WD 03/ 008331 PCT/ KRO1/ 01512 PREPARATI ON OF CARBON NANOTUBES Techni cal
*Field The present invention rel ates l Nm‘ for the '5 preparation of
carbon nanotubes, particularly to a m mmmmbl i ng continuous bul k

preparation nanot ubes or carhagpanofibers in which catalytic
et al nanopa?%?@'@@gﬂhaving prelimnarily controlled conpos?FF@W?”Bﬁ%ﬁicle

size and particle distribution are conti (.ot roduced. More 10
specifically, the present invention |%maj\mmm@mwa process for the
preparation of carbon nanotubes or na : i ch conprises-introduci ng
in a gaseous phase a colloidal__ solution ¢f°#¥tal nanoparticles, preferably
contai ning an optional surf FAERARATION: OFcFARRON 'HR%® source into a 15
heat ed reactor, and carbon nanot ubes or  carbon nanofi bers obtained from
the sane process. Therefore, the present invention is highly reproducible
and industrially prom sing. Background Art 20 A carbon nanotube is a :
substance i n wWledhraiczdr IFdeldt om is bonded to neighboring three carbon
atons, these bonded -

‘The present invention relates to a process for the

5 | preiaaration of c'larbon nanotubes, particularly to a process
enabling continuous bulk preparation of carbon nanotubes or
carbon nanofibers in which catalytic metal nanoparticles
havihg pfe;iminarily controlled cor;xpositioﬁ, particle size
and particle distribution are contin’uously_introduced. More

10 s’peci_fically, the pfesent invention is to provide a process
for the preparation of carbon nanotubes or nanofibers,
which comprises -introducing in a gaéeous phase a colloidal
solution of metal nanoparticles, preferably containing an
optional surfactant, together with a carbon source into a

15 : heated reactor, and carbon"l nanotubes or carbon nanofibers
obtained 'from the same process. Therefore, the present

invention is highly reproducible and industrially promising.

Baékground 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



carbon atons form ng a hexagonal ring with other adjacent bonded carbon
»atons and such rings being repeated in a | WO 03/008331 PCT/ KRO1/01512
honeyconb pattern to forma sheet which rolls into a cylindrical tube.
Such car bon ”ﬁﬂ%bﬂﬂiﬁ may have a dianeter ranging from several angstrons
(A) to several nanoieters (am), with the 5 length ranging FFOMROERSD| ds
to thousand-folds of the dianeter. Extensive studies have been carried out
on the synthesis of carbon nanotubes since these nanotubes have a

nor phol ogi cal feature as descri bed above and, excellent thermnal
mechani cal and:el ectrical characteristics 10 originaiigéhfron1the1r

cheni cal bondi HGREVEORR RAFESHFectOd ToHAL it iEbeSht | Wi FadEn HaERt dhes

having these characteristics would l.ead to the devel opment of NUMer ous
product s whi cheyliitnfirigat twketechnical linmitation of the existing
materials, and to the inpartation of new, 15 previously unpossessed

characteristics tgudievehepefi nanodubés. mEgr hiae yndherdtedfragyihen from
nanot ubes, various techniques have been proposed, including arc discharge,

e o 29 e RO PR (Y ASATERRel ) ot i s
5 1ength ranging from ten-folds to thousand-folds of the
diameter. Extensive studies have beeﬁ carried out on the
synthesis of carbon nano;ubes since these nanotubes have a
morphological feature as described 'above and' excellent
theimal; mechanical and electrical characteristics
10 originating from their chemical bonding. It is now expected
that utilization of carbon naﬁotubes Ihaving these
characteristics would lead to the development of numerous
products which still face the technical limitation of the
existing materials, and to the impartation of new,
15 previously unpossessed ;haracteristics to developed
products.

For the synthesis of carbon nanotubes, various
techniques have been proposed, including arc discharge,
laser.evaporation; thermal chemical vapor deposition (CVD),

20 catalytic synthesis, plasma synthesis and the like [See US
Patent 5,424,054 (arc discharge); Chem. Phys. Lett. 243, 1-
12 (1995) (laser evaporation); Science, 273: 483-487(1996)

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



Pat ent 5,424,054 (arc discharge); Chem Phys. Lett. 243, 1- 12(1995) (Il aser
*evaporation); Science, 273. 483-487(1996) (I|aser evaporation); US Patent
6,210,800 (catalytic 2 WO 03/008331 PCT/ KR01/ 01512 synt hesis); US Patent

6,221, 330 (gagBypmpiase synthesis); WO 00/26138 (gaseous Basey sy

synthesis)]. In these nmethods, carbon nanotubes are synthe _
severe reaction conditions, for exanple, at high tenperatures of several 5
hundred -degrees to several thousand degrees in Celsius, or in vacuum
Further, the type of reaction used is a batch- type reaction, instead of a
continuous. flow type reaction, such that continuous preparation of carbon
nanot ubes i s. 5Vﬁ%8§§%%)é,u%nga§ﬁnp §wBPL, 33D uhgasepus ap n8yrEhersis)ar e
10 produced in batch reactions. Accordingly, said nmethods have the problem
of facing |inWDattiod@6LR8nHgaseovduphase eimbbestslles aln| thessshethodsd
therefore it is desired to develop a suitable process for the gas-phase

synthesis, espeairBbhy wanutalRss e sPnERESIIeOUINREH heeverdhi Sbadision
i ndustrially useful. The QCakridge National Laboratory and R E. Snalley et

al of Rice Un%ﬁﬁﬁ§£i¥ﬁ%ﬁ.%g§ %Q&ﬁﬁgﬁ,tQQgspggﬂokﬁﬁgF LeRPEE! Iofe! Yeveral

processes for e synthesis of car nano es in e gaseous phase. 'in
these ggs-phasg, 288X 0§t Ss PEO 838341 2 PnSl S "Feteds £ BN hd," o' O
in vacuum. Further, the type of feaction used is a batch-
'type reaction, instead of a continuous flow type reaction,
such that continuous preparation of carbon nanotubes is'
impossible, and only small amounts of carbon nanotubes are
10 produced in batch reactions.

Accordingly, said me;hods have the 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 process for

15 continuous synthesis which is industrially usefui.

The Oakridge National Laboratory and R. E. Smalley et al
of Rice ©University in the <United States 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 t';he

molecular level, such as ferrocene or iron pentacarbonyl,

is introduced in the solid state into a reactor as a



transition netal. is bound to an organic conpound in the nolecular |evel,
*such as ferrocene or iron pentacarbonyl,. is introduced in the solid state
into a reactor as a 3 WD 03/008331 PCT/ KR0O1/ 01512 catal yst pronoting the
synt hesi s of I anotubes. As shown in the above-nentigned prior art,
the conventidﬁgpga%%gcesses for the gas-phase synthesis of BQPHBﬁKHaﬁotubes
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 zone where the precursor is. vaporized. in the nolecul ar

| evel by gradual heating. The vaporized catalytic netal nolecules are
transferred to $HEWsEomFamekdndortheoreynifiasiis ol Ocavbon anaadtebes. hilder
tenperature, where the nolecules are subjected to pyrolysis so that the
nmetal atons forshown timf the pdrcviecihnentidhede palibrafarte pehéi YoBvendioLaR! €,
while colliding into each other, to formfine particles, and then the fine

netal particl eprotesBesUIRE asmd hgad il ypiedetid NGe 9%_?%9:1%&%98&

nanot ubes. However, it has been reported that the particles are required
0 0PAP, 5 FELSRL Bapa® SUEToOLY T RAlEt Ehge 10k GRS, S Lot
convent isonal g%:'se%%"éiogynégﬁaesé:s mD’Ahocszja'.stalytic metal precursor is first
introduced in the solid state to the Ffirst reaction zone
where the precursor 1s vaporized in the moieqular level by
gradual heating. The Vvaporized cataljrtic metél n{olecules
are transferred to the second 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. These u?.trafine ‘particles aggregate,
while colliding into each other, to .forni fine particles,
and then the fine metal particles may be used as the
15 catalyst for the growth of carbon nanotubes. However, it
has been reported that thel particles are required to have a
certain size, 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

\



for carbon nanotubes, catalyst particles formirregularly in the reactor;
"and thus it is practically inpossible to expect uniformgrowh of catalyst
particles in controlled 4 WO 03/008331 PCT/ KR0O1/ 01512 size. Mboreover, as

transition r“%é?ﬂ/ ';fer fromeach other in their physical properties, it
i's difficult SP e nanoneter-sized catalyst particlesP€& ﬁﬁwygﬁﬁb t wo
or nore transition netal species and having uniform conposition and 5
control |l ed size. Consequently, it is extrenely difficult or hardly

possi ble to produce characterized carbon nanotubes conprising two or nore
transition netals in uniform conposition. Furthernore, since it is

i npossi bl e to cdr#er.ol Mordeversy tas |tragisdélondmebabt dioffersifiioon eabhcatléyt i c
netals 10 in the conventional gas-phase synthetic processes, it is
difficult to prieduekear pRpsDeaDt Pb@ﬁeﬁﬁiéﬂ;ghiﬁuﬁjd Yaitficd ttSUpdepatde
process.suggested by Smalley et al. has a drawback that the reaction

shoul d be carri L as \Y; SSUL ' ors,.of th
pr esent inventﬁ%% g&SQdfégéée?%gglgﬁgti%%?%&%é%aggﬁﬁ%gégggn_ e 6P%dﬁ%€% by

suspendi ng nanoneter-sized fine netal pagticles in, aseous phase as _a
metal catal yst SHAPEACAGE PRESY SRPGLE | P4 PAEARS Y otny CoBBPEH ELop and
car bon nanot ubes produced and sinul taneously 20 supplying a carbon source,
and thaf nost &Pntgelbedpsiéng. Consequently, it is extremely difficult or

hardly possible to produce characterized carbon nanotubes
comprising two oxr more transition metals in uniform
composition. Furthermore, since it is impossible to control
the particle size and metal composition of catalytic metals

10 in the conventipnal.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 discovered
that carbon nanotubes can be produced by suspending
nanometer-sized finé metal particles in a gaseous phase és
a metal_catalyst which has the greatest influence on the
properties of carbon nanotubes producea and simultaneously

20 supplying a carbon source, 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



faced by the conventional gas-phase synthetic processes as described above
can be overcone by this novel nmethod. According to the present invention,
(a) since the 5 WD 03/008331 PCT/KRO /01512 particle size and conposition
of the catalyst are pre- determ ned, the shape and structure-of the carbon
fanot ubes p%ﬁﬂﬂﬂ@@lﬁhereby can be nore easily controlled; PEWKBIMUSI2 t he
catalyst as well as the carbon source can be supplied 5 continuously,
conti nuous nass production of carbon nanotubes is possible; (c) since the
~carbon source is supplied together with the catalytic netal nanoparticles,
the process itself can be sinplified; and (d) since the. reaction process
is carried out partiicld ceizk t aads, copoditica bef ot chealyst nanef | Prss
having a variety of shapes, structures and properties can be prepared

easily at reaguiaingne@s! the CoRabe!SNE| dtridi@iid U ThePlcakB8nPhEIEBibes
invention is industrially very prom sing. 15 D sclosure of Invention

Therefore, the plasedh RGBS He RUAY! s 1P B685F1 Q. HI9) | aince

. O .
preparati on of C&%Oﬂ nanot U% S Or nano'{‘)l ers, aracterrzed i

nanoparticles of elenental netals _or 20 netal conpounds (herejnafter,.
referred to as “HfetC@talyghofs Mdiles the LCaPeR| Bre))| ¢ ohet AePRbied; o

introduced in a gaseous phase into a reactor together with
5 - continuously, ' continuous mass production of carbon

nanotubes is possible; (e¢) since the carbon source is
suﬁplied together with the catalytic metal nanoparticles, .
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 present

invention is industrially very promising.
15 Disclosure of Invention

Therefore, the pfesent invention is to provide a process
for the preparation of carbon nanotubes or nanofibers,
characterized in that hanoparticles of elemental metals or

20 metal compounds (hereinafter, referred to as "metal
nanoparticles?) 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



an optional carbon source, and to provide carbon nanotubes 6 WO 03/ 008331
“PCT/ KRO1/ 01512 or nanofi bers thus prepared. According to a preferred
enbodi ment of the present invention, netal nanoparticles are prepared in
the formof 5 a colloidal solution optlonally containing a surfactant and
then are int r¥0888%33n a gaseous phase into a reactor. NorePEPEBPIQISRI |y,
the process of the present invention consists of the follow ng steps: (1)
preparing a colloidal solution containing nmetal 10 nanoparticles in the
presence or absence of a surfactant, (2) introducing the resulting
col l oidal solution into a heated reactor together with a carrier and/or a
carbon sourceprehbfi6Eibepartigl prepatrédthe. form of a gaseous m xture,
and 15 (3) form ng carbon nanotubes or nanofibers therefrom According to
a nore preferred enbodi nent, nmetal- nanoparticles or a colloidal solution
t hereof may be introduced together with or separately froma carbon

source, but pref .they _are intrqduce n th fornlof a xture 2Q for
the formati on of %‘u (#irJn P8ar B3n hakse 3%@ A ne S Fenffi n%g‘ﬁt j BResen
"introduci ng nanoparticles or_ a coll oi dal solutlon t hereof in a gaseous

phase” means dp¥BBRAPRg TAERY | PRNCRAHGIES SR PraRaTed dB they s

5 a colloidal solution optionally containing a surfactant and
then are introduced in a gaseous phase into a reactor.
More specifically, the process of the present invention
consists of the following steps:
(1) preparing a colloidal solution containing metal
10 nanoparticles in the 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, either separately or in the form of a gaseous
mixture, and
15 (3) forming carbon nanotubes or nanofibers therefrom;.
According to a more preferred 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
20 - 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

A



WO 03/ 008331 PCT/KRO /01512 phase by spraying, injection or atom zation,'
“that is, formng a gaseous colloid. Al though the nanoparticles of the
present invention nay be used in the powder form it is nore advantageous
to use themi §rmof a colloidal 5 solution for the upiformn t

amount of su‘g??? Eonngenelty in the mixing with the carrlg?wﬁﬁﬁVgxnthe
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 1000 Da (Dalton, a unit for 'the nolecular weight) to 0.45 m

(or 0.2 pm). However, . "a collqidal solution" used herein. neans a sol ution
conpri sing part? 25 QY o PERYARFoneiriectiom foxy AbULeatiomnontay s disn
size, and occasionally precursors thereof as 15 well. In the present

i nvention, the i@ﬂwuxhanopaseoubeso¢101élenﬂﬂthbught&he<manmph&t1§Q€BO%EdS"
or "metal nanoparticles” nmeans nanoparticles having an average particle

size in the ordette resumntiitent ibAr ng¥aBe! 8ee@f iR ik IFNIAN FHRLET Gt 942
f ew hundred nanoneters, in which the metals. exist in.” the el enental

~and/ or conpoundnd¥¥ NBavahtadd ik a rgicl I pcl udi tho Jd.qui d
particles having a size | né)é above- %eggr&?‘btel rtg%‘ge IWE E eccéﬁmdg'f
5 solution for the uniformity in the amount of supply,

homogeneity in the mixing with the carrier and/or the
: cérbon -.source, and feasibility of conversion into a gaseous
phase. | |

In general, a colloid represents 'a solution of solid

10 particles whose size ranges from 1000 Da (Dalton, a unit
for the molecular weight) to 0.45 pum (or 0.2 pum) . 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 - airerage
particle size in the order of nanometers, for example, of a

20 few'nanometefs 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



WO 03/ 008331 PCT/ KRO1/ 01512 obtai ned by dissolving or dispersing el enental
-metals or netal conpounds in a solvent (e.g., sol particles), or the
particles of an emulsion or a dispersion. The netals in the netal
nanoparticles of the present .5 invention may be present in the form of
el ements, i noVQAaHPBI31or organi c conpounds, or mixtures ther BEF/KReSay
consist of a single netal species or of two or nore species, such as in
the formof an alloy or a conposite. Hereinbelow .the invention will be
explained in nore 10 detail. Wen the particle size is in the order of
‘nanoneters - (typically 300 nmor less), the particles may be different

fromthose of Lptafhedi BYS dibddIRiihgPIAWeaLbpErsiKy BREME@APENCRetals or
Nanonet er - si zed particles have increased 15 surface area per unit nass, and

subsequently s ' erfo dialger r bl su t
the nmelting p@?er%ig?&t %ﬂb%é)t{%léegaggg?@gsg% 'n'd?%i; CO olrd]%'r%)t'hg’t} eh
particles varies m&éﬂ the size. Further,. the fine particles of manoneter
size may be 2BApHECHsA ?ﬁ]qqu?mﬂkﬁﬁgnoPrb%i$EF% ed in a gaseous phase
and have high reactivity. The present inventors have done studies to
devel op a nethod Fhsaymeffalisi i $heh mehirdneneropartiqleas nef mbhgl presend es
as a catalyst suitable for the -

5 invention may be present in the form of elements, inorganic

or organic compounds, or mixtures thereof, and may consist
6f a single. metal species or o’f'two or.mbre species, such
- a8 in the form of an alloy or a composite.
Herein.belqw, the invention will be exblained in .more
10 detail.‘
When the particle size Iis in the order of nanometers
(typically 300 nm or less), the particles may be different
from those of iarger sizes in their propertieé and
performance. Nénometer—sized particles have increased
15 surface area per unit mass, and subseéuently shc;w impro_ved
performance and altered properties such that the melting
point of the particles decreases and the color or the
partidles varles with the size.
Further, the fine particles of nanometer size may be
20 present in-the state of being suspended iﬁ a gaseous phase
and have high reactivity. The present inventors have done
studies to devélop a method a way of using such nanometer-

sized fine metal particles as a catalyst suitable for the



9 WO 03/008331 PCT/ KRO1/ 01512 synfhesis of carbon nanot ubes, particularly
“for a process for the preparation of carbon nanotubes in a gaseous phase.
To the inventors' know edge, none of the nethods that have been proposed

t hus far nake §%§ of fine netal particles 5 prepared in. advance, which are

introduced in"2%4%&Yus phase into the gas-phase synt hesi s PEFKRAVYSR

nanot ubes. In the present invention, the netal nanoparticles or a

col |l oidal solution thereof nmay be prepared by techni.ques such as

mechani cal grinding, co-precipitation, spraying, 10 sol-gel processing,

el ectrolysis, enmulsion processing, inverse emulsion processing or the

li ke. For exanpswithesipatent carbas, saodiled osparaiqulnelys far appepaessg a
zirconia sol consisting of tetragonal crystal particles of 0.5 mor |ess
in size by sol -fiet gHeOGRPAIGLibh UE Patiesh Dardduldd idi sClesRous Phesess
for preparing a solution or sol. of stable oxide polytungstate containing

about 17Wof t uRgStRD Ol LM oi%vgha gonneﬁaasledE&ge%etguag%ﬁgtﬁg% &

precursor by sol-gel processing. T atented invention does no ron
about the particle size 20 or distrjbutiqn of the _sol, particles, but fhe
particle size l?eser’prgjé?ﬁ’r%ﬁe?ot Bsoffaﬁarﬂ?ﬁﬁ eref e\?gls.}f’dge P“a’FE?lf Q?’fg??gﬂi
di scl oses a process for preparing by so|l-gel processing an  anorphous
titani um per oxiRkeRSFehadRnadvanseri cyiah zaref Pptroduced in a gaseous

phase into the gas-phase sYnthesis of carbon nanotubes.

In -the present invention, the metgl nanoparticles ér’a
colioidal solution thereof may be prepared by techniques
Quch as mechanical grinding, coLprecipitation, spraying,

10 sol-gel - processing, elactrolysis, emulsion processing,
inverse emulsion processing or the like.

For example, US Patent 5,238,625 discloses a process for
preparing a zirconia sol consisting of tetragonal crystal
particles of 0.5 um or less in size by sol-§e1 processing.

15 Us Patent 5,911,965 discloses a process for preparing a
solution or sol of stable oxide jpélytungstate containing
about 17% of tungsten oxide from a solution of acidified
tungsten oxide precursor by sol—gél processing. This
patented invention does not mentién.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 aﬁ

amorphous titanium peroxide sol having a particle size of 8

10



-10 WD 03/008331 PCT/KRO1/01512 to 20 nm and a sol concentration of 1.40 to
“1.60% which is capable of long-termstorage at roomtenperature. US Patent
6, 183, 658 di scl oses a process for preparing nanometer-sized, non-cohesive
i ron-contai ning oxide particles having a 5 uniformparticle size

di stri bution,w‘gﬂ:ﬂo"g{i’r’face of which is nodified with a sil aPE/ERHISHAd to
prevent cohesion. The above-listed patents are. incorporated into the
present invention for reference.. In particular, US Patent 5, 147,841

di scl oses a process 10 for preparing a colloidal solution of elenental
~metal nanoparticles by adding a netal salt to an organic sol vent

cont ai ni ng a stwof 26t amt and feomwlheongentvasiomvef sk. 40 ced | B. 6Rarvhidesisand
reducing the netal salt within the mcelle .particles. This patent is.

‘incorporated i ghpable f CBERY-tehin igtb@AbeORt T Pboh Of fFdtetburte BET bd it
size of colloidal, netal particles prepared according to the emul sion

processing or igNyggs ' r.o ' 5 neral | f the
order of several néﬁ%ﬁen?qg%f) oesgeavgggﬁbﬁgn%%?%%ﬁ%ﬁieﬁ;}%nghg ﬁ%ysbﬁego
adjusted in accordance with the reaction conditions. A surfactant is added

to.form honogeReBUSORTREYE ¢ PEPRT YRR { PHHAR e RATK Son Kvinge 2

col | oi dal net al particles. As described above, the enul sion processing or
i nver se’ uniform particle size distribution, the surface of which is

modified with a silane compound to prevent cohesion. The
above-listed patents are incorporated into the present
invention for reference..
In particﬁlar, US Patent 5,147,841 discloses a process
10 . for preparing a colloidal solution of elemental | metal
nanoparticles by addiné a metal salt to an ofganic solvent
containing a surfactant to lform homogeneous inverse micelle
particles and reducing 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 fhe order of several
nanometers to several hundred nanometers and méy be
20 adjust_ed in accordance with the reaction conditions. A
surfactant 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



11 WO 03/008331 PCT/ KRO1/ 01512 enul si on processing nethod is further
“advantageous in that netal particles containing two or nore netal species
may be prepared in the formof a conposite or an alloy, and that the

wei ght, the particle size and its distribution of the 5 netal salt mcelles
may be easi| yVO8MPBH ed by the types and amounts used of PEFKBOV4ISRt ant
and the solvent. The netal salt mcelles having a controlled particle size
and its distribution can be used as a catalyst either per se or after
bei ng reduced to el enental netal particles wi thout 10 substantial . changes
Iln the particle size and its distribution. This neans that. the L
conposi tion, pemulsien prdcessingi méthdditionfatthde a@vahtapemparin clles
used as a catalyst can be controlled. Hence, in a preferred enbodi nent of

the present 1RetRYephilr1ddecdiiAlnitdy twd 68 herBahbtal espesfdyicrel, asne
descri bed above are Used as a catal yst "either per se or in ~a reduceéd form

Specifically, th ' ' i d f |
oar bon nanot ubBEePRREA pih  ERETIOER" ok Gonpnat B B80S A1dK “Id Mhar

- colloidal solution containing netal _salt nanoparticles by adding netal
salts to a sol tBAt wed@gbh., Adenpagiticde #ig6 andoribforbbdtariidam ©kdiheent ,

contai ning a surfactant, : _
5 metal salt micelles may be easily controlled by the types

and amounts used of the surfactant aﬁd the solvent. The
metal salt .micelles having a controlled particle size and
_its digtribution can be used as a catalyst either per se or
. after being reduced to elementai metal particles without
10 . substantial changes in the particle size and its
distribution. This means that the composition, particle
size and distribution of the metal nancparticles used as a
catalyst can be controlled.
Hence, 1in a prefe_rrgd embodiment of the present
15 invention, the metal salt micelle particles produced. as
described above are uséd as a catalyst either per se or in
a reduced form. Specifically, the present invention
provides a proéess for preparing carbon mnanotubes, which
comprises the foliowing steps :
20 (l1a) 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



12 WO 03/ 008331 PCT/KR01/ 01512 (1b) optionally reducing the netal salt
“hanoparticles in the colloidal solution, (2) introducing the resulting
colloidal solution into a heated reactor together with a carrier and/or a
carbon 5 SOURB93/0 &%gher separately or in the formof a gaseous m xture,
and (3) form Ng Carbon nanotubes or nanofibers therefrom TREKRAASE ysed
in the present invention are not particularly limted, and may be any
netals that can be .10 sinply added or used as a_ catalyst in the process
for preparing carbon nanotubes or nanofibers. Exanples of such netals
include transition netals such as iron, cobalt or nickel; noble nmetals
such as pl ati num oflbpalopadonallpndedat kay ithanchedlalalbhhe aanbbar®icles .inThe
types of the netal 15 conpounds which may be used in-the present invention

are not parti ¢eHeaedyldiddl ebruvidnexanpl es include the elenental netals
| i sted above, their oxides, nitrides, borides, fluorides, brom des and

sulfides, and m x{(oSacBaEshy LhoNSEgasRity SoTEiAlahedass Hob act

as a 20 catal yst In he process o resen I nventi on na

a catalytic neta t he forn1of a IIo r a mxture, and this does not
depar t ?‘/romthéegb?& tre&q:&olrh together thl(?x carrtier ‘and or a carbon -

5 source, either separately or in the form of a gaseous
mixture, and |

(3) forming carbon nanotubes or.'nanofibers therefrom.
The metals used -in the present invention are .not'
particularly limited, and may be any metals thé.t can be
.10 simply added or used as a catalyst in the process for
preparing carbon nanotubes or nanofibers. Examples of such
metals include transition metals such as iron, cobalt or
nickel; noble metals such as platinum or palladium; and
alkali and alkaline earth ;netals., The types of the metal
'_ 15 compounds which may be used in the present invention are
not particularly limited, and examples include the
elemental metals 1listed ‘above, their oxides, nitrides,
borides, fludrides, bromides and sulfides, an&l mixtures
thereof. If necéssary, a metal which does not act as a
20 catalysﬁ 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 ﬁot depart from the spirit and the

scope of the invention.

13



scope of the invention. 13 WO 03/008331 PCT/ KRO1/ 01512 Meanwhil e, according

“to the present invention, the «colloidal solution of netal nanoparticles

~may exist as a gaseous colloid for sone tinme when the droplets containing
the netal pargj re made to suspend in a gas, since 5 these particles
are nanorreter‘slks)%@@s?i ne particles. The nmethods to transfoPﬁT’f(ﬁE"‘&‘élzl oi dal

solution into a gaseous phase and to suspend the droplets in a gas are not
particularly limted, and conventional nethods in the art, for exanple,

di rect spraying, siphon spraying, atom zation, 10 etc., may be used. The

droplets of the colloidal solution containing metal nanoparticles

i ntroduced into a Mearhdile,n acgazding pbasethe apmanti bddvebbien, artthe

i mMedi ately transforned into nanoneter-sized netal particles owing to the
hi gh 15 tenper aiclneidalt »luedeholofnfetdl hanopLftbGleb Cadpl valistl @is tde
grow h of carbon nanotubes. In a variation of the present invention, even

L 5 son oL gebll consesaenndohdr0egh! kgl Bbplergommatatach
Lo a0t o 25 B ENGCal 0o ! SHETL 2 LA RLILFI 62 1 & SO e
5 these particles are nanometer-sized fine particles. The
methods to transform the colloidal solution into a gaseous
phése and to suspend the droplets in a gas arxe not
particularly limited, and conventional methods in the art,
for example, dirgct spraying, siphon sprayirllg,' 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 nanoparticles of .metal
compounds such as oxides is introduced into the reactor

20 without preliminary reduction, the particles are reduced
into__elemental metal particlgs in a short time because the

fineness of the particles increases their reactivity; or

unreduced particles may also be used per se in the process

14



unreduced particles may al so be used per se in the process 14 WO 03/ 008331
" PCT/ KRO1/ 01512 of synthesi zi ng carbon nanotubes. In the present invention,
the surfactant forns fine mcelle particles with the netal hanoparticles
in the sol ve‘%, ’B@ﬁiz'l itates uniformdistribution of the netal @art i cl es,
and mai ntai ns" CHe e of the netal particles by preventin§CVKB¥YARs on
of the netal particles until they are introduced into the reactor. The
surfactant may be nonionic, cationic, anionic or zwitterionic, and al
types of surfactant may be used, for exanple, hydrocarbons, 10 silicone
conpounds, fluerocarbon corrpounds and so on. The anmount of the surfactant
used in the inedhisyobhesiabtg grrhdnc mamotybesni t ed and nmay be adequately
sel ected by a person having ordinary skill in the pertinent art. Reduction
of the netal saltsImaghel Sprégermtar ineeneiibnpy thed addFaetait | Fd¥MsONine
reduci ng agent selected fromthe group consisting of, for exanple,

i norgani ¢ conpgydsigy aﬁélciwsdr%ﬂ't%e thiBHie 221 '}‘?ﬁléﬁwarw gagt aﬂg fayi ng

a functional group w th reducing power such as ethyl ere oxi
or gani ¢ conpoun hr ower educt eed to the
extent that thé& oﬁ’gfsﬁf; saf?%ﬂa’rq%"%@dub’é‘& °§“a’rt‘hbﬁ€"a%‘} %t eFPet o’“ﬁﬁ]al s.
Sol vents whi ch ma¥ be used to prepare a coll oi dal

5 icles, and maintains the size of the metal particles by

preventing the cohesion of the metal particles until they
are introduced into the reactor. The surfactant may be
nonionic, cationic; anionic or zwitterionic, and all types
of surfactant may be used, for example, hydrocarbons,
10 silicone 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 o;dinary skill in the pertinent art.
Reducﬁion of the metal salts may also be carried out by
15 adding at least one reducing agent selected from the group
consisting of, for example, inorganic compounds such as
hydrazine, LiBH, and NaBH4f surfactants having a functional
group with reducing power such as ethylene oxide; and
organic compoundé with reducing power. Reduction may
20 proceed to the e#tent that the metal salts are reduced
partially or completely to metals.
Solvents which may be used to prepare a colloidél

solution include water, and polar or nonpolar oxrganic

15



solution include water, and polar or nonpol ar organic 15 WO 03/008331

" PCT/ KR01/ 01512 sol vents. A polar or nonpol ar organi ¢ solvent may be
selected fromthe group consisting of aromatic hydrocarbons such as
benzene, tolu yl ene; aliphatic organic solvents su hexane,
hept ane and o???r?g?ﬁsfc()l ar solvents 5 such as ethanol and pfi’%ﬂﬁﬁ'ﬂ’?‘si%d
mxture thereof. In the present invention, the netal nanoparticles or the
col |l oidal solution thereof nmay be introduced into the reactor together
with a carrier. As the carrier, nmention nmay be nade of inert gases such as
argon, neon, heliumand 10 nitrogen; and polar or nonpolar solvents

af or enent i oned. S9bYRHRr wi® h PPABLgaRE o RPIPOLlAYr co¥ganie eolventalmay be
solution and an optional carrier or separately, a gaseous or liquid carbon
source may be seppediefl fwom Hihec grioup coosistingaofl svomaictariywivsuhrdbgani C
solvents may be used 15 as they are, and other organi c conpounds sel ected
fromthe groupsuelsias | ben@énd)y draidieensafdChinAeredr DA pRAGK: d&rganic
saturated or unsaturated aliphatic hydrocarbons having 1 to 6 carbdn atons
and aromatic hyghpeaf ' 1 on at y sed .as 1.
Such a carbon s%ﬁrce %;r/bﬁlzégﬁ\#é{/gle%a%%'SRﬁgggﬁgaﬁﬁsgér%%ﬁ égo%fa%orﬁ%lﬁgn Foup
consi sti chlorine, fluprine and sulfur. Since the

ng of ogxwgen .t rogen
‘surfact ant and/%‘fé&?ﬁes 533:1 8fd; RECRYIPHi ppd mixture thereor.

In the present invention, the metal nanoparticlés or the

colloidal solution the:eof may .be 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; aﬁd polar or nonpolar solvents aforementioned.
Together with the gaseous mixture of the colloidal
solution and an optional carrier or separately, 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 congisting of hydrocarbons such as carbon 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 heterocatoms 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



‘sol ution may al so act as the carbon source, when the 16 WO 03/008331
" PCT/ KRO1/ 01512 contents thereof are high, additional carbon sources may
not be needed. According to a preferred enbodi nrent of the present

i nvention, -

a

Together wit
be carried out- in a reactor used for reactions such as thermal heating,
‘cheni cal
heati ng and so on. However, the type of the 10 reactor is.not limted as

long as carbon-nanotubes may .be

H&pg&a&&ﬁrized gas such as Ha, H2S or NH3 may b3¢w§gﬁ¥1 hiﬁg

he cdarbon source. The process of the present

vapor deposition (CVD), plasnma heating, radio frequency: (RF)

y

produced therein. The reaction processes

to form car bonceahentbesherenfinginehehiglisi pdditibnakacayvbenamseutessr insad.
in the prior art above-nentioned. Therefore, w thout being particularly,
limted in thenptebenheéde@®nti on, the process 15 paraneters for carrying
out the present invention, such as the tenperature, time and pressure,

be easily deci ded pdus iR SE8 NAVigIe FRSeRAr ¥mBéditedt! UFe 8hé HAUBSHR! d

prior art.

Meanwhi l e, in The proceSses of prior art

or producing 20

car bon nanotubgﬁ '

f
; i M q
aggregation of ngl?g‘:f%’?gsn%?oéi?jp%a%%fzggm%él%glsﬁ glf’lsi Pf’lr ?"%L%ir e I{%;{I)ee[

| ower

r?action

10

15

20

supplied together with the carbon source.

The process of the present invention'ﬁay be carried out
in a reactor used for reactions such .as thermal heating,
chemical vapor deposition ‘(CVD), plasma heating, radio
frequency (RF) heating and so on. However, the type of the

reactor is not limited as long as carbon nanotubes may be

‘produced therein. The reaction processes to form carbon

may

by
he

nanotubes or nanofibers using such reactors are described

in the prior art above-mentioned. Therefore, without being
particularly limited in the present invention, the process
parameters for carrying out thé present invention, such as
the temperature, timé and pressure, may be easily decided
by a person having ordinary skill in the art from said
prior art.

Meanwhile, in the processes of prior art for producing
carbon nanotubes in a gaseous phase in which metal
particies are formed by aggregation of metal atoms and used
as catalysts, it 1is reported that the Ilower reaction

temperature results in the smaller particle size of the

17



tenperature results in the smaller particle size of the 17 WD 03/008331

" PCT/ KRO1/ 01512 catal ytic nmetal, and subsequently in the smaller |ength and
di anet er of the carbon nanotubes produced. However, as the particle size
of the catal ywoGsdsal is adjusted before being in_troducedP'h%{&n;/Fl 12
-reactor in the process of the 5 present invention, it is possible 10
control the length and dianeter of the carbon nanotubes substantially
irrespective of the reaction tenperature. The process of the present

i nvention may be favorably applied to the syntheses of carbon nanotubes
havi ng various” 10. structures and norphol ogies as well as _tube-typed nano.
scal e struct ur LAY 18 MGt i ?B%&W?Wrgtlmm thg gmallege lengbhyandof
the present invention may conprise two or nore netal species in any
conposi tions. Yoameter pdsdheprcashonf nanatibes Produaed. | Howesehenasi thél ow
di agram showi ng briefly the process for synthesizing carbon nanotubes of
the present i mpeaanticoe &igares ZHe SabaBytie meAN NG chQ@PLSNH before

m crographs 20 (SEM or transm ssion el ectron mcrographs (TEM of the
car bon nanot ubggi ' Fi gur B I i e :
Example 5 (Fi gurelEl?)ePﬁEE%b%dlbée@é . Ftl?g‘l]jll?é g%%cg:n %(lgxngﬁg %é’%ﬁfsgu%’teg 65’1%

respectigvel y. present invention, it is possible to control the length and

diameter of the carbon nanotubes substantially irrespective
of the reaction temperature.
The process of the present invention may be fé.vorably
applied to the syntheses .of' carbon nanotubes having various .
10 structures and morphologies as wéll 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 'éarbdn nanotubes of the present
invention.

Figures 2 to 6 are the scanning electron 'micrographs

20 (SEM) or transmission electron micrographs (TEM) of the
carbdn 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.

- 18



18 WO 03/008331 PCT/ KRO1/01512 Figures 7 to 9 are the scanning. el ectron
"mcrographs (SEM or transmnission. electron mcrographs (TEM of the
carbon nanot ubes prepared by using a netal mxture in Exanple 26. Figures
10 and 11 ar ewbhasgn nni ng el ectron mcrograph and transm gsi tron
m crogr aph of the/ (g(rjgphite nanofi bers (GNF) synthesi zed in$§§ér$8%&§7.
Figure 12 is the transm ssion electron mcrograph of the graphite

nanofi bers synthesi zed in Exanple 28. 10 Best Mdde of Carrying Qut the

i nvention The present invention will be understood nore easily . with

reference to the fgllow ng nples. However, these exanples are intended
to illustrate the {TRS oﬁ é-ﬁ’ Ar @req Fhent SERUBING opdectizant ficrppraphe

scope of the invention. Exanple 1 To 40 nl of benzene, 3.516 g (10 % by _
wei ght of benzehf&M) &rp@WFﬁyPEneﬂ(lw}:rmkmiamg‘mnhaaur(aﬁln)('bzﬁeeuheZO)
and 0.0648 g (a quantity required for preparing a 0.01M benzene 20

sol ution) of Fe@rBownernandtites apdepated Xbyr axgiafy Shi M h6Eal MaAktadeNOhS
to give asolution of nanoparticles. Tween-20 is a nonionic surfactant
which plays a mxagpek seabilizing the nanoparticles to be formed and
reduci ng the netal ions. .

5 Figures 10 and 11 are the scanning electron micrograph
and transmission electron micrograph of the graphite
nanofibers (GNF) synthesized in Example 27.

Figure 12 is the tra_.n.smission electron micrograph of the
graphite nanofibers synthesized in Example 28.

10

Best Mode of Carrying Out the Invention
The present inventic;r; will be understood more easily
with reference to the following examples. However, these
examples are intended to illustrate the invention and are
15 not to be construed to limit the scope of the invention-..
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 houré 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.

19



19 WO 03/ 008331 PCT/ KRO1/ 01512 It was confirmed by ‘transm ssion el ectron
"mcroscopy (TEM that the nanoparticle solution obtained above contained
fine metal particles with a size ranging from2 to 20 nm 5 Reaction was

carried out i ucing the obtained solution (0.34 m/mn) together
with a carri 3?%’%@“? r, flowrate: 100 sccnm) into a react O?CH%(R%’dﬂf‘zfor 20

mnutes. The product was obtained as a black powder. The product obtained
above was anal yzed by scanning 10 el ectron mcroscopy (SEM and

transm ssion electron mcroscopy (TEM. It was confirned that carbon
Jnanotubes of @& nean dianeter of about 60 nm were obtained, and the SEM

m crogr aph showi ngl¥ h&asangenbésmed SyovkransiFisaion 2elegtneh emdctdsfopy
'solution of nanoparticles prepared in the sane nanner as in Exanple 1,
0.01 g (0.005 n@MEM)Of tthdédil the addepanticle edgolugicgenbbtaied heaBbwéur e
was stirred for 24 hours to give a solution of nanoparticles with a size

rangi ng from 2 deatd@net rSeEWdla1S Pata ileRC et iPNsHie ZPaﬂéf&ﬁagoaf%aa&lj;S
was observed, conpared with the casé where no reducing agent” was added.
The sol ution ottt@izraegTabove was introduced into the reactor in the sane

manner as in Exanple 1, and carbon

5 . Reaction was carried out by introduéing the obtained
solution (0.34 ml/min) together with a carrier gas (Ar,
f.low rate: 100 sccm) into a reactor at 800T for.' 20 minutes.
The product was obtained as a black powder.

The product obtained above was analyzed by scanning

10 electron microscopy- (SEM) 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 shovﬁn in Figure 2.
Example 2

15 | To a 'solution of nanoparticies 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 particles was obgerved, compared with the case where no
reducing agent was added.

The solution obtained above was introduced into the

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

20



20 WO 03/008331 PCT/KRO1 /01512 nanotubes with a nean di anmeter of about 70
"Timwere obtained. Exanple 3 Carbon nanotubes with a nean di aneter of about
60 nm were obtained in the same manner as in Exanple 1, except 5 that

t ol uene or xy used. respectively in place of benzene,  The SEM

ni crograph of the carlbon nanotubes is shown in Figure,3. EXSHROVAISR
result anal ogous to that of Exanple 2 was obtained by 10 performing the
procedure in the same nmanner as- in Exanple 2, except that toluene. or

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

trimethyl - ammﬁﬁﬁﬁﬁﬂbﬁﬂd@lkmla)eaéhdh@“@G@B gf (abowjuatft inmy wexgupbEainesd.
preparing a 0.01M benzene solution) of FeCl3 were added, and the m xture
was stirred foExasplaoBrs. CTAB is a cationic surfactant which plays a role

of stabilizing the nanoparticles to be forned. 0.01 g (0.005M 20 of LiBH4 .

was added as a reduipis adidtdbed Nei@boye wilahdl diRfnet®? Ub# OBbodf d 60heim
m xture was stirred for 24 hours to give a solution of nanoparticles wth
a. size rangi _ngwfegrgmo%tEQ.ned in the same manner as in Exampie l, except
5 that toluene or :éylene was u.sed_ respectively in place of
benzene. The SEM miciograph of the carbon nanotubes is
shown in Figure 3.
‘Example 4
A result analogous to thé.t; of Example 2 waé 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 mi of benzene, 3.516 g (10 % by weight of benzene)
15 of cetyl trimethyl-ammoniumbromide (CTAB) and 0.0648 g (a
quantity | required for preparing a 0.01M benzene solution)
of FeCl, were added, and the mixture was stirred for 24
hours. CTAB is a cationic surfactant which plays a role of
stabilizing the nénoparticlgs 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



20 nm 21 WD 03/008331 PCT/ KRO1/ 01512 The sol uti on obtai ned above was
“introduced into the reactor in. the sane manner as in Exanple 1, and
carbon nanotubes with a nean di aneter of about 70 nm were obtained. The
SEM mi crogr aRQ %’\%tsgﬁ carbon nanotubes is shown in 5 Figure 4. Exanple 6 A
result identi®dl that of. Exanple 5 was obtained by peP¢HKRHYSBhe
procedure in the sane manner as in -Exanple 5, except that toluene or

xyl ene was used 10 respectively in place of benzene. Exanple 7 .A solution
of nanoparticles with a size ranging from2 to 20 run was obtained in the
Sanme manner as+<in Exanple 5, except that an anionic surfactant, sodi um
dodecyl -sul fate The(Sisluticms abbtaingde abovet i wae olimgineducedovintims the
introduced into the reactor in the same manner- as in Exanple 1, and carbon
nanot ubes W t hreadbsn (hamhecr sahe aR@tithe¥0 dgnine ERamplai ned. andxazbens8 20
A result identical with that of Exanple 7 was obtained by performng the

procedure in the, Saed AR a®febl diameter of about 70 nm were obtained.
The SEM micrograph of the carbon nanotubes is shown "in
5 Figure 4.
Example 6

A result identical with that df'Example 5 was obtained
by performing the procedgfe 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 nﬁ 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 was introduced into the
reactor in the same 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 proceduré in the same manner as in
Example 7, except that toluene or xylene was used

respectively in place of benzene.

22



Exanpl e 7, except that toluene or xylene was used respectively in place of
“benzene. 22 . WO 03/008331 PCT/ KRO1/01512 Exanple 9 A solution of .
nanoparticles with a size ranging from2 .to 50 nmwas obtained in the sane
manner as in _Exanple 1, except that water was used in place of benzene as
the 5 sol veﬁY‘.’“’W’@’-“éol ution obtai ned above was introduced PEFERGIES12

. reactor in the sanme manner as in Exanple 1, but this time together with a
carbon source (ethylene gas, 50 sccm, and carbon nanotubes with a nmean

di aneter of about 60 nm were 10 obtai ned. The SEM m crograph of the carbon
nanotubes is 8hown in Figure 5. Exanple 10 A result identical with that of
Exampl e 9 was ekampled by performi ng the procedure in the sane manner as
in 15 Exanpl e 9 except that methane gas was used in place of ethylene as

the carbon sourcep ExaAmRiEs b HhoparBeewbsSwidRNhi GakzeWrahgingSEreh 2
Exanples 9 and 10 were obtained by 'performng in the sanme manner as in
Exanples 9 20.and, 10y ¢X&°RbehiAbaciR2Rhk Wahe!F8fnk? BEAAS HxalRhE' 1,
except _that water was used in place of benzene as the

5 : solveh;.

The solution obtained above was introduced into the
reactor in thé same manner as.in E#amplell, bﬁt this timg
together with a carbbn source (ethylene gas, 50 sccm), .a'.nd
carbon nanotubes with a mean diameter of about 60 nm were

10 - obtained. 'I;he SEM micrograph of the carbon nanotubes is
shown in Figure 5.
Exaﬁple 10

A result ider;tical with that °f. Exampie 9 was obtained

by performing the procedq?:'e in the same manner as in
15 Example 9 exce_pt that methane gas waé used in place_ of

éthylene as the carbon source.

| Ekamples 11 énd 12 -
Re.sults identical with those of Examples 9 and 10 wére
obtained by perfoi:miﬁg'in ‘the sanié ma.nnér as in Examples 9
26 and 10, except that ethanol was used in piace 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

23



. Exanple 13 To a sol uti-on of néno’partiCI es prepared in the same manner as
in Exanple 9, 0.065 g (0.005 nmol) of hydrazifie 23 WO 03/008331 :
PCT/ KR0O1/ 01512 was added as a reduci ng agent, and the m xture was stirred

for 24 hours %(ﬁ)ﬂiftﬁs solution of nanoparticles with a size ranging from
2 to 50 nm Sonewhat gevere flocculation of the. particl esPﬁﬁg(m?{g'é?’ved,.

conpared with the case where' 5 no reduci ng agent was added. The sol ution

. obtained above was introduced into the reactor in the sane nmanner as in-
Exanpl.e 9, and carbon "nanotubes with a nean di aneter of about 80 nm were
obtai ned. TheSEM m crograph of the nanotubes is shown in Figure 6. 10
Exampl e 14 A r&88 @ddedh@dac R rgdusingapgentxangl she wistube avaedstibyred
pefforming in the sane manner as in Exanple 9, except that nethane gas was
used in place doret2w| bavras tohgiveardosodation. of5 Matwpareitiedo wdth a
solution of .nanoparticles prepared in the same manner as in Exanple 11,

0. 065 g (0. 005 givk) rahghngr #zbne2 ¥8S5a0gRd %&ﬁ}ﬂw@e%rea@do&éﬁlﬂfﬁﬂ”e

was stirred for 24 hours to give a solution of nanoparticles wth a size

20 ranging froge2+ha pArETk1 S8 T ApSEidE _fclo%%li':le%t wiPhOkhe case where
| 5 - no red‘dcing a_gent. was added. | |
The solution obtained above was introduced into the
feactdr | in the same _'ma.nnar' ag in Examplé 9, a.nd ca'rbon.
nanotubes with a mean diameter of about 80 nm were.obtained‘
The SEM micrograph of the na_not.ubes'. is shown in Figure 6.
10 | _ Example 14 |
- A result 'identi_c_:'al 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 nanoparticles prepared in the same
manner as in Example 11, 0.065 .g (0.005 mol) of hydrazine
wasg added as a. reducing, and the mixture was stirred for 24
hours to givé a solution of nanopai:tidles- with a size
20 ranging from 2 to 50 nm. Some,what_ severe flocculation of
the particles wé._s observed, contpéred with the case where no.
;‘educing agent wa.s added.

The solution obtained above was introduced into the
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the particles was observed, conpared with the case where no reduci ng agent
“was added. ‘The sol ution obt ai ned above was introduced into the 24 WO

03/ 008331 PCT/KRO1/01512 reactor in the same manner as in Exanple 11, and
car bon nanot"wgi[ anlfth a nmean di aneter of about 70 nm were obtai ned.

Exanpl e 16 A 0%83% dentical with that of Exanple 15 was BOUVERAEYSIZS by
performng in the sane manner as in Exanpl e 15, except that methane gas
was used in place of ethylene as. the carbon source. Exanple 17 A solution
of nanoparticles with a size ranging from2 10 to 50 nm was obtained in
the same manner as in Exanple 5, except that water was used-as the sol vent
~in place of beeaeborarsh Otl)6hame (fMaffiéyr @as )imf Eksutphe | b2, wandu Segickom

t he reducing agent in place of '0.01 g (.0.005 nol) of LiBH . The solution

obt ai ned aboven#astibésofeRt indad BiEmeter 82C4KGuL M i SR¥E BBEAShedS i N
Exanple 1, but this tine together with a carbon source (ethylene gas, 50

sccm and vmthE;:EEﬂgafgor heated to 900C. Carbon nanotubes of nean

di aneter of ab wer e obtained. Exanple 18 20 A result |dent|cal
h th f Ex | e
with that o anr% result S:|.doetr)1 gcaf with that of Example 15 was obtalned

5 by p_erfprming in the same manner as in Example 15, except
that méthane gas was used in place of ethylene as thé
carbon source.

Example 17 |
A solution of na.nopartilcles with a size ranging from 2 |

10 to 50 nm was obtained in the same manner as in E#ample's,
except that water was uéed as the solvent ifx place. of
benzene and 0.0065 g (0.005 mol) of hydrazine was used as
the reducing agent in place of 6.01 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;Lme
together with a carbon souréé .(ethylene gas, 50 sccm) and
with the reactor 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 meﬁhane gas was ﬁsed in place of

ethylene.

25



. by perforning'the procedure in the same manner as in Exanpl e 17, except
t hat net hane gas was used in place of - et hyl ene. 25 WO 03/008331
PCT/ KRO / 01512 Exanpl es 19 and 20 Results identical with those of Exanpl es

17 and 18 wergg ¢Shisasned by performing in the same manner a l es 17
and 18, except that ethanol was used in place of water. Eﬁgﬁﬂﬁ@ﬁgﬁ
~solution of nanoparticles with a size ranging from 2 to 50 nm was obt ai ned

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 nol) of hydrazi ne was used

as 10 the reduting agent,in place. of 0.01 g 10.005 nol) of LiBH,. The
sol ution obtaiEéﬁﬁﬂbﬁﬂelgﬂﬂﬂfﬁﬁ}oduced into the reactor in the same manner
as in Exanple.l, but this time together with a carbon source (ethyl ene
gas, 50 sccn). CRemmltmaridentésali with tkose dofinBtamplds Hband 7B rweneer e
15 obtained. Exanple 22 A result identical with that of Exanple 21 was

~ obtained by pebtaifeddbyhpePfaitsidiy dn theh@ameMafiR8RCAs aSni BxanpidE|1€7 21

except t hat met hane gas was used in place of
and 18, except that ethanol was used in place of water.
.5'. .Example'zll
A solﬁtion of nandpérticlés with a size rénging from 2
to 50 nm ﬁas obtained in the same manner as in Example 7,
e#cept that .watér was used as the solvent in plade. of
benzene ﬁnd 0.6065 g (6.005 mol)'cf hydrazine was used as
10 the;reducing agent.in-piace.of 0.01 g (0.005 mol) of ﬁiBH“
Thé solution obtained above was introduced. into the
reactor in the same manner as in Example 1, but this time
together wifh a carbon éoﬁrce_ (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, excepf 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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20 ethyl ene as the carbon source. Exanple 23 A result identical with- _

" Exanple 21 was obtained by performng in the sane manner as in Exanple 21,
except that 26 WO 03/008331 PCT/KRO1 /01512 et hanol was used in place of
wat er .- Exangkﬁ éﬁ A result identical with Exanple 22 was obtai ned by
performng i n"CA¥SMHe manner as in Exanple 22, except that PCEKBYYMSHB| 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 experinents were carried out in a globe box, 10 which is isolated.
fromthe outside contact to prevent the fornmation of netal oxides, in
order to produeehsmulk Wamaisedetial ppacei of esatddescri bed bel ow i s an exanpl e
of . synthesizing carbon . nanotubes by, -neans of catalytic nanoparticles
conprising 15gkafpretd species. Exanple 26 This exanple illustrates the
result obtained™whenma catal yst was prepared in which a netal selected Pt

Pd, Rh, A result identical with Example 22 was obtained by
'performing in the same manﬁer as in Example 22,'except that
5 ethanol waa used in piace of water.
Example 25
Results analogous to- those. of Examples .i to 8 were
obtained by repeating the prochures of Examp1e§ ;'to 8,
except.that the experimeﬁts were cafried out in a giobe box,
10 which. is isolated f£rom the outéide contact to prevent the
formation of metal bxides,'in order to produce pure fine
metal particles.
Described beloﬁ is an example of . synthesizing carbon
- nanotubes by means of catalytic nanqparticles comprising
15 two metal species.
Examplelzs
This example illustrates the result obtained when a
catalyst was pxepareti in wh:l_.ch‘ a metal selected Pt, Pd, Rh,
Ir, Rﬁ, and Ni known for their high activity in
.20 dehydrogenation_ of hydrocarbons that are used as the carbon
source, and iro_n together form ﬁanoparticles, and was used
in the synthesis of nanotubeé.

To 40 ml of benzene, 3.516 g (10 % by weight of benzene)
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Ir, Ru, and N known for their high activity in 20 dehydrogenati on. of

" hydrocarbons that are used as the carbon source, and iron together form .
nanoparticles, and was used in the synthesis of nanotubes. To 40 m of
benzene, 3.518¢ 3@;88 " by wei ght of benzene) 27 WO 03/008331 PCT/KRO1/01512
of Tween -20 AN 00848 g (a quantity required for prepari n§CTERBIQIIR |
benzene sol ution) of FeC 3 were added, and the mxture was stirred for 2
hours. Then, H2PtCl6, PdCl121 H2IrCl6, Rud 3 or N Cl2 was added to said
m xture in-an 5 anount such that the atomic ratio of iron : netal was 7 :
3, and the mXture wgs stirred for another 24 hours to give a solution.
of nanoparti cl §. Tweenz20candi P n@6®\g t (e mmntitynrefoiredrfon uepesppg
(TEM that the above-obtai ned nanoparticle solution 10 contained fine
metal particlea Wi.t0lMa benzewe r aodundoh) ovfd FeCB) were Thaddeidse anidt Bhe
all oy catalyst particles appeared slightly greater than that of the

particles of pHigrifdNwa@btgiiehd Ne8khe GBaes, HoyRME!  mbb@ Sizsa@f the
nanoparticles did not vary nmuch with the type of metal.’ 15°The *Sol uti dh

oDt o 0, 200y, RSO ) Ry BB PR RIS A

.Obt al nesd._ | ‘"amount such that the atomic ratio of iron : metal was 7 : 3,

and the mixture was stirred for another 24 hours to .gi.ve a

solution of nanoparticles.

It waé confirmed by transmission electron microscopy

(TEM).I t;.hat the above-obtained nanoparticle solution

10 'containéd f:ine metal particles with a - size ranging from 4
to 30 nm. The size of the alloy catalyst particles appeared
sligh_tly gréater than that of the particles of pure iron
obtained in othér cases. However, the size of the
.na.noparticles, did not vary rrnluch with the type of metal.

15 The solution obtained above was introduced into the
reactor in the same manner as in Exa‘lmple 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
arrangemént of carbon 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

28



It was recogni zed fromFigures 7, 8 and 9 that the arrangenent of carbon
“atoms was nore regular in this case, 20 conpared w th the nanotubes
produced with a catalyst of iron only. Specifically, Figure 7 shows the
result of the nt hesis of nanotubes using the catalyst made of an all oy
of iron 28 WOIMERI31 PCT/ KRO1/ 01512 and ni ckel, and it sPGWEReIASI2
.nanot ubes were produced uniformly in a large quantity. Figure 8 shows the
~result of the synthesis of nanotubes using a catal yst made of an all oy of
iron and platinum and it shows that the 5 arrangenent was nore regul ar,
conpared with +he case where a catalyst of iron only was used, and that
apparently theandypriattedt, oindaritonshbesk tisst naanptabasedwerd gpredtcedons
the result of the synthesis of nanotubes using a catalyst. made of an

al loy.of iron gndrfaliyadiding 1frde it i4¢ . Thi figuaBPee dnbwdsthat ¢ashile

result obtained when “nanoneter-sized catalyst parti c_I es conprising iron
o0 TR UCHE REPRAEAN E phlohfe s AR 3 Bhe BB SR, 0 SHCCT
for the stor agaelfg hydfrog,elp. To 4dO mla%finltauennzegga 3'1?:163%0 %O %hg vvte:{_lght
of benzene) y ot iron and p : : e
5 | arrangement was more regulér; compared with the case where
a catalyst of iron only was used, and that appérently the
Ibyprdduct of carbon black was not produced. Figure 9 shows
the result of Ehe synthesis of nanotubes using a catalyst
- made of an ailqy of iron and palladium. |
10 Exaﬁple 27
This example illusﬁrates the result obtained when
- nanometer-sized catalyst particles .comprising iron and
copper wére_prepared and used in the synthesis of nanotubes
in ofder to synthesize graphite nanofibers (GNF) which are
15 utilized in the media for the storage of hydrogen.
To 40 ml c;f benzene, 3.516 g (10 % by weight of benzene)
of Tweenf-zo.énd 0.0648 g (a quantiéy 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 i.n an amount such that the atomic ratio of
iron : copper is 3 : 1, ;nd 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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~of Tween -20 and 0.0648 g (a quantity required for preparing a 0.01M
benzene sol ution) of FeCl3 were added, and the mxture was stirred for 24
hours. Then, Cud2 was added to 20 said mixture in an anount such that the
atomc ratio of iron : copper is 3 : 1, and the m xture was stirred for
anot her 24 hoWYP$3 P‘B’sﬂl ve a solution of nanopart icles with aPCEKR8IERGI ng
from4 to 30 nm 29 WO 03/008331 PCT/KRO1/01512 The sol uti on obtai ned above
was introduced into the reactor in the sane manner as in Exanple 1, and
GNF with a- nean dianeter of about 100 nm were obtained. The SEM and TEM
sm crographs thereof are shown in Figures 10 and 11. 5 Exanple 28 In this .
exanpl e, the sanme Thecssluvisn’ ejitaieedungesve divaker tht rodeedd oineonditid ons
using the nano-sized catalyst particles prepared in Exanple 1, in order to

synt hesi ze gr %thernaﬂoehaeemé%hw&@ B epddrpigefl, | fnd heni B @ &0

for the storage of hydrogen. Reaction was carried out by’ i ntroduci ng t he

above- obtai negleggl til ontgg ?6 n1b/0211 p) nd HZSl%as 4tr%ﬁsccfate nto cad'fﬂ

reactor at 800 gas

for 20 m nutes and the Pr oduct was 15 obt ai ned, as_a bl ack opowder The-
~product obt ai ng‘ icrographs thereof are shown in Figures 10 and 11.

5 ' Example 28
In this exaxﬁple, the same procéss .was repe_ated_ under
different r'e__action conditions using the na._no-slized catalyst
part.icléis prépared Ain Example 1, in order to synthesiée
graphite nanofibexrs (GNF) which are u;_ilized in the media
10 | for the stdrage of hydrogen.
| "Reaction was carried out by introducing the above-
'obtained solution (0.34 ml/min) and H,S gas (10 sccm) into a
réactor at 800 °C, together with a carrier gas (Ar, flow
rate: 100 sccem) 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 mic_roscopy (TEM) to find. thatl GNF
with a mean diameter of about 60 nm were obtained, thé TEM
micrograph of which is shown in Figure 12. |
20 - Example 29 |
‘This example illustrates the result obtaihed ‘when nano.—
sized catalyst parf:i_cles comprising iron and atomic sulfur

were prepared and used in the synthesis of 'nanotubes in
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_anal yzed by scanning el ectron nicroscopy (SEM' and a transnission
~electron mcroscopy (TEM.to find. that GNF with a nean di aneter of about
60 nm were obtai ned, the TEM m crograph of which is shown in Figure 12. 20
Exanple 29 This exanple illustrates the result obtained when nano- sized
cat al yst part WOB808¥nprising iron and atonmic sul fur were BCEEROBANSEN
-.used in the synthesis of nanotubes in 30 WD 03/008331 PCT/ KRO /01512 order
to synthesize graphite nanofibers (GNF) which are utilized in the nedia
for the storage of hydrogen. To 40 nm. of benzene, 3.516 g (10 % by wei ght
of benzene) of. Tween -20 and 0.0648 g (a quantity required for preparing

5 a 0.01M benzgpges0ltd | BpntRéafAC Jruiphetaddrthofdbdrikhe(aNmt UWRiERS are
stirred for 2 hours. Then, Na2S. was added to said nmxture in an anount

such hat the 8818cesold Ll ndilh orSthb hedBod or Tyastigahlc T xiur e ues
into the reactor T 4nalsafcbrarear o Thf St & BY whnshReS hopdetloan
di anmeter of about 100 nm were obtained: 15 Industrial Applicability |
of Tween -20 and 0.0648 g (a quantity requlred for preparing
5 a 0.01M benzene solﬁtion) of FeCl, were added, and the
mixture was stirred for 2 hours. Then, Na,S was added to
said ndxture.in an amount such that the.atbmic ratio of
iron : sulfur wés 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 mannér 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 étructure of

- 20 the carbon nanotubes produced may be more easily controlled.
Further, as the metgl catalyst can be supplied contiﬁuously,

carbon nanoﬁubes may be produced continuously in large

scales, and the supply of the metal catalyst together with
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_In conclusion, according to the present invention, since the particle size
‘and the conposition (the types and proportions of the netals) of the netal
catal yst introduced are adjusted in advance, the norphol ogy and structure
of 20 the carbon nanot ubes produced may be nore easily controlled.

Further, as tWOOUIH catal yst can be supplied continuouslyPCTERPHYAL2
.nanotubes may be produced continuously in |arge scales, and the supply of
the netal catalyst together with 31 WO 03/008331 PCT/ KRO1/ 01512 a carbon
source fromthe outside allows sinplification of the process as well as

% he apparatus. Al so, since the reaction conditions are mld, carbon

nanot ubes or gmaptdarben rEmodceb dironhshhen gowtss i dru salioryeh ob np lekf i csttriont wies
and 5 characteristics may be produced easily at reasonable costs. Hence,

the process. Ofthtshegf&&wtaén%aui%i%haigi/ﬁ rateodugidb e @ddce the
industrially promsing. 10. 15 20 32 to WD 03/008331 PCT/ KR0O1/ 01512 What is

claimed is reaction conditions are mild, carbon nanotubes or graphite -
nanofibers having various morphologies, structures and

5 charact';eristics may be produced easlly at reasonable costs.

Hence, the process of the present inventioh is highly

reproducible and industrially promising.

10

15

20
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1. A process for the preparation of carbon nanotubes, which conprises: (1)
preparing a colloidal solution containing nmetal 5 nanoparticles in the
presence or absence of a surfactant, (2) introducing the resulting
colloidal solution into a heated reactor together with a carrier and/or a
carbon sour cROIPH separately or in the formof a gaseouBCTHRREQISR,  and

- .10 (3) form ng carbon nanotubes or nanofibers therefrom 2. The process
according to claim1l1, which conprises: (la) preparing a colloidal solution
containing nmetal "salt nanoparticles by adding a netal salt to a sol vent

wel ected fromwater, or polar or nonpolar organic solvents, 15 which
cont ai ns a surwWhat aid ,cl(elimedopsi enal | y reduci ng the netal salt
nanoparticles in the colloidal solution, (2) introducing the resulting

col I oi dal solujiof pRédcess fAidE Piepheatiogebhctayboh warctubedy, amdchr a

carbon . 20 source either separately or in the form of a gaseous  m xture,
~and (3) forningoﬁﬁ#ﬁaﬂrnanotubes or nanofibers therefrom 3. The process

according to clal ,_ Wherein the surfactant 33 WO 03/ 008331 PCT/KRO /01512

(1) preparing a colloidal solution containing metal
5 nanopérticles in the presence or absencé of a surfactant,

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

10 (3) forﬁing 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 a solvent
selected from water, or polar or nonpolar organic solvents,

15 which contains a surfactant,

(1b) op;ionally reducing.the metal salt nanoparticles in
the colloidal solution,

(2) introducing the reéulting colloidal solution into a
heated reactor tégether with a carrier and/or a carbon

20 source either separately or in the form of a gaseous
mixtu:e, and

(3) forming carbon nanotubes or nanofibers therefrom.

3. The process according to claim 1, wherein the surfactant
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I's selected fromthe group consisting of nonionic, cationic, anionic and
“zwitterionic surfactants of hydrocarbons, silicones and fluorocarbons. 4.
The process according to claim?2, wherein the reducing 5 agent is selected
fromthe gro ILsting of inorganic conpounds such as hydrazine. Li BH4
-and NaBH4; sﬁ&?@@ﬁ@ﬁﬁs having a functional group with redu%g RBB%EP such
.as ethylene- oxide; organic conpounds wi th reduci ng power; and m xtures
thereof. 10 5. The process according to claim 1, wherein the polar or.
non- pol ar organic solvent is selected fromthe group consisting of
«aromati ¢ hydroearbons such as benzene, toluene and xylene; aliphatic
hydr ocar bons stiehseletbednfrom et gwveupndonsianing o giwiliondgchcatiernbanol
and propanol; 15 water; and m xtures thereof. 6. The process according to:
claiml1, wherepfibi¢cmehall Usedttbgishiteaghironctamtisfl SE£l ehy@todarboridie
group consisting of _transition netals, noble.netals, alkali netals and
al kal i ne eartgiggkghés éﬁh7fl-g¥%d@9%8ﬁ?§ according to claiml1, wherein the
netal of the nmeta nanopart|é1es I's selected fromthe group consisting of
el emental netals, their oxides, nitlrides, or, des, f [ de b L and
sulfides, and fi-x{CePTOFRB FSOF8339 to AU, IR Phe LR

5 agent is selected from the group consisting of inorganic .
compounds such as hydrazine, LiEH‘ and NaBH,; éurfactants
‘having a functional group with reducing power - such as
ethylene oxide; organic compounds withlreduging power; and
mixﬁures thereof.

10 5. The process acgording to claim 1, wherein the pblar.or
non-polar organic solvent is selected frém the group
consisting of aromaﬁic hydrocarbons such as benzene,
toluene and xylene; aliphatic hydrocarbons such as hexane,
heptaﬁe and octane; alcohols such as ethanpl and propanol;

15 water; and mixturés thereof.

6. The process aécording to claim 1, wherein the metal used
is at least one mefal selected from the.group consisting.of
transition metals, noble metals, alkali metals and alkaline
earth metals.

20 7. The process according to claim 1, wherein the metal of
the metal nanoparticles is selected from the group
consisting of elemental metals, their okides, nitrides,

borides, fluorides, bromides and sulfides, and mixtures
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~PCT/ KRO /01512 thereof. 8. The process according to claim1, wherein the
resulting colloidal solution is introduced continuously into the reactor
for continuous production of carbon nanotubes or 5 nanofibers. 9. The
process according to claim1, wherein the gaseous carbon source is

sel ected fromVO¥BHup consisting of said surfactants, saPETERMVESIS
.carbon nonoxi de, saturated or wunsaturated aliphatic hydrocarbons having 1
to 6 carbon 10 atons, and aromatic hydrocarbons having 6 to 10 carbon
atons, which may have 1 to 3 heteroatons selected fromthe group

consi sting of oxygen, nitrogen, chlorine, fluorine and sulfur. 10. The
process accordichgreefcl aim 9., wherein a 15 characterized gas such as H2,
H2S and NH3 is additionally supplied. 11. The process according to claim |

‘1, wherein saig reggt gﬁ:oc. 252ab88£4 g U6 ol Qim I £ACKhORS1IS UEe afe Ul iTR
heati ng, chem cal vapor ep05|t|on‘(%1ﬂ», pl asma heating and radio 2

f RF) h A 12.. . Th | ' '
motal  manopar ERRBLORE (RN 0 - TRFEPRMT debeReliky THERS [Lidle

met hod sel ected fromthe group consisting_of 35 -
reactor foéJcoéiinuous préﬁuction of carbon nanotubes or

5 nanofibers.
9. The pfocess according to _cl_éim 1, wherein the gaseous
carbon source is selected from the group cénsisting of said'
surfactants, said solvent;s, carbon monoxide, saturated or
unsaturated aiiphatii: hydrocarbons having 1 to 6 carbon
10 atoms, and aromatlic hydrocarbons having 6 to io carbon
atoms, which may have 1 to 3 heteroatoms selected from the
group consisting of oxygen, nitrogen, chlorine, fluorine
and sulfur. |
10. The process according to claim 9, wherein a
15 characterized gas such as H,, H;S and Nﬁ, is addition;lly
supplied.
11. The process according to claim 1, wherein said reactor
is a reactor used.for reactions such as thermal heating,
chemical vapor déposition (cvD), plasma heating and radio
20 frequency (RF) heating.
12. The process according to claim 1, wherein the metal
nanoparticles or the colloidal solution thereof is prepared

by a method selected from the group consisting of
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_ WD 03/008331 PCT/KRO /01512 nechani cal grinding, co-precipitation,
sprayi ng, sol-gel processing, electrolysis, enulsion processing and
i nverse emul sion processing. 13. Carbon nanotubes or nanofibers prepared
by the process 5 according to any of clains 1 to 12. 10 15 20 36
WO 03/008331 ~ PCT/KR01/01512

ﬁechanical grinding, co—precipit;tion, spraying, sol-gel
processing, electrolysis, emulsion processing and inverse
emulsion processing.

. 13. Carbon nanotubes or nanofibers prepared by the process

5 according to any of claims 1 to 12.

10

15

20
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