 ANShld PNl B c OF s Ba PBE Bhg aE LGN, thQPet her with
a carbon species, is essgatlal to form carbon nanotubes. 5 However, wth

the expen¥iakl | dsurelmer at-00f diledl damdincddwardon nf@nstaibds die t he main
Lar el of i s PRI ocl, The, Bbove, b seLboads el dselgned gmiala for

car bon nanot ubes synthesis on & Tabora scale an rily
for theorgtiopatticwesidlgais ofer ddmeygteor ot dP sessrsondabt evioy the

| ar ge- scal e production of_ carbon nanotubes. The third way to nake carbon
nanot ubest 15l eAt % ¥ i kD ipo sTET PP RALEYRHF He it HRAEURS S Jhaervet fani ¢

ol ecul s, the 2odbdudnds 2 0ARNML LRl 0Bt i Lhe d5 BT EseRGS: Of
I 8-51] and th

supported transition netal catalysts [48- , Is method Is
t echni caldsvizgedsweh tdhe amptef devel opettd¢hes the oleduct ¢ah-ofclvapboat gr own

carbon fibre 2] _lvangv et _al . [51] Li_et al . [53] and khopadhyay
et alolrs. ["goﬂéer]i[a%%‘lﬁ 'ed&t”ﬁ%orbr%a u%ttllﬂg)eﬁs o}?a‘ﬁ%l?fg(&g??%% %%%‘I%nt%a dfUbes with
3-8 nm 2hydegen 5= 2Srae oasdedb Ol seéers, and up to 60-100umin length with

remar kabl e efficiency at |ow tenperature. Coloner et al. [55] have shown
different nethods to renove the cafalyst gﬁticles nd t he anorphous carbon

from t he nanot ubes it et'se‘bt?rb%l]t&%’ae%yh%‘é‘? 2P ARt Hod. 1B R it is

synthesis of carbon nanotubes. They are carbon-arc discharge,

laser-ablation and catalytic decomposition processes.

20 In the carbon arc-discharge method, carbon-
nanotubes are grown between carbon electrodes in an inert

gas atmosphere [1/161,

Catalytic species such as iron or
cobalt can be used during the arc~discharge to improve both
the productivity and the length of tubes. However, by this

25 process, carbon-nanotubes are obtained as a mixture with
several other carbon forms, including amorphous carbon and
carbon particles. Thus, purification has to be carried out

and the yield of nanotubes is no more than 2% '3,

Recently discovered, laser-ablation is a new
30 method to prepare carbon nanotubes with high yield and

purity. Usually, nanosecond pulses from a Nd:YAG laser were



25 straightforward to scale up both the preparation and the purification
met,hod, this route seens to be the nost promsing one for |arge scale

i ndustrial applications. During the past decade, significant progress nade
in fuel cell technol ogies has pronpted the exploration of 30 repl acing
traditional central |arge power plants with socalled distributed power
gener at ouseand ca almditcame Hareletcalfl draphifes@ietalhedmptdsart eighreol ogy
generates electricity at |ocatiaonsg where it i be,yse and t herefore
0T nat A55e dge & SO NANEHE (A Y B 61t (AT Sof o PHEABGECEGRe ¢ he
fuel cellbProeesssdeasMatetll torany AT NMBNY alt RRIdHEARkS ISUch as 5 NOx,
SOx and ot her hydrocarbons. As a result, such a process becones attractive
for the sarbedbispedisdustiry essandiilal dindenreagdheon canathdede propel | ed
by el ectrj cj r ed.fr - baar I I at t he y..an

i nter %al Pﬂ(?g}r?%)ésrlt? i %%én%hﬁe%% q’e. q%OS%InL«?eecnue%%éérﬁrr’prgc}lq{&%eg%lgnegcg

menbr ane calPbidn hiaelotedldss artd |thze ntaidr agaryegas fas Hilke reyeiagy. source and
require the elimnation of carbon nonoxide (ideally bel ow 20ppm fromthe

hydrogen stream to _prevent paisoning of the el ectrocatal ysts. drogen gas
is typically pr odug&? ta%pd’t?gﬁwf‘s_“?ttgéﬁsr é‘f‘etfrernd%g“tﬂ‘n‘?‘?{e Y i%P¥ehicl es
[57-59] andHd Qe tHRAM S BItH I8N .orPa o Q1 AH Qfdies mal

reform ng of natural gas for stationary uses [60,61] In all these cases,
however , us@&dh®r iraroxdivdd drs theasg-girighuc tinvwegd g atdeon .o Bex owearated into

car bqgn di_oxi de _i. bsequent st.eps, 20 An alterpative route.is directly

o aching “TRE RydreB ah i YA i R 110 02 6 Ccace,

f or mat i omagfoteddsan oxi des is avoi ded and the need for downstream reactions
such as water-gas shift and selective oxidation is elimnated. This
approach has not be

n 25 .extensively studi ed, except for hydrogen
production via the Tg’ﬁ sz?Vﬁ F¥adiq ﬂ&%ﬁ Cr?e‘idr’r%héla["g?t]uqﬁe%elnstly, Mur adov[ 63]

studi ed theusa iQf ddpddideAs & Rl SSstrddifs tdie sirackidgyffi¢ret hane and
reported that "equilibriumconversions were achi eved at tenperature above

1073K. Theligcor esxi (de %l Som80 appdarded armd Wl Intled tpriq)s dacttihd ty for several
nour s, RIS QB SR UL LA G N o (deAct A cdeoallt bl Ay nut es

under “si mlar con hernore, ara e al. [64,/6
report ed thiat mesthean el sc tackimiged lake o g at eoratt How dietipetatelr@sedvidsr a 100

Ni /Si 02 catal yst, which does not deactivate even aftergpproxi mately 200
carbon p ENiSsTes s eLtiatsy HaV@ BT PO P Bh §iPres Brief 18R $of the

Inventiony, B3 1ji et al. '3 and Mukhopadhyay et al. ¥ reported

the production of multi-walled carbon nanotubes with 3-8 nm

20 inner, 5-25 nm outer diameters, and up to 60-100um in length
with remarkable efficiency at low temperature. Colomer et
al. P®°! have shown different methods to remove the catalyst
particles and the amorphous carbon from the nanotubes
samples produced by catalytic method. Since it is

25 straightforward to scale up both the preparation and the
purification method, this route seems to be the most

promising one for large scale industrial applications.

During the past decade, significant progress made
in fuel cell technologies has prompted the exploration of
30 replacing traditional central large power plants with so-

called distributed power generators and a membrane fuel cell



The present invention relates to the production of nmulti-wall carbon

nanot ubes (MANT). | n one aspect the invention provides a nethod for

mul ti-wall carbon nanotube production by catal ytic deconposition of gaseous
carbon 10 contai ning conpounds over a transition netal -based catal yst
comprising A-B and a support, wherein Ais selected fromthe Goup VIII
transiti dR° mefhe ébehent SeghdoBony gehectédsf rdmctthé clitoup tVILB cartamsist i on
netal el epents.., Suppqrt syste i_nc e Si02, Si.02/A1203 ero-gel 15 A1203
Tnd Moo, RSl a8 Srpt s Shcr R (i P M i 1 S eL 8, Gh
especi al la) Nt rare iy efury red .+ x&n Inties Fp ™M Bidet@d sn Oshdbradd Wi is
preferred. This invention also relates to the preparation of catalysts used
for the MISHRAS slPest NANERIThesy tardHsiariman it folkhttmanist ssegle @3 20 the

t B=My~O.and N [ G
A T T R R e o
transiti Gedetesd =termntisre e reducacd dnovbii lies anduefey red wabbdi ment .

Particul ar, nentign i s nade of N xMoyMyZO catal ysts., The, reacti on_equi pnent
used 25 iFH19% &S S &R dh e B fﬂ%ﬁq%%ﬁ%e@?%%ﬁ%tﬁb@r%?%ed

preferablgpond d Wiliggd-dedidieacdor -rlal%Héflch\éMW&Pam%é%l the

fluidi zed-bed reactor a_IIow§7f50r full agitation of the catalyst due to the
force of deimfwsdpesd efl‘@dg%ls[, ‘“Whi-ch nmeans that the catal yst can mx with the
30 feedgas sufficiently and react readily. 5 | Use of Mb as a pronoter to

t he alyst Ni-My-Q. re i e: ] on ot ubes.
Mor ecilebtrrpor tantly, v’m&ﬁﬁ Cﬁ?t#rtaezlﬂa%p&ot%oq Zér)ghaﬁFﬁoegﬁ%ﬁ%?ad‘?% 48%@)0)f'g$fcar bon
nanot ubescaddss afitidiined HypirodarcrgEasiay the e Ny Ssomt@s dwd i veditre 1: 1 to
5:1, whereas the yield of carbon nanotubes on, a Nil_slfvgéo cat a(IH%/st decr eased

from 204.% (0 FERAFAT i He rPdE Wy ML N (HAR ALY REWPY redREML to 2: 1.

I'n a pref@rded RMAEARYN oft AdinS dOEJa: Boi MPtn@eEntnof hydrogen gas
is produced in the process of 10 carbon nanotubes synthesis. If the

cat al yst ,elasrt rocais oy attie NivdMvodzQastis yetpidal by ecreduced byrdyalr ogen,
no o engant ai_ni QPO radu dwr | hgiseasb

oynt haa; & L A S A et S b S0 T e Yol PR

car bon- caontesinni nef S reeidgns  paartefr ajd ydaeidrane;  sunicb tiite hysll ogefo gasng Wien

usi ng an oxygen-free hydrocarbon feed)(gjas t herg ¢can _be obtained hydrogen gas
of a puritly QY SForUsS it Pt ielseel s, w th & doEHet®9%Ss t han

20ppm  Offifedd@NSdditih GBI Y Al&a-deadded fioi M Mis Qsatal ysts as
a pronoter to yield MMNTs, in place of, or 20 in addition to nolybdenum
These el emmmiertegh g sataatiad diamdg cup B eumentasst@psWetc., including
m xtures thereof.

20 An alternative route is directly cracking the
hydrocarbon fuel into hydrogen and carbon. In this case,
formation of carbon oxides is avoided and the need for
downstream reactions such as water-gas shift and selective
oxidation is eliminated. This approach has not been

25 extensively studied, except for hydrogen production via the

[621] [63}]

catalytic cracking of methane . Recently, Muradov
studied the use of iron oxide as a catalyst for the cracking
of methane and reported that equilibrium conversions were
achieved at temperature above 1073K. The iron oxide also

30 appeared to maintain its activity for several hours, in
contrast to a Pt/Al,03 catalyst which deactivated within

minutes under similar conditions. Furthermore, Ishihara et



The carbon source used for catalytic deconposition to form MANTs can be

al i,phati c hydrocarbons or aromatic 25 hydrocarbons or a mxture thereof.
The carbon source may be sel ected, for exanple, from methane, ethane,
propane, butane, benzene, butene, cycl ohexane, ethylene, acetyl ene, carbon
nonoxi de, etc. The feedgas is introduced at a flow rate of from

10L/ h- g- @at.al'*% & 198phrgedatabt meehanabbyabkang3ﬁak€b/plgceaeallb@

30L/ h-g-catal, and nore pref eg,bl 10L/ cat 2L/ h- g-cat al .

i t hes moRBDeERE RS GTE or 00 Nt/ Sholt (CARA Y Sy O R d o car i ed
out at adrhRESWHE OfevlerOmf.d VB3 A QM%@P) Q0N Yo AL IS Qﬁrbl&fl used to
renove the catal yst particles fromthe s fornmed. Exanples of inorganic

aci ds 5 iatemsddaMoPeanCepdzdo4ad etrc Lt.Brief Description of the Draw ngs
FIG 1a and 1b are schematic di agrams of a fluidized-bed reactor and a

pl ug- fl oy Rl e iy 10 FIG 2 shows Tenperature
g‘ﬁ)gductl o‘r":{:?"(‘;'FgR)thlre oJ’feA'Kli X i

Pr ogramre spec MoyMgZO and Ni - Mg-0 catal ysts. The
sanple was pretreated with Argon at 873K for 30 m nutes, then cool ed down

to 373K and kept atThiehiper elsenperiatuare: i obher ejas: eco Mo sitid rrosasstiken «hi ft ed
from pure n s to.a 15 mxt‘%@e of 10%42/90%Ar and the tenperature was

i ncr easedUE SR TEP% PP ST AWM He Jds W GRRSSYr 40 noni t or ed

the gas qemlltdrprpmﬂd&s the UL S Edﬁtl?xmcawﬁcari%o?%%w of
Ni xMoyMJZO cat al ysts with different Ni:M: M ratios. 20 FIG 4 shows

Tr ansm sPrefuEItdety dry Madradstiosy derEmodidgen off mmummhmm prepar ed

by NxMo ¥s f rent ti.0 eriment

aboutléZO%g&%qg@ aokil%a\goy%g%g crgt alncy N{sl'\&%é?éﬁ(':egt y % %QC% yzsgcdbed

react or; dogrdatialgy #-Brasmdeatsarbpgarts fwnm}ezlrempersatw@cted from the
Group VIII transition metal elements and B is selected from

the Group VIB transition metal elements.

Support systems include S$i0,;,S8i0,/A1,03, aero-gel
15 Al,0;3 and MgO. The preferred support is. Of the Group VIII
metals Fe, Co and especially Ni are preferred. 0f the Group
VIB metals Cr, Mo and W, Mo is preferred. This invention
also relates to the preparation of catalysts used for the
production of MWNT. These transition metal catalysts are of
20 the type ABMg.0 and the reduced form A,BMg., where A is
from among the Group VIII transition metal elements, while B
is from among the Group VIB transition metal elements. The
reduced form is a preferred embodiment. Particular mention
is made of NixMoyMg,0 catalysts. The reaction equipment used
25 1in this invention can be a fix-flowing-bed reactor or, more
preferably, a fluidized-bed reactor. During MWNT
preparation, the fluidized-bed reactor allows for full
agitation of the catalyst due to the force of high-speed
feedgas, which means that the catalyst can mix with the

30 feedgas sufficiently and react readily.



25 in the range of 573K - 1073K, preferably 973K, in the presence of
hydrogen gas at 15K/ min; maintained at that tenperature for 30 m nutes for
pre-reduction, after which the feedgas was changed to nethane and reacted
for 1 to 2 hours. 7 i FIG 5 shows a graph tine effect on the nethane
conversion of N 4Mb1Myl6-800 catalyst . Detailed Description of the

I nvention A preferriete NIXVyMZQ gatalotstr ias firee pagtedl ot thhie-Mg @I | owi ng
wet chem str rocedure: 5.8g N (N03)26H20, 5.12 (NO 26H20 and O.
8520 IDANEIIIRIMDG SRR WS LT (e ST AR RS 1 0T 1 ven

Ni @ Mo MY b e h B} Al 1O RS td P dafonst 10t £yt igle18! 4081 pref erabl e
to add a 10 swelling agent such as citric acid or urea to the m xture.
Ctric aciarsan eaeiddms iwharrkimlurmd apegl e ness ing dthevdgiti of the
powder. m xt.ure, f.oll y.the additi f -1 oni e g forma

sol ut i50n.mqjtarshroaut1%c? gféfeogrb?l e ?EhoatasOI '?JHe “g{rleoraenafsdgtfﬂe's%]lzef%idn\é@ag%an boargzlded does
not necessarddubdmven kb Nio-MefHalcdthel o ale ovsd gdud of rdnhe2 EpyvEkertan xtdr e;
rather it should be added in an anobunt so as, to ensure swelling of the

cat al yst UPSEeIIMGHP IR ddes Nqrd s gechay rafrley biokat vt <@ Pt ticl es, which
in turn, leads to the synthesis of uniform small-dianeter MANTs. 20 It

shoul d al so be not ed, tasrd e, APUALQLi i Q¥ 260 yatBjeraddad, to the

starting materials desirably should not be |ess than 200 m per 10 grans of
total solliargs amouns askilstdioroms eties myadiced tin ttiee eecesy) powder

mat er,i.al . _The sol uti,on was_ ey, orate% f.ar ex | e, at.apout_ 25 473K. After
it svlve | ¢ rrz;)nocf1 V{Esnoctrulr}%%seds,yrf%gesrless'ul flntgrleso(féll EQ)L véésst’hefa?rgde,éafm ?l%xt}rr%l eto

about 773K, MogMg 0 tdaat €l WeC,0 Mo g td-ofedigdet the gt eddred nd exyqawer at ur e,
for exanple in the range of about 973K to about 1073K in air for at least 5
hours. THEFGHAINEGAMPRNIS 37 RBIHH FYUFFY SRV URG 4Mb1My40

catal yst QrAGMSA . fhe main components in the tail gas are the non-
reacted carbon-containing feedgas, preferably methane; and

15 hydrogen gas. When using an oxygen-free hydrocarbon feedgas
there can be obtained hydrogen gas of a purity suitable for

use in PEM fuel cells, with a CO content less than 20ppm.

Other transition elements may also be added to Ni-
Mg-0O catalysts as a promoter to yield MWNTs, in place of, or
20 1in addition to molybdenum. These elements can be selected
from Group VIB such as Cr, W etc., including mixtures

thereof.

The carbon source used for catalytic decomposition

to form MWNTs can be aliphatic hydrocarbons or aromatic

25 hydrocarbons or a mixture thereof. The carbon source may be
selected, for example, from methane, ethane, propane,
butane, benzene, butene, cyclohexane, ethylene, acetylene,
carbon monoxide, etc. The feedgas is introduced at a flow
rate of from 10L/h-g-catal to 100/h-g-catal, preferably from

30 10L/h-g-catal to 30L/h-g-catal, and more preferably from
10L/h~-g-catal to 12L/h-g-catal. Furthermore, the production



r As a variation of the above procedure, MO can be used instead of
nol,ybdenum salts as the starting nmaterial. In this case, the My and

Ni -salts are m xed nmechanically with MoO It is then preferable to add
de-ionized water as 5 an internmedi ate step. The resulting powder mxture is
then cal cined wthout the addition of a swelling agent. Simlarly, amonium
hept anol yfdatd tdatwadld usedas rarsitaridng sretariisdd adie atesalpregsposwder

m xture does. not r jre a | ing agent as an internediary step towards
the 10 pr dgﬁqnbrp'%%%%il%%-O catal yst. N XOryMyZO and N XWMZO
catal ysts were prepared in a simlar manner. In the case of C, exanples of

sui tabl e starting meigfdalic idwlddeampniiBEOmpiRows ©h oratim pét rat e;
the case of W .ammoni umtungstate is an exanple of 15 a suitable starting

salt. |nPEEILEyNGRD dhalMiils ftated n BXawP s o | inpragnigeagidiar
ratio i:i%cjlﬁﬂen I\f&g’rﬁ@g ﬁ]i‘zs ;1 4,0.20:1, preferably in the range 1:1 to
; [

8:1; i'e the nmolar rati s 1n the range of 1:1 to 1:100,
preferably in the 20 range 1:1 to 1:10. In all subsequent discussions, the
cal ci nat iBmiefe Reearcuipteiars axf tthepMupewingshe catal yst is affixed to the
catalytic fornula and designated in ternms of C. As an exanple, the

af orenenti oned cat glysts are i gnat ed .as 25, either N 4M 40- 700 or
Ni 4Mb1My40- 800. A rIeCTs'eflraec?ne d%%e%tstfeI‘éa Je%c‘#oargﬁad’r‘s u%%l\/a?n this

i nvent i orelisi dibedHpddlizert-thed dread gFlud-NEL Sk rict Used ofeadi s, i s
illustrated in FIG_  la. About 200-500 ng of catalyst (>150 nmesh) was used
in each PreSRaHtiGHLY The catal yst was 30 heated to 973K in an at nosphere of
hydrogen gas. In a preferential enbodinment, the catal yst was nai ntai ned at

the 99 sane tenpesgs ure dipfyAndditdQnal Pesdoduilq thdBcsHl4 abl y about

30 mnutes, in order to be reduced.” Thereafter,” a carbon-contai ni ng feedgas
such as plIER)netdeariery >00.090pyMasO iand ctiudég-Qtcat 4l v s atBhofsda@plifl/ h to

start the carbon 5 nanot ul sr%{abricti Tj?er ction of the
car bon-c&ﬁsaiprﬁen%grﬁaeeeacgawslbcgb rb%o%a%iée)ﬁb%u °% nfflt{%lrf%trﬁ)se’r At range of
about 673ediedlivin 3K 3prafernadpty o bt Sfsdkea Gener arhy , gd de
reaction tine was, controlled to be of the order of about 1
composition was then shifted from pure Argon gas to a
15 mixture of 10%H2/90% Ar and the temperature was increased to
1073K at speed of 10K/min. The gas chromatography monitored

the gas composition during the process.

FIG. 3 shows H,~TPR spectra of NiyMoyMg,0 catalysts
with different Ni:Mo:Mg ratios.

20 FIG. 4 shows Transmission Electron Microscopy (TEM)
images of carbon nanotubes prepared by NiyMoyMg,0 catalysts
with different Ni:Mo:Mg ratios. In each experiment about 200-
500 mg of a NiyMoyMg,0 catalyst was placed in the fluidized-
bed reactor; the catalyst was heated to a final temperature

25 1in the range of 573K - 1073K, preferably 973K, in the
presence of hydrogen gas at 15K/min; maintained at that
temperature for 30 minutes for pre-reduction, after which the

feedgas was changed to methane and reacted for 1 to 2 hours.



2h, the conversion of nmethane was about 30% and nearly all 10 net hane was
copverted to carbon materials and hydrogen; 99% of the carbon product was
in the formof MMATs. The yield of carbon nanotubes, Y, is defined as

foll ows: Catelyet+C~rbonNanotubea ~ Cetelyet After reedl on Before reaetlon
Y Garbon nanotubes _ Ceta~ye 1 O~ ~~0 - ~ Before reaction 15 \Were

Moef ore reaction arsld .Vl tsfrowseacrtgmaplarte e i ghtaen ofhe atetlyste bef or e
and after reaction, respectively. gonpared to a plug-flow fix-bed reactor,
good mas$SAVEISEn é%ﬂfd“ﬁegf’lbflgﬂéﬁ@ r Carélysitnary advant ages of the 20
fluidized bed reactor. Wth injection of feedgas, the catalyst in the

flui di zeghetQd 1eRP Becrip il ¥ tthd Uidvernidmt e | i ke boiling water, so
that every catal yst particle can react with feedgas readily, while in a
plug-flow fix-bed reactor (see FIG 1b) the coke generated by the substrate

25 catal yst can chékenafenrnd MiadlogfgsQ ctrfesl ¥ thes Riprvratedtim ©iet he
cat al yst, ich can resylt in the inactivity o I f t catalyst and

t he récsjudfﬂvﬁr?wolfngc H‘Eetyicg]edmosfnc%yar%% %‘?ub%sgg Wlt h\gﬁ?t) 2&?@%9’n5t1@%e bound
by them { AV r 0 ~p f or e ol kow 0, ts: Ny-MJ-O i s a
cat al yst bﬁc})@dféz car %821 r?élr?tgtngg\g%gcge%gté?é .i4gﬁbv¥\%‘9(g% a‘%r?lgclﬁ%}éu es. Since
(a) N 0 andbAayHiot hdquastissy ad eckyisadd Niyieo My st ad : 5i4 undlie, (b) the
ionic radius of Ni2+ (0.070nm is quite close to that of Mg2+ (0.065nnm,
and (c) HERATREMSIon of their crystal cells 5 are very close to each
other, the binary system consisting of NNO and My0 should formthe solid
sol ution N xMyl _XOdue 4 q,goQdsdusci Di | 14 v siyrees: NeOr-ante MIO. s ddes ef ore
the Ni conponent in the nmetal oxide phase of host-dopant type, N xMjl _x0,
woul d Gbe soesisiider s@iggntdifusloids e piedilael d e orp et ed ythahbxhiase been
proved fr . - TP ul see. Fl W@_er I 0, tion of
the N -Ng@g%lgf aa{?gz/isc% %er{cszeas%adcé %C?Slnrff?%:aaﬁ%?y as éggarr%gg%ggh vﬁg t'g&lfJ e sane

scal e of wairghtNid¥ ayitk tgwevdexinmsnfe t heo Y slued iton feakaddalt baseslt f r om 643K
to 723K. Though the formation of NixMgl XO solid solution 15 may indicate

that the 9dRRIZHR o260 § Ltiderd Fotorp s theekhibeIPeted prdtcl e
size of Npdef@lunt hee QW reductd amabidddy @cgeé\li@o@ﬁé’cé&ﬂ&iﬁyi}:i‘a%@e Mr;oor

yield of carbon nanotube fabrication. In order to solve this problem

was dddedasqualewvoripurehtwe ightheo Ni tivgy-0owgest ami x Tonpar Faighehel 20 TPR
result of_,Ni --Mb-MjJ-0. W th that - Mp-0, it i d .t he | fion of
W as a DB eaded de il HME i tae oo iy S taft i e E e

hydr ogen,card 1l yes tt heSwdlc aeg eth dissd $aumn e t iwe IPR peaked ABKrat@Bpst t hat t he
chem cal reduction of NNO js still controllable. TEM resul tg 25,  show t hat

the car b&fHarfotgibe Y pr@haredt WP 1 heEAEANG? Mye 7907 e 3 §se T poREeRE™ ¢ he

sane di ankiLarn fangedL0-MAnd  as those prepared by N -M-O catal ysts.
Furthernore, the yield of carbon nanotubes prepared by Ni-M-O catal ysts
was 2000, and increased to 800% when produced by the N 4MblMg4- 700

cat aldfst. 30 The ecbhoth@ult RIRQ il wrteslfthathalhie RrRAMBBENCha®®T ubes with

uni f orm diic?rf‘ifzteet{ vﬂsits £ DM O o Ah& L8L 881 135 3hSe o 51 & NG IPSLL PY AGHLGRY
t ar get for 1'ts 1 ndustria
not be less than 200 ml per 10 grams of total solid so as to

assist in complete mixing with the starting powder material.

The solution was evaporated, for example, at about
25 473K. After it swelled and was crushed, the resulting solid
was heated, for example to about 773K, for nitrate
decomposition, and then calcined in a temperature, for
example in the range of about 973K to about 1073K in air for
at least 5 hours. The final result was a primrose and fluffy

30 sample of NisMo;MgsO catalyst precursor.



application. The dianmeter of carbon nanotubes produced via 11 catal ysis
depends on the netal particle size of the catalyst. Therefore, a preferred
enbodi ment of this invention is the use of small netal particle size.

Al t hough we do not wish to be bound by any theory, given that small netal
particles 5 easily congregate to formlarger particles which are not of
benefit for the grdw la ofarsiriordichether adardo e marsdwbes ,MeO deor dase | n

t he | oadi ng of, NiO presented.a feasible way in which to obtain snaller

motal partidl & FAU G MBI R LR T S 62 NG5 R YSt s wi ¢ h
di fferentrNitiMy MhslO ratd ofy sinad 1t Pya HeaiBasd ngedhgh NaMy ratio, the
TPR peak became sharper, which inplies a smaller catalyst particle size.
VWhen Ni: Wiittedtted It 8s tHen mrsfrandlie dinadd PR tenvezdcee vedy weak in
intensity 1.C ; t a [nt.er ' ween Ni nd My
corrpofléentasn. \%tt%&[%%l%gﬁq% r cq‘ﬁ%ae; %e%%%lgr}fg%%&&aﬁlg%g%%%%r%s?%n study the
particl e silzeinaat ivaltiroout tire EoMiteisod tef of s boimdangdnbes produced by
the Ni - M-M-O catalyst with different Ni:M: M ratios indicated that the
car bon nandtiuiFest e G HHH MGP LA WP dG taMEFhth S WRRT eas . SO tEg he

amount ofp Nie a1t ;e 1At oSt GRERARRS, dhfiamiss Al thegf ordred

nanot ubes al so decreases. Hence, the dianeter of nanotubes can be

cont r ol | exvedyl iver yigrntt Fes aroumtefmedlidyy tdeerdtedysds.this the NI cont ent
isd eased, the yie of .nanpt ypes. al so decreases, so a bal ance nust be
25 sgughtprboequv\%telno hoeé g%}eb&ﬂl_&g%—%%—boe GHHFEr and yield. The di aneter
distribution and the yield of carbon nanotubes prepared by N xMoYMyZ

catal ysts are summavi,zZe¢Myso Eahl elilwheygw.cd e et otk erdpaped i £n cat i on
was carried out. 30 after the preparation of carbon nanotubes as foll ows:
3-4 g of SyHHIALZ PIRF cafbdM iRl der £¥amrtee Pt mabrkde 12 r of

an acid, JMHESED tpissid Vg d N b fStuP & £ Sh£Se &bt achegh Al t he

extrem’tiels of the nanotubes. The solution was stirred for 5 hours,
fol | oved rhyc rairv dihofcasre bWt i gmaoiimai tings Qe 13ban (ewamplea-df or 5 )
and + 1 Qns. lehee Sscgrecmal ni nagjttpr ecipitate was mxed with a | ow

a sulﬁﬁ ing . s . .
nol ecul ar-wel g or gani'c sol ve for exanple an al cohol such as i sopropyl

al cohol, and di spersed via electronic nmeans such as sonication. The carbon
nanot ubes were washid tid NS MO0 zetk alp etr's anchetré Bal, B St thad)) ycap @bout
473K in a_flqow of an 10 inert, gas, such as nitrogen s, A high yield of

car bon n;ﬂ‘rot é“q}s%g‘fﬁ%&/dw%z&w@ c%tedl%ri% i?'lfglai‘jrutr‘aié(gﬂl-bed. react or
resul ts igrcrdmGPstn AfhSWHMRSI S, 1 akow: S5 whbrd {wdIndgPhetagyidigures in

Si ngapore dollars as of year 2001) per gram of carbon 15 nanotubes. If two
or nmore NUMI Zedl-IPedhreamanre @fel:1 to 1:100, preferably in the

20 range 1:1 to 1:10.

In all subsequent discussions, the calcination
temperature used to prepare the catalyst is affixed to the
catalytic formula and designated in terms of °C. As an
example, the aforementioned catalysts are designated as

25 either NisMo;Mg40-700 or Ni4Mo;Mg,0-800.

A preferred embodiment of a reactor for use in this
invention is the fluidized-bed reactor, the structure of
which is illustrated in FIG. la. About 200-500 mg of catalyst
(>150 mesh) was used in each preparation. The catalyst was

30 heated to 973K in an atmosphere of hydrogen gas. In a

preferential embodiment, the catalyst was maintained at the
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connected in series to utilize the unreacted carbon containing feedgas, the
cost will be even lower. Conpared with the price of a supplier abroad,
about S$50 per gram of carbon nanotubes, this nethod may be the nost
econom cal way 20 to synthesize nulti-wall carbon nanotubes on a | arge

scal e and should be useful for future industrial applications. Since

met hane pessessaP elrad unes tf cab wmd sntd iyidmege peadmtdertt. dfimed,| duidebly

hydr ocar bons, e process aqf cracki it directly into carbon and hydrogen
may’ bt ROSHSs O 0o B RSS] 1 0 e R o XRAL &Frgi# pur Ly In
a previ oy rpRnl- fn thlins ARG RRP| S AT 1531 pua el 132 eLS(>af9 N 9e\D My O

catal ysts, conmbined with fluidi'zed bed reactor, were devel oped to
synt hesi Zategadveedhatotaulfdowrradd arfgd sddleh Al ertantadiengaon eacti on

W N 3 93530 SILOTLG0ANN. o 10 QINSTe SOTANEK SPLE hounddn e 21| gas

except non-consurre ane and alar ge anobunt

hydr ogen fgasigashiceih meanrsrthiaid ress lin abk thenpgetdane freedgas thadbhgen
cracked over Ni xl\/byl\/gGrZO catal ysts intag carbon and_ﬁh?ydro%en gas, with the
carbon mé& /¥y toh 3T drih Y PRYGF aRotihePoH ASK-oliesihag iYe difre

exanpl e Qg dddi W3 G ddhe a1 e dt = ibd Yt & Het HHNOR Maphpbes.
fabrication over Nl XMoyMyZO catal ysts . 500mg of N qgMb1My16-800 cat al yst

was put i2ht,0 thieuictinaed-sdedh rofactedrhanaf tvers Bdiowy B0t echd me@iz3K ialll0

hydr qgen at nosphere, the | e s pre-reduced for 30mn, then the
(oedgds CRAMGET Vo e ad on Tt R G oie sad pgoden; Kok

23. 04L/ hF adecaldarbbie greaticantvams rdelftey igted dxy MuNTHD2 TERS yield of

Chr omat ogr aphy' * nunerical series manufactured by Shanghai 15 Dahua

| nst r une P ToMFRCHURSE , The ichrdHansyt dvhyE Addiitent was equi pped wi th
thermal conductivity detectors (TCD) and a 5A zeolite nol ecul ar sieve
columm; Argon was used as carrier gas. The conversion of nethane was

cal cul ated by hydrogen out put . g Gt Smmoiin@bes 5 o ftalitas f ound t hat t he
aver age conver¥)n of net hane Mﬁl‘_’ugﬂz-o—m»u&wacqiwnti me was about
270. According Vo Cifenagepbes . ~ C + 2H2 et t her e shoul d 'be 3. 33g carbon
produced. An experinental r@sult of 3.52¢"R&%"bbt ai ned. TEM proved t hat

near Ily5 all the carbon

Where Mpefore reaction and Master reaction are the weights

of catalyst before and after reaction, respectively.

Compared to a plug-flow fix-bed reactor, good mass

transfer and heat transfer are primary advantages of the

20 fluidized bed reactor. With injection of feedgas, the
catalyst in the fluidized bed reactor is forced to fully
agitate like boiling water, so that every catalyst particle
can react with feedgas readily, while in a plug-flow fix-bed
reactor (see FIG. 1lb) the coke generated by the substrate

25 catalyst can choke the routeway of feedgas to the
superstratum of the catalyst, which can result in the
inactivity of part of the catalyst and the reduction of the

yield of carbon nanotubes.

Without wishing to be bound by them, the inventors

30 put forward the following comments. Ni-Mg-O is a catalyst for

10



25 was in the formof carbon nanotubrs. Considering the error of nethane
conversion estimation, the above two nunbers were very close. The yield of
hydr ogen cal cul ated was 24.9L/h-g catal. 14 After changing the carrier
gas to hydrogen to obtain higher sensitivity, nmethane and hydrogen gas were
stkdl found to be the only gaseous el enents. Even after prolonging the
react i on danmert mamteluqurdimraiuiomsrjfa)wutﬂy’dﬁai trdecexct iSdnage ofa)cat al yst
remai ned _prom nent \g&{tgl a net hane conversion rate of about 14%

*Tr ade- A MIOrRatd PoShes SSimRASK o1 kthd WRSI T EHE | it TS of

carbon napg tbtl?ﬁé iEND RAERA & By 2N (cAYMIES) (A5CHuidl. cWscatgl yghs Wth
different Ni: AAM ratio Experinent Condltlons 973 Fesdgas: Pure CHs,

GHSV 12L/HCMAT y 68 . 0 XYMy ~nd (e Sabipé ed Users tom JPL RelaetroﬂrYshel(mm
pr odu%ed rrgg) Yi el d . of

very clOse to each other, the binary system consisting of
NiO and MgO should form the solid solution NiMg,-xO due to
good miscibility between NiO and MgO. Therefore the Ni-
component in the metal oxide phase of host-dopant type,
NigMg:-x0, would be considerably difficult to reduce
10 completely. This has been proved from the H,-TPR result (see
FIG. 2) wherein the H,; consumption of the Ni-Mg-0 catalyst
decreased significantly as compared with the same scale of
pure NiO and the maximum of the reduction peak increased from
643K to 723K. Though the formation of NixMg;-xO solid solution
15 may indicate that the reduction of NiO is under control so as
to control the particle size of Ni metal, the low reduction
ability of NiO also results in the poor yield of carbon
nanotube fabrication. In order to solve this problem, Mo was
added as a new component in the Ni-Mg-O system. Comparing the
20 TPR result of Ni-Mo-Mg-O with that of Ni-Mg-0, it is found
that the addition of Mo as a promoter enhances the
reducibility of NiO, consuming far more hydrogen, while the
increased maximum of the TPR peak (913K) means that the
chemical reduction of NiO is still controllable. TEM results
25 show that the carbon nanotubes prepared by the NisMoiMgs~700
catalyst possess the same diameter range (20-40nm) as those
prepared by Ni-Mg-0 catalysts. Furthermore, the yield of
carbon nanotubes prepared by Ni-Mg-O catalysts was 200%, and
increased to 800% when produced by the NisMojMgs~700 catalyst.

30 The economic production of multi-walled carbon
nanotubes with uniform diameter distribution, on a large
scale, was the most practical target for its industrial

application. The diameter of carbon nanotubes produced via

11



CNT (~)Di ameter of ONT (nm N M M O 7002001100050020- 30a ga
ol 40023394848. 520-40 Ni Mo M o- 8002001987493. 515- 25a |
ga40023278819. 515- 30Ni aMbl Mye~- 800200111 625815-15 Ni Mo M

O 70020011216630. 57- 15a | gl s50023726745.27-20 Ni Mo M W
8002001817408. 55- 15a | gl s40023142785. 55- 15

10

15

20

25

30

catalysis depends on the metal particle size of the catalyst.
Therefore, a preferred embodiment of this invention is the
use of small metal particle size. Although we do not wish to
be bound by any theory, given that small metal particles
easily congregate to form larger particles which are not of
benefit for the growth of small-diameter carbon nanotubes, a
decrease in the loading of NiO presented a feasible way in
which to obtain smaller metal particle size distribution. TPR
results of Ni-Mo-Mg-O catalysts with different Ni:Mo:Mg
ratios showed that by decreasing the Ni:Mg ratio, the TPR
peak became sharper, which implies a smaller catalyst
particle size. When Ni:Mg reached 1:8, the integration under
TPR curve became very weak in intensity, which may suggest a
strong interaction between Ni, Mo and Mg components. Although
other characterizations are necessary to study the particle
size variation, the TEM results of carbon nanotubes produced
by the Ni-Mo-Mg-0O catalyst with different Ni:Mo:Mg ratios
indicated that the carbon nanotubes became thinner as the

Ni:Mg ratio decreased.

As the amount of Ni in the catalyst decreases, the
diameter of the formed nanotubes also decreases. Hence, the
diameter of nanotubes can be controlled by varying the amount
of Ni in the catalysts. As the Ni content is decreased, the
yield of nanotubes also decreases, so a balance must be

sought between the carbon nanotube diameter and yield.

The diameter distribution and the yield of carbon
nanotubes prepared by Ni,Mo,Mg, catalysts are summarized in

Table 1 below.

In one embodiment, purification was carried out
after the preparation of carbon nanotubes as follows: 3-4 g

of synthesized raw carbon nanotubes were immersed in 300 ml

12
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Phi | os. 1995 1, 116l H. Devoret, H Dai, A
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Cblllex Europhys. Lett., 1996, 34, 429. 9. Y. Nakayama, S. Akita and Y.
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i eber,. Science, 1996,...272 523 11. L. Langer, L. st ockman, J. P.
Her err%ns lr\?rtBa%/aoﬁ Su(?h H° Orijktr(i?er}/a%aﬁ-(aesendonck Y. Bruynserade and J. P.
Issi, J. Mater. Res., 1994, 9, 927.
A high yield of carbon nanotubes using NiiMoyMg,

type catalysts in a fluidized-bed reactor results in a low
cost of synthesis, about S$ 0.5-1 (all monetary figures in
Singapore dollars as of year 2001) per gram of carbon

15 nanotubes. If two or more fluidized-bed reactors are
connected in series to utilize the unreacted carbon-
containing feedgas, the cost will be even lower. Compared
with the price of a supplier abroad, about S$50 per gram of
carbon nanotubes, this method may be the most economical way

20 to synthesize multi-wall carbon nanotubes on a large scale

and should be useful for future industrial applications.

Since methane possesses the most abundant hydrogen
content of all known hydrocarbons, the process of cracking
it directly into carbon and hydrogen may be the most

25 promising way to generate hydrogen with high purity.

In a previous part of this patent application, a
new series of Ni-Mo-Mg-O cataiysts, combined with fluidized-
bed reactor, were developed to synthesize carbon nanotubes
on a large scale. After tracking the reaction with a gas

30 chromatograph, no other components were found in the tail

gas except non-consumed methane and a large amount of by-

13
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The reactant was determined by a ‘102 Gas
Chromatography’* numerical series manufactured by Shanghai
15 Dahua Instrumental Corporation. The chromatography equipment
was equipped with thermal conductivity detectors (TCD) and a
5A zeolite molecular sieve column; Argon was used as carrier
gas. The conversion of methane was calculated by hydrogen

output.

20 From FIG. 5, it was found that the average
conversion of methane during 120 minutes of reaction time
was about 27%. According to the CHy —» C + 2H, route, there
should be 3.33g carbon produced. An experimental result of
3.52g was obtained. TEM proved that nearly all the carbon

25 was in the form of carbon nanotubes. Considering the error
of methane conversion estimation, the above two numbers were

very close.

The yield of hydrogen calculated was 24.9L/h-g-

catal.
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321. 50. Yudasaka M, Kikuchi R, Mtsui T., Chki Y., Yoshimura S. and OQa
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10 52. Endo M, Chentech., 1988, 18, 1512. 53. W Z. Li, S. S Xe, L X
Qan, B. H Chang, B. S. Zou, W Y. Zhou, R A Zhao and G Wing, Science,
1998, 274, |1701. 54. K. Mikhopadhyay, A. Koshio, T. Sugai, N Tanaka, H 15
Shi n-ohara, Z. and J. B. Nagy, Chem Phys. Lett., 1999, 303, Ko"nyall7. 55.
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Tendel oo Taklerdnsdive Swhmarys Oﬂ\ldme Yielch and t3ux dianfeheniaf Zaxbon |

Nt ui ol GABGERGR, (VP meetine i el (i Erooue pin, Ffeaysts )

J. Haggi nwiGnad fifdreht N4l A4y @33 . 58. R A Lenons, J. Power Source 29
(1990) 251. 21 s 59. J.C. Anmphlett, A M Creber, J. M Davis, R F. Mann,
B. A Peppley, DM Q’r okes, |nt ] I—I\/dr ogen Energy 19 (1994) 131 60

Dave, G|A. FouI ds ExpEggmenty Epndiaens :3973K,0899dgns 1 (PyFe @k, GHSY 12L/h
Cri st engep,Cat YSErlu natfeRphy drlogiberProcesam73 ([B)rielscs Baisggteh em
Eng. 69, %%823‘ 63. YRRY. Nursdgv n)l nt .PEuedirogerCher gy & FFHO3
211, 10 [64—F- +shihdra @) Fuilita v Takit 4895hokiubai (35 (1993)n3ba b5,
T. Ishihar a ashi t a200H. I|seda,! Y. Taki t1890 Chem L®&a0t. ([{1998)9-303. P2
s The fcINI‘ﬁwMﬁtj’E eC| fTC granpl[es arg provideg,jo 1T ugffate tne26_q\6ent on.
It will under stood, however | that the |speci ? c detarls givien in each
exanpl e |have been sellect ezbof or purpase of] illesstrati onsgmnd are nes-z60 be 5
const r ued&e:MgOf49 t griom g the Tnventi o Exanptet
400 2 3278 819.5 15-30
Ni Mo,Mg,0-800 200 1 1162 581 5-15
200 1 1216 630.5 7-15
Ni4M°1Mg15°"700
500 2 3726 745.2 7-20
200 1 817 408.5 5-15
N:I.4M01Mglso-800
400 2 3142 785.5 5-15
200 1 497 248.5 5-10
N.'I.4Mo1Mgzoo—BOO
400 2 1626 406.5 5-15
Ni Mo;Mg,,0-800 200 1 417 208.5 3-10
Ni Mo Mg3,0-800 200 1 236 118 3-7
Ni (Mo,Mg,,0~-800 200 1 100 50 3-5
200 1 203 101.5 25-40
NilMg1O-7OO
400 2 819 204.8 30-40
Ni;Mg,0-800 200 1 37 18.5 20-30
Ni;Mg,0-700 200 1 42 21 15-30
Ni,;Mg;0-700 400 3 0 0 —
NigMo,Mg,,0-800 400 3 870 217.5 15-20
Ni Mo,Mg,,0-800 400 3 2256 564 10-15
Ni Mo;Mg,,0-800 400 3 2880 720 15-25
Ni;Mo,;Mg;0-800 400 3 1820 455 10-20
Ni Cr;Mg,,0-800 400 3 1000 250 10-20
Ni,Cr,;Mg,0-800 400 3 1720 430 25-40
Ni.(W;Mg,,0-800 400 3 300 75 10-15
1) x y z -- the ratio of Ni/Mo/Mg in mol, T: Calcin temperature (°C)
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5. 80 g of NN (NO3) 26HzZO, 0. 882 g of H24Mb~N60244H20 and 5.12 g of
My(NO3) 26H20 were m xed with 400ml of de ionized water. After stirring for
15 min, 11.802g of citric 10 acid was added; the resulting solution was
further stirred. Sinultaneously, water was evaporated by gradually heating
t0--473K. The m xture began to swell to sone extent as it dried out. The
resul ti nRefalrethcers crushed and calcined, first at 773K for 30 mn and then
at 1073K for 8 hours, to produce 15 the N 4Mbl1My4-800 catal yst . 400ng of

the Ni 4Mb1My9-800Q .catal yst was placed int sel f-made. fl ui di zed- bed
reactor. Aft eﬁ'b&ilﬂd%atsl\éﬁrr‘? h 2 'ggéagalt' e%gGWi th a flow rate of
17L/h, fromroomtenperature to 973K, the catal yst was pre-reduced for 20

anot her 3% m . at, s . BeNMreaid)l &anl Memdaiicd ,med haoe (12%:09%. was
introduced at rate of 30L/h-g-catal. After 2h of reaction tine, carbon
nanot ubes wi t PPmbe iBagsld @ngerle prasddeddiydbou- FBHL Greselr aw car bon
nanot l.ébeS wer %9%%“ f1i3%d Byggm xing 25 wi th 300ml of 1M HZSO4, stirring for
about 5h to eli'mrate t'he catal yst particles, |eaching the solution, then
di spersing the nanotubes in 200mL of isopropyl alcohol with a sonicator,

| eachi ng adai rp.and Heashisng Aut.h Miszram .z ethanat,erl &, f9nal3y, drying at
473K in a flow of N2. Pure 30 nulti-walled carbon nanotubes with a dianeter

range of 15 30nm were, t hus, obt ai ne | e 2..,90 0 i (NO3)
26H20, 0. #41§ ofi4a 4N2‘76‘2"9"2ﬁ4283'g’n'd%é%'12%£fx35%t% Q@ﬁ?%il%ér " m xed with
400mL de-i oni zeGhnwpt 9ol d igtek faymmkin i NLod@) lasyeds oy, t he addition of

8.461g of 5 citric acid. The resulting solution was stirred and the water
therein evaporated by gradually heating the solution to 473K, The m xture

exhi bi t ed 3welD i Mgardesodt GBatht MrerPane r ilbrrttrafer thed3est ting

solidgvas crushed and calcined, first at 773K for 30 min and then at 1073K
for 8 10 hours, resulting in the N 4Mbl1My8-800 catal yst. Exanple 3 Using 2
. 9g of NI (NO3) 26H20, 0. 441g of H2~Mb~N60244HzZO, 10. 24g of My (NO3)

26H20 and 43. 168Fg dfunditkli,c &cild dHRMS GHNdWE ngP t heatpr oBfééilgﬁ@- dHagExanpl e 2,

a sanpl e of 15Athf‘9§\gi 4'\4311'\’91]166'18.00 catal yst was prepared.

7. S. J. Tans, M. H. Devoret, H. Dai, A. Thess, R. E.
Smalley, L. J. Geerligs and C. Dekker, Nature (London),
15 1997, 386, 474.

8. A. Y. Kasumov, I. I. Khodos, P. M. Ajayan and C.
Colliex, Europhys. Lett., 1996, 34, 429.

9. Y. Nakayama, S. Akita and Y. Shimada, Jpn. J. Appl.
Phys., 1995, 34, L10.

20 10. H. Dai, E. W. Wong and C. M. Lieber, Science, 199¢,
272, 523.

11. L. Langer, L. Stockman, J. P. Heremans, V. Bayot, C. H.
0Olk, C. Van Haesendonck, Y. Bruynserade and J. P. Issi,

J. Mater. Res., 1994, 9, 927.

25 12. X. K. Wang, R. P. H. Chang, A. Pataashinski and J. B.
Ketterson, J. Mater. Res., 1994, 9, 1578.
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Exanpl e 4 200ng of N 4Mdl Mye-800 catal yst of Exanple 2 were put into a
sel,f-made fluidized-bed reactor. After heating in hydrogen atnosphere with
a flowrate of 17L/h fromroom 20 tenperature to 973K, the catal yst was
pre-reduced for another 30 min at the sane tenperature. Then pure nethane
(>99.990) was introduced at a speed of 30L/h-g-catal. After |h reaction,
about 1.1623. df. il tRohwadtsasth ,cdrbdh ymindresnd th. di afbtreisigey t he range

of 5-15nm wer roduced. 25 le 5 i 500ng of N 4Mb1Myl16- 800

catal yst of E%a{ﬁiﬁ’e "é‘nog’f &?%Pnzg” Hl%spé;%c'edure of Exanple 4, 3.726g of
multi 24 a walled carbon nanotubes with diameters in the range of 7-15nm
wer e produced vaf tzer oe nRant, an, td nBais?, Tourcha e e 6. Uséneigj fi er ent
Ni xMoyMyZ- T catal ysts and followi ng 5 the general procedure of exanple 4,
mul ti-wal |l ed éﬁ%“b‘é@ﬁ%q}beéwlﬁfltﬁ fant dht W erSa@i et butI dhs were
produced. Exampges @ listed in Table 1. Exanple 7 The raw carbon

nanot ubes were purified by mxing 10 3-4g of themw th 300nl of 1M H2S09,

stirring for about 5h to elimnate the catal yst particles, |eaching the
sol ution then Rli sjsstsidwi t e ranoindsesai n Hsdpr dpyyerd cdhoterby Goncat i on,

| eachi ng agai shing wt -joniz er, a drying at 473K in a flow
of N2. 15 Exaqnﬁb\é\‘%émfoo oFP ﬂl‘le%}bﬁ?gdi%ba%'a%%‘%'mg%lg’f)ms‘?]m'o

f1 ui di zed- bed react a6 f g3zar bon nanotube fabrication. After reduction by
hydrogen with flow rate 17L/h for 30 min and reaction with pure nethane
(flowrate 11.5L/h) for 2h, 20 3.394g of carbon nanotubes was obtai ned. By

anal yzi ng 1fe Tedbr ERIeLYAPEHF otht Ry heVakvF gl el si bhd of
et hane was cajgyll afad to be about 300. 25

17. 8. Iijima and T. Ichihashi, Nature (London), 1993, 363,
603.

18. D. S. Bethune, C. H. Kiang, M. S. de Vries, G. Gorman,
R. Savoy, J. Vazquez and R. Beyers, Nature (London),

15 1993, 363, 605.

19. C. H. Kiang, W. A. Goddard, R. Beyers, J. R. Salem and
D. Bethune, J. Phys. Chem. Solids, 1996, 57, 35.

20. S. Seraphin and D. Zhou, Appl. Phys. Lett., 1994, 64,
2087.

20 21. T. W. Ebbesen, H. J. Lezec, H. Hiura, J. W. Bennett, H.
F. Ghaemi and T. Thio, Nature (London), 1996, 382, 54.

22. C. Guerret-Plecourt, Y. Le Bouar, A. Loiseau and H.

Pascard, Nature (London), 1994, 372, 7¢6l.
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s Econom cal estimation: Sanple N (NO3)26H20 My(NO3) Z6H20 H24Mb~N60244H20
Citric Acid Price 116.75%/ kg 51.85%/ kg 323. 95%/ kg 59. 35%/ kg Gas Met hane
Hydrogen Price 82.35%/ M S. 1S$/ M According to the above market price of each
reagent and gas, 5 we cal culated the value of multi-wall carbon nanotubes
per gramas follow ng: The price of Ig Ni9Nb1Nb4-YOOSggtabgghnbg,S$0.523.
-The price of gas éhggbgggnagadPUEMhaheyjEﬁ,tHé ¥B6ve €xperinent is about
S$1. 95. 240 Bhe"¢58P6t carbon nanotube per gramis 10 S$0.63. Exanple 9
Under the s%qelgggdi t3i,0id 7ds exanple 7, a large anount of hydrogen can be
produced sinultaneously wth the carbon nanot ubes synthesi 15 Exanple 10
500ng of an Ni 4Mb1Myl6- 800 .cat |)@35H%ﬁhJMH.iRﬁﬂﬁqnlﬁQﬂ ed-Ded reactor.
After bethgMheateddFF3IK 1'n hydrogen at m)splhg]f, dhe sanpl e was
pre-reduced gort BQ%tggtghn,'l'hmplIh@hY%ed@%%tv\as changed to methane with a
flow rate of°#011. 521/ h (or 23.04L/h-g-catal.). In first two hours of
reaction the yield of hédroggn gasR§§§£Q§gzz4MStéh=chataﬁQCExﬁﬁﬁ?é 11
Hydregenziss RheTonKy Basebu %r tduct 1n"all carbon nanotubes fabrication
processes. 26 a ﬁbh/s 349, Aggethod for the production of nulti-wall

car bon nanot G68°whi cbnprises subjecting gaseous car boncongai ni ng
conpounds to deconposition of over transi ti@n 5owstalk3haged - .cat al yst
conpri si ng; A<B aRd rayseppoct P -V\A'ﬁ"’éltdv?ﬁrjreA %}gggﬁéct ed fromthe Group VIII
transition netal elements and B is selected fromthe G oup, VB yigpsition
net al A. Fonseca, J. B. Nagy, A. Lucas, &.

. V. Ivanov,
” zhang, Carbon, 1993, 33,

1727.
D. Bernaerts and X. B.

[4 4 14 * !

mbin and A.
30. A. Fonseca, K. Hernadi, J. B. Nagy, Ph. La

Lucas, Carbon, 1995, 33, 1759.
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e , 1995, 33, 873.
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el ements. 2. The nethod of claim1, wherein the support is MJO 10 3. The
metshod of claim 1, wherein the catalytic deconposition is carried out in a
fluidized-bed reactor. 4. The nethod of claim1l, wherein the catalyst is
selected fromthe group consisting of Ni-M-MgO, N -Cr-MJO and N -WMO. 15
5. The net hodof claim4,wherein the nolar ratio of N: M isin the rangeof 1:1
t020: 1 and3¢ he .ndliarimaat i dMbawy i%i Maitsl ramdebf Bednhallc,100. 6. The

nmet hod of claim4 erein the I ratJo of Ni:Cr is from1:1 to 20:1 and
t he nol ar raticg}edff' m}f\?g‘ i sl%’?ﬁo(ﬁﬁr’l:@%% 1: 100. 7. The nethod of claim4,
wherein the nolar ratio of NN:Wis from11:1 to 20:1 and the nolar ratio of
N:M is f3pmd. Ir! ockphy, &, Theyuwitwdnd k) aqad, whergss thessarbon 25
containing material is selected fromthe group consisting of CH4, CO, C2H2,
C2H4, C2H6 anddri @ ures thereof . 27 9. The nethod of claim 1, wherein
the nulti-wall carbon nanotube production is carried out in a tenperature

range of f5ommbout; 578K 10 @Rl 137 3K cd.p Thes ret hash Ofy €| atdhushawher ein
the tenperature 5 range 1s from673K to 1073K." 11. The nmethod of claim9,
wher ei n the pribduct iltaoftrailRd - wedriester don BemotiudesP | sawdrkjahmwout at :

(a) a gas flowrate of from, O/ h;g-cat o 100L/h-g-catal; and 10 (b) a
pressure of f\r%o' Q. I“KIPdZLTf'o k@\lffi’a.sg%.’ %e%fet]#o‘@g’ oib%f'ai m 1, wherein the
particle size of the catalyst is from2nmto 30nm 13. The method of claim

1, wherei n3¢ hencatal isiM.i S Eoddaat T avredusiiasial T epef pind es of from 473K
to 1073K, 15 prior to catal ytic deconposition. 14. The nmethod of claim1,
wherei n the mAaNid@ty Fardisth tiahat dbes Yaverem biddr Wanelet: of froms to

40nm and an inner dianeter of from2 to 7nm 15. The nethod of claim3,

wher eiq1 T hgo caiadydy .20, flecamasddd onws Ll ré kWi, 2 §eFies, of
fluidized-bed reactors. 16. The nethod of claim4, wherein the N -M-MO
catal ysts are It¥par¥l .accotding to a process which conprises: 25 (a)
m Xi ng together salts of Ni, My and a nol ybdenum cont ai ni ng conpound; (b)

addi ng de'ﬁ??ﬁ%ﬁ?&ﬁgﬁfﬂf., Shibata T., Okuyama K., Aral T., Suematsu

H. and Yoshida Y., J. Phys. Chem. Solids, 1993, 54,
1861.

15 42 . Subramoney S., Proceedings of the Electrochemistry

Society, San Francisco, CA, U.S.A., 22-27, May 1994,

43. K. Tohji, T. Goto, H. Takahashi, Y. Shinoda, N.
Shimizu, B. Jeyadevan, I. Matsuoka, Y. Saito, A.
Kasuhka, T. Oshuna, K. Hiraga and Y. Nishina, Nature

20 (London), 19386, 383, 679.

44, Guo, T.; Nikolaev, P.; Thess, A.; Colbert, D. T.;
Smalley, R. E., Chem. Phys. Lett. 1995, 236, 419.

45, Yudasaka, M.; Komatsu, T.; Ichihashi, I.; Iijima, S.,
Chem. Phys. Lett. 1998, 278, 102.

25 46. Yudasaka, M.; Komatsu, T.; Ichihashi, T.; Achiba, Y.:
Iijima, S., J. Phys. Chem. B 1998, 102, 4892,
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28 i (c) evaporating the solution: (d) crushing the resulting solid and
heating to formthe catalyst. 17. The nethod of claim 16, wherein the

catalyst is 5 calcined in a tenperature range of 700C to 800C for at |east
5 hours. 18. The nethod of claim 16, wherein urea or citric acid is added
as a swelling agent after step (a) and before st

€ ﬁg (B) pnl@. 18nemhe nethod
of claim 16, whergi nF@he fehyhdenipc®nt al bl A2 conpound s sel ected fromthe
group cérsi $EHAR2OF H22MO-N6O2q  4H20, MbO and anmoni um hept anol ybdat e .
20. The net koggooh,chabm 1620kherein the salt of Ni is a hydrate of

Ni (NO3)2, and the salt of Mg is a hydrate of 15 My ( NO3 ) 2 21. A nethod
for

purification of the | tiswaldn, cardeen anot3des of claim 1 whi ch
met hod CAﬂrprEiaéf@sflwé’shiTngr%’t hca\é%stnrong acid. 22. The nmethod of claim1,

wherei n the gaseous carbon20 containin 0

conpound Al $0r.gOMd a4 6. hydrogen.
23. The ngt - i m gawdprain Mheq‘&%%%iF st”
%“?r !}ﬁ&cﬁmﬁ a M Ka

IS subjected to
pre-redu e gaseous carbpgpscontai ngsng, conpound i s net hane and
hydrogen gasappslt hBhpsl yLQ’éEeoug&%gbd%%f .29
CAACALL A A A(LA A A A& A AF& A . A& AF(9. An. A

: Aér@g-QZA;YOShimura
AN ACA(. A A& . A Ag . fnf . ﬁ\gx{g{;h‘;SBPQM@):F}één?dLZ ] caJ ca] cagca] cajcajcalc
a] ca] ca] &4]-cardafe %caUI cal ca] ca] c%]yca] cal,¢al] qabsalkaalidal,c&ldd]-cay cal] cau
]cal )\] 9GH OgRSgdaqota E., Appl. Pys: "t

| wmhc”Y] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal.cal,caUcal ca] cal ca
] ca] ca] caf])fa]lcignco%] %q],caE]O%aé]ecCao\] gal calayyy J.B. Inb:egs__z{., Sasadeal
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10 acid was added; the resulting solution was further stirred.
Simultaneously, water was evaporated by gradually heating to
473K. The mixture began to swell to some extent as it dried
out. The resulting solid was crushed and calcined, first at
773K for 30 min and then at 1073K for 8 hours, to produce
15 the NisMoijMg,—-800 catalyst.

400mg of the NigMojMg4—-800 catalyst was placed into
a self-made fluidized-bed reactor. After being heated in
hydrogen gas atmosphere with a flow rate of 17L/h, from room
temperature to 973K, the catalyst was pre-reduced for
20 another 30 min at the same temperature. Then pure methane
(>99.99%) was introduced at rate of 30L/h-g-catal. After 2h
of reaction time, carbon nanotubes with multi walls were

produced (about 3.278g).

These raw carbon nanotubes were purified by mixing
25 with 300ml of 1M H»S04, stirring for about 5h to eliminate
the catalyst particles, leaching the solution, then
dispersing the nanotubes in 200ml of isopropyl alcohol with
a sonicator, leaching again and washing with de-ionized
water and finally, drying at 473K in a flow of N;. Pure
30 multi-walled cafbon nanotubes with a diameter range of 15-

30nm were thus obtained.
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Using 2.9g of Ni(NO;3).e6H,O0, 0.441g of
Hy4Mo7NgO,404H,0, 10.24g of Mg(NO3)2.6H20 and 13.581g of citric
acid and following the procedure of Example 2, a sample of

15 the NijMojMg;6~-800 catalyst was prepared.
Example 4

200mg of NisMoi;Mgg-800 catalyst of Example 2 were
put into a self-made fluidized-bed reactor. After heating in
hydrogen atmosphere with a flow rate of 17L/h from room
20 temperature to 973K, the catalyst was pre-reduced for
another 30 min at the same temperature. Then pure methane
(>99.99%) was introduced at a speed of 30L/h-g-catal. After
lh reaction, about 1.162g of multi-walled carbon nanotubes

with diameters in the range of 5-15nm were produced.
25 Example 5

Using 500mg of NigMoiMg;¢-800 catalyst of Example 3
and following the procedure of Example 4, 3.726g of multi-
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nahotubes with different diameter distributions were

produced. Examples are listed in Table 1.
Example 7

The raw carbon nanotubes were purified by mixing
10 3-4g of them with 300ml of 1M H,S04, stirring for about 5h to
eliminate the catalyst particles, leaching the solution then
dispersing the nanotubes in isopropyl alcohol by sonication,
leaching again, washing with de-ionized water and drying at

473K in a flow of N,.

15 Example 8

400mg of NigMoiMg,-700 catalyst was put into
fluidized-bed reactor for carbon nanotube fabrication. After
reduction by hydrogen with flow rate 17L/h for 30 min and
reaction with pure methane (flow rate 11.5L/h) for 2h,
20 3.394g of carbon nanotubes was obtained. By analyzing the
record of a gas chromatogram the average conversion of

methane was calculated to be about 30%.

25



10! MLO%G&' ()-M 10H 10H
10K@10%H&' () - s910%H& () - 10%& ()-G'10%& ()-F="z " “aaai O6C 1
#1096&' ()-1, #1096& ()- 1, #1096& ()- 1, #109%& ()-1, 910%& ()- ! 10%& ()-"!10%
5& ()-aaaa alaba|]>5C 1 ##1096& ()-1, #1096& ()-1, #109%& ()-1, / Kq
b##1096& () -1, #109%6& () -1, 6a;
aAaBaKaT&xaaajd, el BB T@tibmH109%6& () - 1, #10%& () -1, #109%&' ()- 1, b#109%68&' ()
-1, #109%6&' () - 1, #1096 () aaf aoasawaaaeF, C#1096& (#109%6& () 1, (#109%&' () -

, (#109%&' () - 5 & ErRaaaate #1068 () -
1, #1096& () -

096&' ()-1,

b##10968&’ () - I - Vi
#10968& () - 1, #’i@% 1, ie1e CAAE 10%&'( 19068 () -1, #
1096& () -1, #109B& () T.TKq b#anaaafasy  CHLAIO%BE ()- 1, #109B& ()- 1,/ Kq

b##10968& () 1, #1096& ()- 1, #1068 ()-1 anaaaaacE C#1#1096& ()- 1, #1096& () - 1,
#1096& ()- 1, #109%6& ()- 1, #109& () Methaneos& Hydibgamaaaaaxy: , CH1#109%6& () - 1, #

109%& () -1, #10%&' ()-1, /Kq WWl abbbbbbe5 C/ Kq
b##10%& ()-1, #10%& ()-1,# 98 & 09%6¥% #10%%& ()-1, b%) b+b0b4b9b
iJ, C Kq
b##lO@E&f()-l,#lO@E&f()-1,#10@5&T()-1,#10@5&f()-1,#10@5&f()-1,#10@5&T()-1,9
b: b; According to the above market price of each reagent and gas,

b=bADC! b SHIOBE (ol JHUER Ok 08K (U2 B10EH hads 1AL 01
b##lO%B&gﬁaﬂqﬁﬂQ%ﬂ&dwlﬂg#1096&f()-1,#10%5&'()-1,#10%5&'()-1, bbbdbhblbnbs
bybi J+C#10%& () -1, #109%& () -1, #109%& () -1, #109%& () -1, #10%& () -1, #10%&' (

)-1, #10%& () -1, yb~ bbbbbeY +C#1#10%5&'() 1, #10@6&]§3 1. #10%& ()-1, #10%&
1 /Kq The prl e of 1g NisMoiMg;~700 catalyst is S 523 The priceé

b##10968 SHOAMH Q0BG {ne )l #L0YRE dhse #  fdnd, #1096& () -1,
#10958&' ( ) 1 #100 () -1, bbbbbbbxY: +C#1#109%& () - 1, #10 &' ()-1, #109B& ()-1, #

1096 & ()-abqtmtom (95 1, oK it tsiatth bibfs e antyars I0VEEE (e Jpemogmn(:)s 1,/ Kqg
b##/g@s és?o iﬁ%@ 0%3&' () 1, #109%%8& () - 1, bbbbbbbeF+C#1#109&& ()- 1, #10%& () -1,
#1009 B& ()-1, #1096& ()- 1, #109B& () - 1, bbbbbbbxY: +C#1#1096& () - 1, #
1096 &' () 1, #10%3&' () 1 ] Kq b##109%6& ()- 1, #1096& ()- 1, bbbbccce5+C/ Kq
b##10%58 ERanpe W6&' () -1, #1096& () -1, #1096& () -1, #109%& ()-1, cccclc' ¢, ci J+
C Kq

b##1096& () -1, #10 #1096&' () -1, #10968& #1095 1 #1098& ()-1,,
c- c=cAcCcGoKexY: +C/ﬁ‘ﬁ’fg}ﬁséﬂt3 sf“%?ldz%@ﬁl‘ln% %%/56&{?39]18%10% 599, #109B& (
)-1,/Kq amount of hydrogen can be produced simultaneously with the
b#KcOcPc  cdcf cj cxY: +C/ #1096& () - 1, #1096& () - 1, #109&& ()- 1, #1096& () -1,/ Kq
b##1096& JALERY HREHRRS cRNST 10968 () - 1, #1098 () - 1, #1096& () - 1, / Kq
b##1096& () -1, #109%& () -1, xc~cccccceF+C/ #1096& () - 1, #1096& () -1, #109%6& () -1
, #1098 (Rzamiild Y () - 1, #109%6&' () -1, ccccecexY: +C/ #10968&' () - 1, #1096&' () -
1096& () -1, #109%%& () -1, #109%6& ()-1,/Kq

b#cccccecexY: +C #109%& () -1, #109%& () -1, #109%& ()- 1,/ Kqg

b##109%6& () - 1, #1098 S 19 % ot Stodw1 Ml ¢+ BOWS & y(Da- Ly 31 0988, Ut Lty

fluidized-bed reactor. After being heated to 973K in

hydrogen atmosphere, the sample was pre-reduced for 30 min.

Then, the feedgas was changed to methane with a flow rate of
20 11.52L/h (or 23.04L/h-g-catal.). In first two hours of

reaction the yield of hydrogen gas reached 24.9L/h-g-catal.

Example 11

Hydrogen is the only gaseous product in all carbon

nanotubes fabrication processes.
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| (}r}}} 6. The method of claim 4, wherein the molar ratio of

Ni:Cr is from 1:1 to 20:1 and the molar ratio of Ni:Mg is
20 from 1:1 to 1:100.

7. The method of claim 4, wherein the molar ratio of
Ni:W is from 1:1 to 20:1 and the molar ratio of Ni:Mg is
from 1:1 to 1:100.

8. The method of claim 1, wherein the carbon-
25 containing material is selected from the group consisting of

CH4, CO, CyH,, CoH4, CyHe and mixtures thereof.
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15. The method of claim 3, wherein the catalytic
20 decomposition is carried out in a series of fluidized-bed

reactors.

16. The method of claim 4, wherein the Ni-Mo-MgO
catalysts are prepared according to a process which

comprises:

25 (a) mixing together salts of Ni, Mg and a

molybdenum-containing compound;
(b) adding de-ionized water;
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(d) crushing the resulting solid and heating to

form the catalyst.

17. The method of claim 16, wherein the catalyst is
calcined in a temperature range of 700°C to 800°C for at

least 5 hours.

18. The method of claim 16, wherein urea or citric
acid is added as a swelling agent after step (a) and before

step (b).

19. The method of claim 16, wherein the molybdenum-
containing compound is selected from the group consisting of

Hz4M07Ng0O24°*4H,0, MoO and ammonium heptamolybdate.

20. The method of claim 16, wherein the salt of Ni is
a hydrate of Ni(NOj3),, and the salt of Mg is a hydrate of
Mg (NO3) 2.

21. A method for purification of the multi-wall carbon
nanotubes of claim 1, which method comprises washing with a

strong acid.

22. The method of claim 1, wherein the gaseous carbon-

containing compound also contains hydrogen.

23. The method of claim 1, wherein the catalyst is
subjected to pre-reduction; the gaseous carbon-containing
compound is methane and hydrogen gas is the only gaseous

product.
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