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Abstract

We report the synthesis of high-quality single-walled carbon nanotubes (SWNT) by chemical vapor deposition (CVD) of
methane at 1000°C on supported Fe,O, catalysts. The type of catalyst support is found to control the formation of individual
or bundled SWNTSs. Catalysts supported on crystalline alumina nanoparticles produce abundant individual SWNTs and small
bundles. Catalysts supported by amorphous silica particles produce only SWNT bundles. Studies of the ends of SWNTSs lead
to an understanding of their growth mechanism. Also, we present the results of methane CVD on supported NiO, CoO and

NiO/CoO catalysts. © 1998 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Significant progress was made recently in synthe-
sizing gram quantities of single-walled carbon nan-
otubes (SWNT) [1] using laser-ablation [2] and arc-
discharge methods [3,4]. Both methods involve the
evaporation of carbon a ~ 3000°C, with the synthe-
sized SWNTs predominantly in the form of rope-like
bundles [2—4]. Currently, several topics in SWNT
synthesis still remain challenging. First, samples con-
taining mostly defect-free individua SWNTs have
yet to be obtained. Such samples are desired for
fundamental studies of the physics in nanotubes [5].
Secondly, practical applications of nanotubes will
require the synthesis of high-quality SWNT materi-
als at a very large scale. These challenges could be
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met by developing CVD methods that utilize
carbon-rich gases as carbon feedstock. CVD of vari-
ous hydrocarbon gases on transition-metal catalysts
has been successful in obtaining carbon fibers and
multi-walled nanotubes [6—13]. The CVD methods
are attractive because of their efficiency in generat-
ing carbon feedstock and the straightforward scale-
up. Furthermore, it could be possible to gain control
over the types of nanotubes grown by controlling
various parameters that are involved in CVD experi-
ments. Nevertheless, CVD approaches have not been
fully explored to synthesize single-walled carbon
nanotubes. So far, there are only two reported [14,15]
CVD syntheses of SWNTs including the method that
utilizes CO and supported MoO, catalyst [14].

In this Letter, we report high-quality SWNT ma-
terials obtained by chemical-vapor deposition of
methane on supported transition-metal oxide cata-
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Table 1

Summary of results of methane CVD experiments using supported metal-oxide catalysts

Catalyst Support SWNTs? Description of synthesized material

composition material

Fe, 0, alumina yes abundant individual SWNTSs; some bundles;
occasiona double-walled tubes

Fe, 0, silica yes abundant SWNT bundles

CoO aumina yes some SWNT bundles and individual SWNTs

CoO silica no no tubular materials synthesized

NiO aumina no mainly defective multi-walled structures
with partial meta filling

NiO silica no no tubular materials synthesized

NiO/CoO alumina no no tubular materials synthesized

NiO,/CoO silica yes some SWNT bundles

lysts. Our general approach is similar to previous
work in producing carbon fibers and multi-walled
nanotubes. However, we find several factors that are

(2)f

key to producing single-walled carbon nanotubes.
These factors include the choice of methane, catalyst
composition and type of support.

Fig. 1. (&) TEM image of individual and bundled SWNTs produced on the Fe,O;/alumina catalyst. Scale bar: 100 nm. (b) High-resolution
TEM image of a d =5 nm individual SWNT. Scale bar: 50 nm. Inset shows the dome-closed end of a d = 3 nm SWNT. Scale bar: 10 nm.



J. Kong et al. / Chemical Physics Letters 292 (1998) 567574 569

2. Experimental

The first step for our CVD synthesis is to prepare
a supported catalyst. As an example, a Fe,O; cata-
lyst is prepared by impregnating 1 g of fumed-
alumina (Degussa, 100 m? /g surface area) nanopar-
ticles with 30 ml of a methanol solution that contains
0.245 g of Fe(NO,); - 9H,0. The impregnation typi-
caly lastsfor 1 h at room temperature. The methanol
solution was then removed via rotary evaporation at
80°C. The material is then heated at 150°C overnight
followed by grinding into a fine powder. This result-
ing catalyst is denoted as Fe,O;/aumina In this
work, the (metal-mol) /(alumina weight) ratio is 0.6
mmol /g and is fixed for al of the alumina supported
metal-oxide catalysts (NiO, CoO and NiO/CoO
mixture with 1:1 mol ratio). For all of the catalysts
supported by fumed-silica (Degussa AEROSIL, 300
m? /@), the (metal-mol) /(silica weight) ratio is kept
at 0.9 mmol /g.

For a methane CVD experiment, ~ 10 mg of the
catalyst was placed in a quartz tube mounted in a
tube furnace. An argon flow was passed through the
quartz tube as the furnace was heated to reach
1000°C. The Ar flow was then replaced by methane
(99% purity) at a flow rate of 6150 cm®/min under
1.25 atm. head pressure. The methane flow lasted for
10 min and was replaced by argon and the furnace
was cooled to room temperature. Samples for trans-
mission electron microscopy were prepared by soni-
cating ~ 2 mg of the synthesized materia in 10 ml
of methanol or 1,2-dichloroethane for half an hour.
A few drops of the resulting suspension were then
put onto a holey-carbon TEM grid. The TEM was
operated at beam energies between 120 and 200 kV
using a Philips CM20 instrument. For atomic force
microscopy (AFM) studies, samples were prepared
by alowing a drop of the suspension to evaporate on
a freshly cleaved mica surface.

3. Results

We summarize our CVD syntheses in Table 1,
and the overall result is that SWNTSs are obtainable
using methane CVD. In particular, with the
Fe,O,/alumina catalyst, we obtained abundant indi-
vidua SWNTs. Fig. la shows a TEM image of
SWNTSs synthesized with this catalyst. A high-mag-

nification TEM image is shown in Fig. 1b. By
imaging several samples obtained under the same
conditions, we measured that the individual SWNTs
have diameters in ranges of 1.3-5.4 nm, and their
lengths are up to 10 wm. In Fig. 2a, we present an
AFM image of the nanotubes in this sample. The
diameters of the nanotubes are determined from their
topographic heights. Fig. 2b shows a statistical diam-
eter histogram obtained from AFM data by measur-
ing ~ 300 nanotubes. The histogram shows that the
nanotube diameters are dispersed from 0.7 to 6 nm
with a broad peak at 1.3 nm. Besides individua
SWNTs, we do observe other forms of nanotubes
synthesized with the Fe,O,/alumina catalyst. First,
bundles of SWNTSs (Fig. 1a) are present, with each
bundle containing a few tubes. The diameters of
SWNTSs within these bundles are also dispersed and
range from ~ 1 to 6 nm. Secondly, we do occasion-
aly observe double-walled nanotubes in this mate-
rial. From high-resolution TEM images, we have
measured the diameters of the SWNT bundles and
the observed double-walled nanotubes. Statisticaly,
the smallest diameter of the bundlesis ~ 4 nm, and
al of the double-walled nanotubes exhibit diameters
larger than 2.5 nm. These results lead to the conclu-
sion that in the AFM data, nanotubes that exhibit
diameters less than 2.5 nm are mostly (> 90%)
individual SWNTs. Also, we notice that the nan-
otubes examined by TEM appear free of amorphous
coating and free of topological defects at least on the
1 pm length scale.

When using silica supported catalysts in methane
CVD, we find that only bundles of SWNTs are
synthesized. The SWNT bundles have diameters be-
tween 4 and 47 nm, and lengths up to tens of
micrometers. In Fig. 3ab respectively, we show
typical low- and high-magnification TEM images of
SWNT bundles produced by a Fe,O,/silica catalyst.
The well-resolved and aligned fringes (Fig. 3b) sug-
gest that the nanotubes are well packed in each
bundle. High-magnification TEM images have al-
lowed statistical measurements of the spacing be-
tween fringes in several bundles. We find that the
spacing is constant within each bundle. By tilting our
sample in the TEM, we do observe variation in the
spacing between nanotube fringes in a given bundle.
These results suggest that the individual SWNTsin a
same bundle are nearly monodispersed in diameter.
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NiO, CoO and NiO/CoO catalysts are prepared
by starting with Ni(NO,), - 6H,0, Co(NO,), -
6H,0, and a mixture of Ni(NO,), - 6H,0/
Co(NO,), - 6H,0, respectively. These catalysts in
methane CVD have led to interesting but complex
results. First, none of the NiO/aumina and
NiO/silica catalysts produced SWNTs. Secondly,
Co0O and NiO/CoO catalysts produced SWNTSs only
on one of the alumina or silica supports (Table 1).
Fig. 4a,b show TEM images of SWNTs synthesized
on CoO/alumina, NiO/CoO/silica cataysts, re-
spectively. In the materia synthesized on the
NiO/CoO/silica catalyst, we have observed only
SWNT bundles. In contrast, small bundles and the
occasiona individual SWNTs are observed on the
CoO /aumina catalyst. Thirdly, the yield of SWNTs
appears much lower than the Fe,O; catalysts. Cur-
rently, a quantitative measure of SWNT vyield in our
materials is lacking. Yield is only estimated by
counting the number of nanotubes around a given
volume of particles from TEM data.

4, Discussion

We believe that a number of variables in our
CVD approach are key to the success of obtaining
high-quality SWNTs. First, we chose methane as
carbon feedstock at temperatures on the order of
1000°C. Methane is known to be the most kinetically
stable hydrocarbon that undergoes the least pyrolytic
decomposition at high temperatures. Therefore, the
carbon atoms needed for nanotube growth are sup-
plied by the catalytic decomposition of methane on
transition metal surfaces. This is one of the main
reasons that the synthesized nanotubes are nearly
free of amorphous carbon coatings caused by self-
pyrolysis of methane. Secondly, we limit CVD reac-
tion timesto ~ 10 min at a high methane flow rate
to prevent amorphous carbon accumulation. Previous
methane CVD syntheses of carbon fibers and multi-
walled nanotubes have found and utilized the build-

ing up of carbon over-coating to an appreciable
thickness (sub-micrometer) over a time period of
several hours near 1000°C temperatures [6,16,17].
Thirdly, so far, we find that supported Fe,O, cata-
lysts produces SWNTs much more efficiently than
NiO, Co, and the NiO/Co mixture. Note that using
X-ray photoelectron spectroscopy (XPS) on the cata-
lyst made from Fe(NO,);-9H,0 and heated to
1000°C for 5 min in argon, we have confirmed that
the active catalyst composition is Fe,O,.

To understand the growth mechanism of SWNTs
in the methane CVD process, we have carried out
systematic TEM imaging of nanotube ends that are
easily observable in our materials. In Fig. 1b (inset),
we show atypical high-resolution TEM image of the
end of an individual SWNT synthesized on the
Fe,O,/aumina catalyst. With all of the materials
listed in Table 1, we can only observe one end of a
individual SWNT or a bundle. The other end is
aways found buried in particles. Furthermore, all of
the ends that we have imaged so far appear closed
and contain no metal particles.

Based on the states of the nanotube ends, we
propose that SWNTSs in our methane CVD processes
grow via the ‘base-growth’ mechanism. Previousy
work on CVD synthesis of carbon fibers and nan-
otubes have found that the initial growth step in-
volves absorption, decomposition of hydrocarbon
molecules on a catalyst particle, and diffusion of
carbon atoms into the catalyst bulk from a supersatu-
rated catalyst surface [10,18,19]. We believe that this
first step applies to our current process. However,
the ‘base-growth’ model proposes that a nanotube
lengthens with a particle-free closed-end, and carbon
feedstock is supplied from the base where the other
end of the nanotube interfaces with the catalyst
material [10,18,20]. Thus, the ‘ base-growth’ is the
dominating growth mechanism for our SWNT mate-
rials. In contrast, the ‘tip-growth’ model proposes
that a nanotube lengthens while carrying away a
metal catalyst particle at its end [10,18,20]. The
carried-along particle supplies the carbon feedstock

Fig. 2. (a) Tapping mode AFM image of carbon nanotubes produced on the Fe,O;/alumina catalyst. Z range (dark to bright): 4 nm. Scale
bar: 0.5 wm. Sonication may have caused some of the short nanotubes [25]. (b) Diameter histogram of nanotubes determined from AFM

data.
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Fig. 4. (@ TEM image of SWNTs synthesized with the CoO/alumina catalyst. Scale bar: 25 nm. (c) TEM image of a SWNT bundle

synthesized on the NiO/CoO/silica catalyst. Scale bar: 50 nm.

for growth. This *tip-growth’ mechanism does not
apply to the current SWNT materials, since al the
observed ends appear closed and particle-free. Nev-
ertheless, we point out that, SWNTs synthesized in
the CO-MoO, CVD approach [14] are results of
‘tip-growth’, since most of the observed nanotube
ends do contain a metal nanoparticle [14].

The distribution of active catalytic particles on a
support should dictate the type of SWNTSs that are
produced. As described earlier, the Fe,O,/aumina

catalyst yielded abundant individual SWNTs, while
the Fe,O,/sllica catalyst yielded abundant SWNT
bundles. We rationalize these results by considering
the structures of the catalyst support materias. The
fumed-aluminamaterial consists of crystalline 6-form
Al,O; nanocrystals. [21] These nanocrystals are
anisotropic since they contain crystal edges and cor-
ners. Therefore, different types of metal catalytic
particles may form on the alumina particles. This
leads to catalytic particles of varying sizes and distri-
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butions, thus producing a mixture of tube types. In
contrast, the fumed silica has an amorphous structure
[22] and an isotropic surface. We believe that active
catalyst particles on this isotropic support are uni-
formly and closely distributed. Therefore, the SWNTs
nucleated on the close-by catalyst sites grow into
bundles to maximize the van der Waals interactions
between the walls of the nanotubes.

A detailed understanding of the different transi-
tion metal-oxide catalysts is currently lacking and
requires future studies. We note that previoudly, Fe,
Ni, Co, and mixed Ni /Co catalysts have all success-
fully produced SWNTSs in laser-ablation and arc-dis-
charge approaches [1-4,23,24]. Interestingly, in arc-
discharge, SWNTSs have been synthesized using Fe
catalyst when methane is present in the discharge
chamber [1]. Future work is also required to further
explore (1) detailed pictures of nanotube growth as
well as nucleation, (2) various catalyst compositions
and concentrations, (3) new types of catalyst support,
and (4) optimum growth conditions. The methane
CVD approach could bring new possibilities to
nanoscale science and technology.
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