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Abstract Amorphous carbon nanotubes were synthesized by a reaction of benzene, ferrocene and Na mixture
in a small autoclave at temperatures as low as 400°C. The resulting carbon nanotubes were short and straight, but
their inner hole was filled with residual products. The addition of quartz to the reacting mixture considerably pro-
moted the formation of carbon nanotubes. A careful examination of powder structure suggested that the nanotubes
in this process were mainly formed by surface diffusion of carbon atoms at the surface of solid catalytic particles,

not by VLS(vapor-liquid-solid) mechanism.
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Fig. 1. FE-SEM morphology of products after reaction at different temperatures: (a) : 300°C for 48 h, and (b)~(d): 400°C
for 24 h. In the case of (c) and (d) , a small piece of quartz was added to the reactants before reaction, while no addition in

the case of (a) and (b).

Journal of Korean Powder Metallurgy Institute



PSS RS EE R 2

Jgdol] AH =5 ARsiodvl. A 9 WA ¢k
7] ol 3ZA[Fe(CH,),] 1g7 S5Na 1g2
WA CH A st 24 353% |
o] Z7] 172~175°C @ 249°CE T2o)|A] Fe,
C 4 HZ E3l5™ SFol(Fe) % w9 o= ARS3}
o} wiAle] AlaR 47] W8] 80%E BTt
AU 0R ) Na2 IRIAIE AMsisic). vl
led A AdeMEe HX(quartz) 7 4~ g
whSES P Adsisiet vhE A & 4]
zH WEg ¥, 200, 300, 400°CellA] 24, 48412k
B usAIE vk 48 F a3shE e 9]
FolM st e IANARES 53l 3
4% 4 HRSAIAE-S HNO,(64~66%y2 N4 20

2

r
£

ol tlo

B For AMEE AR F NaOHE9 o= F3E
ARk F3E SHLE FHSFE AMSt AF

45 ume] BE|Z 33 HHE- AR 2 SH350. o3,
ARE TP ELE A, A7) FelA Ax F, 3
FHe= 100°ClA 3417 B3t AxAIA S WA
AE F9 savbeiHe] A f-7 el XAl3]
HzAHRigaku D/max 200), L83 ARt FA1 gw|
7oz o] oefs-mE AAWEFANIN] (FE-
SEM, Field-Emission Scanning Microscope; JSM-
6700F)2} F2d A} 30| 7 (Transmission Electron
Microscope; JEM-2010)22 FA}slH o}

307
3. dEEH
HA, 2000CIA w17 Age] A, Frae

AAEo] A3 AAEA] sk TR US4
ZHE 247070 48X]7E0 R FTNBl e AAEA] o
gt g, B2 2 300°CE F7HAR) 749 244
b Folle el EAo] AR ko, 483t
Uk Folle wilg- B el EANY] whinlefH
7} FaFonl A=K IH 129 3R, o
LM A2F dREEe 7 Alste] vk A
7l Bel® IR R gl EARE Agle] §
AE o vhd, 252 400°CE F7} Al71H 24 A)
7b Foll= e EARS o] AAET] A2fele]
o} 23 1b= 400°C ¥H8 §°] FE-SEM 322
wukg 313E Alolol] HeplEA}Se] YAHL Q)
= RS Qv B3] 75 & A2 H2E Uk
E5 37 Adsted ubeAIZ] 73 HeplEAYe A
o] Flo] FAHAUGMTH 1c). AAEE HeHE
A29] Aol 12 mmeE v gov, 53] 27
o] 50~70 nm FF= v FL3 Aol e}
WEASE Al §7]9) Wl F2 o] 3§
A Hoom B3] 13 1dodA] B ule} o] F
29| o} Zhelal & FHeA o2 FEle] i
Faidct. aep) ARRllA g} o] HEE AN A

— O Fe204 [
)
'c| °©@-NaFeO; 400C, 48 h, after acid etching

: O
8| jD B B
> 0 | m ap ¥
-‘g WMWW%W%WWWW YMMMWW(WW
c 400C, 48 h, before acid etching
2 o
£

300C, 48 h, before acid etching

80

2 theta / degree
Fig. 2: XRD patterns of products after reaction at 300°C and 400°C for 48 h.
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Fig. 3. Different aspects of TEM micrographs produced after reaction at 400°C for 24 h.
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Fig. 4. TEM micrographs of products produced after reaction at 400°C for 24 h, showing the separation of inner products

from nanotubes’ walls.
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Fig. 5. FE-SEM morphology of products produced after reaction at 400°C for 24 h. (with the addition of quartz to the reac-

tants.)

Fig. 6. TEM micrographs of products produced after reaction at 400°C for 24h, showing amorphous carbon layers on the
catalytic particle surface. The angular filament phase in the (b) is a residual Na-Fe-O based-product whose shape and con-

trast are different from those of the nanotubes.

= "R sk VLS 2l s *}WEW S
HAlglet, 232 A 44 FulEs 2 A
S 7|7 Mok A SulEs Reow
Wshke o) A4 ® Ao2 AR HT 2u
o lsle GaAse) A9 heFust Aake] ohd 3
A Eol2REE A, o] A% BUPLE vhe

Fu} vhesjolole] Fagt A4 B 4 AS
o] ALY, agixle) Tk Y 5
71 23 3a, fd da@ A AR )] FAHAE
uv]7d ARelA B} Baexict & Eujjol Fe vl
Aol Feell ehantefue] st Ao 2 7

Journal of Korean Powder Metallurgy Institute

Aol WA ehade] FdsHl W e HE B
4 olch. njAA vhaze 97 eoflA] 3ol Fedvl
YA Felo] 4—&331‘4 23 62 bS] 7ol

A YeRIEARS AFANEY FeNa-OH 23R A
Aoz, 9 Abw B TEMAR Ae) BaRnss)
24 Aol EBEAET} vk hav, Shad
o 7 9 B8P BRHT g,

2 Aol SanbeRue 348 943 B
Heol w3zl = o & 5838 A He4Es A= 27

o) 37} 4olch. =, 79 1ok 2ol asste) 3]
22 o) FouA arkeFuel 4ol =



PSS R SRR RBE LR 311

A=At 1 Fte] shavhefre] Ao Al
ATE Fuie] A3 A} AL wske A=,
TiO,, &F1vt 5 71H8 2 E3) AMEEE A2
o] Age| Hair] A o] ghet. & AlgelM
WA FHzo e S0 S5 e A A
s2Ree] Aste AAEIG &, SAiiAls AlskE 7
HAFe] FEFlE T AbdFol e site2FE A
3E e 4 e, Fols W 550kt
719 ] oFel & sitetloll w9 73t AeAtgo] &
Az A Q. o] Auakgl AlslET|w®
A Fq BYERgel] 7l Ae=, AL
o] Azt AslE Fo| ofolo] g Sol2s
T "ok Aol £ AvoMe A= e
AHEElgl e, e AlSE A7) Al9] mhandaRr §
A& diM = a5 B AAH d7t 9est
Aoz Azdd.

Ao g, B ATelA FAE shavxFEl)
F&Ael Wsle] A Baa) gt P99 wIRA
s fEE 09 3ollAe zhe] WiRel] TAF ub
SAEEe] Helld= FE W AAREEE e 2
o ukg & AFEUD A Eo] Sasle] A
H Fe-Na-OAl BRIEZE, A MAHE B3l = Al7A
A gk FH W AR 92 SEYW vk
oA, & A7kEE vHEE EAY R &
A szl ez el BAEAS s
B o) eFgHes ARIR: Weg s Al E
AE Aoz A = 5] & HLe B AN
AT whavfefrEst vy ddst FAE 7
T QT Aol 4 umz ¢ B JE F3
ek Ael=@d 1¢). YubH2e= cvDEAL A
F shaviefue] AR 57wl 57] Wil
um Zelo] & ghivxRug A
F=ot. CVD ¥ ol M oE £ A4
FFAE"AME PR hefrre] ol #A
kS W ohzt HEl® HE mofol AR-Feolunt.
2 obedal whe} le] mhanpiefir slgelr F83)
A B shie YT BAkelst. of AHell glelA
B Z uiE ghivhefee Bl feja, gx
A8)A S sifefru Bibge] Ak 5o
2 F83 AR = 9 Aol of A '
RefrE W] o] T2 B3l AsiEs] &
s vlAA| kg s QA

P B

O

5.4 E

FALAA BAstA] k& whHe
2 eivbeii s sl 349 sl o] 34
22 FAEHE sibefre] QA7 Tl tisle] 7
B3l o5 S8 wiAlat F2Al, Na EFAE &
3 $=87](autoclave)itel]l A g F 200~400°C
o] FHLoM 24, 4827t B HRAIA AAES

de AdS Wi 2 AAE 2o,

rie
>
r

N

1) shanefris 200°C oM AAEA] Aok
], 300°C oA 48A|7F o)A}, 12|l 400°C ol|A
2477k Mo EAM oz YA A
b oyl ulA A}l

2) vlEke] Yx(quartz)S WEEZHA ) Hrlgtos
A wiiefrue] Aol FA 4 FHgd

3) A s hefre vlad e Zole)
>t T, F2 2okS AR Qlo] B3Rl 7kE)
SR 830 AR E 2 Qe e IR
Aslet.

4) 2 AgeA Y sinfefes $3Az)
NS FES mNE S 7129 VLS Bl ¢
gt 71 Hohs, shafiapt A Ik F4
Fufjialel] BHEAS 3 FE AEHE AR
oJ A=,

#HAle =

E AFE IEUSE FAGERFELY FE
elojalgle) i ggAleIioln st e, ol
A=Y,

1. 8. Iijima: Nature, 354 (1991) 56.

2. D. S. Bethune, G H. Kiang, M. S. Devries, G. Gorman,
R. Savoy and J. Vazquez: Nature, 363 (1993) 605.

3 M. Jose-Yacamen, M. Miki-Yoshida, L. Rendon and J.
G. Santiesteban: Appl Phys Lett. 62 (1993) 657.

4. S. Tijima and T. Ichihashi: Nature, 363 (1993) 603.

5. B. W. Smith, M. Monthioux and D. E. Luzzi: Nature,
396 (1999) 323.

6. ZF. Ren, Z. P. Huang, J.W. Xu, J.H. Wang, P. Bush and
M.P. Siegal: Science, 282 (1998) 1105.

“# "Vol.'13. No. 5. 2006



312 L3 .

7. B. Vigolo, A. Penicaud, C. Coulon, C. Sauder, R. Pailler
and C. Journet: Science, 290 (2000) 1331.

8. H.W. Zhu, C.L. Xu, D.H. Wu, B.Q. Wei, R. VajtalandP
M. Ajayan: Science, 296 (2002) 884.

9. A. Peigney, P. Coquay, E. Flahaut, R.E. Vandenberghe,
E. De Grave and C. Laurent : J Phys Chem B, 105
(2001) 9699.

10. C.D. Scott, S. Arepalli, P. Nikolaev and R. E. Smalley:
Appl Phys A 72 (2001) 573.

11. Y. Gogotsi, J. A. Libera and M. Yoshimura: J. Mater
Res. 15 (2001) 2591.

12.J. M. Calderon-Moreno and M. Yoshimura: J. Am.
Chem. Soc. 123 (2001) 741.

13. W. Wang, J. Y. Huang, D. Z. Wang and Z. F. Ren: Car-
bon, 43 (2005) 1317.

Journal of Korean Powder Metallurgy Institute

oA - 243

LR

14. H. Nishino, R. Nishidaa and T. Mochida: Carbon, 41
(2003) 2819.

15.R. T. K. Baker and P. S. Harris: The formation of fila-
mentous carbon, P.L.Walker & P.A, Thrower, editors.
Chemistry and Physics of Carbon. New York: Marcel
Dekker, Inc.; 1978. p. 83-165.

16. S. B. Sinnott, R. Andrews, D. Qian, A. M. Rao, Z. Mao
and E. C. Dickey: Chem Phys Lett., 315 (1999) 25.

17. Y. Saito Y: Carbon, 33 (1995) 979.

18. A. Psersson, M. W, Larsson, S. Stenstrom, B. J. Ohls-
son, L. Samuelson and L. R, Wallsenberg: Nature Mate-
rials, 3 (2004) 677.

19. R.L. van der Wal, T. M. Thomas, M. Ticich and V. E.
Curtis: Carbon, 39 (2001) 2277.



