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Growth-Morphology Control of SWNTs by CO Catalytic CVD
Method
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In order to control the morphology of single-walled carbon nanotubes (SWNTSs) grown on a flat
substrate by using CO catalytic chemical vapor deposition (COCCVD) method, several catalysts
preparation methods and different amount of hydrogen addition are examined. As a result, we found
optimum conditions for the sparse horizontal growth and novel vertically aligned growth. From this
experimental survey, we discuss that the distance between catalyst nano-particles on a substrate has a
crucial role for the determination of the final morphology of SWNTSs. Vertically aligned growth is
obtained by decrease the distance between catalyst nano-particles during catalysts preparation, and by
preventing from the deactivation of catalysts particle due to wrapping of carboneous material at the

initial stages of CVD.

Key Words : Chemical Reaction, Catalyzer, Spectroscopic Measurement

1 ## El

1993 4R REN O B —R T ) Fa—T
(SWNT; single-walled carbon nanotube) (%, 45574
HIMEE @ 2RI LIZBRET A ARE OB~ DI
FADEESNTERY, TOREFICRICET A0
FEMERAL LTS, RS, AHIMEEOR & WE
HT IS ZAOISFIZAT T, EREONEE T3R50
HEED b D%l « RXK TR EoEIX L= J5m
(ZHUR SE D 2B IR ST D.

SWNT OFFEE LTINETIZSESERD
DODPERSIVTETNDD, WPECHal/RFEE LT
I HMEESFARE: (CVD; chemical vapor deposition) #:%
HFHZ LM TE D, POLAMEAE T R A G
TR o 2R HEE L C, il @i ©
RFB LAY T2 R SERA G SWNT & LT
FiR S Al CVD IENER ST\, T30 A
ISR & B 2 B35 FARHM Lot CVD 15D
PHIBMECIE, T2 H DIR AT T 4 —HRORER L
IWEB U120, T a—/LaRERL - B

* A2 0000400 A 00 H

RIS, IR (T253-0041 #4914 IR 4
1-9-88)

PR, UK

E-mail: toshiaki_nishii@jpower.co.jp

FCofiiit CVD (ACCVD; alcohol catalytic chemical
vapor deposition) 75 @ |2k~ C, Hob & TEEHA~D
EEERRENFELE Y. 2ok, KEFELLTO
TF U TR E IR AR IINT 52 L2 kY
mm EOREEREER © baiE Sz, —F, R
(IS TAEBE DN SWNT &k S8 5 8dfic>
WTh, NE—=0 7800 LU ZEE S TV
25, R D SWNT /3 R ZAUR SETERNH H 0
IEHIEEAAE ST g 00,

—4, SWNT O TERFIHZED 51203, HizOB
O SWNT BUEDRFHER L EETHD. £ 2
TEHEOIL, ART AR AUE 2 EDZ%L D
7T v NTRAET D EBIRER L KBROIRE T A% R
FIR LT 25 E T Cofldt CVD (COCCVD; carbon
monoxide catalytic chemical vapor deposition) 7£(Z-2u T
WigeatED T D O AHFFETIE, COCCVD JEIC K
ZHM TO SWNT DFEE - ACERED A I = X W
TR 5.

2. REFE

2-1 fESAE  RDFZETTIE, b CVD IEICE
WTEHED SWNT Ak #H % ColMo —Irfitiit @
O~ 2 5. IR E~ofilliEo R ACCVD
ETHEBEOHDT 4 v 72— kOO 2L, Ak



FH BT ColMo ER(EM )/ Ri A% 0 idERs L= b o
\ZINZC, ColMo BRI/ R % i ST A
JEE R L= b D& AND. 260 B4R T R
HiE, UToLB0 ThHs.

(1) FgfEp iz Co/Mo ERfbiT 7 Rty ikl
T LT 2 FREOMEE (A) BLOY (B) 1Bk 5. HE
gz 3L k(1) PU/KF# Co(CH{COO), « 4H,0 (Fnt:
MK TEM B I OERE Y 772 () XA ~—
Mo(C;H50,), (Aldrich Chem ! 98 %)%, A2 fili
(A) TIE169mg I LTV 69mg, il (B) Tix845mg
BLU345 mg B —h—IC AN, Ik ® )
—/b (FGMiE T8 (b5 R 995 %L1 ) 2409
Mz, =& —/Uk4 % Mo 5L Co DEREIE
DENZH (A) TIE0.01 wive, (B) TiE0.05wtd% (2
2D EGHAT S, B—h—EEHL, 1hilBEy
BIHE5. BTN GRS DA,
EHITHR L hBE 8 L Ui 2 Se 2 SERfiR S
5. WEDEFHHEA AR (20 mmX10 mmXt 05
mm & 5E 10 mmX10mmXxXt1.0mm) %, S Ai7-
FFEARKT 500 CT 5 min BIENL R AW % 5
£, |EETEHTD. BRO—FIZFTA v 5ft
07V T EROAT, WHEENLTH B850
—Uiia AT B T A — ORI R X T TR A
5L, ([EEOHEETEMKO F M BE % e L 3 5.
ZOHE A VT, AR EEDNZ 20 cm/min DT
%N S TE— I — OB EIRICIZE L, 5 min
PREF L7215, il (A) TIZ4 cm/min, fifflt (B) Tl 2
cm/min OHETH| EIF 5. 2ok, EREKRET
400 CC5 min AL, AR A BRE LT-14,
ERFETELTD.

(2 it (C) TIE, AHEH IZ CoMo L7
IR UT= T A A T 5. Bifg= L R
(1) VUkF#y 80 mg LEEHBRED 7T () XA ~—
2mg & e —AI—I AN, BikTZ /) —48g Iz
7%, ©—I—ZEA LT, Q)HERRRC BRI
2 D ECHBFRSHMSED. Z ORI TEOS
Si(OCoHs), (FIEHE T34 995 %) 48 ml L7k 0.7 ml
ZMZ, O hFREEEE AL, B2 VEatE
5. 2OV ERWT ()MEFERCA TSR
95, 22T, OS5 EFERE A 4 cm/min & L
7o ZHUE, V= FOVRIZ X DT AEOERR A G
HLZbDT, IFOKGEREEL TN,

nS(OC,Hs ), +4nH,0 + yM — acetate

+XC,H;OH

—nS(OH), +(4n+ x)C,HsOH + yM — acetate
@

nS(OH ), - nSO, +2nH,0 @

nS(OC,Hs), +2nH,0

— nS0, + yM — acetate+ (4n + x)C, H;OH
—n30, + yM €]

2:2 CVD EE& FHBEOBROIL S EIK
RS2 BT, EEFERNCAIE (W19 mm) %
KREBAIHLTI00 °C, 1 hD_R—F2 7 %4T0, SN
ST 7 U EAWTEIRE TRAT . fldEREREE R
T AIOFEIE S T RIEE TR IYENICERE LT,
ISR AAC 5. JFRMT 2 AT U7 REECHER
ROBEZER T wdh L, PERE B L CHERUE 4
Pa FLE ThUERA% 10 min FEEEHER L7-4%, A QM
Xk (39.90 % 7 /L= AHK) 1000 scem (1 scem =
1 std cm¥/min) %4 L CREAWFOFEZBIET 5. 30
min FREE AR CRAUTAY CVD IREEICEE L7-HES ok
RFEACELER T HEIEL, OSRNENEEE
THIN L7 CHER IR A B . B0V G, PTED &
DL (4010 % T AR) LARFEAN
L viE L, CVD BT 5. CVD 76 T, EX
SR & —I{ IR B 242 1IE L, /K% 1000 scem
R LT F FHEECROBEZER 7 &8 L 1 min B
B2 T 5. ZORYERFF A L CTEZER a5
1EL, AT AEAKENDT LT (99.9999 %) (2]
DLz, BOSRPKREUEISE LR CHERCR 2 Bk
L, HEHNEIRIZED T THIEE RN 7 7T
BEHAEI LT=1%, TS G s LR A KR
HZED . FERRERIEIC VG, BEf% Raman BGELoy
Jt43HT (Horiba-Jovin Yvon LabRAM HR800, L —H—
JIbEC R 488 nm, L ——i@E 2 mW) LERRIE T
BESESE (SEM) #i%2 (Hitachi S-4700, S-4800, MRS+
1KkV) #4795 . Raman BGEL ML, AR RERAR
DU &kt L o ZOFFRERS—EIZ 72 D K O i
HEEHIZ, EREFERNIT Y a3 HAROWE BTV,
U @ 520,75 et O B — 7 SREEANE UAFIZ 72 5 &
NV —IREAWEPES 5. Fio, HHnISEER



FKIF DR ONE 10 SOV TITVY, 10 SOFIFFE
Bjae AT byl L.

CVD %, Flix DL 30 min[BfT9. A5 Txt
T O, TERHREE, SUCEHRE, —MbRFE
(99.95 %L _|E) Wigds L OYKSE (99.99999 %6L) ) Jiig:
w3 LI, RP T, il % RT. (room temperature)
LRELT-. 7ok, Case 4 ClIvkFEiiaEs CVD Bits L
¥ 10 min % 400 sccm & L, 0% 200 scom (ZH
Z7z.

Tablel CVD conditions.
Catalyst| Preheater | Reactor | CO H,
[C] [C] | [sccm] | [sccm]

Case 1 A RT. 750 800 200
Case 2 B 300 750 200 200
Case 3 C RT. 750 200 200
Case 4 B 300 800 200 400
—

200

3. & g

3.1 ETFIEWEREER  Case1~4 O CVD Ft%
DIHRFKIF D SEM Yk 5%, X 1~4 |27~ 7. Case
1 TiX SWNT 23T U Z AICAE L TWADIZH L,
Case 2 CIIARMIIZTe BN H D HOD, —HEE TR
* U CHREREDBIEES LD, Case 4 TIXEKIZHT-
STEHNEE LTV, —J, Case3 TiE, FHRICH
STHENET F L TIEHDHH SWNT 23 < EHRY
IR LA,

PRI 5 11 m ] mrr 500nm

Figl SEM images of SWNT morphology by the CVD
condition, Case 1.
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Fig.2 SEM images of SWNT morphology by the CVD
condition, Case 2.
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Fig.3  SEM images of SWNT morphology by the CVD
condition, Case 3.

condition, Case 4.
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Fig.5 Raman scattering from SWNTs by the Case 1
CVD.
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Fig6 Raman scattering from SWNTs by the Case 2
CVD.
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Fig.7 Raman scattering from SWNTs by the Case 4
CVD.
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Fig8 AFM topology of SWNTSs from the Case 3 CVD.
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Fig9 Effect of the lift-up speed of dip-coating on the
morphology of SWNTSs.

At 008

—BIZ, T4 v a— NTlE, EROF] RPN
TR E EFR ORISR A ST E L 720, ¥R
D7 & SR THAR R AR50 - B CARRR
ELo3 < 7%, —F, BB & RIFHENELS 72
Bl HR EOWIENEL 720, TRIBARE I filidiig
RIF-ORHENNE Z 0 55 < 72%. SWNT BB 2f%
BRIG7RS: & LT, il R 730 XS SWNT (R
Y THDZENFETONDD, T4 v/ a— MEEC
DR U5 &, BRI b U 7o il 1%
SWNT ERRICAF 5487, BIZER L725% 0 OF kit
DRI SWNT AERdEEA AT 52 L2 d. Lienio
T, Bl AT D Z & T, SWNT AErdiita A
T LA R ORIRZ /NS TE, mEEIC
SWNT DAER SV THRERENESRT 5 EE2 60
5.

WZ, AT AR R Sy BE E L7 fid
I (C) T, KB T Al R T OBER T

N0, WEOT 4 v 7 23— FOBFAIZEA - ki
FHOMBENE L B 2D ZEBEESND. 2D
filf A FV V= Case 3 0 CVD R CIE, Feb Bicih-
T SWNT 23RN =T A3 B 7= 2
Db, il R REREAS SWNT OpEE— iz
AL TV Z LR END.
4-2 RPHRAMERIZEZEESE SO0
SWNT DHEARI K TR IR 25786 H L7 Case 2 D
STk L, Case 4 T, CVD BAtAX D 10 min Ao
THEREAT AR DK FEFEEA 400 scom (ZHER L, D%
Case 2 [Flf 200 scem ()R SH 7z & 2 A, —HRRTEE
BENFEBICE T

—RALIRFED D OEFEIERFENTHIE, FICR@ B L)
GYPOFTHIIRE, F(6)F LONT)D A & AERRSULD
FREWTIREL LD EEZBND. TLT, Zhb
IEAWIGTH D Z LD, JFET ADRAIZ L T
PRFBOMTHIHEE A HECT = 2.

2CO — C(s) + CO, @

CO+H, > C(s)+H,0 ©)

CO+3H, > CH, +H,0 ®)

C(s)+2H, — CH, @

SWNT ORZARITIE, SWNT Jeid v v 7HEEH
TERL S, ZOtkfililt) k12 CIRFEOBIBRIIE L
VWARBEERTR Yy N =0 DRRT 208N B 5. IRFED
WSO T, TN 7 7 AfEES 4 U5 alRert:
WY, ZRuIbEE ki Em CONRERS Y Y
— 7 REOEERIZ/2%. & 2T, SWNT iEDH
RERDF v v THEEDNERSILD ETOMIE, 7F
NWT 7 AR E RS T DO EEND. — (bR
FOBEEE 5@ DOAREHEUE (Boudouard FL
&) ZFIFH L7z CVD EOS:A, CVD BbaeIic g
{LIRFBETINT D Z E12L D, SWNT (2=
—HNIARLEETR T IV T 7 AR a BRI (@) D
WEIZ &> THIRESED Z EDMEREN TN @),
—7, PRk L ARBEDVEE NV OIRA T AL R
LCHE)DOBIGIZEY SWNT ZiESE5Z L4 H
#y& L7= CVD Tid, KBEOTIERZEEC LA DK



JISTTE'NT 7 ARBEDNIRSED Z ENFREE B R
LD, ZOEE, KEOUWNENZEHE S L, K(6)
DEURNE L0 [T A R O— B LR FE D RBHTHI A7
AP RA L AT SIS Z & LD, Case 2 1TxFL
Case 4 ® CVD T SWNT OIFEEFENIEEIZ /R >7- 2
&3, Case 4 D CVD BRIGHIINZE(T)DBUGIZ & 0 il
BT ) RIARIROD T BV T 7 AWV SNIET HE
BN L, 2B Dl /BT SWNT O
FEAERSEE Z W AR BEAER N K- TR RVEIEEL L
RN HIEERE LR EEZHND.

5. #& -

COCCVD JEIZ X B AR T SWNT DIEE - K-
FRIED A T = X WEADT= 012, Fab E~ofiliitoa
FEE L JFRT AR OIKFEIINE A2 % T Rk %
1TV, ZHH DRI X > T SWNT DR RIFRENZE D
HZ ERFR L

FR OB /R OMBRS R EEREIZ 5
BACBHRLTRY, SWNT ZHEINRE S50,
THRLEL S TRk K- ORI E D 5 Z L &,
CVD WD T BN T 7 ARFT L D RKIGEEBI< Z &
NHETHLHLDO LB X

X ik

(1) lijima, S. and Ichihashi, T., Single-shell Carbon
Nanotubes of 1-nm Diameter, Nature, Vol. 363, No.
6430 (1993), pp. 603-605.

(2) Saito, R., Dresselhaus, G. and Dresselhaus, M. S.,
Physical Properties of Carbon Nanotubes, (1988),
Imperial College Press, London.

(3) Maruyama, S., Kojima, R., Miyauchi, Y., Chiashi, S.

and Kohno, M., Low-temperature Synthesis of
High-purity Single-walled Carbon Nanotubes from
Alcohol, Chemical Physics Letters, Vol. 360, No.
3-4 (2002), pp. 229-234.

(4) Murakami, Y., Chiashi, S., Miyauchi, Y., Hu, M.,
Ogura, M., Okubo, T. and Maruyama, S., Growth of
Vertically Aligned Single-walled Carbon Nanotube
Films on Quartz Substrates and their Optical

Anisotropy, Chemical Physics Letters, Vol. 385, No.

3-4 (2004), pp. 298-303.

(5) Hata, K., Futaba, D. N., Mizuno, K., Namai, T.,
Yumura, M. and lijima, S., Water-assisted Highly
Efficient Synthesis of Impurity-free Single-walled
Carbon Nanotubes, Science, Vol. 306, No. 5700
(2004), pp. 1362-1364.

(6) Doorn, S. K, Zheng, L., O'Connell, M. J., Zhu, Y.,
Huang, S. and Liu, J., Raman Spectroscopy and
Imaging of Ultralong Carbon Nanotubes, Journal of
Physical Chemistry B, Vol. 109, No. 9(2005), pp.
3751-3758.

@)

(8)

9)

(10)

(11)

(12)

(13)

(14)

(15)

Huang, X. M. H., Caldwell, R., Huang, L., Jun, S.
C., Huang, M., Sfeir, M. Y., O'Brien, S. P. and
Hone, J., Controlled Placement of Individual
Carbon Nanotubes, Vol. 5, No. 7(2005), pp.
1515-1518.

Nishii, T., Murakami, Y., Einarsson, E., Masuyama,
N. and Maruyama, S., Synthesis of Single-walled
Carbon Nanotube Film on Quartz Substrate from
Carbon Monoxide, Proceedings of the 6th World
Conference on Experimental Heat Transfer, Fluid
Mechanics and Thermodynamics, (2005-4), pp.
17-21.

Murakami, Y., Miyauchi, Y., Chiashi, S. and
Maruyama, S., Direct Synthesis of High-quality
Single-walled Carbon Nanotubes on Silicon and
Quartz Substrates, Chemical Physics Letters, Vol.
377, No. 1-2 (2003), pp. 49-54.

Resasco, D. E., Alvarez, W. E., Pompeo, F.,
Balzano, L., Herrera, J. E., Kitiyanan, B. and
Borgna, A., A Scalable Process for Production of
Single-Walled Carbon Nanotubes (SWNT) by
Catalytic Disproportionation of CO on a Solid
Catalyst, Journal of Nanoparticle Research, Vol. 4,
No. 1-2(2002), pp. 131-136.

Noda, S., Sugime, H., Osawa, T., Tsuji, Y., Chiashi,
S., Murakami, Y. and Maruyama, S., A Simple
Combinatorial Method to Discover Co—Mo Binary
Catalysts that Grow  Vertically  Aligned
Single-walled Carbon Nanotubes, Carbon, Vol. 44,
No. 8(2006), pp. 1414-14109.

Nishii, T., Murakami, Y., Noda, S., Sugime, H.,
Masuyama, N. and Maruyama, S., Influence of the
Co/Mo Ratio on the Single-walled Carbon
Nanotube Synthesis from Carbon Monoxide,
Proceedings of Thermal Engineering
Conference’05, No. 05-17 (2005-11), pp. 97-98.
Hu, M., Murakami, Y., Ogura, M., Maruyama, S.
and Okubo, T., Morphology and Chemical State of
Co-Mo Catalysts for Growth of Single-walled
Carbon Nanotubes Vertically Aligned on Quartz
Substrates, Journal of Catalysis., Vol. 225, No.1
(2004), pp. 230-239.

Jorio, A., Saito, R., Hafner, J. H., Lieber, C. M.,
Hunter, M., McClure, T., Dresselhaus, G. and
Dresselhaus, M. S., Structural (n, m) Determination
of Isolated Single-wall Carbon Nanotubes by
Resonant Raman Scattering, Physical Review
Letters, Vol. 86, No. 6 (2001), pp. 1118-1121.
Zhang, L., Li, Z., Tan, Y., Lolli, G. and Resasco, D.
E., Synthesis of Vertically Aligned SWNT Forests
over Co-Mo Catalysts, The 3rd NASA/Rice
University Workshop on Nucleation and Growth of
Single-wall Carbon Nanotubes, (2007-4).



