20 January 2006 PREPARATI ON OF CARBON NANOTUBES Techni cal Field The present
I nvention relates to a process for the 5 preparation of carbon nanotubes,
particularly to a process enabling continuous bul k prepaBitionéﬁ{ car bon
nanot ubes or carbon nanofibers in which catalytic neta %c| es
having prelimnarily controlled conposition, particle size and particle
di stribution are continuously introduced. Mre 10 'specifically, the present
invention.is to provide a PPREPARATION OReCARBONINANOTUBES car bon nanot ubes
or nanoflbers whi ch conprises introducing in a gaseous phase a coll oi dal
sol ution of netal nanoparticles, preferably containing an optional
surfactant, together with a carbon source into a ~ 15 heated reactor, and
car bon nanotuggs oL _C rpo anof i bers obt.ained fromthe sane process.
Ther ef or e, the—ppesgﬁi—iﬂgggntlon is highly reproduci bl e and industrially
prom si ng. Back jround Art 20 A carbon nanotube is a substance in which a
carbon atom- dRFETrei GRVEPEAGDL HFREARRS bR aRorBTOFMES e I8ndéle
carbon at ons forn1ng a hexagonal ring wi'th other adjacent bonded carbon
at ons &and sucprepﬂgatb@mngfrepehoadnanoaubesJapaatchD@ﬁJMOheyaomhopassern
to forma sheet which rolls into a cylindrical. tube.

enabling continuous bulk preparation of carbon nanotubes or

carbon nanofibers in which caﬁaly'(tié metal nanoparf:icles
'h;ving pfe;iminar;'.ly controlled corétpositlioﬁ;,- particle size
and particlé distribution are continuously introduced. ~ More
10 specifically, the present invention is to prbvide a process
fbr the preparation of carbon mnanotubes or nanofibers,
which éompriées -intrdducing in a gasedus phase a colloidal
solution of metal nanoparticles, preferably éontaining an
optional surfactanf, together with a carbon source into a
15 : heated reactor, and carbon" na.nﬁtu.bes or carbon nanof:i.bgrs
obfained -from t_:he- sBame process. ‘T‘;herefore, the present

invention is highly reproducible and industrially promising.

Baé]cground, Art

20 A carbon nanotube is a substance in which a carbon atom
is bonded to neighboring three carbon atoms, these bonded
carbon atoms forming a hexagonal ring with other adjacent

bonded carbon atoms and such riﬁgs being repeated in a
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not ubes may have a di aneter ranging from several angstrons
nanoneters (am, wth the 5 length ranging fromten-folds
| ds of the dianmeter. Extensive studies haég been Eﬁ&fied out
is of carbon nanotubes since these nanot ubEdatHE%

feature as descri bed above and excellent thernmal; nechanical
Ccharacteristics 10 originating fromtheir chem cal bondi ng.

by cohdt phttéZat i gbrmar Qonsienot whashhaxols t Hete a
S mould | ead to the devel opnent of numerous products which

%¥T§%ﬁkgﬁgllhﬂbéat'on of the existing materials, and to the |

preV|oust unpossessed characteristics to devel oped

SR KISEER SestibR MABEUHE o HisfEee SalL ol

dep05|t|on (CvD), 20 catalytlc synthesis, plasma synthesis
Seyeysl RagstroBssid 5o (severhl SrRnQREtesham) phyd th) khe.
) (laser evaporation);-Science, 273: 483-487(1996) (| aser
USnigahenrahg2d®, Sofdn( caeatfolds2 29 Fhousapd200Edsymitheths) ;
1,330 (gaseous phase synthesis);

diameter. Extensive studies have been carried out on the
synthesis of carbon nanotubes since these ﬁanotubes have a
morphological‘ feature as -describéd ‘above and:- excellent
thefmai; mechanical and electrical characteristics
originating from theirrchemical bonding. It is now expected
that utilization of carbon naﬁotubes ‘having these
charécteristics would lead to the development of numerocus
prodﬁcts which still face the technical limitation of the
existing materials, and t§ the impartation of new,
previously unpoésessed ;haracteristics to develqped
prodﬁcts.‘ |

For the synthesis of carbon nanotubes, various

technigques have been proposed, including arc discharge,
laser evaporation, thermal chgmical vapor deposition (CVD),
catalytic synthesis, plasma syntheéis and the like-[See us
Patent 5;424,054 (arc discharge); Chem. Phys. Lett. 243, 1-

12 (1995) {laser evaporation); Science, 273: 483-487(1396)

(laser evaporation); US Patent 6,210,800 (catalytic



WO 00/ 26138 (gaseous phase synthesis)]. In these nmethods, carbon nanotubes
are synt hesi zed under severe reaction conditions, for exanple, at high
tenperatures of several 5 hundred degrees to several thousand degrees in
Cel sius, or in vacuum Further, the type of reaction u<8d2F&\ZE% ch- type
reaction, instead of a continuous flow type reaction, such that continuous

preparation of carbon nanotubes is. inpossible, and'only snall anount s of
car bon nanotub pr.ad n h ;

nmet hods have t% %%% 2f P%fggi%ﬁk %ﬁ@éPE§n(%%%%§gg %% uct onh'g'g%sj
nanot ubes at | Qw cos and therefore It e3|r de op a abl e
process for tH@ 3 e %Vﬁ?ﬁ@?l§'a§?p groc&§s¥$ﬁ & %ﬂo&

cont i nuous synthe5|s mhlch is industrially useful The GCakri dge hbtlonal
Labor at ory and cRrben Spanttybes eﬂre(ﬁsﬂahhsséﬁﬁderén@?rlrﬁQVﬁ¥ﬁJ1FPé§tSPates
reported respectively processes for the synthesi's of carbon nanotubes in

t he gaseous phasfdikiohbBesEciasedmske 20asyniildt | cemperceianes; aff several
organoenetal I ic conpound in which a transition nmetal is bound to an organic

conpoung in t N, ARLACHeAekEVEb stWeRaldS t‘h%h‘égﬁﬁnaegkeéﬁo!inp@@lﬁiﬁé bogy! ,
Is introduced in the solid state into a reactor as a 20 January 2006

catalyst prorTDtl nqracf&%msynheghgroft k& Q%Enggo&gggﬁioﬁ‘sused is a batch-

type reaction, instead of a continuous flow type reactioh,

eucn thaﬁ continuous  preparation of carbon nanotubes is-

impossible, and only small amounts of carbon nanotubes are
100 produced in bhatch reactions.

- Accordingly, said me;hods have thé problem of facing
limitation in mass production of nanotubes at low costs,
and therefore it is desired to develop a suitable process
for the gas-phase synthesis, especially a proce-ss for

15 continuous synthesis which ie industrially usefui.

The Oakridge National Laboratory and R. E. Smalley et al
of Rice Unie'ersity in the United Staf:es reported
respectively processes for the synthesis of carbon
nanotubes in the gaseous phase. In these gas-phase

20 synthetic processes, an organometallic compound in which a
transition -metal is bound to an organic compound in the
" molecular level, such as ferrocene or iron pentacarbonyl,

is introduced in the socolid state into a reactor as a



shown in the above-nentioned prior art, the conventional processes for the
gas- phase synthesis of carbon nanotubes are carried out in a reactor that
is divided into two 5 reaction zones. A catalytic netal precursor is first
introduced in the solid state to the first reaction zonél JapEre299fe
precursor is vaporized in the nolecular level by gradual heating. The
vaporized catalytic metal nolecules are transferred to the second reaction

zone whi ch is 10a6Ri M Bedndl sy NEADCLYLEAEI AT HEe ciRke R iilescyl 55,

are subjected to pyrolysis so at ons

particles. Thes r f| articles mhll coII|d|n I nt o each
other, to form%ﬁ%ﬁpgrt ?*ep alt’%—r[‘ %‘}%af?ﬁo’freﬁgl rpart§ cF%’g" %
used as-the 15 catalyst for the growth of carbon nanotubes. Fbwever |t
has been repor tREPE4HES HePHaEhp cBaS-RPasSE e FUNLRASES Rf, ecarboner RanoFuliese,
preferably of nanoneters, in order to function as a catalyst [See US

Pat ent 6, 221, 330rer CRBriea/ 2BM38}in .20 heaeter, tihmtt hdscodireidedndhtgatsaus
synthesis nethods for carbon nanotubes, catalyst particles form

irregul arly in tdwctiRact ebneand t BUS chtal$t i aGidical | pridmeessi-b! g5t Grigpect
uniformgrowh of catalyst particles in controlled 4 20 January 2006 si ze.

Moreover, as transiddaa™ei! end! bbeial 'R UY OLRE" First reaction zZone

where the precursor is vaporized- in the mdlecular level by
gradual heating. The vaporized catalytic metéll molecules
are transferred to the secoﬁd reaction zone which is

10 maintained at a higher -temperature, where the molecules are
subjected to pyrolysis so -that‘: the metal atoms form
ultrafine particles. Thesge u}trafine Ipart:icles ag‘gregate,:
while colliding int;'.o each other, to form f£ine particles,
and fhen the fine met:a_tl particles may be used as thé

15 catalyst for the growth of carbon nanotubes. However,' it
has been reported that thé particles are required to have a
certain gize, preferably of nanometers, in order to
function as a catalyst [See US Patent 6,221,330 or WO
00/26138].

20 However, in the conventional gaseous synthesis methods
for carbon nanotubes, catalyst particles form irregularly
in the reactor, and thus it is practically impossible to

expect uniform growth of catalyst particles in' controlled

]



in their physical properties, it is difficult to prepare nanoneter-sized
catal yst particles conprising two or nore transition netal species and
havi ng uni form conposition and 5 controll ed size. Consequently, it is
extremely difficult or hardly possible to produce char@Uani&rd0r bon
nanot ubes conprising two or nore transition netals in uniform
conposition. Furthernore, since it is inpossible to control the particle

size and netal ‘conposition of catalytic,netals . 1Q jn; -C n
gas- phase synt h&tfe: pHSE??ggg,' ¢ +§an%i1|'?3fc|’%tﬂ?ta[qg %}%&%Eeegéﬁb%%&ﬂg‘#o Tbes
of high purity. In particular, .the process suggested _bf)ééggil ley et al. has

a drawback thaiDt hBeiEaEVECaho BRPREFISSri ek ot® Lt &P REFRR%s.

15 The inventors of the present invention have discovered that car bon
nanot ubes can beamecheedineds veperikdisty patipbeiter conprisingmetwet gir nore
particles in a gaseous phase as a netal catal yst which has the greatest

i nfluence on theramdiapiaid ineta0fl spdien Badhakeagpuaiiees asofposition and
si mul t aneously 20 supplying a carbon source, and that nost of the problens

faced by the CO&%@&%&@ 133 PIassa il leny © i A8 EaRs ey daseridett Rhove

8 .
can be overcone 'S novel thod. “According to the present invention,
(a) since the izgzz(:)d y(;i nlpjgggigl(_)g GtBar;;[zl'oC u%eSICear%nc e%:‘g.%%SIéalr%%nOfngzpoetubés

catal yst are pr
comprising twe oxr more transition metals in uniform
compositidn. Furthermore, since it is impossible to cqntrol
the particle size and metal composition of catalytic metals

10 in the conventional 'gas—phase synthetic processes, it is
difficult to produce carbon nanotubes of high purity. In
particular, the process suggested by Smalley et al. has. a
drawback that the reaction should " be carried out at
‘elevated pressures.

15 The inventors of the present invention have diScove_red
that carbon nanotubes can be produced by suspending
nanometer-sized finé metal particles in a gaseous phase as
a metal catalyét which has the greatest influence on the
properties of cariaon nanotubes produce& and simultaneocusly

20 supplying a carbon soufce, and that most of the problems
faced by the conventional gas-phase synthetic processes as

described above can be overcome by this novel method.

According to the present invention, (a) since the



determ ned, the shape and structure of the carbon nanotubes produced
thereby can be nore easily controlled; (b) since the catalyst as well as
t he carbon source can be supplied 5 continuously, contigh us na
production of carbon nanotubes is possible; (c) since t

suppl i ed together with the catalytic netal nanoparticles, the process
itself can be sinplified; and (d) since the reaction process is carried
out in mild Coggéééféfe LigelCufit! RANABICINRCSOT LHANAL DALY e
variety of shapes, ~Structures and properties can be prepar easl [y "at
reasonabl e costs. Congclusively, the prqcess of the present _.inventiQn.is

i ndustrially vé#?t$ﬁmﬁﬂ%ﬂﬂuﬁiei§hﬁﬁgbPE%UF@IBFtPHGéﬂ?iBﬁeTﬁ%$%9QNQ§néﬁﬁ?es
present invention is to provide a process for the preparation of carbon
nanot ubes or naprddured therehwceani kedmoret easidyneatmodled: of(bd| eHdgeal
metals or 20 netal conpounds (hereinafter, referred to as "netal
nanoparticl es")tlpg Gatflyst das wellt aentheercaaboar @ouirter athine ek isupplied

gaseous phase into a reactor together with an optional carbon source, and

to provigde carboy,aiutiss 6 20nd2ANGLY 20RG:HT PRBALCREEA thes DPrendoed.

According to a preferred enbodi ment of the presen I nvention, netal
nanopar ticl s aﬂaenéglﬂjeasrec}s' npgggi];fé;m O{fc) since the carbon source is

supplied together with the catalytic metal nanpparticles,
the process itself can be simplified; and (d) since the
reaction process is carried_ out in mild conditions, the
10 ' carbon nanotubes or nanofibers having a variety of shapes,
structures and properties can " be prepared easily at
reasonable costs. Conclusively, the process of the preseﬁt

invention is industrially very promiging.
15 ' Disclosure of Invention

Therefore, the px;esent- invention is to provide a process
for the preparation of carbon nanotubes or nanofibers,
characterized in that hanopartiéles of elemental metals or

20 metal compounds {hereinafter, referred to as "metal
nanoparticles"i or a colloidal solution thereof are
introduced in a gaseous phase into a reactor together with

an optional carbon source, and to provide carbon nanotubes

a@&?ﬁéﬁoéource is



5 a col | oi dal

process of the

solution optionally containing a surfactant and then are
I ntroduced in a gaseous phase into a reactor. Mre specifically, the

present invention consists of the follow ng ste

: (1)
preparing a col |l oidal solution containing metal 10 nan@@d&ﬁWﬁY%@oﬁn t he
presence or absence of a surfactant, (2) introducing the resulting :
colloidal solution into a heated reactor together -with a carrier and/or a

carbon source,”
and 15 (3) fornThT

nore preferred
t hereof may be

% he. form of a gaseous m xture,

%%ﬁp ﬁ Pﬁb@ge%?rﬁ hofi bers therefrom According to a

enbodi nent, netal - nanoparticles or a colloidal solution
I ntroduced together with or separately froma carbon

ei t her

f‘l

source, but preferably they are introduced in the formof a mxture 20
for the formation atconding mtoar bonpnefetrueds.enbodimenyr eofint they andasnt
"introduci ng nanoparticles or a colloidal solution thereof in a gaseous

phase" neans

sirseitdiciy ANl

lcessSiazed ppeaphrelicini the FasaowsE 7

20 January 2006 phase by spraying, |njection or atom zation, that is,

form ng sa gasequs, dAfaaq gﬁltu*a wﬁoﬂaﬁlwaeaheélﬁaﬂg a (B AR and

I nventi on may be use

inthe po orm it is nore advantageous to use-

themin the fortrplé)f a cal l oi
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.are :|.ntroguced in a gaseous phase into a reactor.

More specifically, the process of the present invéntion
consists of the following steps:

(1) preparing _a' colloidal solution -containing metal
nanoparticles in the presence or absence of a Bﬁrfactant,

(2) introducing the resulting colloidal solution into a
heated reactor together with a carrier and/or a carbon
source, either separately or in the form of a gaseous
mixture, and

(3) forming carbon nanotubes or nanofibers therefrom.._

According ' i:o a more prgferred embodiment, metal
nanoparticles or a colloidal solution thereof may be
introduced together with or éeparately from a carbon source,
but preferably they are introduced in the form of a mixture
for the formation of uniform carbon nanotubes.

In the present invention, "introducing nanoparticles or

"a colloidal solution thereof in a gaseous phase" means

suspending the fine nanometer-sized particles in a gaseous



5 solution for the uniformty in the anmount of supply, honogeneity in the
mxing with the carrier and/or the carbon source, and feasibility of
conversion into a gaseous phase. In general, a colloid represents a
solution of solid 10 particles whose size ranges from 28dempay 2084 t on, a

unit for the nol ecular weight) to 0.45 pm(or 0.2 m. However, "a
col | oi dal solutjon" used herein. neans a solution conprising particles of

a few nanomet er pHaged b?\év bynay iy, NaARGEREQLH | BrSi Z€omfiit %Pas't‘?ﬁ%' | Ya,

precursors thereof as wel 1. In the present invention, the te

" | | | d r
oL S T

nanoparticl es"
order of nanonme for of a 20 few nanoneters to a few hundred

nanoneters, in Pr?ﬁﬁngné’tl ?%t’e% Ay be heed die e pevdes: Eeampodhidis
forms. it also nmeans nanoparticles i'ncluding those liquid particles
havi ng a si-ze i FOrRe asyaniagegusi bod usenhgdhemhishthee 120 dianaarcpllondal
obt ai ned by di ssolving or dispersing elenmental netals or netal conpounds
in a sol¥ent (esglutioh pfoti dies) undforhetypaihi clles imcAmtemlesi Qﬂpﬁlya
di spersion. The netals in the netal nanoparticles of the present
homogeneity in the mixing with the carrier and/or the
- carbon source, and feasibility of conversion into a gaseous
'phase.
In general, a colloid represents a solution of solid
10 ' particles whosé size ranges from 1000 Da {(Dalton, a unit
for the molecular weight) to 0.45 pm (or 0.2 um). However,
"a colloidal solution” wused herein: means a solution
comprising particles of a few nanometers to a few hundred
nanometers in size, and occasionally precursors thereof as
15 well,

In the present invention, the term "nanoparticles of
elemental metals or metal compounds® or "metal
nanoparticles” means nanoparticles having an average
particle size in the order of nanometers, for example, of a

20 few nanometers to a few hundred nanometers, in which the
metals exist in the elemental and/or compound forms. It

also means nanoparticles including those liquid particles

having a size in the above-described range, which are



i nvention may be present in the formof elenments, inorganic or organic
conpounds, or m xtures thereof, and may consist of a single netal species
or of two or nore species, such as in the formof an alloy or % nposi te.
Her ei nbel ow, the invention will be explained in nore 10 24epayary n the
particle size is in the order of nanoneters (typically 300 nmor |ess),
the particles maybe different fromthose of |arger sizes in their
properties and er.f ar,mance...Nanonet er - si zed Jcle |{nC,

surface area pe° uar?'lntedrra ,‘%ﬁ8°‘§‘6 I%%qt?zrnt %/srg%%ngrrp?]b%@é/ﬁdpler %?grrg%caeéand
altered properties such that the nelting pojnt of the partiﬁle? decr eases
and the col or dete © undse 40y & | 3L VRS 4%§'si sol BartAgtes) y n@¥s FAE
particles of nanoneter size may be 20 present in the state of being
suspended i n apeddsdespldsen emulsbom ¢ gh dewetisdony. The present

i nventors have done studies to develop a nethod a way of using such
nanoneter- sized fThe metalspad i €hes nktad fdrdpsartiddekalf® the thdres8ntO
January 2006 synt hesis of carbon nanotubes, particularly for a process for
the preparatio 0 t ' g o] enléhild® indeRLeES"
know edge, nongngéentctﬁéhrr@taﬂg%g Pﬁgﬁehgvgn gggnﬂiﬁgﬁgg%lt husﬂg?larlﬂr?r’ake Ege

of fine netal %%_r tc.loxgg}a%sic compounds, oOr mixtures thereof, and may consist

6f a single metal species or of two or mbre. species, such
- as in the form of an alloy or a composite.
| Hereinbelow, the invention will be expla'ined in more
10 detail.
When the particle size is in the order of nanometers
(typically 300 nm or less), the particles may be different
from those of larger sizes in their properties; and
performance. Naﬁometer—sized particles have increased
i5 surface area per unit mass, and subse&uently shéw improved
performance and altered properties such that the melting
point of thel particles decreases and the color or the
partiéles varies with the size.
Further, the fine particles of nanometer size may be
20 present J.n the state of being suspended iﬁ a gaseous phase
and have high reactivity. The present inventors have done
studies to develop a method a way of using such nanometer-

sized fine metal particles as a catalyst suitable for the



5 prepared in, advance, which are introduced in a gaseous phase into the
gas- phase synt hesis of carbon nanotubes, In the present invention, the
netal nanoparticles or a colloidal sol ution t her eof nay be pre ar ed by

t echni ques such as nechanical grinding, co-precipitati@? 5

sol -gel processing, electrolysis, enulsion processing, |nverse enuI5|on
processing or the |like. For- exanple, US Patent 5,238,625 discloses a

process for pr thieG Zdg CODIKLS | ¢ cry
particles of 0. g@ghlorl%ess |ﬁ S|zeoﬁ§ﬁ§5ﬁ§i§;r%ﬁ{ﬁiég}%i?%ﬁfgr épgkébess

5,911, 965 di scl S 3Pt PL par.i tion or sol of st

oxi de pontungs?% e %bn %%%?%8298 E éﬁ {eoin 4#%? oxt fe FFEMZ Egﬁﬁ?ron
of acidified tungsten oxi de precursor b sol - Eroce33|ng Thi s

pat ent ed |nventl8n§$ﬁa§qﬂﬂpqﬂ§ﬁtl3ﬁ°§b6@$ethéoﬁﬁr9 cFBesmeghogds gfhat have
distribution of the sol particles, but the particle size is presuned to be
of nanoneter |ebeen Ugrdpasad Bhud7fanl madiescheseofa Piroremetédbr ppropaténg
by sol -gel processing an anorphous titanium peroxide sol having a particle
size of 8 10 20piepusey 2006 ad@arle)MwHitM &0& CIHIGRIHUGId 0inOfa lg4Beb@s
1. 60% which is capable of long-term storage at room tenperature. US Pat ent

6,183, 658 di scl ghgsaediREBCEAS %Qi-a@{a%agyﬂenemnske&afﬁaﬁ%an&%egqhesi ve

i ron-cont ai ni ng oxi de partic

In the present invention, the metgl nanoparticles br a
colioidal éolution thereof may be prepared by techniques
such as mechanical grinding, chprecipitation, spraying,

10 sol-gel processing, electtolysis, emulsion processing,
'invefse-emulsion procéssing or the like.

For example, US Patent 5,228,625 discloses a process for
preparing a zirconia sol consisting of tetragonal crystal
particles of 0.5 pm or lese in size by sol-gel processing.

15 US Patent 5,911,965 discloses a proceses for preparing a
solution or sol of stable oxide pblytmgstéte " containing
about 17% of tungsten oxide from a solution of acidified
tungsten oxide precursor by -sol—gél processing. This
patented invention does not mentign-about the particle size

20 or distribution of the sol particles, but the particle size
is presumed to be of nanometer level. US Patent 6,107,241
discloses a process for preparing by sol-gel processing an

amorphous titanium peroxide sol having a particle size of 8

10



5 uniformparticle size distribution, the surface of which is nodified
with a silane conpound to prevent cohesion. The above-listed patents are

i ncorporated into the present invention for reference.._l| aré' #Iar, us
Pat ent 5, 147,841 discloses a process 10 for preparing §0§EP$%Y Qﬁ sol uti on
of elenental netal nanoparticles by adding a netal salt to an organic
solvent containing a surfactant to form honbgeneous inverse mcelle

par L1 ¢l es and 1 eglugy gy thgs 2t gl Sablc AN dDS a1 £61] & PAIIC LS TS

patent is, incofpora € prese I'nventTon for reference.

particle size of cqlloidal netal particles prepared according tq_ the
Bl i on pr oceSTHRPYS Gt oPgs CeRll SFOMRGS Ao R SRIPESACURe. JEhERNRF of

the order of several nanoneters to several hundred nanoneters and may be
20 adj usted in add® ¢t digiclhsenearprecesh fomndinepardngaAnagonetex osized,
added to form honogeneous mcelle particles and to prevent cohesion of the
col | oi dal net alngrarddidsdsre Al rdesebnbadnahgvepxfide epartielepr ohasingg ar

i nverse 11 20 January 2006 enul sion processing nethod is further

advant ageous i Ryl oAl Rkl 5985 aseBEfhRE {¥n | VEhe sl ddTRIfA W H3RAC 113
may be prepared in thé formof a conposite or an alloy, and that the
weight, the parn&oicﬁ'.lfe:.esd. Zv?itq{]dai ts%lgxilgt E:EI?IBE\IJ:?& %]:3 tpq%vent cohesion. The
abové-liste.d patenté ~are incorporated into the present
invenﬁion for referencg..
In particﬁlar,- US Patent 5,147,841 discloses a processr
10 for preparing a colloidal solution of elemental metal
nanoparticles by add'ing a metalr salt to an on.:ganic solvent
containing a surfactant to 'form homogeneous inverse micelle
pafticles and reduéing' the metal salt within the micelle
-particles. This patent is incorporated into the present
15 invention for reference. |
The particle size of colloidal metal particles prepared
according to the emulsion processing or inverse emulsion
processing method .are generally of tﬁe crder of several
nanometers to several hundred nanometers and may be
20 a;ljusted in accordance with the reaction éonditionsa A
surfactan-t is added to form homogeneous micelle particles

and to prevent cohesion of the colloidal metal particles.

As described above, the emulsion processing or inverse

11




5 netal salt mcelles may be easily controlled by the types and anounts
used of the surfactant and the solvent. The netal salt mcelles having a
controlled particle size and its distribution can be u as a éal yst
ei ther per se or after being reduced to el enental netal g’éﬁ"pré@ wi t hout
10 substantial changes in the particle size and its distribution. This
means that the conposition, particle si ze and distribution of the netal

ticl t al yist d
Crbonment of (sthRel p St AR B B SRR Pl

produced as described above are used as a catal st eithe sSe or a
reduced form SHEAY iRANBLFLem SopradBing; HV%n??o‘ﬁ°r%r"6?/‘Fﬂ£s£%Fﬁ?re&é'?§’ E’S’r
preparing carbon nanotubes, which conprises the follow ng steps : 20 (la)
preparing a col prsmatedsolrut tlom  £oxm adfi ag cepabiteaptr Ban@ddoni claas [Hhat
adding netal salts to a solvent, such as water, or a polar or nonpolar
organi ¢ sol ventghe CREL Gt Ngh& pﬂfﬁﬂ@l@nblzéZaﬂﬁ dasuaistd@®atibh) of the
optionally reducing the netal salt nanoparticles in the coll oidal

sol utiog, (2) 'r&létfsﬁd“&éi@ Jab@eiféé‘ d:’.éfngO'eEQﬁ!?' c%ﬁlt':!‘BH.Q@d' BYO the 8feRd
react or toget her wth carrier carb ,
and amounts used of the surfactant and the solvent. The
metal salt micelles having a controlled particle size and
__it:s distribution can be‘used as a catalyst either per se or
after being reduced to elementai metal particles without
10 substantial changes 1in the partiéle size and its
distribution. <This means that the composition, particle
size and distribution of the metal nanoparticles used as a
catalyst can be controlled.
Hence, in a preferred embodiment of the present
15 invention, the metal salt micelle particles produded_ as
described above are uséd as a catalyst either per se or in
a reduced form. - BSpecifically, the present invention
provides a proéess for preparing carbon nanotubes, which
comprises the foliéwing steps :
20 (ia) preparing a colloidal solution containing metal
salt nanoparticles by adding metal salts to a solvent, such

as water, or a polar or nonpolar organic solvent,

containing a surfactant,

12



5 source, either separately or in the formof a gaseous mxture, and (3)
form ng carbon nanotubes or nanofibers therefrom The netals used in the

present invention are not particularly limted, and na ts)[e an éals t hat
can be 10 sinply added or used as a catalyst in the pro%@ §HW%¥28€ eparing
carbon nanot ubes or nanofi bers. Exanples of such - netals include transition
metal s such as jron, cobalt or nickel; noble netals such as platinum or

pal | adium and alkalj and, al kaline earth tal s he pes of the_netal 15
Pomounds. whi ch ey 1Bb SRGIERA L Feshedng: thvBRERbnSaT Y SRRTEHEaR 3P y
limted, and exanples include the elenmental nmetals |isted above, their

oxi des, nitriddde cdoidad, splubiPBes, bronides and sul fides, and nixtures
thereof. If necessary, a netal which does not act as a 20 catalyst in the
process of the predzhtintwedicing neye beeswlidiody vedlll cdidadt aofitd onetiakoi a.
the formof an alloy or a mxture, and this does not depart fromthe spirit

and the scope Hedtt@ | P¥ERESHPN tolRrRdr] aRiEs Y a2008r Meéh Wain @y ora C4 OlcdirB@nt O

the present invention, the <colldidal solution of netal nanoparticles nmay

exist ag a 03940H%.eCO! Lotof OloiRllR LR W0l NEndr GRLAE S 05O AdligiBust e
particles are fradé 10 suspend I n gas, ‘since _
mixture, and
(3) forming carbon nanotubes or nanofibers therefrom.
The metals wused -in the present invention are not
particularly limited, and may be any metals that can be
10 simply added or wused as a catalyst in the process for
pfeparing carbon nanotubes or nanofibers. Examples of such
metals inciude transition metals éuch as iron, cobalt or
_nickel,- ncble metals such as platinum or palladium; and
alkali and alkaline earth'getals.‘ The types of the metal
15 compcunds which may be used in the present invention are
not particularly' limited, and examples include the
elemental metals listed above, their oxides, nitrides,
borides, fludrides, bromides and sulfides, an&_ mixtures
thereof. If necéssary, a metal which does not act as a
20 catalyst in the process of the present invention may be
added with a catalytic metal in the form of an alloy or a

mixture, and this does not depart from the spirit and the

scope of the inventiocn.
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5 these particles are nanoneter-sized fine particles. The nethods to
transformthe colloidal solution into a gaseous phase and to suspend the
droplets in a gas are not particularly Iimted, and conventional rmnethods
inthe art, for exanple, direct spraying, siphon sprayiZldanuapad®at i on,
10 etc., may be used. The droplets of the colloidal solution containing
metal nanoparticles introduced into a reactor in a gaseous phase, as

descri bed above, are._i jately transforned,into ter-si t
particles owing to Fﬁgaﬁggﬁ’15a¥2%5 urt€ i & hepggggﬁgr %ﬁiﬁ%@ﬁ“ﬂﬁ 3@53
as a catalyst for_the growmh of carbon nanotubes. In_a variatjop of the
present inventi@Atlidad i polution | sfdetad) RANAPATSACILR TP aFobSl t PE| &
of nmetal cohpounds such as oxides is introduced into the reactor 20

wi t hout prelini gesgouscallicid fdr some i tins vhen ridikicdroplets edntasimnig
metal particles in a short time because the fineness of the particles

i ncreases theirtkeamnbtylt par@hicledr eficathder toClstgpenyd alsoabgagsedipe se
in the process .+ 14 20 January 2006 of synthesizing carbon nanotubes. In

tﬂg %f?ﬁ”;akgggﬁ%%égrggk?ﬁc;fﬁéé F aGkeaN 2l ey -ig1Ged™ £6id CpRBELELESS WThR
methods to transform the colloidal solution into a gaseous
phase and to suspend the droplets in a gas are not
particularly limited, and conventional methods in the art,
for example, dirgct spraying, siphon sprayiﬁg, atomization,
10 etc., may be used.

The droplets of the colloidal solution containing. metal
‘nanoparticles introduced into a reactor in a gaseous phase,
as described above, are immediately transformed into
nanometer-sized metal pgrticles owing to the high

15 temperature in the reactor and may be used as a catalyst
for the growth of carbon nanotubes.

In a variation of the present invention, even if a
colloidal solution containing nancparticles of_ metal
compounds such as oxides is infroduced into the reactor

20 without preliminary reduction, the particles are reduced
into elemental metal particles in a short time because the

fineness of the particles increases their reactivity; or

unreduced particles may alsc be used per se in the process

14



solvent, facilitates uniformdistribution of the nmetal 5 particles, and
mai ntai ns the size of the netal particles by preventing the cohesion of
the netal particles until they are introduced into the reactor, Wﬂ
surfactant may be nonionic, cationic, anionic or zmnttéW|8%WEY29 al
types of surfactant nmay be used, for exanple, hydrocarbons, 10 silicone
conmpounds, fluorocarbon conmpounds and so on. The anount of the surfactant
used in the inveption.is NQ articul arl imted and may be adequat el
oo SR Pk fyoe : "Reduct

selected by a Per RSPy RERP
of the metal salts _nmay also be carried ouf by 15 adding at |east one

reduci ng agent sel &8t ethe r HFCERBLgr YRYEROHR st PR AurizitaBtanppems fine

%" the pertinent art. Reduction

i norgani ¢ conpounds such as hydrazine, LiBH4 and NaBH4; surfactants having

a functional ¢nbcglle t pamededeny phvbr theh metadt hyllaanpauktidbf;tsanﬂl the
or gani ¢ conpounds with reduci ng power. Reduction may 20 proceed to the

extent that thesoBfatit Salflaziatieateducedifenkt idilditidutéenpl eFel yhé 0 matadl s.
Sol vents which may be used to prepare a colloidal solution include water,

and pol a or n le%r ganHdCgllaﬁ.n%glﬁgngﬁ%yS§QQ60§OJ:HQ%§taf‘ gt I@{cﬂars by

nonpol ar organlc SO vent nay e selecte romthe group consi ng of
aromati ¢ hydrocar bons , suc enzgne ol yene X al i i ¢
y ~ preventing t e co esfqn’o% the %afli. p%rptlc’les LBR:ar‘.L they

or ganl Cc
are introduced into the reactor. The surfactant may be
nonionic, cationic,l anionic or zwitterionic, and all types
of surfactant may be used, for example, hydrocarbons,
10 siiicone compounds, fluorocarbon compounds and so on. The
amount of the surfactant used in the invention is ‘not
particularly limited and may be adequately selected by a
person having ordinary skill in the pertinent art.
Reduction of the metal salts may also be carried out by
15 adding at 1eastr one reducing agent selected from the group
consisting of, for example, inorganic compounds such as
hydrazine, LiBH, and NaBH, ,-. surfactants having a functional
group with reducing power such as ethylene oxide; and
organic compoundé with reducing power. Reduction may
20 proceed to the extent that the metal salts are reduced
partially or completely to metals.

Solvents which may be used to prepare a colloidal

solution include water, and polar or nonpolar organic

15



sol vents such as hexane, heptane and octane; polar solvents 5 such as
et hanol and propanol; and m xture thereof. In the present invention, the

nmet al nanoparticles or the colloidal solution thereof y. be i @ duced

into the reactor together with a carrier. As the carrigBJmWEﬁ¥5 @9 may be
made of inert gases such as argon, neon, heliumand 10 nitrogen; and pol ar
or nonpol ar solyents aforenentioned. Together with the gaseous m xture of

the colloidal  gehykhel.andaan,opi o3l ﬁﬁéﬁ‘%iﬁéeror%”g%ﬁ%at 8 ¥verik 9 §OUSe

or liquid carbon source-may be supplied. ca source, sai
surfactants and i olvents may be used 15 as they are, and other
organi c conpounggiggggétgﬁoTrg%?tﬂﬁ B o EﬁHQHq#ufﬁémq5ﬁﬁr3@%?88ﬁ§b%%%h
as carbon nonoxi de saturated or unsaturated alishatic Q%Frocarbons havi ng
1 to 6 carbon &GHs ahd keGeRec holreker BaKs KulERY: 6 abipmticr poganions

may be used as well. Such a carbon source may 20 have 1 to 3 heteroatons

sel ected fromt Brelyentp suvokiasihexamnd, dgmeme rind agtaneghlpolamre soliremits ne
and sul fur. Since the surfactant and/or the solvent of the coll oidal

sol utions may al sQcRChs agthdl@oX RO PbrPdnes,; WhHamiveuld Diksagwary 2006
contents thereof are high, additional carbon sources nmay not be needed.
According to a prefey el o7RadhPedhvQhe 188, AHESH¥tal nanoparticles or the
colloidal solution the;eof may bé introduced into the
reactor together with a carrier. As the carriér, mention
may be made of inert gases such as argon, neon, helium and
10 nitrogen; and polar or nonpolar solvents aforementioned.
Together with the gaseous mixture of the célloidal
golution and an optional carrier or sgeparately, a gaseous
or liquid carbon source may be supplied. As the carbon
source, said surfactants and organic solvents may be used
15 as they are, and other organic compounds selected from the
group consisting of hydrocarbons such as ca;bon monoxide,
saturated or unsaturated aliphatic hydrocarbons having 1 to
6 carbon atoms and aromatic hydrocarbons having 6 to 10
Carbon atoms may be used as well. Such a carbon source may
20 have 1 to 3 heteroatoms selected from the group consisting
of oxygen, nitrogen, chlorine, fluorine and sulfur.
Since the surfactant and/or the solvent of the colloidal

solution may also act as the carbon source, when the

16



I nvention, a characterized gas such as Ha, HS or NH3 nmay be 5 supplied
together with the carbon source. The process of the present invention may
be carried out in a reactor used for reactions such as thernal @? ting,
chem cal vapor deposition (CVvD), plasma heating, radio 3 ‘?RF)
heati ng and so on. However, the type of the 10 reactor |s not I|n1ted as

| ong as carbon nanotubes may be produced therein. The reaction processes
to form carbon " nanotubes _or. nanofi bers using such reactors are descri bed
in the prior arFOBB%QEgnéﬁ??ﬁﬁ@d?l?hé?%ﬂ%weagﬁﬂFhBB%lb€?ﬁ8°npéKPF€GFaﬁN§Y
limted in the present invention, the process 15 paraneters for carrying
out the presentnphveatiesdeduch as - the tenperature, tine and pressure, nay
be easily decided by a person having ordinary skill in the art fromsaid
prior art. Meanwhi lRcoirBihbe ©60GeSRerelrredi OtmBsdikétt PoFdUEh80 prébent
carbon nanotubes in a gaseous phase in which netal particles are fornmed by

agor egat | on of - aRahe Ao, A Uy 1350 3ol KL abl i S 3£ 8PBEL 8, LY S

| ower reaction terrperature res Ier part'i cl’e size he 17
20 Janua{y 2006 catﬁ.%g rnﬁh? W Eg ggbsgguentb% in the smal | er Iength ‘and
di anet er” of t heSt8PHY s “Br-8dtt&d U the particle size
of the catalytic netal is adjusted before
The process of the present invention may be carried out
in a reactor used for reactions such .as thermal heating,
chemical wvapor deposition ‘ (CVD), plasma heating, radio
frequency (RF) heating and so on. However, the type of the
10 reactor is not limited as long as carbon nanotubes may be
produced therein. The reaction processes to form carbon
nanotubes or nanofibelrs using such reactors are described
in the prior art above-mentioned. Therefore, without being
particularly limited in the present invention, the process
15 parameters for carrying out the present invention, such as
the temperature, time‘ and pressure, may be easily decided
by a person having ordinary skill in the art Vfrom said
prior art.
Meanwhile, 4in 'thé processes of prior art for producing
20 carbon nanotubes in a gaseous phase in which metal
particies are formed by aggregation of metal atoms and used

as catalysts, it is wreported that the lower reaction

temperature results in the smaller particle size of the

17



being introduced into the reactor in the process of the 5 present

I nvention, it is possible to control the Iength and dianeter of the carbon
nanot ubes substantially irrespective of the reaction tenperature. The
process of the present invention may be favorably appl iZ8da¥rY Be0&ynt heses
of carbon nanotubes having various 10 structures and norphol ogies as well
as tube-typed nano scal e structures such as graphite nanofibers (GN\F),
since the catalyst_of the present_invention.-may conprise two of nore :
nmetal species iﬁaﬁﬂny%ﬁmﬁﬁﬁ%xmnﬁﬁd:E?h@qqgﬁnﬁéycFPprSnsﬁﬁlifﬁm}?EﬁFﬁﬁiﬂﬂea
1 is a schematic flow diagram showing briefly the process for synthesizing
car bon nanot ubegiametér pf cthmt carhoemanntubEsypredugede cHawevethe ar diid ng
el ectron m crographs 20 (SEM or transm ssion electron m crographs (TEM

of the carbon paneidbhes gizepasedthe Bevgiveit (hetal eisd) adPuanelkde béfore
(Figure 3), Exanmple 5 (Figure 4), Exanple 9 (Figure 5) and Exanple 13
(Figure 6), reSpechiVakirokicdd J3MUAUNQ098aBLOMT 85 TLhd Br8EEsi NB: the
scanni ng el ectron nicrographs (SEM or transm ssion el ectfon m crographs
(rem ofgthe  cgr ol o Noldhstd! 015" f2ka15109¢8 TBhekof! ¢hd" falftn ana

diameter of the carbon nanbtubes substantially irrespective
of the reaction temperature.
- The procéss of the present invention may be févorably
applied to the syntheses ‘of carbon nanotubes having various .
10 structures and morphologies as well as tube-typed nano-
scale structures such as graphite nanofibers (GNF), since
the catalyst of the preéent invention may comprise two or

more metal species in any compositions.

15 Brief Description of Drawings

Figure 1 is a schematic flow diagram showing briefly the
process for synthesizing '.carbon nanotubes of the present
invention.

Figures 2 to 6 are the scanning electron .micrographs

20 (SEM}) or transmission electron micrographs (TEM) of the
carbon nanotubes prepared in Example 1 (Figure 2}, Example
'3 (Figure 3), Example 5 (Figure 4), Example 9 (Figure 5)

and Example 13 (Figure 6), respectively.
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5 Figures 10 and 11 are the scanning el ectron mcrograph and transm ssion
el ectron m crograph of the graphite nanofibers (G\F) synthesized in
Exanple 27. Figure 12 is the transm ssion el ectron m crograph of the
graphi te nanofibers synthesized in Exanple 28. 10 Best @gd€“%¥YEQQQying Qut
the I nvention The present invention will be understood nore easily wth
reference to the foll ow ng exanpl es. However, these exanples are intended
to illustrate the invention and are 15 not to be construed to ljimt the
scope of the invenFigwres EXanyt e21 ane 46he| serNpdRgeflecIONG Bl YTAYIAPRS
wei ght of benzene) of pol yoxyethyl ene(20) sorbitan nonol aurate (Tween -20)
and 0.0648 g (&sBMlanbit yrrsatExisad chorepecpasn ngiardgajvhbenIENG 26 the
solution) of Fed 3 were added, and the m xture was stirred for 24 hours to
give a sol uti onQhdiAN@RabtibESES -priffiied 28y | 8s8ndOTd ORleCalurhastwid Whi ch
plays a role of stabilizing the nanoparticles to be fornmed and reducing

t he net al ions.E %p é nuary 2006 It was confirnmed by transm ssion .

el ectron nicrosc&p? f& " that the nanoparticle solution obtained above

contained fine netal particles with a size raqging,fron12 to 20, nm .
5 Figures 10 and 11 are the s ing electron micrograph

and transmission electron micrograph of the graphite
nanofibers (GNF) .ﬁynthesi:'zed in Example 2‘7.,‘

Figure 12 is the transmission electron micrograph of the
graphite nanofibers synthesized in Example 28.

10

Best Mode of Carrying Out the Invention -

The present inventir;u} will be understood more easily
with reference t¢ the following examples. ﬁowever, these
examples are intended to illustrate the invention and are

15 not to be construed to limit the scope of the invention.A
Example 1

To 40 ml of benzene, 3.516 g (10 % by weight of benzene)
of polyoxyethylene(20) sorbitan monolaurate (Tween'-20) and
0.0648 g (a quant::'i.ty required for preparing a 0.01M benzene

20 solution) of FeCl; were added, and the mixture was stirred
for 24 hour.s to give a solution of nanoparticles. Tween -20
is a nonionic surfactant which plays a role of stabilizing

the nanoparticles to be formed and reducing the metal ions.
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5 Reaction was carried out by introducing the obtained solution (0.34
m/mn) together wwth a carrier gas (Ar, flowrate: 100 sccn) into a
reactor at 800 C for 20 minutes. The product was obtained as a ¢ ck
powder. The product obtained above was anal yzed by scankPdg®HnZ@&%ct ron

m croscopy (SEM and transm ssion electron mcroscopy (TEM. It was
confirmed that carbon nanotubes of a nean dianeter of about 60 rimwere
obt ai ned, and the SEM mi crograph showi ng the nanotubes is shown in Figure
2. Exanple 2 15 To ¥ sBRat i APGIMesnopdr (emeRissdpar ctlledriate BaRECSFRRMer
as in Exanple 1, 0.01 g (0.005 nol) of LiBH4 was added as a reducing
agent, and the TEMLrethas stthe edndmopardddieur sselutgiore aoktrintddon afove
nanoparticles with a size ranging from2 to 20 nm Sonmewhat severe

floccul ation of cafitahke@arihel matmsPabge&yes, wEBHP AN asi 28 tharidiegC as@miher e
no reducing agent was added. The sol ution obtained above was I ntroduced

into the reactpy b4 the same manner as in Exanple 1, and carbon 20 20
January 2006 nanotubes with a nean di ameter of about 70 nut were obtained.

Exanpl e Car bon ngnotuhes with a nmean_di aneter qf _abqut 60 nm were |,
obt ai ned’ai n the sa%& A8, YRS | FRERLRD 8UF RY dptroducing the"“cbtainea

solution (0.34 ml/min) . together' with a carrier gas (Ar,
flow rate: 100 sccm) into a reactor at 800T fof 20 minute.s.
The product was obtained as a black powder.
The product obtained above was aﬁalyzed_ by scanning
10 electron microscop}; (8EM) and transmission electron
microscopy (TEM). It was confirmed that carbon nanotubes of
a mean diameter of about 60 nm were obtained, and the SEM
micrograph showing the nanotubes is shown in Figure 2.
Example 2
15 To a solution of nanoparticles prepared in the same
manner as in Example 1, 0.01 g {(0.005 mol} of LiBH, was
added as a reducing agent, and the mixture was stirred for
24 hours to give a solution of nanoparticles with a size
ranging from 2 to 20 nm. Somewhat severe flocculation of
20 the partic:leé was observed, compared with. the case where no
reducing agent was added.
The _sclution obtained above was introduced intc the

reactor in the same manner as in Example 1, and carbon

20



5 that toluene or xylene was used respectively in place of benzene. The SEM
m crograph of the carbon nanotubes is shown in Figure,3. Exanple 4 A
result anal ogous to that of Exanple 2 was obtai ned by performng the
procedure in the sane manner as in Exanple 2, except tkgthli“&ﬁrﬂéﬁ@f’nor

xyl ene was used respectively in. place of benzene. Exanple 5 To 40 .m of
benzene, 3.516 g (10 % by wei ght of benzene) 15 of cetyl

tri met hyl - anmont unbr onmi de (CTAB) and 0.0648 g (a quantity required for
preparing a 0.Ciandamheshariddl @t moan dbametsy i ahoukdJOdnmaNETe PR RS-
was stirred for 24 hours. CTAB is a cationic surfactant which plays a role
of stabilizingetdmplearroparticles to be forned. 0.01 g (0.005M 20 of LiBH4
was added as a reducing agent to the above-obtained solution, and the

mxture was stirregalgbn2haeibel0 waithe a dmE8h UdiaRe@br NFFONMULC| €6 Wint h
a size ranging from2 to 20 nm 21 20 January 2006 The sol ution obtai ned

above was i ntroduced Jjnto e.._r t i_n n 1 L N4 EX 1
: r&élﬁq ?'?&E“% 16N ExaRkeel
and car bon nan‘gﬁu e%btﬁ\?%xﬁég rlr%a%i}1 igér’reeer 0 eabou ﬁsr% re obtal neg.

The SEM m crograph of the carbon nanotubes i's shown in , .
5 that toluene or xylene was used respectively in place of

benzene. The SEM micrograph of the carbon nanotubes is
shown in Figure 3. -
Example 4 |
A result analogous to thaﬁ of Exé.mple 2 was obtained by
10 performing the procedure in the same manner as in Example 2,
except that toluene or xylene was used respectively in
place of benzene. |
Example 5
'To 40 ml of benzene, 3.516 g (10 % by weight of benzene)
15 of cetyl trimethyl-ammoniumbromide (CTAB) and 0.0648 g (a
guantity | required for preparing a 0.01M benzene solution)
of FeCl, were addeci, and the mixture was stirred for 24
hours. CTAB is a cationic surfactant which plays a role of
stabilizing the nainoparticles to be formed. 0.01 g (0.005M)
20 of LiBH, was added as a reducing agent to the above-obtained
solution, and the mixture was stirred for 24 hours to give
a solution of nanoparticles with a size ranging from 2 to

20 nm,

21



5 Figure 4. Exanple 6 Aresult identical with that of Exanple 5 was
obtained by performng the procedure in the sane manner as in Exanple 5,
except that toluene or xylene was used 10 respectively in place o

benzene. Exanple 7 A solution of nanoparticles with a si29éalil%?ﬁ3§j?%6[from 2
to 20 nmwas obtained in the sane manner as in Exanple 5, except that an
ani oni ¢ surfactant, sodium dodecyl-sulfate 15 (SDS), was used. The

sol ution obtained above was introduced into the reagtor in the sane manner
as in Exanple 1, &he capbvhionarhtaiaed, dhove nd@s JiRhEPLNCed ARGt nm
were obtained. Exanple 8 20 Aresult identical wth that of Exanple 7 was
obtai ned by peehotornd.r heher caseuranmer hessdme Reample ad,i mndxgaphen 7,
except that toluene or xylene was used respectively in place of benzene.

22 20 January 2006tEXa8PKELID & nier ldiGhetlerNaf0aBSHE CT @ Somi wdrea ohitzdned .
ranging from2 to 50 nmwas obtained in the sanme manner as in Exanple 1,

except that valgr Vs U§ed-brBhACEOf tRENZERBORS ddifotubes is shown in

5 Figure 4.
Example 6
A result identical with that of "Example 5 was obtained

by performing the procedure in the same manner as in

Example 5, except that toluene or xylene was used
10 respectively in place of benzene.
Example 7

A solution of nanoparticles with a size ranging from 2
to 20 nm was obtained in the same manner as in Example 5,
except that an anionic surfactant, sodium dodecyl-sulfate

15 {SDs), was used.

The solution obtained above wés introduced into the
reactor in the game manner as in Example 1, and carbon
nanotubes with a mean diameter of about 70 nm were obtained.
Example 8

20 A result identical with that of Example 7 was obtained
by performing the procedure in the mame manner as in
Example 7, except that toluene or Xxylene was used

respectively in place of benzene.
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5 solvent. The sol ution obtai ned above was introduced into the reactor in
the same manner as in Exanple 1, but this tine together with a carbon
source (ethylene gas, 50 sccm, and carbon nanot ubes mﬁhg,a nme fﬂianeter
of about 60 nmwere 10 obtai ned. The SEM micrograph of t m@&ﬁﬁgﬁ) anot ubes
Is shown in Figure S. Exanple 10 Aresult identical wth that of Exanple 9
was obtained by performng the procedure in the sane nmanner as in 15
Exanpl e 9 except that nethane gas was used in place of ethylene as the
carbon source. Epemppeed 11 and 12 Results identical with those of Exanples
9 and 10 were obtained by performng in the sane manner as in Exanples 9

20 and 10, except ahasletienobs wasnopascidcigs acttlnfawaiee. rahgingl €rdB 2o a
sol ution of nanoparticles prepared in the same manner as in Exanple 9,

0.065 g (0.005 HHD'%o ?&u hysk agbfd £ndd 20 PRAUSENe 2ARRn¥ASaaddad EREmPle 1,
n e

reduci ng agent, mxture was stirred for 24 hours to give a

evere 11 ocoul SHGERE oFifho “BRFE (T8 WESdouher FHACee shEa PR it The Aase
wher e :
5 solvent. .

The solution obtained above was introduced into the
reactor in the same manner as in Ekampleil, but this time
together with a carbon source (ethylene gas, 50 scem), and
carbon nanotubes with a mean diameter of about 60 nm were

10 obtained. fhe SEM micrograph of the carbon nanotubes is
shown in Figure 5. |
Example 10

A result identical with that oflExample 9 was obtained

by performing the procedq;e in the same manner as in
15 Example 9 except that methane gas was used in _-plaCer of

ethylene as the carbon source.

Examples 11 and 12

Results identical with those of Examples 9 and 10 were
obtained by perfofming in the same manner as in Examples 39
20 and 10, except that ethanol was used in place of water.
Example 13
To a solution of nanoparticles prepared in the same

manner as in Example 9, 0.065 g (0.005 mol) of hydrazifie
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5 no reduci ng agent was added. The sol ution obtained above was introduced
into the reactor in the sane nmanner as in Exanple 9, and carbon nanotubes
with a nmean di aneter of about 80 nm were obtained. The SEM mi cr aph of

t he nanotubes is shown in Figure 6. 10 Exanple 14 A res@ptamﬁﬁhgﬁgé Wit h
that of Exanple 9 was obtained by performng in the sane manner as in
Exanpl e 9, except that nethane gas was used in place of ethylene as the
carbon source. ‘15 Exanple 15 To a sol ution of nanoparticles prepared in the
same nanner asYdH ﬁ%ﬁwés 12, *8dueing 9ewos #R ) the mxhurs es vilsizxeded
as a reducing, and the mxture was stirred for 24 hours to gi ve a solution
of nanoparticl efoni 24 dhatinse ©O gingi |g soluhidn cob0nanvpSohibebes witver a
flocculation of the particles was observed, conpared with the case where

no reduci ng agehie wsngiltteErokhe 3 WO aim.0bkamBeHa8bsYGeiIN@SE] sH LG B8
into the 24 20 January 2006 reactor in the sanme nmanner as in Exanple 11,

Beamp 16 A1 ool T doat Ty e oRe-SroE shapated ik 1HE B i

5 no reducing agent was added.

The solution obtained above was introduced into the
reactor in the same mamner as in Example 9, and carbon
nanotubes with a mean diameter of about 80 nm were obtained.
The SEM micrograph of the nanotubes is shown in Figure 6.

10 Example 14

A result identical with that of Example 9 was obtained
by performing in the same manner as in Example 9, except
that methane gas was used in place .of ethylene as the
carbon source.

1-5 Example 15

To a solution of nanoparticleé prepared in the same
mammer as in Example 11, 0.065 g (0.005 mol) of hydrazine
was added as a reducing, and the mixture was stirred for 24
hours to give a solution of nanoparticles with a size

20 ranging from 2 to 50 nm. Somewhat severe flocculation of
the particles was observed, compared with the case where no
reducing agent was added.

The solution obtained above was introduced into the
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5 by performng in the sane manner as in Exanple 15, except that nethane
gas was used in place of ethylene as the carbon source. Exanple 17 A

sol ution of nanoparticles with a size ranging from2 10 to 50 nm was
obtained in the sane manner as in Exanple 5, except thaf Japuasy 208 used as
the solvent in place of benzene and 0.0065 g (0.005 nol) of hydrazine was
used as the reducing agent in place of 0.01 g (.0.005 nol) of LiBH4. The
sol ution obtained above was introduced into the 15 reactor in the sane
manner as i n BExsgpterl, ibuthehisanel mandeageabeinn Bxtampleariibn sondr earbon
(ethyl ene gas, 50 sccm and wth the reactor heated to 900C. Carbon

nanot ubes of a pARABHHARRLE 8 OfiedR W4 anfdk &M FC Do 20NEH. wh@Pbteaied20 A
result identical with that of Exanple 17 was obtained by perform ng the

procedure in t qgnner as in Exanple 17, except that nethane gas was
used in place gﬁgﬁéﬁﬁ§+eﬂe. 25 20 January 2006 Exanples 19 and 20 Results

identical with those of Exapples, 17 and 18 were _qbtained hy perform.ng.in
the same manner as?iRegRhhpidentical, ity that of q#ﬁﬂﬁiﬁl#%w aﬁM§§§E§88din
pl ace of water..

5 by performing in the same manner as in Example 15, except

that methane gas was used in place of ethylene as the
éarbon source.
Example 17
A solution of nanoparticles with a size ranging from 2
10 to 50 nm was obtained in the same manner as in Exaqlple 5,
except that water was used as the solvent in place of
benzene and 0.0065 g (0.005 mol) of hydrazine was used as
the reducing agent in place of 0.01 g (0.005 mol) of LiBH,.
The solution obtained _above' was introduced into the
15 reactor in the same manner as in Example 1, but this t‘ime
together with a carbon sourcé (ethylene gas, 50 sccm) and
with the feactor heated to 900°C. Carbon nanotﬁbes of a
mean diameter of about 70 nm were obtained.
Example 18
20 A result identical with that of Example 17 was obtained
by performing the procedure in the same manner as in
Example 17, except that methane gas was used in place of

ethylene.
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5 Exanple 21 A solution of nanoparticles with a size ranging from2 to 50
nm was obtained in the same manner as in Exanple 7, except that water was
used as the solvent in place of benzene and 0.0065 g (0.005 nnlé of
hydrazi ne was used as 10 the reduci ng agent in place of 20.Jenuayg80®o5 nol)
of LiBH4. The solution obtained above was introduced into the reactor in
the same manner as in Exanple 1, but this tinme together with a carbon
source (ethylene gas, 50 sccm). Carbon nanotubes with a nmean di aneter of
about 70 nm werkBxamd ashtlf aad. 28xanple 22 A result identical with that of
Exanpl e 21 was obtained by performng the procedure in the sane manner as
in Exanple 21, exrRepultdaidemtitaie wiah datsed iBxanipdes df7 add dihweeee
as the carbon source. Exanple 23 A result identical with Exanple 21 was
obtained by pPeSiQfiHdl by pel@osATBg "RANEhe A8amd FdieY &’ lin G&aRl1dshaly 26
20 January 2006 ethanol wasS used in place of water. Exanple 24 Aresult
Identical wth alélxd’i 'e 22ep Stﬁg aét%éjn@/ w e.esz%gniﬁg'pchEhSESmewnner as
i n Exanpl e 22, ‘excep RS

5 Example 21.
A solution of nanoparticlés with a size ranging from 2
to 50 nm was obtained in the pame manner as in Example 7,
except Vthat water was used as the solvent in place of
benzene and 0.0065 g (10.005 mol) of hydrazine was used as
10 the reducing agent in place of 0.01 g (0.005 mol) of LiBH,.
The solution obtained above was introduced into the
reactor in the same manner as in Example 1, but this time
togethex wi.th a carbon source (ethylene gas, 50 sccm).
Carbon nanotubes with a mean diameter of about 70 nm were
15 obtained.
Example 22
A result identical with that of Example 21 was obtained
by performing the procedure in the same manner as in
Example 21, excepi: that methane gas was used in place of
20 ethylene as the carbon source.
Example 23
A result identical with Example 21 was obtained by

performing in the same manner as in Example 21, except that
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5 ethanol was used in place of water. Exanple 25 Results anal ogous to those
of Exanples 1 to 8 were obtained by repeating the procedures of Exanples 1
to 8, except that the experinments were carried out in a gl obe box

which is isolated fromthe outside contact to prevent tH& aWﬁFHﬁQ?%n of
metal oxides, in order to produce pure fine netal particles. Described
below is an exanple of synthesi zing carbon nanotubes by, neans of

catal ytic nanoparticles conprising 15 two netal species. Exanple 26 This
exanpl e il ust edhancilheasesaéd tbtpliawed ofhematar.catal yst was prepared in
which a nmetal selected Pt, Pd, Rh, 1Ir, Ru, and Ni known for their high
activity in ZOEgghwgéoggnatron of hydrocarbons that are used as the carbon
source, and iron together fornrnanopartlcles and was used in the

synthesi s of nanotu b%sﬁ%& gﬁ‘tféalbe%%and a‘@%% gg(zlowgsbyoﬁﬁlglréh%

benzene) 27 20 January ween - a quantity requited
for preparing a 1M benzen

| ut f F C13 d d
m xture was st P 8rF6P921ﬁoEﬁ§Sg?ﬁ%lon < d¥g,1b sip1e %?rcf%geﬁécfga%r

Ni C12 was added to said m xture in an
5 ethanol was used in place of water.

Example 25
Resulté analogous to those of Examples 1 to 8 were
cbtained by repeating the proce.dures of Examples 1 j:o 8,
except that the experiments were cai‘ried out in a globe box,
10 whicl'r iz isolated from the outsride contact to prevent the
formation of metal oxides, in order to produce pure fine
metal particles.
Described below is an example of synthesizing carbon
nanotubes by means of catalytic nanoparticles comprising
15 two metal species,
Exa.mple' 26
This example illustrates the result obtained when a
catalyst was preparea in which a metal selected Pt, Pd, Rh,
Ir, Ru, and N:i;l known for their high activity in
20 dehydrogenation of hydrocarbons that are used as the carbon
source, and ironr together form nanoparticles, and was used
in the synthesis of nanotubes.

To 40 ml of benzene, 3.516 g (10 % by weight of benzene)
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5 amount such that the atomc ratio of iron : nmetal was 7 : 3, and the

m xture was stirred for another 24 hours to give a solution of
nanoparticles. It was confirmed by transm ssion el ectron m'croscg y (TEM
that the above-obtained nanoparticle solution 10 cont aitRdanyadné (%et al
particles with a size ranging from4 to 30 rim The size of the alloy
catal yst particles appeared slightly greater than that of the particles of
pure iron obtained in_other cases. However,. the size of the

nanoparticl es difd Tweenva2® and P (648 ghdat gpanbityeredquinsl fexr poeperdng
obt ai ned above was introduced into the reactor in the same manner as in

Exanpl e 1, andaaobomm mainicmkesseldtian)neasl et atexd abdsefl, 6Gundn vRee
obtained. It was recognized fromFigures 7, 8 and 9 that the arrangenent

of carbon at ong ;4R ED! fak eHHidrelin £4¥ S 2Ca8GurL0 COMRA eduVbidl t Nepac,
nanot ubes produced with a catalyst of iron only. Specificafly, Figure 7

shows the result._ of.-the, synthesis,...Qf nanotubes.using_ th tal yst .nmade_of
an al |l oy of ir&t‘ilﬁél‘zo S‘é%jl;’ar?/rzgﬁgaana’aﬁi c%@%daﬁg iTo% o&gxgﬁé‘? r?'arﬂﬁo?ﬁbes
were produced wuniformy in a large quantity. Fi %ur,e B shows the result of
the synfhesis GMOMR&oFUBBsthAE nEre A FEtiRdeIoftTaR * AMe%AL df2S Tori dnd

plati num and it shows that the
and the mixture was stirred for another 24 hours to give a

solution of nanoparticles.
It was confirmed by transmission electron midroscopy
(TEM) | 1I:hat the above-obtained nanoparticle solution

10 contained fine metal particles with a size ranging from 4
to 30 nm. The size of the alloy catalyst particles appeared
slightly greater than that of the particles of pure iron
obtained in other cases. However, the size of the
nanoparticles did not vary rguch with the type of metal.

15 The solution obtained above was introduced into the
reactor in the same manner as in Exaltmple 1,‘ and carbon
nanotubes with a mean diameter of about 60 nm were obtained.
It was recognized from Figures 7, 8 and 9 that the
arrangement of cai:bon atoms was more regular in this case,

20 compéred with the nanotubes produced with a catalyst of
iron only.

Specifically, Figure 7 shows the result of- the synthesis

of nanotubes using the catalyst made of an alloy of iron
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5 arrangenment was nore regular, conpared with the case where a catalyst of
iron only was used, and that apparently the byproduct of carbon bl ack was
not produced. Figure 9 shows the result of the synthesis of nanotubes
using a catalyst nade of an alloy of iron and palladi ufd Jagnary aidt e 27
This exanple illustrates the result obtained when nanoneter-sized catal yst
particles conprising iron and copper were prepared and used in the

synt hesis of nanotubes in order to synthesize graphite nanofibers (G\F)
which are 15 uind i nédkéed, t hndredita Bbows heclsttor ageobibay drwegen. pFoddOedd
of benzene, 3.516 g (10 % by wei ght of benzene) of Tween -20 and 0.0648 g

(a quantity reqiHifeemior iBf @PALEIYE hadt@tY. benzegereobukhons eheFeabdlvere
added, and the mixture was stirred for 24 hours. Then, CuCl a was added to

20 said mxtured n { -suchet t&[g]i rat | I r : pper
Is 3. 1, and t%r?eq-'rlﬁ%xt %re wéé‘slssgtél’kr r%%;?%#%sgnot r %4‘5%%%%811{ o'jﬁ)‘?nzq‘el= v‘gﬁa&‘i
sol ution of nanqgparticles with a size ranging frgm4 . to 30 run_. 29 20

January 2006 THR18¥ uBfon iR /B4 aB lﬁg@'i nﬂlgduc’:&d PRPES: hENSF eakPBr

in the same manner as in Exanple 1, and GNF with a nean diameter of about
100 nm Vier e obtaaivaagen®ht SEN Aode TENLAREF ogPEpasedhwithf theecafgwWhere
Figures 10 and 11.

a catalyst of iron only was used, and that apparently the

‘byproduct of carbon black ﬁas not produqed. Figure 9 shows
the result of the synthesis of nanotubes using a catalyst
made of an‘ailqy of iron and palladium.
10 Exaﬁple 27
This example illustrates the result obtained when
nanomeﬁer-sized catalyst particles comprising iron and
copper were prepared and used in the synthesis of nanotubes
in order to pynthesize graphite nanofibers (GNF) which are
15 utilized in the media for the storage of hydrogen.
To 40 ml 6f benzene, 3.516 g (10 % by weight of benzene)
of Tween"-20 and 0.0648 g (a q_uantil;.y required for preparing
a 0.01M benzene solution) of FeCl, were added, and the
mixture was stirréd for 24 hours. Then, CuCl, was added to
20 said mixture in an amount such that the atomic ratio of
iron : copper is 3 : 1, and the mixture was stirred for
another 24 hours to give a solution of nanoparticles with a

size ranging from 4 to 30 nm.
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5 Exanple 28 In this exanple, the sane process was repeated under

different reaction conditions using the nano-sized catalyst particles
prepared in Exanple 1, in order to. synthesize graphite nanofibers (GN\F)
which are utilized in the nmedia 10 for the storage of hydrageny 2% cti on
was carried out by introducing the above- obtained solution (0.34 m/mn)
and H 'S gas (10 scan) into a reactor at 800 C, together wwth a carrier gas
(Ar, flow rate: 100 sccm) for 20 m nutes, and the product was 15 obtai ned
as a bl ack powder.Thae gwlotuicin obbhahned wabovenawgs edinfyradumed ngned edieon
m croscopy (SEM and a transm ssion electron mcroscopy (TEM to find that .
G\P with a nearedbtwvietial tHe adond rilhred sy drolEbaingdd 1 heanbENmiwdchgeaph
of which is shown in Figure 12. 20 Exanple 29 This exanple illustrates the

result obtai nedydl}ena eS| SEUaBGHE! Y65 RAT WetkeDHATRELS! Nehie! @RvA ARG
atomc sulfur were prepared and used in the synthesis of nanotubes in 30

20 January 200 der_to _synthesize graphite nanofiher ) i are
itil1sed | n t ek denidrRhe ERsFael SR Bl B s o pte i ne.
3.516 g (10 % by weight of benzene) of Tween -20 and 0.0648 g (a quantity
required for préﬁﬂi@ﬁﬂ;ﬂ'

In this example, the same process was repeated undexr
different reaction conditions using the nano-sgized catalyst
particlés prépared in Example 1, in order to. synthesize
graphite nanofibers {GNF) which are utilized in the media

10 - for the storage of hydrogen.

'Reaction was carried out by introducing the above-
gbtained solution {(0.34 ml/min} and H,8 gas {10 sccm) into a
reactor at 800 °C, together with a carrier gas (Ar, flow
rate: 100 scem) for 20 minutes, and the product was

15 obtained as a black powder. The product obtained was
analyzed by scanning electron microscopy (SEM) .and a
transmission electron microscopy (TEM) to find that GNF
with a mean diameter of about 60 nm were obtained, the TEM
micrograph of which is shown in Figure 12.

20 Example 29

This example illustrates the result obtained when nano-
sized catalyst particles comprising iron and atomic sulfur

were prepared and used in the synthesls .of nanotubes in
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5 a 0.01M benzene solution) of Fed 3 were added, and the m xture was
stirred for 2 hours. Then, Na2S was added to said mxture in an anount
such that the atomic ratio of iron : sulfur was 1 2, and the m_xture was
stirred for another 24 hours to give a sol ution of nandBdAtuay &8y th a
10 size ranging from4 to 30 rim The sol ution obt ai ned above was
introduced into the reactor in the same manner as in Exanple 1, and GNF -
with a nean di-aneter of about 100 nm were obtained. 15 | ndustri al
Applicability lsrdmnckosisymtieedaedi gqoppintdenpnefihers nUGRF) orwhitmcaret he
particle sirze and the conposition (the types and proportions of the

netal s) of the ypiml-&Atial ok h8liR0E6L khalfcitdigesoedhiirageance, the

nor phol ogy and structure of 20 the carbon nanot ubes produced nmay be nore
easily controlled. , Fppther, %ﬂ_}g}ﬁl galslgagagygt % CHY @&?ﬁ{pm:ﬁl 8finzene)
continuously, carbon”hanot u%es nay e produ cont 1 huous arge

scal es, and the supply,of the netal cat Iyst t ther with 3% 20 Januar
2006 a carbon Furtes o? 13 Rit%G4k %l Poﬁ?agggEY|F?g%}¥%ﬁl ¥ A€ 0ess
as well as the apparatus. Al so, since the reaction conditions are mld,
carbon Manot ubes @r 0@Magenasnenafolubien) haofi nBeShr | ¥ese mAdaedy ogRd, the
structures and 5 characteristics may be produced easily at reasonabl e
costs. mixture was stirred for 2 hours. Then, Na, S was added to

said mixture in an amount such that the atomic ratio of
iron : sulfur was 1 : 2, and the mixture was stirred for
another 24 hours to give a solution of nanoparticles with a
10 size ranging from 4 to 30 nm.
The solution obtained above was introduced into the
reactor in the same manner as in Example 1, and GNF with a

mean diameter of about 100 nm were obtained.

15 Industrial Applicability

In conclusion, according to the present invention, éince
the particle size and the composition (the types and
proportions of the metals) of the metal catalyst introduced
are adjusted in édvance, the morphology and structure of

20 the carbon nanotubes produced may be more easily controlled.
Further, as the metal catalyst can be supplied continuously,
carbon nanotubes may be produced continuously in large

scales, and the supply of the metal catalyst together with
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Hence, the process of the present invention is highly reproducible and
industrially promsing. 10 15 20 32 33 20 January 2006 Wat is clained is :
1. A process for the preparation of carbon nanotubes, 53 sistig f the
followi ng steps: (1) preparing a colloidal solution contdi’AtHgY
nanoparticles in water or in a polar organic solvent in the presence of a
surfactant,and (2) introducing the obtained colloidal solution separately
fromor together with a carrier and/or a carbon source in the formof a

gaseous M Xt ureai ohoban beatred feamt dhe autsise fadlwwsg simpldfigetrion of
nanot ubes or nanofi bers therefrom 2. The process according to claim1l,

whi ch conpri sesghe (pbeBESPAH NePl CRld OLK@! apphvhtas. CONMBid) ngineé althe
salt nanoparticles by adding a nmetal salt to or polar organic solvents in

the presence of g SHEACL AN AUl Lite QRPN Aok UiidtAehe P! otk

nanoparticles i col sol ut'ion, and

nanofibers having various morphologies, structures and
5 characteristics may be produced easily at reasonable costs.
Hence, the process of the present invention dis highly

reproducible and industrially promising.

10

15

20 -
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(2) introducing the obtained colloidal solution into a reactor together
with at | east one of a carrier and a carbon source, and (3) formng the
carbon nanotubes or nanofibers. 3. The process according to claiml or 2,
wherein the surfactant is selected fromonionic surfactahtEIUgFyo00e
January 2006 4. The process according to claim2, wherein the reducing
agent is selected fromthe group consisting of inorganic conpounds such as
hydr azi ne, "HoBH4 Sarcd 2N&8i4 15 ur f act ant s having a functional group with
reduci ng power such as ethyl ene oxide; organi c conpounds with reducing
pover ; andln xPubeaeser dofr. e THEegRledesy adestaliin 1A RPEHS, wherein
the polar organic solvent is selected fromthe group consisting of

al cohol s suchsdstdirhand tdred forldpaniolg sraps mi xtures thereof. 6. The
process according to claiml, wherein the netal used is at |east one netal

sel ected fromthe )gr ogrerzonsicstd e 1dfo itdzANH Il dret@dss a o net al s,
al kali netals and al kaline earth netals. 7. The process according to claim

1, wherei npthe 1metgloQfrt the dretaly,nanopar ticl ed s sedeeded: f rom the group
consi sting of elenental netals, their oxides, nitrides, borides,

fluori des, hromides A S Iiflse A 2 surtactant,and

(2) introducing the obtained colloidal solution
separately from or together with a carrier and/or a
carbon gource in the form of a gaseous mixture into a
heated reactor, and

(3) forming the carbon nanotubes or nanofibers
therefrom.

2. The process according to claim 1, which comprises:

(la) preparing a colloidal solution containing metal
salt nanoparticles by adding a metal salt to or pelar
organic solvents in the presence of a surfactant,and

(1b) optionally reducing the metal salt
nancparticles in the colloidal solution,and

(2) introducing the obtained colloidal solution
into a reactor together with at least one of a carrier
and a carbon source, and

(3) forming the carbon nanotubes or nanofibers.
3. The process according to claim 1 or 2, wherein the

surfactant is selected from nonionic surfactants.



m xtures thereof. 8. The process according to claim1, characterized in
that resulting colloidal solution is continuously introduced into the
reactor for continuous production of carbon nanotubes or nanofi bers.

The process according to claim1, whereilt the carbon sou?%eJQQPﬁﬁglée?@d
fromthe grou§1con5|st|n of a ..noni oni cat j oni,.c,_anio

zwi tterionitc TR ST RS LM TG MRS bttr}?\ r% 1$t%¥hes and

fl uorocarbons; alcohol. having 1 to 6 carbon atons; carbon nDnOX|de
saturated GEeNindat Gedesses ifgfl’i’é'k it FRO RS Haih P P89+ Bon

atons, and aromatic hydrocarbons having 6 to 10 carbon atons, which may
have 1 to Zompremcsatowd sl dwideh Fimem Iﬂﬁﬁhgﬁ@de@@MSvsﬁuﬁéagta@%?gen
nitrogen, chlorine, fluorine and sulfur. 10. The process according to claim
9, wher ei nhavickarkadtterdtzethagayysugh vasHedd2S ranpdi3r isucddig i onal |y
supplied. 11. The process according to claim1l, wherein said reactor is a

react or usedhfQlenceastiidens di@Eiid rebrdourd®ASH he-fudhes dwdreat i ng,
chem cal vapor deposition (CVD), plasnma and radio frequency (RF) heating.

12. The prees$:3¢¢d ng Lo . a|n11 wherein the netal nanoparticles or
the col |l oidal solution thereof

5. The process according to claim 1, wherein the polar
organic golvent is selected from the group
consisting of alcohols such as ethanol and propancl; and
mixtures thereof.

€. The process according to claim 1, wherein the metal
used 1s at least one metal selected from the group
consisting of transition metals, noble metals, alkali
metals and alkaline earth metals.

7. The process according to claim 1, wherein the metal of
the metal nancoparticles is selected from the group
consisting of elemental metals, their oxides, nitrides,
borides, fluorides, bromides and sulfides, and
mixtures thereof.

8. The processg according to claim 1, characterized in
that resulting cclloidal scluticn is continuously
introduced intc the reactor for continucus production of
carbon nanotubes or nancofibers.

9. The process according to claim 1, wherein the carbon
source 1s selected from the group congisting of a

nonionic, cationic, anionic and zwitterionic surfactant



prepared by a nethod selected fromthe group consisting of nechani cal
grinding, co-precipitation, spraying, sol-gel processing, electrolysis,
enul sion processing and i nverse enul sion processing. 13. Carbon nanot ubes
or nanofibers prepared by the process attording to any ofCci2i4HEY 208612,

of hydrocarbons, silicones and fluorocarbons; alcohol
having 1 to 6 carbon atoms; carbon monoxide, saturated or
unsaturated aliphatic hydrocarbons having 1 to &6 carbon
atoms, and aromatic hydrocarbons having 6 to 10 carbon
atoms, which may have 1 to 3 heterc-atoms selected from
the group consisting of oxygen, nitrogen, chlerine,
fluorine and sulfur.

10. The process according to claim 9, wherein a
characterized gas such as H,, H;S and NH; is additionally
supplied.

11. The process according to claim 1, wherein said
reactor is a reactor used for reactions including at
least one of thermal heating, chemical wvapor deposition
(CVD), plasma and radio frequency (RF) heating.

12. The process according to claim 1, wherein the metal
nanoparticles or the colleidal sclution thereof is
prepared by a method selected from the group
consisting of mechanical grinding, co-precipitation,
spraying, sol-gel processing, electrolysis, emulsion
processing and inverse emulsion processing.

13. Carbon nanotubes or nanofibers prepared by the

process according to any of claims 1 to 12.



