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Abstract

Single-walled carbon nanotubes with narrow diameter-distributions were synthesized by
the catalytic CVD technique using fullerene, Cq or C;, as the carbon source. Fe/Co bimetal
particles supported with zeolite powder were exposed to fullerene vapor in a heated quartz tube
furnace. With a precise control of fullerene vapor pressure, macroscopic amounts of SWNTs with
relatively high quality were generated. The diameter distributions of SWNTs, estimated by an
analysis of resonance Raman scattering using excitation wavelengths of 633, 514.5 and 488 nm,
ranged between 0.8 to 1.1 nm. The narrowness of this distribution is ascribed to the formation of

nanotube caps due to fullerene collisions.
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1. Introduction

The unique properties of single-walled carbon nanotubes (SWNTs) [1] strongly depend on
their geometrical structure, such as the chirality-dependent metallic/semiconducting duality or the
variable band gaps inversely proportional to their diameters [2]. In addition to the early
laser-furnace [3] and arc-discharge [4] techniques, various kinds of catalytic CVD (CCVD)
techniques [5-7] have been developed for the large-scale production of SWNTs with high purity.
However, chirality-controlled synthesis of SWNTs has not been possible in any of these techniques.
Furthermore, the diameter distribution achieved by the seemingly promising CCVD techniques is in
general broader than the earlier laser-furnace techniques. In this report, fullerene has been used as
the carbon source in the CCVD synthesis in order to investigate the possibility of controlling
aforementioned SWNT geometries.

Several attempts have so far been made to synthesize carbon nanotubes using fullerene
[8-13]. Zhang and lijima [8] used Cgy powder with 5 at.% (Ni + Co) as the target material of the
laser-furnace technique and produced a small amount of SWNT at 400 °C, which is much lower
than the lower threshold, about 850 °C, of the usual graphite/metal target. Champbell et al. [9, 10]
tried to produce nanotubes by the CCVD method, but their products were multi-walled carbon
nanotubes (MWNTSs). In one of the studies where multi-layered fullerene/catalyst films were used
as a source of carbon nanotubes [11-13], the samples once claimed to be single crystal SWNTs
synthesized from Cgy and Ni layers [13] turned out to be those of Mo oxide. Apparently, no group
has yet demonstrated to synthesize a macroscopic amount of SWNTs from fullerene except for that
by the laser-furnace technique [8] and the reports where carbon nanotubes were used as templates:
i.e., high-temperature transformation of peapods to double-walled carbon nanotubes (DWNTs) [14].

Formation models of SWNTs in the laser-furnace and arc-discharge techniques have so far



been studied extensively [3, 15-17]. Formation of nanoscale metal particles is generally accepted as
the key issue for the growth of SWNTs [15, 16], especially as a common source of strategy for the
CCVD generation of SWNTs [5]. In discussions of the formation mechanism, a unique model that
has been used [17] assumes a fullerene cap structure as an important precursor of SWNT
determining its diameter. In addition, molecular dynamics simulations on the process of nanotube
formation [18, 19] and an FT-ICR study of clusters generated by laser vaporization [20] partially
support the fullerene precursor model. Being stimulated by these models, we have been trying for
several years to use fullerene as a carbon source for the CCVD synthesis of SWNTs. Here we
report formation of relatively high-quality SWNTs by a simple CCVD experiment with a suitable
catalyst and by a precise control of fullerene vapor pressure. The diameter distribution is found to

be narrower than any of those prepared by other CCVD experiments.

2. Experimental

The experimental techniques were similar to our catalytic CVD method using alcohol [7,
21]. The metal catalyst supported with zeolite was prepared according to the recipe of Shinohara’s
group [22, 23]. In brief, iron acetate (CH3CO,),Fe and cobalt acetate (CH;CO,),Co-4H,O were
dissolved in ethanol (typically 40 ml) and mixed with Y-type zeolite powder [HSZ-390HUA]
(typically 1 g). The amounts of Fe and Co were 2.5 wt % each. The solution was then sonicated for
10 min and dried for 24 h at 80 °C. The resultant white-yellow powder was dispersed in ethanol
again and uniformly coated on the inner surface of a half-cut cylinder-shaped quartz boat. The
schematics of CVD apparatus are shown in Fig. 1(a). The catalyst-coated quartz boat was placed in
a quartz tube (i. d. 26 mm) at the downstream side from the center of Furnace B. The fullerene
power (typically 100 mg, 99.5 % Cg or Cy supplied from SES Research) was placed in small

quartz test-tube (i. d. 4.5 mm) one end closed and the other sealed with quartz wool. A



thermocouple attached to this test-tube with an inorganic adhesive was essential for reproducible
experiments. The test-tube was placed in Furnace A, so that fullerene powder should stay at the
center of this furnace. During the heating up, Furnace A was located at the upstream side away from
fullerene powder and Ar gas of more than 200 sccm was kept flowing. After Furnace B reached the
desired temperature, 825 °C, Ar remaining inside the quartz tube was evacuated and the powder of
fullerene was quickly heated up by sliding back the heated Furnace A to the position in Fig. 1(a).
The background pressure was about 0.05 Torr. By evacuation of inside the quartz tube with a rotary
pump, vaporized fullerene was supplied over the catalyst for 10 min.

For a successful synthesis of SWNTs, the history of temperature increase in the test tube
containing fullerene was crucial. The temperature change measured with a thermocouple (TC) at the
fullerene test-tube is shown in Fig. 1(b) along with the estimated Cqy vapor pressure. After sliding
back the heated Furnace A set at 750 °C, it took about 5 min before the temperature of the test-tube
containing fullerene reached about 700 °C according to the TC indication. For an average of
experimental correlations summarized in Ref. [24], we used the following correlation to estimate

the vapor pressure of Ce plotted in Fig. 1(b).
p/Torr = 7.5x10° x 105017/ 0

During the heating up of fullerene powder, the vapor pressure, and hence the flow rate, of fullerene
vapor suddenly increased after about 5 min. Since no fullerene powder was left in the test tube after
10 min experiments, evaporation of fullerene was achieved in a relatively short period. The upper
limit of fullerene temperature was set so that essentially no decomposed fullerene was left in the test
tube and most of the sublimed fullerene film downstream of Furnace B was dissolvable in toluene.
After cooling down, the sample was analyzed by resonance Raman spectroscopy and
transmission electron microscopy (TEM). Raman scattering was measured with Chromex 501is and

Andor Technology DV401-FI for the spectrometer and CCD system, respectively, with an optical



system of Seki Technotron STR250. TEM was measured by JEM2000FX at 200 kV.

3. Results and discussion

Figure 2 shows TEM images of ‘as grown’ SWNTs synthesized from Cg. In order to remove
Cso physically absorbed on the outside of carbon nanotubes, the sample was first washed and
sonicated in toluene for 10 min at room temperature. Then, the sample was sonicated in methanol
and a drop was evaporated on the micro-grid for TEM. As displayed in Fig. 2(a), zeolite particles
(on left) and bundles of SWNTs were observed. Clean bundles of SWNTs were observed. From the
upstanding view of a bundle in Fig. 2(b), the diameter of SWNTs is estimated to be about 1 nm. The
SWNT diameter is thinner and the diameter distribution is considerably narrower than the
corresponding values of the SWNTs samples from ethanol. As in Fig. 2(a) some large metal
particles (dark dots) are observed near zeolite particles and sometimes inside of a bundle of SWNTs.
The amount of SWNTs is much less than the sample from alcohol CCVD [7, 21], and a small
amount of imperfect MWNTSs are also observed in certain TEM observation spots, probably because
of the non-uniformity of catalysts. We could not observe peapods or DWNTs, probably because the
diameters of synthesized SWNTs were too small. In contrast, we could observe thicker SWNTSs,
peapods, and DWNTs in our preliminary experiments at higher CCVD temperature such as 900 °C.

Figure 3 shows Raman scattering spectra from an ‘as-grown’ sample synthesized from Cg
and C5 in comparison with the CCVD samples generated from 5 Torr ethanol at 700 and 800 °C [7,
21]. The excitation wavelength was 633 nm with He-Ne laser. The clear radial breathing modes
(RBM) (150-300 cm™) and the G-band with the zone-folding spread (about 1590 cm™) were
observed for both samples from Cgy and C-. The D-band signal (about 1350 cm™) for the samples
synthesized from fullerene was nearly identical with that obtained by alcohol CCVD. From the

expanded RBM signal in panel A, the diameter of SWNTSs is estimated to be typically 0.8 - 1.1 nm.



Here, the following correlation [25, 26] between the diameter d and the RBM Raman shift v was
used for the upper coordinate in panel A: d /nm = 248/(v /cm™). Note that a considerable
background is present in the Raman spectra of the samples from fullerene because the amount of
SWNTs was quite small. The diameter distribution of the samples from fullerene was much
narrower than those from ethanol. Note also that the samples from fullerene had only a small
amount of metallic resonant peaks, BWF line shapes [27, 28] observed near the G-band in panel B
for the cases of ethanol.

Detailed comparisons of the RBM Raman shift with the Kataura plot [28] in the form
reported in Ref. [25] are shown in Fig. 4. Here, the sample from C5 and that from ethanol at 800 °C
are compared at 633, 514.5, and 488 nm. The peak positions of the samples from C;, are identical
with those from ethanol, and only the relative peak intensities are different. The change in the
resonant condition with 514.5 and 488 nm excitation can be understood from the Kataura plot.
However, the resonant condition in this plot is apparently violated in the 633 nm measurements of
the alcohol CCVD case, as denoted by asterisks in Fig. 4(f). A probable reason is the resonance
condition of the ith valence van Hove singularity level to the i+1th level because the resonance
occurs with the light polarized perpendicular to the nanotube axis [29, 30]. Nearly the same
violation at 633 nm was observed for the HiPco sample [6] (not shown). It seems, however, that
samples from fullerene do not violate this resonant condition, probably because the bundles were
thinner and straighter [29]. It is recognized by a comparison of three laser wavelengths that the
small peak around 190 cm™ in Fig. 4(c) is due to the very close resonance at 633 nm. Hence, the
diameter distribution of SWNTs generated from fullerene is estimated to be between 0.8 to 1.1 nm.

Zhang and lijima [8] estimated the diameter distribution of SWNTs generated from fullerene
by the laser-furnace method by TEM as 1.2 — 1.3 nm; this is slightly smaller than the normal

graphite case. They argued that Cy was a good starting material for the laser-furnace generation of



SWNTs at low temperature because the initial types and energies of carbon species ablated from Cqgg
were different. Unlike the laser ablation method, we do not expect much decomposition of fullerene
in our CCVD method before the collision to the metal catalyst. Most of the fullerene material
escaped from the CCVD furnace should keep fullerene structure. Formation of the SWNTSs obtained
with smaller diameters and with a higher yield by the present CCVD method needs to be explained
by a mechanism different from that discussed in Ref. [8].

The diameter distribution of SWNTs from fullerene could be interpreted using the preliminary
molecular dynamics simulation shown in Fig. 5. This simulation is based on the classical potential
functions described in Refs. [18, 19] but uses a different initial condition: Cg¢y molecules are collided
onto a pre-formed metal cluster surface. The discussion from the results of simulation has to be only
semi-quantitative, because simulation temperature as high as 2500 K is employed for the
acceleration of the annealing process and the choice of the collision rate of Cg is arbitrary.
Nevertheless, this simulation is useful to explore what would happen in the real CCVD process.
When the metal-carbon binary cluster is saturated after absorption of many Cey molecules, several
nano-cap structures are generated by additional collisions of Cg. One may assume that the
diameters of SWNT are equal to that of fullerene, say 0.7 nm for Cg, if the hemispherical cap
structure of fullerene is directly used as the cap structure. The ‘Cap A’ structure in Fig. 5 is a
demonstration of this case. In cases of ‘Cap B’ and ‘Cap C’ in Fig. 5, however, the fullerene
precursor can easily modify its bonding network on the metal cluster surface under the condition
that SWNTs can be grown from a metal-carbon binary cluster. The accommodation of this cap
structure to a rather complicated metal-carbon binary cluster is also important for the final
settlement of the cap structure and for the expected growth of SWNT from this cap structure. The
number of carbon atoms used for the cap structure strongly depends on the dynamics of these

bond-network modifications. Under the assumption that the number of atoms used for cap



formation varies from 30 to 60, the diameters of the SWNTSs are estimated to be between 0.7 to 1.2
nm, in good agreement with the present experimental results. Here we believe that the nucleation of
cap structures is somehow controllable by a proper adjustment of the structure of the carbon source

molecule as well as the structures of the nanoscale metal particle.
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Figure Captions

Fig. 1. Experimental apparatus and evaporation conditions of fullerene. (a) Schematics of
experimental apparatus. (b) Temperature change in the test-tube with fullerene and estimated

vapor pressure of Ce.

Fig. 2. TEM (200 kV) image of ‘as grown’ SWNTs by catalytic decomposition of Cg over a Fe/Co
mixture embedded in zeolite at 825 °C. (a) Low-magnification image: zeolite particles are

observed in left-hand side. (b) Higher magnification image of an upstanding bundle.

Fig. 3. Resonant Raman scattering spectra of ‘as-grown” SWNTs synthesized from fullerene and
ethanol (excitation at 633 nm). Panel A is an expanded view of low-frequency range of panel B:

from (a) Cg, (b) C, (c) ethanol at 700 °C, and (d) ethanol at 800 °C.

Fig. 4. Radial breathing mode of SWNTs from fullerene and ethanol compared with the Kataura
plot (a.. = 0.144 nm, y» = 2.9 eV). Asterisks denote the RBM peaks apparently violating the

selection rule expressed by the Kataura plot.

Fig. 5. A snapshot of molecular dynamics simulation of nanotube cap formation process from Cgj.

Simulation of successive collisions of Cqy molecules to a Niys¢ cluster at an interval of 2 ns at

2500 K. Gray circles and line-segments represent metal atoms and carbon bonds, respectively.
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