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1-4-1 Kagamiyama, Higashi-Hiroshima-shi, Hiroshin&-8527, Japan
Tel/Fax: +81-82-424-5923
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ABSTRACT However the growth mechanism of SWNTs has not been
clear. We also proposed a simple growth model {thaj
Ever since the landmark discovery of single-walled predicted the possibility of low-temperature systheof
carbon nanotubes (SWNTs) in 1993, they have beenSWNTSs using the Rh and/or Pd catalysts. Some repbrt
considered as ideal materials for any kind of aapion 11] have described the use of the Rh/Pd catalystlaser
based on their outstanding properties (e.g. mechhni furnace technique; however, the synthesis SWNTsgusi
strength, thermal conductivity, ultra stability,c@t and this technique requires a reaction field in higmperature.
various techniques, including laser furnace teammicrc On the other hand, the macroscopic production oNS®/
discharge technique, and recently, Catalytic Chalmic was almost realized [12]. They overcome this dific
Vapor Deposition (CCVD) technique, have been issue of macroscopic production using the wateistss
developed for the high-quality macroscopic genemati CVD technique, so-called “Supergrowth”. In this pap
Recently Hateet al. realized the macroscopic production we have presented the selective synthesis of SWiiths
after great efforts of many scientists; howevee, gnowth different diameters using the combined catalysts.
mechanisms are still unclear and this incomplete
knowledge prevents us from applying SWNTs to any 2. EXPERIMENTAL
fields. Here we can partially control the diameter

distribution of SWNTs using Alcohol Catalytic CVD A schematic view of the experimental apparatus,
(ACCVD) technique and well combined catalysts. Thei which is similar to that of Maruyama group [12],sisown
diameter is quite depend on the size of catalydtthair in Fig. 1. Ethanol vapor is made to flow in a qaartibe

species, that is why this can be a technique tdraon (I.D. 27 mm, O.D. 30 mm and 1200 mm) with a
SWNTs, and finally we propose the simple growth elod  consumption rate of 0.9 cm3/min in liquid. The rheta
catalysts supported with zeolite [13] are preparethe
1. INTRODUCTION quartz boat, which is set at the center of an eteftirnace.
In the apparatus, the electric furnace consistsvofparts,
Single-walled carbon nanotubes (SWNTs) [1] are which can be controlled well (x 0.5%), individualb
considered as a special material; however, thewtr typical procedure is as follows:
mechanism remains unclear. This incomplete knovdedg <- Setting the quartz boat at the center of the etectr
prevents their application to any field becausettod
difficulty in controlling their growth. In particat,
controlling the diameter and chiral indices of SWi\Are
major factors in any application. In order to cohttheir

1200 mm

Pressure Gauge

diameter and chirality, knowledge of the growth K= Electric Eurnace i
mechanism of SWNTs is essential. To date, some

promising growth mechanisms have been proposed,[2-5 | i !
furthermore, recently Shibuta & Maruyama [6] anchdpi I

et al. [7] have demonstrated the nucleation of SWIKy QuanzTube o et
molecular dynamics simulation, and also Fan et[&]l. in

have shown the nucleation pathway for SWNTSs on taime Alcohol Quartz Boat
surface by DFT calculation. In their papers carbtoms AH, Water

Reservoir

are directly provided to the catalysts or metals. tBe
other hand Yudasaka et al. [9] have tried to erpthe
synthetic model from the experimental aspect, thaye
explained the nucleation of SWNTs in terms of Fig. 1. A schematic view of the experimental setup.
graphitization and solubility of catalytic metatsgraphite.

Rotary Pump

OTIMA Editions/ENS 2006 -page- ISBN:



Shuhei Inoue, Takeshi Nakajima,

Kazuya Nomura, ilfiostKikuchi

GROWTH MECHANISM AND SELECTIVE SYNTHESIS OF SWNTS

furnace.

<~ Checking the leak-rate (usually rising from 0.4 tBa
1.5 Pain 5 minutes).

<~ Raising the temperature of the electric furnacetap
the preset value, and maintaining it for 150 miaute

<~ Opening the ethanol gate and flowing gaseous-alcoho
for 10 minutes at 400 Pa.

The alcohol vessel is set in the water reservoir
(10 °C) to keep the alcohol temperature constahe T
temperature of the reactor, which is directly meagdu
rises gradually but not as high as the electricydoe
temperature.

3. RESULTSAND DISSCUSSION

following equation.

[1+ (a)_ Wy )/qr]2
1+[(w-a, )T

Hw)=I,

Generally, these two modes of G and D are used for
simply discussing the purity of SWNTs. Figure 3\8ko
this G/D ratios of SWNTs obtained from the different
types of catalysts, and indicates that the rhodam
palladium catalyst (Rh/Pd) exhibits poor catalysisen
they are applied individually or together evenhia higher
temperature region (below 100C it was impossible to
measure this ratio). However, effective catalysia be
obtained by blending them with cobalt. In particuldne
Rh/Co (¥) and Fe/Co «) catalysts exhibit good G/D

Figure 2 shows the typical Raman spectra of the rawratios. The latter is usually considered as onéhefbest

soot, which was synthesized at 8D using the (a) Rh/Co,
(b) Pd/Co, (c) Ni/Co, and (d) Fe/Co catalysts. Pleaks

in the image of each spectrum are quite similaresgir
peaks around 1590 ¢ broad peaks around 1550 ém
and a very weak peak at approximately 1350"aralled
the D band. The group theory predicted that SWNaweh
six Raman-active modes within their tangential Géa
region [14-17], which extends from approximately5Q5
cm™ to 1600 cm. The G-band feature can be used for
distinguishing the metallic and semi conducting SVgNh

a sample. Four symmetric Lorentzian features at3155
1569, 1592, and 1607 chare assigned as peaks from

semi conducting SWNTs, and they correspond to the

Ex(Ezg), A(Arg + Ei(Esg), A(Arg + Ei(Esg), and B(Eyy
modes, respectively. On the other hand, metalliocNS@/
have two strong peaks [18]: one is located at
approximately 1540 cm and exhibits an asymmetric

Breit-Wigner-Fano feature, which is expressed as
(a) Rh/Co
(b) Pd/Co
(c) Ni/Co
D band G band—— (d) Fe/Co
\  BWF —
1200 1400 1600 1800

Raman Shift (cm"l)

Fig. 2 Raman spectra of as-grown SWNTs grown usalg (
Rh/Co, (b) Pd/Co, (c) Ni/Co, and (d) Fe/Co catalysts of
2.5 wt.% each at a furnace temperature of°@50rhe
excitation wavelength is 632.8 nm.

©TIMA Editions/ENS 2006

_page_

catalysts in ACCVD. On the other hand, the Pd/Co
catalyst does not show such a good G/D ratio; hewet/
exhibits a remarkable increase as compared to tBdR
catalyst. These results indicate that in the ACCVD
technique, blending cobalt can enhance the catalykty.
Moreover, the Ni/Co catalys®) also shows a good G/D
ratio. That is why combining cobalt with other kindf
metal might be a good catalyst for ACCVD.

Figure 4 and Fig. 5 are the low-frequency Raman
spectra of SWNTs (RBM mode) where the catalystitiens
is different. It is speculated that the catalystipke grows

in size with an increase in its densitRBM mode is

Co/Ni2.5%
Co/Rh2.5% X Rh/Pd2.5%

Fe/C02.5% <4 Co/Pd2.5%

r T T T T
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° ‘ x I

goo 700 800 900 1000
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1100

Fig. 3 G/D ratios of SWNTs obtained using different tyjpdés
catalysts. G/D ratio is defined &sqdl1350 (EXcitation
wavelength is 632.8 nm)

* Co/Pd catalyst could work as well as others shawn
this figure, however this is quite unstable andsles
reproducible.
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dependent on the diametef the SWNTSs, so that in this density is 10 times and in case of Fig. 5 this.tines,
paper, we use the relationship(nm) = 248 /w (crmiY), so that the difference of diameter should be 2.1516
wherewindicates the RBM frequency. As shown in Fig. 4, times and 1.36 — 1.58 times respectively. On theerot
three main peaks are observed, the first peak ishand 1.2 nm/ 0.9 nm = 1.33 times in Fig. 4 andrin8
approximately at 216 ¢ second is at 254 ¢hmand the /0.9 nm = 1.44 times in Fig. 5 are experimentahipwn.
last is at 280 cfh Referring to this figure, as catalyst In case of Fig. 4 there is a big gap between idalaie and
density becomes larger (i.e. a particle size besdarger)  experimental value; however, in case of Fig. 5aterows
a diameter distribution becomes larger. a very good agreement. It might be a reason fas thi
Figure 5 shows also RBM mode with different disagreement in Fig. 4 that lower wave number i@
catalyst density. Basically observed phenomenomwsho < 200 cm) could not be observed owing to some
same tendency with Fig. 4, and this tendency ishnulear.
Almost most of detected SWNTSs in Fig. 5(b) arerin8in

5 . . Diameter (nm)
diameter, on the other hand in Fig. 5(a) therefaume or

2.42.0 1.6 1.2 0.8

five dominant SWNTSs are detected from 0.9 nm torir8 T T T ' '
Furthermore in Fig. 5(b) two peaks are shown arcfl (@) Rh/Co 1.0 wt. %
cm® and 370 cn indicated by arrows, however since =
these peaks are not consistent with Kataura Rlothdr %
experiment is essential. =
In any case of these experiments shown in Fig.d4 an g
Fig. 5, assuming that every surface area of zeclte ‘@ | (b) Co/Rh 2.5wt. %
support the catalyst particles, the number of plagimust 2
be equal and particle size is proportional to thesity. In -
case of this assumption a correlation between #ntcfe
size and catalyst densfy is express?d as follows: 100 200 3_?0 200
1 \s 1 )2 Raman Shift (cm )
—p| sr|—p| , : ,
(N j (N j Fig. 5 The RBM mode of SWNTs with (a) Rh/Co 1.0 wt.9 an
whereN is the number of supportable areas of zeqfitis, E]t;)] Rh/Co 2.5 wt.%. The excitation wavelength is 832.
catalyst density, and is particle size. According to this '
assumption in case of Fig. 4 a difference of cataly Diameter (nm)
1.2 1.1 1.0 0.9 0.8
Diameter (nm) A Fe 10 wt.%, Co 2.5 W%

12 11 1.0 0.9 0.8
(a) Fe/Co 1.0 wt.%

Fe 2.5 wt.%, Co 10 wt.%

B
Fe/Co 2.5 wt.% each

Intensity (arb. unit)
Intensity (arb. unit)

(c) Fe/Co 10 wt.%

Co 5.0 wt.%
200 240 280 320 200 240 280 320
Raman Shift (cm ™) Raman Shift (cm ™)

Fig. 4 The RBM spectra of SWNTs. The density of gaial ~ Fi9- 6 The RBM spectra of SWNTs. (A) A comparisoh o
metals is different. The excitation wavelength 82® composition between metal species. The upper is iro
nm. rich (Fe 10 wt. % and Co 2.5 wt. %), the lower ibao
*Owing to the filter problerm < 200 cm' could not be rich (Co 10 wt. % and Fe 2.5 wt. %). (B) A comparison
observed unlikely Fig. 5. between heterogeneous catalyst (Fe/Co 2.5 wt. %) each

and homogeneous catalyst (Co 5.0 wt. %).
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experimental problems. Referring to these results, high. Therefore, the total repulsion energy, whighthe

changing the particle size can be an effectivertiegte to sum of the vibration and distortion energies aridiated

control the diameter of SWNTSs. from the distortion oB’ orbits, is too large to maintain a

Figure 6(A) shows the RBM spectra of the different narrow diameter. Hence, wider diameters are ohdaate

compositions of catalytic metal species. Since dblealt higher temperatures. Based on these assumptiors, th

and the iron atoms have almost same atomic matees, simple growth mechanism of SWNTs is as follows:

size of the catalyst particles supported on zeotity be First, the “core” is nucleated on the catalyst iple$ and

almost equivalent. Hence, there is no influencéhefsize supported against the distorted energysiiforbits. The

of the catalyst particle under these conditionthoaigh the diameter of the “core” is determined by balancing o

peak distribution is quite different. The RBM spacbf energy in terms of size of catalyst particle, terapge,

SWNTSs synthesized on the iron-rich catalyst exhifiee and the interaction between the catalyst and caabams.

peaks, which are almost equivalent. On the contridugy

RBM spectra of SWNTs from the cobalt-rich catalyst

show one strong peak (216 ¢yrand two weak peaks (254

cm* and 280 cil). A similar phenomenon is observed in

Fig. 6(B). In this experiment, the gross weightsatalytic

metals are less than those shown in Fig. 6(A), that

amount of catalytic metal is almost equivalent iothb

(FelCo 2.5 wt.% and Co 5.0 wt.%). The differences i

diameter distributions in Fig. 6(B) are more distithan

those shown in Fig. 6(A). In case of the heterogame

catalyst (Fe/Co 2.5 wt.%), the peak at 280cis

dominant and the peak at 216°tis very weak; however,

in the case of the homogeneous catalyst (Co 5.Qwit#é repulsion energy

peak at 216 cfhis apparently dominant. On the other balance/‘

hand, SWNTs are not synthesized on the iron (only) o 5

catalyst (Fe 5.0 Wt.%). association energ
These experimental results clarify the role of lggita (interaction)

metals; cobalt atoms can catalyze the pyrolysistioénol;

however, iron atoms cannot decompose ethanol. Hence

the iron (only) catalyst (Fe 5.0 wt.%) could nobthesize

SWNTSs. Both iron and cobalt atoms promote the gnowt A: Growth model of SWNTs.

of SWNTs; they support the core of SWNTSs, as shown

Fig. 7(A), which is a schematic diagram of the gifow

model of SWNTs. Yudasakaet al. [9] mentioned the

graphitization but we consider, typically, the aamtatoms e~z — -

tend to take thesp’ structure and not thep® structure > = } Distortion

under low pressure, especially in this syntheta@hméque , @\\ Energy

the time scale is much longer than that of laséatiaim or / . \

arc discharge that is why carbon atoms can be &thea / e N \

fully. Since the electric orbits of theg’ structure spread / /

i v \
along the x-y plane, it is difficult for carbon ate to C):Q ‘.4—,P wall

achieve the original cylindrical form. In order fmaintain " T A ," I
a cylindrical form against the distortion energig(F (B)), \ . . ,’
support materials are a prerequisite. Particulatty, Nbond ~~.___.-° /
generate narrow SWNTs, carbon atoms must be strong| \ /
supported by more associative materials. Sinceirthre AN -
atoms are much associative and exhibit stronger S~ __ -7
interactions between carbon atoms than those oéltob

atoms, SWNTs synthesized on the iron-rich catdigste B: Energy model.

narrow diameters. The relationship between syntheti

temperature and diameter, which has been elucidated Fig. 7 A schematic diagram of the growth mechanisim
some previous reports, can be easily explainedutitro SWNTs. (A) The “core” is generated and supported by

this model. At a high temperature, vibration enesgyglso the catalytic particles. (B) The repulsing energy an
the stabilizing energy.

growing

} core

talyst particle
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The carbon source (ethanol is used in this work) is Science Center for Basic Research and Developniéent (
decomposed by the cobalt atoms and supplied to theBARD), Hiroshima University. This study was partly
“core.” The SWNTs are synthesized after some time. supported by a research grant from the Mazda Faiomda

This growth model can briefly explain the other
synthetic technique. For example, cobalt atoms rere
always required for the laser-furnace technique ard
discharge techniques. Since carbon atoms are Igirect [1f]15- Iijjirna atnd"TN Ii:hihaggié “Si”%'gésggg clznggranotubes

. ; . : . or 1-nm diameter, Nature, s . - , .

prqwded n these.technlq:JeS, ttle role of Catalytmals IS [2] A. Thess, R. Lee, P. NikolaeF\)/F,) H. Dai, P. PelitRobert, C.
limited to supporting the “core.” Some reports isgthat

. Xu, Y. Hee Lee, S.G. Kim, A.G. Rinzler, T. Colbertridal, G.E.
using Rh/Pd catalyst may generate very narrow SWNTSSCuseria, D. Tomanek, J.E. Fischer, and R.E. Smalley

are available; however, a higher temperature isired “ Crystalline ropes of metallic carbon nanotubestie8ce, 273,
for the decomposition of ethanol and the interactio pp. 483-487, 1996.

between carbon atoms. Since rhodium or palladiomat [3] M. Yudasaka, R. Yamada, and S. lijima, “Mechanisf the
cannot decompose ethanol at a low temperature, dioth  effect of NiCo, Ni and Co catalysts on the yield ofgte-wall
either has much stronger interactions between ecarbo carbon nanotubes formed by pulsed Nd : YAG lastatian”, J.
atoms than that of the iron and cobalt atoms. Theze E{]‘yi-' Cr?aetghri ioiu%éfﬁg'izzﬁéiﬁ’:y OhteuRa Sen
very narrow SWNTs are generated at higher tempastu T r N o SR
If Co/Rh or a Co/Pd catalyst is employed, narrower S. Suzuki, and Y. Achiba, “Diameter control of dimgvalled

. . carbon nanotubes”, Carbon, 38, pp. 1691-1697, 2000.
SWNTs can be synthesized at low temperatures. Thiss) . pai, A.G. Rinzler, P. Nikolaev, A. Thess, D.Tolbert,

growth model can also be extended to the growthand R. E. Smalley, “Single-wall nanotubes producgdniatal-
mechanism of multi-walled carbon nanotubes (MWNTS). catalyzed disproportionation of carbon monoxide”e@®h Phys.
In the absence of a metal catalyst in the laserate or Lett., 260, pp. 471-475, 1996.

the arc-discharge techniques, only MWNTs are [6] Y. Shibuta and S. Maruyama, “Molecular dynamics
synthesized and the synthesis of SWNTs is nearlysimulation of formation process of single-walled rbxm
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