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Abstract

By using alcohol as the carbon source, a new simple catalytic chemical vapor deposition technique
to synthesize high-purity single-walled carbon nanotubes at low temperature is demonstrated.
Because of the etching effect of decomposed OH radical attacking carbon atoms with a dangling
bond, impurities such as amorphous carbon, multi-walled carbon nanotubes, metal particles and
carbon nanoparticles are completely suppressed even at relatively low reaction temperature such as
700 — 800 °C. By using methanol, generation of SWNTs even at 550 °C is demonstrated. The
high-purity synthesis at low temperature promises large scale production at low cost and the direct
growth of SWNTs on conventional semiconductor devices already patterned with aluminum.

1. Introduction

The discovery of single walled carbon nanotubes (SWNTs) [1] in 1993 has promised a new
field of science and technology with their specially elongated fullerene structure. However,
researchers could really join the game after the developments of high-quality macroscopic
generation techniques of SWNTs by the pulsed laser-oven technique [2] and later by the electric
arc-discharge technique [3]. In the last few years, the technique of catalytic chemical vapor
deposition (CCVD) has been developed [4-21] for the expected larger-scale production [7-17] and
for the controlled synthesis directly on semiconductor materials [18-21]. Following suggestions of
the generation of SWNTs by the disproportional reaction of CO [4] or decomposition of benzene
[11], various carbon-containing molecules such as CO [4,6,15,16], methane [5,7-10,14,18-21],
ethylene [6,19], acetylene [12] and benzene [11] were tried in combinations with supported or
floated fine metal catalysts. Recently, relatively pure SWNTs were generated by controlled
preparations of metal fine particles of Fe, Ni, Co, Mo or mixtures supported by Al,O; SiO, or MgO
[7-9]. In addition, the continuous gas phase technique was also developed using floated catalyst
particles coalesced from metallocene such as ferrocene [11,13] or iron pentacarbonyl (Fe(CO)s)
[12,15,16] supplied with carbon source gas to the high-temperature reaction zone. This technique
could be scaled up as the well-developed VGCF (vapor-grown carbon fiber) technique [22].
Especially, the so-called HiPco process [15-17] using the disproportionation reaction of
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high-pressure and high-temperature CO with Fe(CO)s as a catalyst seed is producing almost
amorphous-free commercial SWNTs. Remaining problems of this technique are metal particles
enclosed in carbon spherical shell [17] and the risk in the handling of CO. On the other hand, highly
controlled generation of aligned SWNTs between electrodes on porous Si surface was also
demonstrated [21]. The only impedance to the growth of SWNTs on semiconductor devices seems
to be the high reaction temperature, 900 °C.

Here we report a simple, high-purity and low-temperature synthesis of SWNTSs by using a
new carbon source molecule, alcohol. Except for the carbon source, usual CCVD techniques using
Fe/Co catalysts supported with zeolite [23, 24] were employed. The use of alcohol is rather
controversial because much less formation of soot, or solid carbon, is known from an alcohol flame
compared to a hydrocarbon flame [25]. It turned out that competing reactions of forming SWNTs
and etching amorphous carbon on the catalyst surface was the key of high-purity and
low-temperature synthesis of SWNTs. The lower reaction temperature and the high-purity features
of this alcohol CCVD technique guarantee easy scale-up production at a lower cost. Furthermore,
the reaction temperature lower than 600 °C ensures that this technique can be easily applicable for
the direct growth of SWNTs on semiconductor devices already patterned with aluminum. Finally,
because this technique is so simple and safe, pure SWNTs can be immediately synthesized at any
physics, chemistry or engineering laboratories.

2. Experimental

The metal catalyst supported with zeolite was prepared according to the recipe of Shinohara’s
group [23, 24]. In brief, iron acetate (CH3CO,),Fe and cobalt acetate (CH;CO,),Co-4H,O were
dissolved in ethanol (typically 20 ml) and mixed with Y-type zeolite powder [HSZ-390HUA]
(typically 1g). The amounts of Fe and Co were 2.5 wt % each. The solution was then sonicated for
10 minutes and dried for 24 hours at 80 °C. The resultant white-yellow powder on the quartz boat
was placed in a quartz tube (i.d. 27 mm) inside of an electric furnace. While heating up to the
desired reaction temperature, more than 200 sccm Ar flow was kept. When the boat reached the
desired temperature in about 30 minutes, Ar gas was evacuated and alcohol vapor was supplied to
the quartz tube for typically 10 minutes from a room temperature reservoir. Keeping the vacuum
pump on, the pressure of ethanol in the quartz tube was typically about 5 Torr. By controlling the
reservoir temperature, the vapor pressure was varied. After cooling down, the blackened sample on
the boat was analyzed with Raman spectrometry, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).

3. Results and discussion

Figure 1 shows a TEM image of ‘as grown’ SWNTs from ethanol at 800 °C. The sample was
sonicated in ethanol and a drop was evaporated on the microgrid. As we carefully scanned the TEM
for several hours, we could rarely observe amorphous carbon, multi-walled carbon nanotubes
(MWNTs), carbon nanoparticles or metal particles. Only SWNTs and zeolite particles were
observed. Isolated or small bundles of SWNTs with about 1 nm diameter with clean tube-walls are
apparent in Fig. 1. SWNTs generated with laser-oven or arc-discharge techniques usually have clean
tube-walls but SWNTs from CCVD usually suffers from imperfect tube-wall structures as a result
of imperfect annealing of nanotubes. In addition, most of the samples are contaminated with various
side products such as amorphous carbon. We believe that Fig. 1 is one of the cleanest images of ‘as
grown’ SWNTs ever reported. With lower reaction temperature such as 600 °C for ethanol, some
view in the TEM projection was occupied with SWNTs as in Fig. 1, but in certain spots there were
insufficiently annealed short MWNTs with small metal particles at the end. It seems that the catalyst



condition or alcohol gas flow condition was not always perfect at low temperature. By optimizing
these conditions, probably a better sample can be produced at even lower temperature.

Figure 2 shows a TEM image with lower magnification and a SEM image of the sample
generated in the same condition as in Fig. 1. From this TEM image in panel A, it can be confirmed
that the high-purity image in Fig. 1 is not a specially selected view of the sample. For the SEM
image in panel B, a small amount of ‘as grown’ sample was placed with a conductive tape used for
the observation. Web-like growth of bundles of SWNTs from zeolite particles around 300 nm is
observed. Again, no other structures such as amorphous carbon are observed from both panels A
and B.

Effects of reaction temperature, reaction pressure, kinds of alcohol and catalysts were
studied mostly with the Raman measurement [26] by a homemade macro-Raman apparatus with a
50 cm single monochrometer and a CCD detector. Figure 3 compares Raman spectra of ‘as grown’
sample from ethanol for various oven temperatures. The excitation wavelength was 488 nm with an
Ar ion laser. The clear radial breathing modes (RBM) (150-300 cm™) and the G-band with the
zone-holding spread (about 1590 cm™) for all spectra were observed. As a reference, the bottom
spectrum was measured from a sample generated with the laser oven technique with Ni/Co (0.6
wt% each) loaded graphite. The D-band signal (about 1350 cm™) was quite small for the 700 -
900 °C cases but was considerably larger for the 600 °C case. The D-band increase for 600 °C was
probably because of the short MWNTs observed in the TEM image. From the expanded RBM
signal in panel A, the diameter of SWNTs was estimated to be typically 0.8 - 1.2 nm. Here, the
following correlation [27, 28] between diameter d (nm) and RBM Raman shift A (cm™): d = 248/
was used for the upper coordinate in panel A. In comparison with the Ni/Co loaded graphite in the
laser-oven technique (panel A(e)), the tube diameter is smaller and more widely distributed. With
decreasing reaction temperature, the diameter distribution shifted to the thinner side. At the same
time, the BWF line shape [26, 29], which is characteristic of metal SWNTSs, is clearly seen for lower
temperature samples. From a detailed comparison with the Kataura plot [29], the Raman peaks
around 150-220 cm™ are assigned to semiconductor SWNTs and the peaks in 230-300 cm™ to
metallic SWNTs. The temperature dependence of diameter distribution is very similar to the
laser-oven technique [30, 31] even though the absolute value of temperature was much lower in our
case.

By replacing ethanol to methanol, an almost identical Raman spectrum was observed at
800 °C reaction as shown in Fig. 4, but nanotubes with slightly larger diameters were enhanced with
the methanol case than with the ethanol case. Very similar Raman spectra were observed for the
lowest temperature case, at 550 °C with methanol and the 600 °C case with ethanol, both from the
D-band strength in panel B and the diameter distribution in panel A. Though the D-band peak was
appreciable, it was clear that a substantial amount of SWNTs was generated at this low temperature.
A comparison of the Raman spectra for ethanol and methanol indicated that the optimum reaction
temperature was about 50 °C lower for the methanol case. By TEM observations of the sample from
methanol, we found that the bundle size was significantly smaller than the ethanol case, and there
were small amounts of fine metal particles dispersed in bundles of SWNTs. We also quickly tried
1-propanol as another alcohol carbon source. Very similar results to those with ethanol were
observed from the Raman measurements.

The reason why alcohols were much better carbon sources for SWNTs than hydrocarbons is
explained by the role of decomposed OH radicals as follows. It is known that an OH radical
efficiently removes the amorphous carbon in the purification process of SWNTSs using H,O, [32]. It
is also known that the reaction of OH radical to solid carbon reduces the formation of soot in
combustion chemistry [25]. Since an OH radical is decomposed on the catalyst surface from an
alcohol molecule, it will attack nearby carbon atoms with a dangling bond to form CO. Then, seeds
of amorphous carbon are efficiently removed in its very early stage. We believe that the initial stage



of MWNT formation in the CCVD process is also initiated from the amorphous carbon attaching to
the SWNTs. Hence, the OH radical prohibits the generation of all these side-products, and only the
SWNT can survive in this condition.

Different catalysts and supports were also quickly examined. Ni/Co metal mixtures instead
of Fe/Co over zeolite gave a nearly identical result. Fe/Co supported with MgO prepared in the
same procedure as the zeolite case was also successful. In the latter case, 3 % mixture of H, with Ar
was used during a heating up process of the electric furnace. The lower pressure ethanol was
preferred for this catalyst; however, the production of relatively high-purity SWNTs with ethanol at
800 °C was confirmed without further optimizations. This technique to synthesize SWNTs using
alcohols is believed to be quite versatile about the selection of metal catalysts.

Probably, alcohol is the best carbon source for low-temperature growth of SWNTs on
semiconductor materials with various catalyst forms. Furthermore, lower reaction temperature
would considerably contribute to the lower cost design of a scaled-up gas phase continuous reactor
using floated catalysts from ferrocene or iron pentacarbonyl (Fe(CO)s), though further studies are
necessary for the increase in the yield of SWNTs.
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Fig. 1. TEM (200 kV) image of ‘as grown’ SWNTs by catalytic decomposition of ethanol over a
Fe/Co mixture embedded in zeolite at 800 °C. There were isolated and bundles of SWNTs
without MWNTs, amorphous carbon, carbon nanoparticles or metal particles.



Fig. 2. Lower magnification TEM image (panel A) and SEM image (panel B) of ‘as-grown” SWNTs
by the same condition as in Fig. 1. Dark parts in the left of panel A is zeolite surface. Both in
panels A and B, web-like growth of bundles of SWNTSs covering zeolite particles around 300 nm
were observed, nothing else.
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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.
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Fig. 4. Raman spectra of ‘as-grown’ SWNTs from methanol at relatively low temperatures. Panel A
is an expanded view of low-frequency range. Note the shape of the Raman spectrum for
methanol is similar to that at 50 °C higher temperature for ethanol in Fig. 3.



