WD 03/ 008331 PCT/ KROL/ 01512 PREPARATI ON OF CARBON NANOTUBES Techni cal
Field The present invention relates to a process for the 5 preparation of
carbon nawatosmes3diparticularly to a process enabling contRaTuORE /Msi2k
preparation of carbon nanotubes or carbon nanofibers in which catalytic
metal nanoparticles having prelimnarily controlled conposition, particle
size and particle distribution are continuously introduced. Mre 10
specifically, the present invention is to provide a process for the
preparation of carbon nang %#ﬁﬁk é§£ qﬁﬁ gEdpri ses introduci ng
in a gaseous phase a coll oi saﬁutlon of net nanopartlcles preferably
containing an optional surfactant, together with a carbon source into a 15
heat ed reactor, and carbon nanotubes or carbon nanofibers obtained from
the sane process. Therefore, the present invention is highly reproducible
and i ndust r TechpipranFiehd. Background Art 20 A carbon nanotube is a
substance in which a carbon atom is bonded to nei ghboring three carbon
atons, these bepded, £a&RON AR { & MAG A dexagonal LiBg %t hfekheﬁhe
adjacent bonded carbon atons and such rings being rep ate In a

03/008331 PCT/KR01/01512 honeyconb pattern to forn1a Eeet whi ch roIIs
i nt paration of carbon nanotubes, particularly to a process

enabling continuous bulk preparation of carbon nanotubes or
carbon nanofibers in which catalytic metal nanoparticles
having preliminarily controlled composition, particle sgize
and particle distribution are continuously introduced. More
10 specifically, the present invention is to provide a process
for the preparation of carbon nanotubes or nanofibers,
which comprises introducing in a gaseous phase a colloidal
solution of metal nanoparticles, preferably containing an
optional surfactant, together with a carbon source into a
15 : heatéd reactor, and carbon 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 rings being repeated in a



cylindrical tube. Such carbon nanotubes may have a dianeter ranging from
several angstrons (A) to several nanoneters (nm, with the 5 length

rangi ng fwanostoess3iol ds to t housand-fol ds of the di aneter. HEAViEREIMLI2St udi es
have been carried out on the synthesis of carbon nanotubes since these
nanot ubes have a norphol ogical feature as described above and excel | ent
thermal, nechanical and electrical characteristics 10 originating from
their chem cal bonding. It is now expected that utilization of carbon

nanot ubes having. thes cteristies u a h I t of
nuner ous :ﬁ%%ﬁﬁk%gkmﬁﬁﬁﬁgﬁﬁfl ?hcghkﬁe ?gc%ﬁ?%gldY%%?%afF%ﬁM%fqi e . =
existing materjals, and to the inpartation of new, 15 previously
unpossessedhidtdHekE@t FURS- t 0 devel oped products. For the synthesis of
carbon nanot ubes, various techniques have been proposed, including arc

di scharge, | @&sh eyafivsrat nanptubesmalay hkaveale iponetdeposahgong( Gvidm 20
catalytic synthesis, plasnma synthesis and the |ike [See US Patent

5,424,054 (arc discharge).: Phys z ( ) (J:aser
evapor ati o5’ St p%%?%g;g?-)%%lﬁﬁtﬁﬁé%l éégi?mésg%gr ;(13?1 Z_rﬁ) (J% Dot
6,210,800 (catalylic 2 VO 03008331 FCTIKROL 01542, Pt BSphs) oS i on

diameter. Extensive studies have been carried out on the
synthesis of carbon nanotubes since these nanotubes have a
morphological feature as described above and- excellent
thermal, mechanical and electrical characteristics

10 originating from their chemical bonding. It is now expected
that utilization of carbon nanotubes having 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 characteristics 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 (aré discharge); Chem. Phys. Lett. 243, 1-
12(1995) (laser evaporation); Sciencé, 273: 483-487(1996)

(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

t enper at uneso3gbsBever al 5 hundred degrees to several thousaTdkKR@EgNERs in
Cel sius, 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 nanotubes is- inpossible, and only snmall anpbunts of
carbon nanotubes are 10 produced in batch reactions. Accordingly, said

met hods have the prabl em of facin |imtation in mass, productiqn af

nanot ubes &YIHRETGHs, U5 aRBLEREr et it s?%%??‘?‘é%l ngﬁsveﬁybr’ﬂ: S48 tabl e
process for the gas-phase synthesis, especially a process for 15

cont i nuous WY no0A26353 8hi(ghsesusndistse asynythesis) ] . ThEn Chkeisggaetdiddshal
Laboratory and R E. Smalley et al of Rice University in the United States

reported r&espest i MRlnoHIRGEE S wa% f dydtieSivddedrmia Guhar nangdikes in
t he gaseous phase. In these gas-phase 20 synthetic processes, an

organonetal | i c. compound _i n whi ch transition netal i und-tq r.gani c
conpound i PEHE St ecul]F I%’?/aém?f%Uc %a:h%%l?r &&8 eergrt%lrr%on gfentsae%[aér Sonyl |
is introduced in the solid state into a reactor as a 3 WO 03/008331

PCTAKROL/ 0 IBirdredit d¢gseepr baptsievgrele Byandnny]l sdegrees bdR (eASHLUSes OMAs

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 nanotubes is-

impossible, and only small amounts of carbon nanotubes are
10 produced in batch reactions.

Accordingly, said methods 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 TUniversity 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 the
molecular level, such as ferrocene or iron pentacarbonyl,

is introduced in the so0lid 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 dividewad ostoos3Bno 5 reaction zones. A catalytic netal prrEOuKB@roise first
introduced in the solid state to the first reaction zone where the
precursor is vaporized in the nolecular |evel by gradual heating. The
vapori zed catalytic netal nolecules are transferred to the second reaction
zone which is 10 maintained at a higher tenperature, where the nol ecul es

are subjecte o0 pyrolysis, so that the netal atons form_ ultrafine
oo ti ol o, FREBLVAE: RHIRE 55 + FEf o SYRbHREGR ST AT PEDCGITCH RS mt oPBach
other, to formfine particles, and then the fine netal particles may be

used as t heshewpatial ythef @bove nmemvidned padlben anbot tihes. cébventional
has been reported that the particles are required to have a certain size,

preferably %i"o@éﬁ@@'@t oy tﬂeogﬁ%r-phgsef URelt s BS BrcHANeH L8R8t WSes
Patent 6, 221,330 or WO 00/26138] . 20 However, in the conventional gaseous

synt hesi s nethods__for.carhon.nanot ubes, cat t particle or.m

Y egut arl yaren SHE TEAC At iR Thieaeeia BPEE ;B8 14t R oifire  bvo
expect uniformgrowh of catalyst particles in ,controlled 4 W 03/008331
PCT/XR01/ 0152actspre. ZRBPBover A asatpd$ilc omelilal preichreorf r of ef&hsbt her

introduced in the solid state to the first reaction =zone
where the precursor is vaporized in the molecular level by
gradual heating. The vaporized catalytic metal mblecules
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 ultrafine particles aggregate,
while colliding into each other, to form 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 the‘ 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



in their physical properties, it is difficult to prepare nanoneter-sized
catal yst particles conprising two or nore transition netal species and
havi ng unwioosrmogsmposi tion and 5 controll ed size. Consequad/KRO1/01512S
extrenely difficult or hardly possible to produce characterized carbon
nanot ubes conprising two or nore transition netals in uniform
conposition. Furthernore, since it is inpossible to control the particle
size and nmetal conposition of catalytic netals 10 in the conventi onal

gas- phase synthetic processes, it is difficult to produce carbagn not ubes
of high purdtse- | HOUSSaTLY 58 CHaRS i it S g o BP by 19 TE5 TLITE  has

a .drawback that the reaction should be carried out at elevated pressures.
15 The i nveirt othedfr tisysiesknpriopestitiesn hbive igi stbiieult t hat rrevre
nanot ubes can be produced by suspending nanoneter-sized fine netal

particles i foRaserUsS: PERS@adalyatMBbatt £al &l Y Tomphiigh nldastwdie ogr ardest
i nfl uence on the properties of Carbon nanotubes produced and

si mul taneously 20 supplyjng a carbon_saqutce,._and t.hat nost of .the problens
faced by th%r%?;%&/‘éh?’?o%%%ﬁPSﬁésé &h Fﬁ’@tvi’l@gpru&l QR PRI e"’%f?%bove
can be overcone by this novel nethod. According to the present invention,
(a) 5since t¢tentsoMer@3# 09833 CREHIROM IS 1 arexterenely b @bhpoRT ti on
of the catalyst are pre-

hardly possible to produce characterized carbon nanotubes
comprising two or 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 conventional gas-phase synthetic processes, it is
difficult to produce carbon nanotubes of high purity. 1In
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 fine metal particles in a gaseous phase as
a metal catalyst which has the greatest influence on the
properties of carbon nanotubes produced 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



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 car bowosasiwgsican be supplied 5 continuously, conti nu@CI/KREANIS12
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 in mld conditions, the 10 carbon nanotubes or nanofibers having a

vari ety of shapes structures and prqperties_c be prepared easily at
reasongble Bﬁggé?lebn%+ﬁ§iiﬁ} ,CPWQ%ﬁﬂgﬂégé %F t erndéﬁé%ys' n?ﬁ%ii%ﬁefs

industrially very prom sing. 15 Disclosure of Invention Therefore, the
present i nvéateonineds otpeowhdpea amdocdugictiugre tdfe Prepearbéonmahotubesn
nanot ubes or nanofi bers, characterized in that nanoparticles of el enental

nmetal s or 28rBRtiabdC HRAEHS (A BENFHI , ea81 By @Bnk@cATediBl@) since
nanoparticles") or a colloidal solution thereof are introduced in a

gaseous pha i nt react or_together wth _.an optional carhon source, .and
Lo provi b EaPbORtANSTIAL “elhoras Shn i RO T B1S7S o AOMREERars
thus prepared. According to a preferred enbodi ment of the present

i nvénti on, fAeRsingeHspirti cFestiapuoppepamadsi n pPredpgEaPBf of  carbon

nanotubes 1is possible; (c¢) since the carbon source is
supplied 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 present invention is to provide a process
for the preparation of carbon nanotubes or nanofibers,
characterized in that nanoparticles 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



5 a colloidal solution optionally containing a surfactant and then are
introduced in a gaseous phase into a reactor. Mre specifically, the
process oWwa@@ogasesent invention consists of the foll ow ML TEKREA15121)
preparing a colloidal solution containing netal 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 formof a gaseous mxture, and
15 (3) form ng carbqn nanq&ubes or_nanofi bers therefrom According to a
nor e prefeﬁFégl Sreht PR R P dparti cl es or a col l oidal sol ution
thereof may be introduced together with or separately froma carbon
source, but preferably they are introduced in the formof a nmixture 20 for
the formation of uniform carbon nanotubes. In the present invention,

"introduci ng napepafihgl €6c0ra appefLpledl ambsdiment hesPOofthd) PprEASAUS
phase" neans suspending the fine nanoneter-sized particles in a gaseous 7

WO 03/ 008331 PCT/KROL/ 0151 hase raying, Jinjection o tQm. zation,
that is, f%ﬂYﬁWﬁf%Fga@%gﬁi 8%?98952¥Eﬁgﬁ0ﬁﬁéﬁﬁﬁgﬁgﬁ%%aﬁ?iéPgs%? t#é
present invention nay be used in the powder form it is nore advantageous
to ése themieotheidalk nsetubien| ppridghally 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 separately 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

+



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

conver si owa o3t008xmd1gaseous phase. In general, a colloid r AOTASRIESE
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 'm. However, "a
col |l oi dal solution" used herein neans a solution conprising particles of a
few nanoneters to a few hundred nanoneters in size, and occasionally

precursors r eof ll. In_the.present invention, the ter .
"nanoparti cltpglgso bglser%%ta\i"ﬁnﬁét alr &SRl OEonﬁX:&HH?a%&'on"rrettzia@ 18,
nanoparticl es" nmeans nanoparticles having an average particle size in the
order of nafGFEESs, af grseRufplwllsiid. 2021 honghoridieersanepart el dandred
nanoneters, in which the netals exist in the elenental and/or conpound
forms. it aheo presemmanopardicy etay Ned ugée@ 1MOoBRe! pawhdrpabiinG! 8% is
having a size in the above-descri bed range, which are 8 WD 03/008331

PCT/ KRO1/ 01 ' i 5501y di; ' tal .
ot sl CompolndS (e ot Tens ( 5304 OrRbn BL R "OeBn " £ cfRaded an

enmul sion or a_dispersion. The netals in the netal nanoparticles of the
pres%nt solution for the wuniformity in the amount of supply,

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 whose size ranges from 1000 Da (Dalton, a unit
for the molecular weight) to 0.45 pum (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



5 invention nmay be present in the formof elenents, inorganic or organic
conpounds, or m xtures thereof, and may consist of a single netal species
or of twowaromosaispeci es, such as in the formof an al | ®CTOKR@/adIZPOSI t €.
Her ei nbel ow, the invention will be explained in nore 10 detail. Wen the
particle size is in the order of nanoneters (typically 300 nmor |ess),
the particles nmay be different fromthose of larger sizes in their
properties and perfornmance. Nanoneter-sized particles have increased 15

surface area per unit mass, and,subsequentl%¥show ggprov d peréo%nance and
altered pr&dinad sh¥h R3O RERFePE (Yt SR FHDf Sl i F'es2udc¥ases

and the color or the particles varies with the size. Further, the fine
particl es ofetEinometpousdgeinay Elvehtpr Gsant, | ®ol hpastacdes) , bernghe
suspended in a gaseous phase and have high reactivity. The present

i nventors hawe done. St Ugh Gl s 15y &P P, A smdiash g way of using such

nanonet er- “si ze Ine netal particles as a catalyst suitable for the 9 WO

03/ 008331 PCT/ KRO1/ 01512 synthesis of _carbon nanotubes, particularly.for a
process for tRBSpMETHH i dF of %ar‘“ﬁgﬁlnaﬂ%?%%’gt?ﬁf Sgé’sfgoéfslepﬁé:s?es.%tro

the inventors' know edge, none of the nethods that have been proposed thus
f arsmake usievwdEntfiore meegr dbe ppresehbsin the form of elements, inorganic

or organic compounds, or mixtures thereof, and may consist
of 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 explained 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 propertieé and
performance. Nanometer-sized particles have increased
15 surface area per unit mass, and subseéuently show improved
performance and altered properties such that the melting
point of the particles decreases and the color or the
partiéles varies 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 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
nmet al naneaostoogddes or a colloidal solution thereof nay EIKR@aned by
techni ques such as nechani cal grinding, co-precipitation, spraying, 10
sol -gel processing, electrolysis, emulsion processing, inverse emulsion
processing or the like. For exanple, US Patent 5,238,625 discloses a
process for preparing a zirconia sol consisting of tetragonal crystal
particles of O g m, Or Ss in size b ol - gel US Pat ent

B 011 065 AP¥BEBEBLS, G ouatBoRoPagRbsiARng RETSOTITT I of SZ0l2 CPESTaBF e
oxi de pol ytungstate contai ning about 17% of tungsten oxi de froma solution
of aci difi eflort bhgspaepestatd opr efurasgbdsy reglotydie Prige ez syageoThi Bhase .
pat ented i nventi on does not mention about the particle size 20 or

di stributi ook nehe riRint¥d i Cheswldide ! NeoRAr bieClk@eSinted hdds Priestinegvé0 be
of nanoneter |evel. US Patent 6 107,241 discloses a process for preparing

by sol -gel processing an us titaniump xiLde s Vi rtlcle
o 26001 5 D500 Ty, PR R bkl VR DE e e sl BB BTG on
of 1.40 to 1.60% which is capable of | ong- terntstorage at room

t enpfer at ur epreRapatenin AAERIGEH8 #hdchosasea Priveedacedr igy epar gageous

nanonet er - si zed, non-cohesive iron-containing oxide particles having a
phase into the gas-phase synthesis of carbon nanotubes.

In the present invention, the metal nanoparticles or a
colloidal solution thereof may be prepared by techniques
such as mechanical grinding, co-precipitation, spraying,

10 sol-gel ©processing, electrolysis, 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 soi—gel processing.

15 US Patent 5,911,965 discloses a process for preparing a
solution or sol of stable oxide jpslytungstate containing
about 17% of tungsten oxide from a solution of acidified
tungsten oxide precursor by sol—gsl processing. This
patented invention does not mention 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 ncor por awe@simgs1t he present invention for reference. | reqrakriioasear, US
Pat ent 5, 147,841 discloses a process 10 for preparing a colloidal solution
of elenmental netal nanoparticles by adding a netal salt to an organic

sol vent containing a surfactant to form honbgeneous inverse mcelle
particles and reducing the netal salt within the mcelle particles. This
patent is ipcorporated into_ the present . 15 inyention for-reference. The
particle sigg %B EEH%ﬁikﬁ a?gﬁﬁ??FE?%ﬁoﬁrgﬁa 638 & drdi%g Wt Fhet S
enmul si on processing or inverse enulsion processing nethod are generally of
t he order ofapabbeadpf hangneetmsstorsdgecatl rpgndiedpanabuteer SUANBRREHL be
20 adjusted in accordance with the reaction conditions. A surfactant is

added to fogmboeygengossl1stes! beppaeéis! esr @ﬂaﬁamﬁgemgﬂbméaegsb@_aeaf, the
colloidal netal particles. As described above, the emul sion processing or

inverse 1L Y0 03008331 BCTLKROMO1BI2, el Sion BLOcessLAO Eiad i Sy
further advantageous In that ~ metal particles contarnrng two oOr no net al
species may be prepared in the formof a conposite or an alloy, and that

t he Swei ght , WRhEopar PrEFécipzeiaRd dies rdbytdioput ithe sunfipce 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 adding a metal salt to an organic solvent
containing a surfactant to form 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 the order of several
nanometers to several hundred nanometers and may be

20 adjusted 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



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
control | edvopmrongshe size and its distribution can be usedGazKrRO1gEsR2l yst
either per se or after being reduced to elenental netal particles wthout
10 substantial changes in the particle size and its distribution. This
means that the conposition, particle size and distribution of the netal
nanoparticles used as a catalyst can be control led. Hence, in a preferred
enbodi ment of the present 15 invention, alt mcelle.particles

produced asSMyeHkon pRROSEETANGr Behded 45 af rﬁ??sﬁagﬁf‘ﬁégeﬁgﬁ &2 dhdh a

reduced form Specifically, the present invention provides a.process for
preparing omtmh panotcbes, cohteiniggnpwoses moeef oldtadi mpesticss may € | a)
preparing a colloidal solution containing netal salt nanoparticles by

addi ng net aé/rer?‘éfédthatﬁ@% SHCH RmpWalitle ¥ &nPahabyor HeNpoh
organi ¢ sol , containing a surfactant; 12 WO 03/008331 PCT/ KRO1/ 01512
(1 b) optlonllyred cin salt nan rtic

th | . |
sol ution, (9¥iWere8hbei %&e[ et%an‘?‘:[e’g?ﬁ?l Hg? 80Ia1n§fd’ai?s sgilﬁt—'ﬁﬂupﬁ?%ogfmt % ed

react or toget her with a carrier and/or a carbon
5 metal salt micelles may be easily controlled by the types

and amounts used of the surfactant and the solvent. The

metal salt micelles having a controlled particle size and

_its distribution can be used as a catalyst either per se or

after being reduced to elemental 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 nanoparticles used as a

catalyst can be controlled.

Hence, 1in a preferred embodiment of the present

15 invention, the metal salt micelle particles produced as

described above are used as a catalyst either per se or in

a reduced form. Specifically, the present invention

provides a process for preparing carbon nanotubes, which
comprises the following steps

20 (la) 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 | woenstogadtare not particularly limted, and nmay PrETAKROWVESERI S t hat
can be 10 sinply added or used as a catalyst in the process for preparing
carbon nanot ubes or nanofi bers. Exanples of such netals include transition
netal s such as iron, cobalt or nickel; noble netals such as platinum or
pal |l adium and alkali and alkaline earth netals. The types of the netal 15
conmpounds which may be_ used_in the present |nvent|oq are not partlcularly

limted, and eX¥apl eBtiRBpLY¥ Fﬁgucépgnﬁﬁ?ameﬁéﬁaﬁg i CPBPPEEETE LSty

oxides, nitrides, borides, fluorides, brom des and sul firdes, and m xtures
t her eof . Iﬁjneaﬁﬁsmugdakisuﬂuﬂiomm ch does not act as a 20 catalyst in the
process of the present invention nmay be added with a catalytic netal in

the form of an(éil9£t969301ﬂbxﬁﬂﬁ§nréﬁﬁhﬂiﬂih§%&ibf@&ldQB@ﬁEl&ﬁOEhEBea.
spirit and the scope of the~invention 03/ 008331 PCT/ KRO1/ 01512

Meanwhi | e, accordln to the res nt invention, the CO||OI2 solutl n _of
metal nanogated ﬁ§}05x|gggg§ g- g%%g%u§ic89F5ﬁﬁrfo?n§ Re 3 mEARER t he

dropl ets contalnlng the netal particles are made to suspend in a gas,
singe 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 that 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 metals. 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 listed above, their oxides, nitrides,
borides, fluorides, bromides and sulfides, and mixtures
thereof. If necessary, 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 ﬁot depart from the spirit and the

scope of the invention.
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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
dropl ets wo @/gsssiare not particularly limted, and convetl/kra@loiset hods
inthe art, for exanple, direct spraying, siphon spraying, atom zation,
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 immediately transformed into nanoneter-sized netal
particles owng to the high 15 tenperature_in the reactor and nay be used
as a catal yst %lleéPWthéegr oRAFRAIEG hdi? nd MRt uBFESH 2 IHTHEYH oftH%e

present invention, even if a colloidal solution containing nanoparticles
of netal ceoopbobhdsl ssoluddonxiodfs mesallntmanwadtictest hayr cexcist 286 a
wi thout prelimnary reduction, the particles are reduced into el enental

metal parti %&ééoﬁé‘ 8o3h8Ll e NGRaUSEnd NGhehi RERESERf1 dthe RMEd Ld BSy

increases thelr reactivity; or unreduced particles nay al so be used per se
in the process 14 03/008331 PCT/ KRO /0%512 of synthesizing carbon
nanot ubes. RSt FELFrleRATETIVRRt B, TR siff a4 T orfs 31 H8° i TEITR

particles with the netal nanoparticles in the solvent, facilitates uniform
di st5ri but i othefet lpantdtcdles are nanometer-sized £fine particles. The

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, direct spraying, siphon spraying, 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 particles owing to the Thigh

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 particles 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



5 particles, and maintains the size of the netal particles by preventing
the cohesion of the netal particles until they are introduced into the
react or. Waoeosgusdact ant nay be nonionic, cationic, ani oniRCTOKRO1/01512
zwitterionic, and all types of surfactant may be used, for exanple,

hydr ocar bons, 10 silicone conpounds, fluorocarbon conmpounds and so on. The
anount of the surfactant used in the invention is not particularly limted
and may. be adequately selected by a person having ordinary skill in the

pertinent ari. Reductjon of the netal sa%ts may al so be carried out by 15
addi ng at |®5sPYOHECTEAIRY nGPEGRMt "eBPEEPRA - from the group consisting of,

for exanple, inorganic conpounds such as hydrazine, LiBH4 and NaBH4;
surfactants haviongthef upcesentl ingrenipiownt h thedusumgapdaat sfohmas &imgl ene
oxi de; and organic conmpounds with reduci ng power. Reduction may 20 proceed

to the extepicéled thereBéBésSahisharens edieesl PdoBhtiyicleS§ONDhClEhY O

nmetal s. Solvents which may be used to prepare a colloidal solution include
wat er, and goJoar or n{[:.:n(}{;_io:loa{ijl oL anic.f15 Ogég%Séﬂ:_Lorli’CTé%( 01512
sol vents. A poYartor Tonpota? o7 ganirc %%er%% PBREO% e ¥et e F r SRT TR
group consisting of aromatic hydrocarbons such as benzene, toluene and
xyl éne; al ipaBEicle? gapné madnGahns shehsigehefatdre mafiahoaifidl ©ke aney
pol ar sol vents
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 wused, £for example, hydrocarbons,
10 silicone compounds, fluorocarbon compounds and so on. The
amount of the surfactant wused in the invention is not
particularly 1limited 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 least 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 compounds 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



5 such as ethanol and propanol; and m xture thereof. In the present

i nvention, the nmetal nanoparticles or the <colloidal solution thereof nmay
be i ntrodweed/oos®zo the reactor together with a carrier. ACTKRO1IOESRI er,
mention nmay be made of inert gases such as argon,. neon, heliumand 10
ni trogen; and pol ar or nonpol ar sol vents aforenenti oned. Together with the
gaseous m xture of the colloidal solution and an optional carrier or
separately, a gaseous or liquid carbon source nay be supplied. As the
carbon source, said surfactants and organjc solvent,s may _be used 15 as
they are, aﬁangﬂEF'orgﬁhiBO@Bﬁpoﬁﬁdén?éh ¥x194Qﬁﬂﬁquaé§$W9ﬂ§ 08ﬁ¥isg?ng
of hydrocarbons such as carbon nonoxi de, saturated or unsaturated

al i phati ¢ hgditechedofiszomaviey graup BrsHrdomat@hsarenRbtonyfdrocarbons
hydr ocarbons having 6 to 10 carbon atons may be used as well. Such a

carbon sour g@cHBYad0 h@¥fede | 0 tHINRLRL 0T x$2kel;edal ipRnERe J68YEnic
consisting of oxygen, nitrogen, chlorine, fluorine and sulfur. Since the

The car bon SOBTERCCLRBRT FE PE-RE 0LRGUSTSL T RPN Bt b EhERcE”

thereof are high, additional carbon sources may not be needed. According
to & pref erpagheaBogthanplopnghprppaseht apdveiktyse ghewgpicteri zed gas
such as H2, H2S or NH3 nay be

In the present invention, the metal nanoparticles or the
colloidal solution thereof 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; and 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 consisting 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 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



5 supplied together with the carbon source. The process of the present
invention nmay be carried out in a reactor used for reactions such as

t her mal hweato3ngs3sichem cal vapor deposition (CVD), plasm HoeazrOgisradi o
frequency (RF) heating and so on. However, the type of the 10 reactor is
not limted as | ong as carbon nanotubes may be produced therein. The
reacti on processes to form carbon nanotubes or nanofibers using such
reactors are described in the prior art above- nentioned Ther ef or e,

wi t hout bein artic rIy limt nth [ esen ntion, the process
15 par anet e?‘g“’?%r‘ FEFToRTE hi“l&hese‘ﬁg ?Fﬂl%’ﬁ‘? rgi?é‘n SQUTERE may
tenperature, tine and pressure, may be easily deC|ded by a person having

ordi nary skiot ke ndmdedt fromsaid prior art. Meanwhile, in the processes
of prior art for producing 20 carbon nanotubes in a gaseous phase in which

metal particl Q%c%rraﬁlgr mgd by aﬁﬁéf&ﬁ%éan ShosEiménat 0B afk Uhkbedst
catalysts, it is reporfed that the |ower reaction tenperature results in

th [ ticl 17 WD 03/.00 331 1/0 t,al yt
ne?afnaangr %%@aﬁﬂﬁtFézgﬁgfﬁgp§ﬁﬁFFgrgF§n§Pﬁ ahd dfd§5$ é@%{ﬂéca %%gnlc

nanot ubes produced. However, as the particle size of the catalytlc met al
i s adj ust edswepbied tm§¢ﬁh¢hth@@c@@elQﬁﬁb@me8¢@@@¢or in the process of the

The process of the present invention may 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

10 reactor is not limited as long as carbon nanotubes may be
produced therein. The reaction processes to form carbon
nanotubes or nanofibérs 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 from said
prior art.

Meanwhile, in the processes of prior art for producing

20 carbon nanotubes in a gaseous phase in which metal
particles are formed by aggregation of metal atoms and used
as catalysts, it 1is reported that the lower reaction

temperature results in the smaller particle size of the
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5 present invention, it is possible to control the Iength and dianeter of
t he carbon nanotubes substantially irrespective of the reaction

t enper at unw@ 030g33pr ocess of the present invention nay be fraukrdloygsizappl i ed
to the syntheses of carbon, nanotubes having various 10 structures and

nor phol ogi es as well as tube-typed nano scale structures such as graphite
nanofi bers (G\NF), since the catalyst of the present invention nay conprise
two or nore netal species in any conpositions. 15 Brief Description of

Drawings Figure .1 is a schemati.c flow di agram,showi ng briefly the .  process
for synt hes'?F?\ngt:%l?b@ﬁgﬁgnoﬁﬁﬂe§ubﬁe%§ngﬁ¥séLﬁ‘t %Vgemgfé‘fﬁ]l]cﬁ?: ]lf?rbqﬁrésa’%‘gto 6
are the scanning electron mcrographs 20 (SEM or transm ssion el ectron

m cr ogr aphsdidEdyenf of hehec grybonn asmaivée spmepduaed n Bowepier 1 dFigue e
2), Exanple 3 (Figure 3), Exanple 5 (Figure 4), Exanple 9 (Figure 5) and
Exanpl e 13 &84k Pe 6)sideSBECtENS] Yoathd WOO3MOOEB3L LCLEKRALEAI Hfore

Figures 7 to 9 are the scanning electron mcrographs (SEM or transm ssion
Tetal it e TR Aok, 1808 JiRearI0CRNE 1T aFBCt R CEHhi 8 MBSt ron
m crogr aph

5 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 favorably
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 present 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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and transm ssion el ectron mcrograph of the graphite nanofibers (G\F)

synt hesi zed in Exanple 27. Figure 12 is the transm ssion el ectron

m cr ogr apWwood3/ongss1 gr aphite nanofi bers synthesized i n ExamuiTekR@/014Q Best
Mode of Carrying Qut the Invention The present invention will be understood
nore easily wth reference to the follow ng exanpl es. However, these
exanples are intended to illustrate the invention and are 15 not to be
construed to limt the scope of the invention. Exanple 1 To 40 m of
benzene, 3.516 10 % by .wei ght_ of nzene) _of polyoxyethyl ene(20

sor bi tan nonol g%g&trgs(-r &A -gzﬁreanggeo.%%%@”g“‘Qaeg\égﬁtytPPy IPJeﬂﬁéglé%plf‘%r
preparing a 0.01M benzene 20 solution) of Fed 3 were added, and the m xture
was stirred(SEM; Zr htwepnsmdsgiva acsettirpon mwicregionRis i c(TEM) Taderkhe 20
is a nonionic surfactant which plays a role of stabilizing the

nanoparti cl 88rb&n bend st ANhrshicddg vhe using BONfetald MO:E3+808331
PCT/ KROL/ 01512 It was confirnmed by transm ssion el ectron mcroscopy (TEM
that the naﬁo%%rii clLg solution obtai ned above contained fine netal i
particles wt Si%%'ranging from2 to 20 nm 5 Reaction was carried out

by introducing the obtained ) ) :
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 transmission electron micrograph of the
graphite nanofibers synthesized in Example 28.

10

Best Mode of Carrying Out the Invention
The present inventi;n. 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 bé 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 quantity 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.
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solution (0.34 m/mn) together with a carrier gas (Ar, flowrate: 100
sccm into a reactor at 800C for 20 mnutes. The product was obtained as a
bl ack powdere3/ 008831 pr oduct obt ai ned above was anal yzed by Swarmkrngi1s51e0

el ectron mcroscopy (SEM and transm ssion electron mcroscopy (TEM It
was confirnmed that carbon nanotubes of a nean dianeter of about 60 nm were
obt ai ned, and the SEM m crograph show ng the nanotubes is shown in Figure
2. Exanple 2 15 To a solution of nanoparticles prepared in the same nanner
as in Exanple %Hi0.01 g 0f005 gpgg on:LiBH4 was adgfd as._a reducing
agent, and the i xP@% GRELSEPRed®Y ort  FHEHHHOR o SGiSrE 2% oM FF SREGPY

nanoparticles with a size ranging from2 to 20 nm Sonewhat severe
fl occul ati odTEM) 20 that pathiec| apnerpbseke edSodvipaned aptiainatt cabevahere
no reducing agent was added. The sol ution obtained above was introduced

into the reaatained tfieSaneaBNpai-tasled Wil & sizand-LafikRN £26n W
03/ 008331 PCT/ KROL1/ 01512 nanotubes with a nean di aneter of about 70 nm

wer e obtain?g.20 npl e 3 Carbon nanotubes with a nean di anmeter of about 60
nm were obtained 1n the same manner as in Exanple 1, except 5 that

tol uene or xylene was used respectively in_place of . i
5 Reaction was carried out by introducing the obtained

solution (0.34 ml/min) together with a carrier gas (Ar,
flow rate: 100 sccm) into a reactor at 800C 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 shown in Figure 2.
Example 2
15 To a solution of nanoéarticles 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 observed, 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



benzene. The SEM m crograph of the carbon nanotubes is shown in Figure, 3.
Exanple 4 A result analogous to that of Exanple 2 was obtained by 10

per form nya@@ogazocedure in the same manner as in Exanpl e EGT/Kruaapt2 t hat
tol uene or xylene 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 - anmoni unbrom de (CTAB) and 0.0648 g (a quantity required for
preparing a 0.01M benzene sol ution) of FeCl3 were added, and the m xture

was stirred for 24 haqurs. CTAB i ationic.surfagctant which,plays role
of stabil PARRFURSE A&tdh e?rt“leanesdsltaé“ éﬁré’&’ 875" Fdos G"au BH4
was added as a reducing agent to the above obtalned solutlon and the

m xture wagExstmplreed for 24 hours to give a solution of nanoparticles W th
a sizeranging from2 to 20 nm 21 WO 03/008331 PCT/ KRO1/ 01512 The

sol ution obt ai AgeHEROHRNMSIHEY RILEEd | Héant [ anRACKOr of N abdatsag® manner
as in Exanple 1, and carbon nanotubes with a nean dianeter of about 70 nm

oy Were IDLaiHEA M WHSPIaRE tm%%n%g boD BANGLURERd S1SheRd 5
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 that of Example 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
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 nanoparticles 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.
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Exanple 6 A result identical with that of Exanple 5 was obtained by
performng the procedure in the sane nmanner as in Exanple 5, except that
t ol uene owxoloesesiwas used 10 respectively in place of betasrol/ExE2NMPl e 7
. A solution of nanoparticles with a size ranging from2 to 20 nm was
obtained in the sane manner as in Exanple 5, except that an anionic
surfactant, sodi um dodecyl-sulfate 15 (SDS), was used. The sol ution
obt ai ned above was introduced into the reactor in the same nanner as in
Exanpl e 1, and carbon nanotubes w th a nean di aneter of about, 70 nmwere
obt ai ned. Exahpfe %’%quggﬁ?#‘ﬁéﬂt F‘Pﬁl"evw‘f’?\sthja?t]f)‘?éﬁ% BLP w&de
obtained by performng the procedure in the sane manner as in Exanple 7,
except thatreaitganeinr thd esempasnaneelr Bespiet iBxamplien plackndf cgawpine.
22 WD 03/008331 PCT/KR0O1/ 01512 Exanple 9 A solution of nanoparticles with
a size rangiRg iR 2ithP Phdtif e s dubdther (s aiie W sbtasindl .
Exanple 1, except that water was used in place of benzene as the 5

sol vent. The SEM micrograph of the carbon nanotubes 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 Xxylene 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 was introduced into the
reactor in the same manner as 1in 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 same manner as in
Example 7, except that toluene or Xylene was used

respectively in place of benzene.
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The sol ution obtained above was introduced into the reactor in the sane
manner as in Exanple 1, but this time together with a carbon source

(et hyl enewgas/00831sccm, and carbon nanotubes with a nearpdiieratoasi2of
about 60 nmwere 10 obtai ned. The SEM m crograph of the carbon nanotubes is
shown in Figure 5. Exanple 10 Aresult identical with that of Exanple 9 was
obtained by performng the procedure in the sane manner as in 15 Exanple
9 except that nethane gas was used in place of ethylene as the carbon
source. Exanples 11 and 12 Results identical with those of Exanples 9 and
10 were oﬁggﬂﬁgdiﬁy performng in the sane manner as in Exanples 9 20 and
10, except that ethanol was used in place of water. Exanple 13 To a

sol uti on of naRopaduitdloms qf epanepaihichessaith rangiere asapgipgafkyon P
0.065 g (0.005 nmol) of hydrazifie 23 WO 03/008331 PCT/'KROL/ 01512 was

added as a ¢£dsgi AE A@RNobtithdd1ei Rl Xhl @RS rdrindedast 0h 24%afgiles 1,0
give a solution of nanoparticles with a size ranging from2 to 50 nm

Somenal sexers ! RSl PR Sad oY LifL 48 WP B enoTRe het
5 solvent.

The solution obtained above was introduced into the
reactor in the same manner as in Example 1, but this time
together with a carbon source (ethylene gas, 50 sccm), and
carbon nanotubes with a mean diameter of about 60 nm were

10 obtained. The SEM micrograph of the carbon nanotubes is
shown in Figure 5.

Example 10

A result identical with that of'Example 9 was obtained

by performing the procedure in the same manner as in

15 Example 9 except that methane gas was used in place of
ethylene as the carbon source.

Examples 11 and 12

Results identical with those of Examples 9 and 10 were
obtained by performing in the same manner as in Examples 9
20 and 10, except that ethanol was used in place of water.

Exampie 13

To a solution of nanoparticles prepared in the same

manner as in Example 9, 0.065 g (0.005 mol) of hydrazife

23



The sol ution obtained above was introduced into the reactor in the sane
manner as in Exanple 9, and carbon nanotubes with a nean di aneter of about
80 nm werwooistoagsed. The SEM m crograph of the nanot ubes RCI/KR@vN5i2n
Figure 6. 10 Exanple 14 Aresult identical with that of Exanple 9 was
obtained by performng in the same manner as in Exanple 9, except that
nmet hane gas was used in place of ethylene as the carbon source. 15 Exanple
15 To a solution of nanoparticles prepared in the same nmanner as in
Exanpl e 11, 0.06 (0.005 noJ) .of hydrazine added as a redycin and
t he nixtur ew%%sa‘g‘?%lr 88 fort c%r%ﬂ?%’gi%d\gggﬁl HeroHT6f Wﬁﬁnf&&ﬁ' es
with a size 20 ranging from2 to 50 nm Sonmewhat severe floccul ation of

the particlisrwad domersetio cpinmar ad selutidre ofsaammarticleduéthg agent
was added. The sol uti on obtai ned above was introduced into the 24 WO

03/ 008331 RGHKRUALLSI 2rrbfagt @b 5 HhE SadheiMBReseierd) foygy @ tlilbn and
carbon nanotubes wth a nean di ameter of about 70 nm wer e obtai ned.

Exanpl e 16 A%r sul t Jir:rge?r:lriai cal_with that .of Exanple 15 obt ai ned.. 5 by
perforning ¢ ﬁ"u% Rahk! GafiRel28s PR ngn’)l 8OT§TAES§C¥6F\&B%he AE Wnete
5 no reducing agent was added.
The solution obtained above was introduced into the
reactor in the same manner 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 1in place of ethylene as the
carbon source.

15 Example 15

To a solution of nanoparticles prepared in the same

manner 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

24



t hat nmet hane gas was used in place of ethylene as the carbon source.
Exanpl e 17 A solution of nanoparticles with a size ranging from2 10 to 50
nm was obwa (3@dsi3m t he same manner as in Exanple 5, excemCkril/oasker was
used as the solvent in place of benzene and ‘0.0065 g (0.005 nol) of
hydrazi ne was used as the reducing agent in place of 0.01 g (0.005 nol) of
Li BH4. The sol ution obtai ned above was introduced into the 15 reactor in
the sane manner as in Exanple 1, but this time together with a carbon
source (ethylene gas, 50 sccm and wth the reactor_heated to_900C.. Carbon
nanot ubes ofeactofeadldi it 8RS TARRRTY 785nmiTheFEABBLE ey, BRAMSIEFRR 20 A
result identical wth that of Exanple 17 was obtained by performng the
procedur e imandieutsasrewhelnnermesn i diafxizemp| @f 1dboek cept nim heerereohlaabngds was
used in place of ethylene. 25 WD 03/008331 PCT/ KRO1/ 01512 Exanples 19 and
20 Results ﬁégﬁéi&aiGthh those of Exanples 17 and 18 were obtained by
perform ng - manner as in Exanples 17 and 18, except that

ethanol  was us%qfé;dyéﬂﬁaégtfﬁngWité E%g@pég E%ample 15 was obtained

5 by performing in the same manner as in Example 15, except
that methane gas was used in place of ethylene as the
carbon 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 Example 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 time
together with a carbon sourcé (ethylene gas, 50 sccm) and
with the :Eeactor 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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A sol ution of nanoparticles with a size ranging from2 to 50 nm was
obtained in the sanme manner as in Exanple 7, except that water was used as
t he sol vewo a3mogdsace of benzene and 0. 0065 g (0.005 nol) rdfT/kyarazizne was
used as 10 the reducing agent in place of 0.01 g (0.005 nol) of LiBH4. The
sol ution obtai ned above was introduced into the reactor in the sanme manner
as in Exanple 1, but this tine together with a carbon source (ethyl ene
gas, 50 sccnm). Carbon nanotubes with a nean dianeter of about 70 nmwere .
15 obtai ned. Ex l e 22 result identical with that of Exanple 21 was

obt ai ned Eﬁfﬂ@gggiﬁﬁhéféﬁéﬁbrocedure in the sane manner as in Exanple 21,
except that nethane gas was used in place of 20 ethylene as the carbon
source. Exanpl Be28lpsr édenticadnmidcdl thiade RxEinBramplesad 7obngdi Add Wgre
performng in the sane manner as in Exanple 21, except that 26 WO

03/ 008331 RGH IR U lger £bRaNQG YRStHECHahB RhaGerObswaAleExmANEY eP4 A
result identical with anpl e 22 was obtained by performng in the sane

manner  as iar]nﬁaé«rpleexczgpt el%(lga%)teél?grgol 5wa€'\st h'lia.'Sné)Cli mspijégg 69 ‘pé.ggl?.o.r wat er .

5 Example 21,
A solution of nanoparticles with a size ranging from 2
to 50 nm was obtained in the same manner as in Example 7,
except that water was used as the solvent in place of
benzene and 0.0065 g (0.005 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
together wifh 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, except 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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Exanpl e 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
wer e carrwedo3messsin a gl obe box, 10 which is isol ated fromdincrawisizde
contact to prevent the formation of netal oxides, in order to produce pure
fine netal particles. Described belowis an exanple of synthesizing carbon
nanot ubes by neans of catal ytic nanoparticles conprising 15 two netal

speci es. Exanple 26 This exanple illustrates the result obtained when a
catal yst was_prepared in i.ch netal_selected Pt, Pd, Rh, Ir, Ru, and N
known for €A&RRH; Q’I"f‘sa&’ﬁe:g]ﬂﬁl ipﬁ-af(? mation of hydrocarbons that
are used as the carbon source, and iron together form nanoparticles, and
was used iExampdesydt hesi s of nanotubes. To 40 m of benzene, 3.516 g (10 o
by wei ght of benzene) 27 WD 03/008331 PCT/KRO1/01512 of Tween -20 and
0.0648 g (a quantidanuTequideat f@1 PRARY | Rgamp18. 03Y beig enteoindd omy of
FeCd 3 were added, and the mxture was stirred for 2 hours. Then, H2Ptd 61

PdC121 H2Ird6, Rud 3 or .Ni Cl2 dded_t.0,sai,d_pi i t
Cuch that BB Pt Pore POt apepdd Feigie’2d, | Lidlpt R

5 ethanol was used in place of water.

Example 25

Results analogous to those of Examples 1 to 8 were
obtained by repeating the procgdures of Examples 1 to 8,
except that the experiments were carried out in a globe box,
10 whicﬁ is isolated from the outside 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.

Example 26

This example illustrates the result obtained when a
catalyst was prepared in which a metal selected Pt, Pd, Rh,
Ir, Ru, and Ni known for their high activity in
20 dehydrogenation of hydrocarbons that are used as the carbon
source, and iron 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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and the m xture was stirred for another 24 hours to give a solution of
nanoparticles. It was confirnmed by transm ssion electron mcroscopy (TEM
t hat t he wloonseogdst ai ned nanoparticle solution 10 contai netT/Kra/oreal
particles with a size ranging from4 to 30 nm 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 nanoparticles
did not vary nmuch with the type of nmetal. 15 The sol ution obtai ned above
was introduced inte the react nner_as_i.n_Exa and

i h ) [ .
carbon naRdt dHESTW £ R 3“%%08%5:1& té?eg’fslggﬁbg? 56T SEr SOEbE%eﬁg%.ingl t

was recognized fromFigures 7, 8 and 9 that the arrangenent of carbon
atoms was roDre.ptYulkeniene hisplodsion)200forfeekd Werh taddednotddises the
produced with a catalyst of iron only. Specifically, Figure 7 shows the

result of theisyRl hgsks sofrpagotadies sushogrshe cahahystymrde pf macml,l oy
of iron 28 WD 03/008331 PCT/ KROL/ 01512 and nickel, and it shows that

tub d i far [ I titw Fi 8 th
ool b o MERECE T REEL, R nBAEHLeBelrRR0E MTTRpel BLLRe BUCHR, TG

iron and platinum and it shows that the 5 arrangenent was nore regular,
conpar ed wiameuntte spigde tlisdr £he atomic ratio of iron : metal was 7 : 3,

and the mixture was stirred for another 24 hours to give a
solution of nanoparticles.

It was confirmed by transmission electron microscopy
(TEM) | that 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 much with the type of metal.

15 The solution obtained above was introduced into the
reactor in the same manner as in Exémple 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 carbon atoms was more regular in this case,

20 compared 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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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 nanot ub@so3u®sIsyg a catal yst made of an alloy of iron amtTpaRéiadsizm 10
Exanpl e 27 This exanple illustrates the result obtained when
nanonet er - si zed catal yst particles conprising iron and copper were
prepared and used in the synthesis of nanotubes in order to synthesize
graphite nanofibers (G\NF) which are 15 utilized in the nedia for the

storage of hydrogen. .To 40 _nm ,of henzene,. 3.516 0 % by wei ght_.of
benzene) @F"-dT\Aé’gﬁ:ﬂ?QO aftB90. HB4sSROTR kit i tri?rg)e% Bd WS pPESSHSRS a
0. 01M benzene solution) of Fed 3 were added, and the mxture was stirred

for 24 hounmiffmniy GuCl2 hergeddueéntdty0 saifdavine U eshowanthroFesuddch
that the atomc ratio of iron : copper is 3 . 1, and the m xture was

stirred foryr anQd NgymeAeHOHr St Ql&ﬁ‘ld&ﬁll:?ééolhsliﬁ%naOfca!t@l@w thadesown b a
size ranging from4 to 30 nm 29 WO 03/008331 PCT/KROL/ 01512 The sol ution

obt ai ned ab i ntroduced_i-nto-th tor '
Bxanpl o 1 SNPYR (EE nEa aPHRELEPTG, BBl 400 AACREr o BRFal RE The

SEM and TEM mi crographs thereof are shown in Figures 10 and 11. 5 Exanple
28,5 arrangement was more regular, compared with the case where

a catalyst of iron only was used, and that apparently the
byproduct of carbon black was not produced. Figure 9 shows
the result of the synthesis of nanotubes using a catalyst
made of an alloy of iron and palladium.
10 Exaﬁple 27
This example illustrates the result obtained when
nanometer-sized catalyst particles comprising diron and
copper were prepared and used in the synthesis of nanotubes
in order to synthesize graphite nanofibers (GNF) which are
15 utilized in the media for the storage of hydrogen.
To 40 ml éf benzene, 3.516 g (10 % by weight of benzene)
of Tween’-20 and 0.0648 g (a quantiﬁy required for preparing
a 0.01M benzene solution) of FeCl, were added, and the
mixture was stirred 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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In this exanple, the same process was repeated under different reaction
condi tions using the nano-sized catalyst particles prepared in Exanple 1,
in order Wo ®ynsizesi ze graphite nanofibers (GNF) which arreTukRItiEed i n t he
media 10 for the storage of hydrogen. Reaction was carried out by

i ntroduci ng the above- obtained solution (0.34 mM/mn) and H2S gas (10
sccm into a reactor at 800 C, together with a carrier gas (Ar, flow

rate: 100 sccm for 20 m nutes, and the product was 15 obtai ned as a bl ack
powder. The product obt ai ned s ., anal yzed by scanni | ect.,r on_m cr.gscopy
(SEM' and a ?Pﬁnsﬂ?%‘éFbﬂnelﬁq?W '@ﬁ)&V@opyaﬁEWQ?88PFﬁ8 thAr° aFC wi t h
a nmean dianeter of about 60 nm were obtained, the TEM m crograph of which
is shown i rdachore i2. the Bruephen2@rThiss oxaptmpl¢| Ust pRde $NFhavitds A t

obt ai ned when nano- sized catal yst particles conprising iron and atomc

sul fur  wverg it egaggdrapd Jisathdut t g0 Sumt RRSiess Sbranned ibeshen sEBD aMA
03/008331 PCI/KROL/ 01512 order to synthesize graphite nanofibers (G\F)
which are utilized in the media for_the stora rogen. ;To,40 m of
benzene, 3. %@?ﬁ?ﬁgﬁwsm%rﬁﬁﬁ?oéfaf%n%%@ 1%%%%%938 %%% 8.10648 g (a
quantity required for preparing 5 a 0.01M benzene solution) of Fed 3 were
addéd, and Elmmple 28

In this example, the same process was repeated under
different reaction conditions using the nano-sized catalyst
particles prepared 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-
ébtained solution (0.34 ml/min) and H,S gas (10 sccm) into a
reactor at 800 °C, together with a carrier gas (Ar, flow
rate: 100 sccm) 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 synthesis of nanotubes in
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m xture was stirred for 2 hours. Then, Na2S was added to said mxture in
an anount such that the atomc ratio of iron : sulfur was 1 2, and the

m xt ure wa® ®tosased for another 24 hours to give a sol ut irIT/KRO1/01512
nanoparticles with a 10 size ranging from4 to 30 nm The solution

obt ai ned above was introduced into the reactor in the same nmanner as in
Exanple 1, and GNF with a nean di aneter of about 100 nm were obtained. 15
I ndustrial Applicability In conclusion, according to the present invention,

since the particle size and, the conpasition he type OpRor t.ians of
the netal sPreeh hEOnﬁﬁ@t]%%?Ja‘F?/stglﬁ%c@&n%llg)eﬁj uzglglgfii r‘l"ﬁgl van%gf% t he
nor phol ogy and structure of 20 the carbon nanotubes produced may be nore
easi |y contutdllliesd iFurtheemedis: ther ridtealstomagsy Af dwdungeiuppl i ed
continuously, carbon nanotubes may be produced continuously in |arge

scal es, and the,supphy 8t bbazeRtal 3¢8t8! ¥si(1bogeblemedighlt of1bHéRz@3E)08331
PCT/ KRO1/ 01512 a carbon source fromthe outside allows sinplification of

t he process as wel e th pparatus.,_Al so i.nc r i LtJ ons
are i1 d &f BOREEAG0UBES O OBPApH: i@ ARG e Ay ok faseat i

mor phol ogi es, structures and 5 characteristics nmay be produced easily at
reasonabl e ac06t.91M Heeneene hesPrele®y) oPft hBeples s n@dfefion 374 hi y

mixture was stirred for 2 hours. Then, Na,S5 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 invéntion, since
the particle size and the composition (the types and
proportions of the metals) of the metal qatalyst introduced
are adjusted in advance, 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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reproduci ble and industrially promsing. 10 15 20 32 W) 03/008331

PCT/ KRO1/ 01512 What is clainmed is 1. A process for the preparation of

car bon nawataswes33iwhi ch conprises: (1) preparing a col |l oiral/kralousizon
containing metal 5 nanoparticles in the presence or absence of a
surfactant, (2) introducing the resulting coll.oidal solution into a heated
reactor together with a carrier and/or a carbon source either separately
or in the formof a gas’eous m xture, and 10 (3) form ng carbon nanot ubes

fib t f Th t
Compr 1 Ses: 1| SFEBPRpEPIRGa SASTY of BRI CUBRdR o cTi R et art 18h ot

nanoparticles by adding a netal salt to a solvent selected fromwater, or
pol ar or ndwpol Rrogegani as seleldnt 85 B WAPPRATESHSa nsPaSSur fRtRERt thELD)
optionally reducing the netal salt nanoparticles in the coll oi dal

solution, (ZQadtidPduschaetibesr astl Wiing,cddsbsial nspbtitbes oit grapHiaat ed
reactor together with a carrier and/or a carbon

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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20 source either separately or in the formof a gaseous mxture, and (3)
form ng carbon nanotubes or nanofibers therefrom 3. The process according
to claimwooshessin the surfactant 33 WO 03/008331 PCT/ KREWKRE 025121 S
selected fromthe group consisting of nonionic, cationic, anionic and
zwitterionic surfactants of hydrocarbons, silicones and fluorocarbons. 4.
The process according to claim2, wherein the reducing 5 agent is selected
fromthe group consisting of inorganic conpounds such as hydrazine, LiBH4
and NaBH4; surfactants having a functional group with reduci ng power such
as et hyl eW&agxide CL8AF&M ¢Sconpounds with reduci ng power; and mi xtures
thereof. 10 5. The process according to claim 1, wherein the polar_or

non- pol ar ar.ganipreswiseerfior sthve| prerairdtbon t@e gavhpn BBReFYPPAg which
aromati ¢ hydrocarbons such as benzene, toluene and xylene; aliphatic
hydrocarbopg,84Gheas hexane, heptane and octane; al cohols such as ethanol
and propanol; © 15 water; and m xtures thereof. 6. The process according to

G oup. consi st | b o ARG | h meddon s TR AR csbat L A P8t
al kaline earth netals.
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
source either separately or in the form of a gaseous
mixture, and

10 (3) forming carbon nanotubes or nanofibers therefrom.
2. The process according to claim 1, which comprises:

(1a) 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) optionally reducing the metal salt nanoparticles in
the colloidal solution,

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

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

(3) forming carbon nanotubes or nanofibers therefrom.

3. The process according to claim 1, wherein the surfactant
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20 7. The process according to claim11, wherein the netal of the netal

nanoparticles is selected fromthe group consisting of elenental netals,

t hei r oxi d@sg3/08131i des, borides, fluorides, brom des and RUVKR@d@as12and

m xtures 34 WD 03/008331 PCT/KROLl/ 01512 thereof. 8. The process according

to claim1, wherein the resulting colloidal solution is introduced

continuously into the reactor for continuous production of carbon

nanot ubes or 5 nanofibers. 9. The process according to claim1l1, wherein

t he gaseous, carbon spurce is selected fromthe group consisting, of id
£ Pirerts

surf act ant s:5 SRIELRY I O EHPHR ITEHE LI 0P Uhsa

al i phatic hydrocarbons having 1 to 6 carbon 10 atons, and aronatic
hydr ocar bormimiicng énflo Hviddehdoniat onsurfdtteantsy Rive hydnpcarbons,
het eroatons sel ected fromthe group consisting of oxygen, nitrogen,

chlorine, fduofidies aith st ddFocdBboddle process according to claimo.,
wherein a 15 characterized gas such as H2, H2S and NH3 is additionally

Feact or usdt {Bher BRGHERRs ST SO BPmS Baid mo HEKRLR GhF aaind © °
deposition (CVD), plasma heating and radio ) ]

5 agent is selected from the group consisting of inorganic
compounds such as hydrazine, LiBH, and NaBH,; surfactants
having a functional group with reducing power - such as
ethylene oxide; organic compounds with reducing power; and
mixtures thereof.

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

15 water; and mixtures thereof.

6. The process aécording to claim 1, wherein the metal used
is at least omne meﬁal 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 oxides, nitrides,

borides, fluorides, bromides and sulfides, and mixtures
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20 frequency (RF) heating. 12. The process according to claim1, wherein
the nmetal nanoparticles or the colloidal solution thereof is prepared by
a met hod v@ ®owgxd1from the group consisting of 35 WO 03/ M@838R01/01512

PCT/ KRO1/ 01512 mechani cal grinding, co-precipitation, spraying, sol-gel
processing, electrolysis, enulsion processing and inverse emulsion
processing. 13. Carbon nanotubes or nanofibers prepared by the process 5
according to any of clainms 1 to 12. 10 15 20 36

thereof.
8. The process according to claim 1, 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 claim 1, wherein the gaseous
carbon source is selected from the group consisting of said
surfactants, said solvents, carbon monoxide, saturated or
unsaturated aliphatic hydrocarbons having 1 to 6 carbon
10 atoms, and aromatic hydrocarbons having 6 to 10 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 NH, is additionally
supplied.

11. The process according to claim 1, wherein said reactor

is a reactor used for reactions such as thermal heating,

chemical vapor deposition (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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15

20

WO 03/008331 PCT/KR01/01512

mechanical grinding, co—precipitétion, 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.
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