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VGCFol &%
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Arm-chair structure :(o% dodroy

-

T Vacuum lHe

J o 1L

FIGURE 4.2 Schematic diagram of the arc apparatus where the nunotuoes are formed rom
the plasma between the two black carbon rods. Except for the vacuum and He lines, all the
- arrows indicate the extensive water-cooling system of the apparatus. (Reproduced with pef-
“mission from Ebbesen, T. W.. Annual Review of Materials Science, 24, 235, 1994. Copyright

1994 by Annual Reviews Inc.)
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Production of carbon nanotubes & nanofibers

(M Multi-walled nanotube(MWNT): carbon arc method

direct current arc on the cathode
hiak'hzﬂp (~3noet) Plasmo

@ Single-walled nanotube(SWNT): catalytic carbon arc method
carbon arc with composite anode

containig carbon and metal(Co, Ni, Fe)

® Graphite nanofiber(nanotube): catalytic chemical vapor. deposition
inexpensive production of high quality NT

low tewp. Technique
suitoble for lm—az scola production

Companies involved in both production and

sales of nanostructured carbon materials

4 Hyperion Catalysis International - Cambridge, MA, USA
& Catalytic Materials Ltd. - Mansfield, MA, USA

<> Bucky USA - Bellaire, TX, USA

<> Materials and Electrochemical Research Corp. - Tuscon, AZ, USA
4 Applied Sciences, Inc. - Cedarville, OH, USA

& Dynamic Enterprises Ltd. - Twyford, Berkshire, UK
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Characterization of carbon nanotubes & nanofibers

Type Method Size Price
D: 2~ 15nm
MWNT Tube Carbon Arc $15/g
! L: 1~10#m '
|
| Carbon_ Arc with [D: 0.7~ 1.2nm
. SWNT Tube W $50/g
Metal Catalyst L: 2~204m
Graphite Catalytic Chemical{ D: ~ 10nm
Tube ) -
Fibril Vapor Deposition | L: 1~10#m
Graphite Catalytic Chemical D: 5~ 100nm
Fiber $4/K
. Nanofiber Vapor Deposition |L: 5~100% m g

¥ Purity of carben nanotubes: 10~ 40%

carbon nanofiber(tube), carbon fibril etc.] 27

VGCF [vapor grown carbon fiber, carbon filament,

o
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VGCFQ &7 & 54

a. High Temp. growth ~ 1200 C
o fiber or tube < straight & long

© supported © expensive
o 23| Al: Hyperion Catalysis Int’l, G.M.

b. Low Temp. growth ~ 600 C
o fiber © vermicular & short
© unsupported < cheap
o 23| Al: Applied Science Inc.,
Catalytic Materials, LTD.

In order to develop CCVD technique to grow true carbon nanotubes,
careful study of many parameters affecting fiber morphology is needed.

Catalytic Particles Feedstock gas

Composition ‘ Gas type

Initial size \-wwm | Gas mixture/composition

Initial shape ‘FHow rate
Partide support. - i‘;% Pressure

« Dr. R.S. Ruetl of \‘Ju\\h\a'\'w\ umvemi-a
. Hapeﬁch Cd\'-\zsu Tuleenattonod

+ Pr. K. Derbyshive of Universithy o Kenfuckey

— 110 —



weisniy1p 3 ing (! i
woyriyeaq

wolsnip anwiang 1} 5

v
130ddns

D

L(ché) 18 "JF o4 'C 1§y )

UIM01D JUSUIE[L] JO WSIUBYIRIN (€

X 1,00

L S (U T
LI T S B B e
/ \m ]

/H../._ _
\ -
\ / |
..J,. j _
\ I3 .
/zs& \\ q .
\ \ ]
wio gg5 0= N NS [0
wo (900 W0 d] 7 .

wio zg1g = M= g,
CULRATN ERTERLAY

1
!

|

)
1

007 00S

=
—

ot

000t

— JuWd uw Bt N0iEIS0430 40 3LV

- 111 —



‘we3sks I030eay MOTJ JO AUTTINO ITIRUBUDS

Japxooay 81

F9TTOIUOD danjeradual ‘9T
i 103089y Zaxend vl
3eog OoYwWeIad "1
sisjsuwejoy ‘0T

sioje(nbay sbejs-z 8
2aput1AD ®H/SZH °9
19puTTAD CTH "V

xoputTAD THZO "2

Aydeabojewoayd sed
atdnooowIayl
aopeuand oTI3091H
31sodag uoqaed
saAleA @TpPoaN
xaput XD wWNT{aH
I9putTAD 00
2eputTid ¥HO
2aputi1kd VYHIO

+1-¢ 2anbrd

A
°ST
TeT
1T
‘6
‘L
'S
‘€
‘T

suotrloeay r93je sjtsodaq uoqied
(q) pue uoTjloEay axoFaq Junowy IsATeled
(e) :s3Tsodsg uoqaey jo adeys yeordAl -9-¥ sanbrg

(q)

NN RhJER I IS S R

— 112 —



* (TN/%% wox3 peonpoxd) sianjonxys oyy
utylTM 272T3Ied 3sLtezed padeys-puowerq
e BuTMOYS JuomeTTd uoqaey TeoTdip v

cg-p 2t

€560 2Vd12e

ceig3tN ~3
Arfad wwie=g

MIAC ANILT LI NIG Hu3
oesEx as3

;.au

- - - - e
N oo . A .

.. o

16 0
Detoctor

Hor,
»

S

19

CaHy / Ni-tal(3

=
=

— 113 —



— 114 —



200mm

(a) Platelet type (b) Fish-bone type
TEM micrograph of carbon nanofiber produced from (a) CO-Fe(b) CsH4-FC73
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Yield (%)

40 A CaHy
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Weight % of Ni

Results

18 4

-
L3
1

=y
o
]

12 4

10

[}

T T T T T
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Fig. 1. Influence of catalyst composition on carbon
yield with various carbon containing gases

Mpyongji University
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E
3 A CH, |
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Weight % of Ni
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Carbon Materials Research Lab.

Results

180
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Fig. 2. Influence of catalyst composition on surface area of
carbon deposits with various carbon containing gases

Mpyongji University

— 117 —

Carbon Materials Research Lab.



Results

20 , T Electrical |Apparent
Z’:’;:' Resistivity | Density
A N Qx cm) |(g/em?)
MEER N
ot ® CO/Fe
£ pure | CHE: 0.609 1.36
o
> Nano |n; CH,| 0041 1.49
2 10- fibers CH,| 0079 1.38
B from
2 Pure
= Ay Fe |CO 0.073 1.54 .
o
£ 05-
8 Graphite 0.015 1.9
— a : '
; ) A.C.. Rice Hulls 5.57 1.44
0.0 (Steam)
M T J 1 1 T
0 20 40 60 80 100
Weight % of Ni or Fe

Fig. 4. Electrical resistivities of
carbon nanofiber at 10000psi

Mpyongji University

10

02 04 06 08

0

5
. 0.0

2

(d.LS 8/;uo) PaqIospe 3WnoA

Table 3. Comparison of electrical
resistivities of carbon nanofiber
with other materials at 10000psi

Carbon Materials Research Lab.
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Benzene and
catalytic particles

-+Gas outlet

Hydrogen

2.92
0.69
1.72
3.45
2.65

GPa
-
’

Tensile -
Strength

Modulus
237
55
380
228
241

(GPa) .

Tgnsile

Table
2.

cm
1.8
1.¢
2.0
1.76
1.79

Comparison of 7.5 pm diameter vapor-g own fibers with
Densi&y

commercially available fibers.
Union Carbide Corporation Technical Information Bulletin F-4034

Ashland, Petroleun Company product information sheet.
Rev. 7, F-7001 and F-6374, Rev.

\r
[
a

Yopor grown
¢

‘Carboflex+
gJSu
‘meo4

136004+

?_

Fiber
&

N

1.9 cm ID Ceramic — |
t oy .
13.0 cm ID Ceramic -




26
23

24

H

(= 2]

Pressum
Mass flow relief Preheate; Furnace

controtier

Temnperature Temperature
comuar controller

Fig. 1. Schematic of the reactor used for the nanotube synthesis. The ferrocene—-xylene liquid feed is injected into the preheater stage using a
syringe pump. Using a mass flow controller, Ar/H, gas is introduced at the entrance of the preheater to sweep the reactant vapors into the
hot zone of the fumace.
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Fig. 3. HRTEM image (Phillips CM 200, 200 kV) showing the

meteilasiarad

Characterization of VGCF

© Examination by SEM & TEM
© Surface area & Pore size, volume analysis
© Degree of Graphitization
~ X-ray diffraction - d-spacing
~ Electronic property - electrical conductivity
~ Chemical property - oxidation resistance
~ Physical property - density
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