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Abstract

By using alcohol as carbon source molecules, high-purity single-walled carbon nanotubes are
grown by the catalytic CVD process at low-temperature. The proposed alcohol CCVD method
demonstrates its excellence in high yield production of SWNTs when Fe/Co supporting USY -
zeolite powder is employed as a catalyst. At an optimum CVD condition, the SWNT yield of
more than 800 wt % is achieved over the weight of the catalytic metal. In addition to the
advantages in mass production, this method is also suitable for the direct synthesis of high-
quality SWNTs on Si and quartz substrates when combined with a dip-coat technique to mount
catalytic metals on the surface of substrates. This method allows an easy and costless loading of
catalytic metals without the need of any support or under-layer materials that are required in
previous studies. Finally, the result of molecular dynamics simulation for the SWNT growth
process is demonstrated to obtain a fundamental insight of initial growth mechanism on the
catalytic particles.
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1991 412 NEC O 2 X o TRIRDIRFIFR T BAN TR0 T 2B —R T/
F = — 7 (Multi-walled carbon nanotube, MWNT)23 3 B, &4, D%, FHOEES 2Ick
> CHE B —iR >+ /) F 2 — 7 (Single-walled carbon nanotube, SWNT)Z2 33 .S 5 & &
bIT, LW —A—T L I0T — 7 I I X DRI SWNT Z B A BIEN# &
T, FrEAeWlE POl e RIS H DR MIR SN D HB A — R T ) T a— T DR
RN AL — R LT, I TIE, L=V —F—T7 X7 — 7 MEIEIZINA T, &
bk3E, — LRFELT NV a— V& RFERELE LIl CVD (Catalytic chemical vapor
deposition, CCVD) 12X > T, LV KETZMARGWNAREL /e >oH 5 V. A
TIE, Tha—VERFERE Lt cVD ik P22 X 5 SWNT AR OHR L iBiRElE
TEAIEI(TEM), A& - BHMBI(SEM), HIE T < v oL E & 0TI L 2l
WTHERR T 2 & L b, HTEaNFECED T/ Fa—TAEK VI 2L —2arnnb

FDERRA D= ZALTONTHERTS.

2. Tva— Vil CVD 2 k5 KRES

Smalley 5 ®7%, CO ZREIRE L=l CVD IC L > T SWNT AR TE A Z & %
RBL, TO%, AXY, ZF Ly, TEF LY, XUEB U EDRILKEORMBESS
fRIZ XD SWNT LMK NICREA LN TS 1. Z 2T, SWNT D F—L 7
DO RO b Th Y, TS, YU, MgO REBA T A M FelCo,
Ni/Co, Mo/Co 72 £ D& RSLAEEMEFSE, ZTNOOBMEEZHAND Z & T nm F2E O
GBI NEBTE, REBRE NS ORBLOMAEDEIZL > T, HYIZEWHE
FED SWNT RN ATRE L 7p > TE TG I 5 5+ o R0 Fe(CO)s 72 ¥ D
A4 B R0 B e AL AR DES IR % BOS S I KMIRIC L TE#EAT 2 7ETD,
BE D SWNT BAERSN TS, R, HiPco EMIEND, MR - MIESME TR



% CO DA¥ILEER CO + CO — C + CO, & V2 SWNT A fkiEIE, 1000°C D &R T1T
IZETTEAT 7 AA—RZIE L LVEEG LR SWNT ERAFRETHY 1, Bl
1E CO DET]% 100 KUE F TR od TRUGIEE A 1] | S W72 7 1 & 2 C o5 D Ui 13 1
HHITWD

EH DI, Fe/Co ¥4 T A MR 5 71k 2P CCVD IEIZB W CHiTZIc T v =
—NVERFERE LTHWDS Z LT, MO THEDRV SWNT Z el fORIR TR AT HE
I EEWHONE LE B Tora— A v CCVD IEEBRIEE O 2 Fig. 112
T bEb IR —P—F— T UEOMEE O L — P AT L 3 — LIRKEA
a2 T2 O THRIER LD TH D, REMGHE LT/ —L 2w,
BANFTIRE 800 °C, FEBRAFRT 10 43 0 4 TERL L 7250k TEM B E % Fig. 2 IR
. EEBEZ 1 nm D SWNT AR RILZRSTREETHAEL TRY, Bi7ok =
MLUT, TENALTZ 7 AA—RY, MWNT 0T/ =T 1 7 V72 EORIERRD DAL L
RN ENDND . KEFED TEM X° SEM 12X » Takz RIEL-EETYH, # 300
nm BEOEF T A MRLAZ Bk DO FARIZER Y T L 9 I2K S 10 nm F2EED SWNTSs
Ny R S, TS ORIVERYPGFE LN Enbhote B 5k
NTVLWNTNDOHIECBNTHIERIERZL LTI DX 5 227 SWNTs 24/ 5
ZLIFTETHELT, Tha—AERFERETDH CCVD O THMRGETHL Z
LMD,

Fig. 3 3= / — & AW TEXIFIRE % 600-900 CIZEX TAER LTZRAEID T~
ARG MVE, =P —F—T Bk o TER LRI B LEZb0THD Y.
1590 cm™ 135D G /32 R & 1350 em™ (12D D N> ROFREEE, G/D e S#EHh o7
FENT 7 AT =R ATKT D SWNTs DBBLZDIERNTHTESH. 600 COAERG
BHIMY G/D MRV, 2L D 700-900 CTOAEREEHIE W G/D hE R L,

BB 7 SWNTs ThH 5 Z &N h5. Fig 3A DF o — 7 EAAN SRR+ 5 7



TNT Y=Y 7FE—F (RBM) OILKE LD, 600 CTH5 900 CEiRENE < 2D
ONTEERDOE—7 OJHNENT <7 MICBITLTEY, EEOKV SWNT
DERINTNDZ Enbnd. 708, Fig. 3 TSWNT DELE d (nm)E T~ 7 by
(em™ & DBIRR L LT, =248 vE =2,

Fig. 4 |21%, 7/v2a—)L CCVD {ETHERK E 472 SWNT @ RBM %, 7 A ARFET
HiPco % """z L » TAER SNZH @ (Batch #HPR113.4, KISES 30 RJE, SR
950°C, filifi% Fe(CO)s & 1 ppm) & LE#EZL CT/RT. SWNT OIIESRME L 5bn S w57
¥»IZ, Fig. 4 FEBICREESZ 7~ 23 7 MCHBI S B 72 Kataura 72 b 2(yo=2.9 eV, ac
= 0.144 nm)* % R L7, BhiEt L —Y =D F L F—D+0.1 eV F2E O SWNT 734k
45 E2LLE, HEA 3@V (488 nm, 514.5 nm, 633 nm)ICEZ7-L & D, RBM®D
WOERNBB L ZHMTE 5. Hl21F, 488 nm THYE L7254 200cm™ iTfE D 7 ~
VB 7 REER SWNT 2L Y, 240~300 cm” OB — 7 1348 SWNTIZ LD Z &b
23%. Fig. 3A TIHIRKIE LT HIEE L VMNWEIE SWNT IZX DB — 27 MEEA L 72> TK
L. ZhvextiE LT, @B SWNT MBI SN D512, Fig. 3BD DX oI
& )8 SWNT D 3 RLICHA O Breit-Wigner-Fano (BWF) & BE[ZHL S 22— 27 2352
=D,

T3 —)L CCVD JEIZ K » THER D CO RmRAbKFE & RFEPRIZH N2 CCVD £ L b
i L CIRIR « S SWNTs AERANFIRE & 7R o 7o DL, RFEDP AWML ST TH DD,
P SOE THUH SN2 BR3P vy, HESAURIRIZ IV T h SWNTSs @il EE AL Rl D i
FERBE TV TR RERETATENT 7 AR EDRBZBENRORET D7

HDEFZZHND.
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102532 Fig, 5121%, ACCVDIEIC & » TR L7zl L OV HiPeo Vv v %, 2255
A% T 5 °C/min ®L— ks TIRE LR SEEHEOHERBEMTO) 2=T . ks, &
5T 100°CT 2 KIRFFT 5 Z &2 Ko TKZR EOWEME ZH0 RN T Ol
ELLTWAD., ACCVD OFEBRSEAM: L LTI, SWNT OIEER LD 7= DIZ B O 55
FFHCKFEE 3% BT VA 2L, @RfEORETTZEEL TS, £z, EXFO
A 850°CE L7zt D THD. & <IZ HiPco ¥ 7V THEEICEND 200~300°CITH
FHEERIN, SR TOBIICEZbDTHY Y, ZDHD 300~400C D HEE
WONT ENT 7 A=A ORBEICL D b0 EEZ RS . HiPco ¥ 7 LTI,
ZEIZEFNDELLE nm HHE nm ORI 7O 72D, BRERIC X 5 EEEM
1T 10%LU ETH D25, ACCVD o A DEAITIE Z OBEEBIMNI O TR HiLd
BETHDH. =D, HiPco % 7 /LTlE 450°CHE, ACCVD > 7 /LTiX, 500CH»
5 650 C DRI TR E BN A B, a0 SWNT OBBEICKHGET 2 &E 2 bh
L. ZHHOREIOEAEITIE TEM #5272 L2k > T MWNT [FEE A EIRAL TV
WA, I MWNT 238 % & SWNT L0 & iR TORRBEN R H5 %Y. SWNT Ok
BEIREE 1L, &Rk 7 DIRAS SWNT ORER O KIMEIZ L - T EBEZZITH 2 &N
MHNTEY, HiPco ¥ 7V TIE, 450°CHIE TREELCLE > 9, Hilgiro L
— W —F—7 B HiPeo B 2R SR =— L& L2 b D TiE, SWNT O
BEIREE DY S00°C~T700C & 725 Z BTN D PP Z0iE)y, SWNT OEENK
KBIFE, NPRADBKS RDFZEDLTNTRBERENES 0D 2 ENALATH
H. ZOZENDD, AREROBRRETEVBRBERE 2 /~r9° ACCVD 1£I2 X% SWNT
FBO TEmE TH D I ENFMERTES. £z, BLL 800°CLLLEETD TG Dk
W%, HiPco %> 7 /LTI (bEk, ACCVD > 7L TIEEAF T4 LR LB
bb.

TG £V ACCVD %7 /d 500C~700CIZi1T 2 EERA T L% SWNT IZ X



HEEZ, TOEBREEEATA N BRBOMBEOBERETHRL THMELS D O L L
=D, Fig. 6 ThHh5H. BXFOFIRFICT NI 25T HE DeET a1 3%
DKFEMZTZbO DEEELTEY, HLMCHIEREOKEIC X 28 T/EA TR
WA BT 2 ENonD. D TERROH S Z k< & CVD OFRUSKRFFIZESE] L T,
WEEBHEMLTWDL Z ERDLND, ZEND SWNT A—EL— FTHOT T\ 5
LIS, TEM 7~ il K- C, ROSKHA 2 R 22 5 &, DT 0k
BN MWNT A =42 D L5 REVERMBAER SRS ZEnbnro P Zhbodk
2l L7 & X0 REFFR OBUSITAFE L < 720, ACCVD £ TIE, BLEMNZ 2 KFHE O
CVD 2L - T, filEHERASHT= 0 OUCEIT 40 %Ll ETHY, fillteEH-v L35 &

800 %z HZ LT/, kD CCVDIT L 5D SWNT ARRINRZ &N EE 5.

4. [EIKERA~OHEBE D —R T ) F 2 —T OEBEARK

T a—& R\ CCVD IZ L - THERKIR TO SWNT OFRAAIREE D 2 &
M, HaIRT AL A~DOIEAZ RIEZ T, VU a v ERCA IR~ DO EEA K
PLEND. I T, MEESBORBRES =¥ ) — VIR S, xR ERCT v
Ta—FT5ZLICEoT, @RMEEARL, TOERICKHLTT va—a v
7= CCVD %A LT SWNT 24k Lz 2. JulNcBA4 T4 b & RERICE Bk 1
DOHFRENEZATHEBEZAONLD VI IEBLOA Y R—F A Y WEERA L.
N IAETY Y a UEBEIE EICA R L72 Cubic UM SBA-16 DAY R—F A U 7
(MPS)IZERE L 72 SWNT @ SEM 4% Fig. 7127577 2%, Fe/Co Z L4 0.001 wt% DT X
J—IVIRIRCT vy P a— kL, ERHSFIRE 750°C, 10 Torr D%/ —/LZ T 10
D CVD 475726 D THhDH. Fig. 7 I2BWT, B R 20NV a ik, %
@ FIZH) 100 nm ORI, £ EIZE L% 20 nm O MPS IEAMEH L, MPS DI L% 6

nm OF 7 SLNE° NG AER L7 SWNT O3 RARBIZEINS. F7-, #FETIE



MPS D 5 12D 127 > T SWNT D3 RAVRELH] L T 5.

—J7, A AR L7 SWNT @ SEM BB % Fig. 8 1277 V. Z 084,
Mo/Co ZALZE4 0.01 wt% DX ) —VEKRIZT 4 » 7 a— kL, BEXUFEE 800°C, 10
Torr D=4 ) —/L&HAWT | KD CVD 217> D Th H. Fig. 8 LV IEFITKE
D SWNT N2 AR~y MIRICER L TWD Z ERDR5.

Fig. 9 (2 MPS [ & A3 OGAITINA T U 22 U FEIE SWNT 245k L 725
DI~ kiR E R U, VU 3 UREERER~D SWNT AL, 2 nm O HRER
bt & ) 2 HARIZ Mo/Co EAVERL 0.01wt% D =¥ ) — VKK & T 4 v 72—k
L, BRSEE 800°C, 10 Torr DX / — /L% T 1047 ® CVD #17->7-. Fig. 9
DT~ UEELE, WTROHAICH, D S R G ANV RE-EGEL T T/hE L,
BE7Z: SWNT BAERESN TS Z ERbnd. <1, v arREOEED SWNT
DT~ BT ETRELONRH Y, 520em” ITHEOV ) a7 I L iEET D
&, DEW= Y FLTSWNTWAERLTWDZ Enbnd. —JF, Fig. 9 OEMNIRT
RBM 726, AR S 7z SWNT OERESAMIX, B4 74 MiFFOeBMEL 0L L Bk
LZRBRTH DL EBbND. 728, YU arROATEEKRIZOWTIZIRDD SWNT
WL IgoTWDHD, BT A MEFEOLEIZH Mo/Co & V2% & RIERDER M &
2H NG, filllie)E L LT Mo/Cox Wil B 5.

U aHMRA~D SWNT A RIZEBWT CVD BEZELS -t &0 T~ U #ilE
Fig. 10 127~ T~ 3R 1590 em™ (3T D G /X REREE CTHMIE L CTE Y, 950 cm®
YHED YU 2N KB HEHB O T~ VIR L IR LT, SWNT OAERER DN S.
CVD JRED 800°CHEE T SWNT DAEENRK LD, LV &EIEDO 850CTix,
T5. SLICEIEETHE SWNT OAERENEKT 52 &0, EkNbERMIT
WD EDIZv Y 3 RENIZ SWNT Offilit & 70 2 4 @ Mokl + 2 5 L TEilR TOEL CVD

27O L, BRLEEREPRIGLTY YA R LY, &BRMkfR Ly



ZV Tt HZEICL->T SWNT OEKITNEEE b0 EEZOND. Wi, T
Na—)LE MW CVD IZL-> T, NREZIERSIAD 2 &IZE-T, ZDXH %M
H72 2 TO SWNT RN REE o 7o B 2 bbb, —F, Fig 10 LV, CVDIRE%
650CE T FIFThH, SWNT DAEREITHDT 525, G/ RICKT D DA FEEI
EEAEEDLT, BER SWNTRERSINTWDZ ERbhs.

FPFEHRA~D CVD GRIZ L - T, MY ED SWNT #4725 &, BHE CHERNES
WTWBZ END2D. Fig. 11 ([T LN A 2 O F £ 08/ AR I 4y 6 &
L7-fE R A 779, Fig. 11X D 72912 HiPco ¥ 7 /L% SDS 1 %/KIERIZ5E 2
T STk, 2 uE 20000g T 24 R LA EE L THLNZO SWNT O A% 4y
g bo, £, B4 T4 MEEFO ACCVD H > 7V %[RRI o3k - Doy B L 7=
HODWINZRT . WL AT KL 1000~1500 nm 5 & X 400~900 nm [ZBIZZ S D
Tur— RRE—271%, ENENEERT ) F2—TD vi~c BELD vy~¢p ~D/XU R
Xy FITRIET 2RI TH Y >, #OSEEC L - CTILZ L2 SWNT Tl v — 77

S B E e B 33,

5. B —mRr ) ) Fa—TOEROSTENFEYI 2L —vay

SWNT DR A B = X L OB, BERIOICHRD CTHIBREN & & b, K& - @fliE
MOBERRLHA T VT 4 FTHHIE L= SWNT £EiCmid ¢, EWICEETHSL. £

=P —F =T AERT — 7 JEIEIC L D SWNT ARKFERRIZ X - T, B & A
T3 = A LB IANT 7o kR 2 RS 5L TR Y, T OERERICE SN THEX
72 SWNT BT T LRI TN D,

L= —T LRI L D SWNT RSB L TRUNICIER S 7z Smalley & Vo> [
J—H—F7/V] TiX, 1 ldH50I3EEOSBIE -2 SWNT OpfREEma2A T I

RNE DI L7oRB T, RARFHABEEY, RFEEFOMIMET =—1



(W2 E) ZRITHLEVIREA T = AL TH-7-. FD% Smalley & Vi, =
7 — B —FF )T SWNT DRERIZHIORFE T T A X — DA R BEFS 2 I ATHE T &
DA, EFENIZR SWNT R BEPE TIX SWNT O ERBREOERED 5 \WVITER - REIRA
77 AL =N E LT, REBERFOMMEZTRFSE LTnD.

—7J5, Yudasaka 5 0%, xR AEEOMBAE AW L — Y —F—T LRI L B AR
EBRRL CO, L—V =T X BAERERR PO RE, B CRBEOHK L MR L,
GBI & B35 & SERRE L7 IREE D 5 O HB R TR ORI TR s DA RS B =
D, FREZE LU TRESITIHT 2R TSWNT BMERT D & Lz 8Bk 7E5
V] ERELTNSD.

F7-, Kataura & 1%, 77—V IUHHOAMREM L SWNT OEREEMZIZR L TH
HZEERBRT T — L DOYA X534 E SWNT OERGANESHETLZ LD,
£9 77— L U ORIBIEN BRI E T 52 & TR ERESND EE XD
(77— Xy vy TETIV] ZERELTND.

723, CCVDIEIZEIT S SWNT OARKICE L TIX, Smalley 5 ¥2MER L7z, YLl
T (2 FYBRENINSDLHL LO/NSIRIEF) A= ALNHFELTHDL. ZhlZk D

, BRHR T ORI TOMBLLE TARK LI- B DHR T ORI A28 LI
77774 MEEKR (Yo ) #1565 5. b LR K& v A
IVAREED FITINES 2 DAV EN D05, T LAATDBNS LR ZOEE
TANF=NRELRD &Y LVTT ORI REDYER GRIH D DT V7 %

T) LTH/ Fa—TLLTHRETDEOMEMEETHD. Lichi> T, EHIOWKL
T/ NS T HUT SWNT & 722 %.

INHLDOWTHDOET BT, EEMREE TIZ SWNT ORHENIC T DEE
BREOESRBMEL T (HD5WEERE - RIBRAWELT) BMFEL, ZOMK7» 6K
JEHL (BH2DWIIHTH) L7 RFEN SWNT OEICfEbns &) STl 8L



TV, BRI (H2DWITE)E - IRFBREEGWRLT) (CEE LB CRlEET 5 &
TRARD B R T 5 (base growth) &5 % B, 3 CIZFEA L7z SWNT S0 I E L 7z A
THIZET BB 7 A X —7% SWNT il f13 L TalkR LTV D (tip growth) & & X

SDEN, REMIZIEXFELZETHD. 72720, ZOEFEMREERBIZWZ20H 7 m

AFENENDET L THYIZR RS TN D.

Fig. 12 |[Zfitfii CVD IZF1F 5 SWNT AERGEFED 8 )P E I 2 b— g O—4f
Rt OV BALKFERLT v 3 — VO RIS 103, FK nm FREE O AR 4 R 2 TR
L, REJF2MAET2EE2D. £2T, BRD0FHORKREZERIC van der Waals 77
By gsZlicky, MESREEZN L TR, RERFEICEARKAELZEBTES
Ko1CL, LRopSmEEER L TRV, REMEFEEGRT v Ll
LT Brenner N7 > ¥ ¥ L DIETRR ¥, &J@-k#E, &RE-LBHRT v ¥ VIFHE
EENERELESERT v v WEHWTWS. Fig. 12 OB CIIT X TO MR
ENBERE N OB VIAEN, SBIRFES 7 AX—NICNEREEZEK L TEEK
REBERE 72 o7, BRIETFEOKN 2 FORFENIYIAENT- L2 AT L (Fig
12(a)), MEVVCTHRENDEREIHHT D, TOE, MBEORRITIR -T2/ E 7% v v 7 H
ESHEL L 72 (Fig. 12(b)), #adnfb L72Eio O 6 L7 L7z (Fig. 12(c). 7 7
77 A MEEPMBEERE A E S 1o T, BHIEY A EN D RFEOEIE DT D
P, IR E 23 > TV D INE, REDRIN ST D, 00 THT L 72 fRFE A L3
fta L(Fig. 12(d)), fhiEZRmE D WX v v TG & 72 o 7 (Fig. 12(e)), S HIZRFA
BEVIAEND &, F vy THEEDPREFEIZFED BT 510(Fig. 12(), SWNT DR A
Z— K L7z, ZOHAIKE, ¥y y 7HBEOERE, MESREOBERIZIZTET KL
B, AR T2 b—va T, KRS REBMEERS LIELEICH, ZIERT
YA XD SWNT F ¥ v I RRET DT DB SN, SWNT F v v 7V A XL, RE
OMEREMETE BN E->TND EIICEZBND. ZORNZMHE LY



Xy v A XNTH DR TOMBEEEDTRNE LD & &2 SWNT ORZAER &%

EMEESND EEZLND.
A
CITRMMLIEFERE VI a2 b—va i3, BRRFEON B —K, EREEER, T

RHK, BB, KAGRZEOBZERE, WARER (B v =—) , ERFOE
FHE#EHCLAbDTHS. £7-, FE-SEM X° TEM BIEE CHIL RSP OEIRZEK, #)ll

WRRICBHERIC o7, Z ZICE G L £,
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Captions to Figures

Fig. 1. Schematics of experimental apparatus for the alcohol catalytic CVD.

Fig. 2. A TEM image of ‘as-grown’ SWNTs synthesized from ethanol at CVD temperature of
800 °C'®.

Fig. 3. Raman spectra of ‘as-grown’ SWNTs from ethanol over Fe/Co supported with zeolite at
various temperatures (excitation at 488 nm)'?. Panel A is an expanded view of low-
frequency range of panel B. (a)-(d): CCVD from ethanol. (e): Laser-oven technique with
Ni/Co-doped graphite at 1130 °C.

Fig. 4. Raman spectra of RBM mode of SWNTs synthesized from ethanol (800 °C, 10 Torr, 10

min) and HiPco process. The spectra were taken with 3 different laser excitations, 488,
514.5, 633 nm. In the top is the Kataura plot for the corresponding abscissa range, where
open and solid circles represents the metal and semiconducting SWNTs of particular
chirality with corresponding energy gaps.

Fig. 5. TG curves of ACCVD sample from ethanol with Ar/H, flow during the heat-up compared
with HiPco sample.

Fig. 6. Time progresses of SWNT yields for the conditions of ‘850 °C, 10 Torr, Ar/H,’ (circle),

‘800 °C, 10 Torr, Ar’ (square), and ‘800 °C, 5 Torr, Ar’ (diamond), for the temperature,
pressure, and gas used in the heating-up of the electric furnace, respectively. A straight line
for each condition denotes a least-squares fit.

Fig. 7. FE-SEM image of MPS/Si surface after the CVD reaction.

Fig. 8FE-SEM image of SWNTs directly synthesized on a quartz substrate taken from tilted
angle including broken cross-section of the substrate. The CVD condition for this sample
was 800 °C, 10 Torr, 1 h for the temperature, ethanol vapor pressure, and reaction time
during CVD process, respectively. Ar/H, were flowed during the heating-up of the electric

furnace.

Fig. 9Raman spectra of SWNTs grown on USY-zeolite, Si and quartz substrates, and MPS thin
film coated on Si wafer. Excitation laser used was 488 nm for all cases.

Fig. 10. Raman spectra measured by 488 nm excitation of SWNTs synthesized on silicon and
quartz substrates at various CVD temperatures.

Fig. 11. Optical absorbance of (a) ‘as-grown” SWNTs directly synthesized on the surface of

quartz substrate; (b) HiPco pristine sample sonicated and suspended in D,O with 1 %

aQ



SDS; (¢) HiPco sample further centrifuged at 20,000g for 24h; (d) ACCVD sample
sonicated, suspended and centrifuged as in (c).

Fig. 12. Snapshots of metal-catalyzed growth process of the cap structure after 130 ns molecular
dynamics calculation at 2500K for Ni;og. Spheres represent nickel atoms. All carbon atoms
are not shown for clarity. Arrows indicate the supply of carbon atoms from expose metal
surface.
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