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Carbon nanotube film synthesized from ethanol and
its oxidation behavior in air*
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In this paper, we propose an efficient way to synthesize carbon nanotube films using ferrocene and ethanol. The

as-grown film is free-standing, semi-transparent, and of macro scale size. The tubes in the film are mostly single- or

double-walled. The oxidation behavior of the film is studied via Raman spectroscopy, and the result indicates that the

inner wall of the double-walled tube is effectively protected from oxidation by the outer wall.
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1. Introduction

Since its discovery in 1991,[1 carbon nanotubes
(CNTs) have been drawing the interest of scientists
worldwide due to its unique physical properties and
potential applications.l? Carbon nanotube films, as a
kind of macro structure of carbon nanotubes, are more
convenient to handle with than the individual tubes or
small bundles of tubes in nano-scale. The film struc-
tures of the tubes preserve some excellent properties
of CNTs and have many potential applications.!3—11]
Nowadays, the film can be obtained by filtration depo-
sition of carbon nanotube solutions,['? drawing verti-
cally aligned CNT array,® or by chemical vapor de-
position process.[14~16]

In this paper, we report a new method to synthe-
sis macro scale films of CNTs based on the chemical
vapor deposition (CVD) technique, in which ethanol is
used as the carbon feeding source and ferrocene serves
as the catalyst precursor. During the growth and de-
posit process, tubes would assemble into a film auto-
matically. This is a more economic and more efficient
way to obtain carbon nanotube films comparing with
the other existing methods.['?~1% We analyze the in-
fluence of ethanol feeding rate on the final films and
find that more carbon feeding would lead to more lay-
ers of tubes in the films. We also investigate the oxida-
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tion behavior of the as-grown film in the air by using
the Raman spectroscopy, and the results indicate that
the inner tubes of the coaxial tubes are protected by

the outer ones during the oxidizing process.

2. Experiments

In our experiments, we use a home-made CVD
equipment to synthesize the films. The basic setup of
our CVD system is shown in Fig. 1. It mainly consists
of a two-stage furnace and a control system of gas flow
and temperature. Ethanol in a glass bottle is water-
bathed, and the resulting vapor is carried into furnace
A by Ar carrier gas (as indicated by the black arrows).
The catalyst precursor (ferrocene) is placed in furnace
A, where it is heated up and sublimated. The mixture
of ethanol vapor and sublimated ferrocene is carried
into furnace B by another argon flow with a larger flow
rate. In furnace B, ethanol is subjected to pyrolysis
at 1100 °C to grow carbon nanotubes. The temper-
ature of water-bath is 30-50 °C. The temperature of
furnace A is around 100 °C. The carrier gas flow rate
for the ethanol vapor can be varied from 15 sccm to
150 sccm, and that for the mixture of ethanol vapor

and sublimated ferrocene is ~ 500 sccm.
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Fig. 1.

Experimental setup for synthesis of the film.

In furnace A, the catalyst is sublimated and then

transported into furnace B carried by the mixture flow of argon and ethanol vapor.

The as-grown film adheres to the inner surface of
the quartz tube and can be peeled off easily to ob-
tain a free-standing film. We analyze the films by us-
ing scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and Raman microscopy.
Figure 2(a) shows an optical image of the film, from
which we can see that the film is semi-transparent
and homogeneous over several square inches. The
SEM image in Fig. 2(b) shows the structure of the
film, which is constituted of highly entangled nan-

otube bundles. Figure 2(c) is a TEM image of the
film. We can identify the diameters and the walls
of the nanotubes in the film. A rough analysis from
some TEM images shows that the tubes in the film
are mainly single- or double-walled, and there also ex-
ist a very small amount of triple-walled tubes. The
diameters of the tubes range from 0.9 nm to 2.5 nm.

This result is in general agreement with the estimation

from the Raman spectra.

Fig. 2. The morphology of as-grown film. Panel (a) is an optical image, which shows that the film is semi-transparent;

panel (b) is an SEM image of the film surface; and panel (c) is a TEM image showing the double-walled tubes in the

bundles.

3. Results and discussion

We analyze the Raman spectra of the films grown
under different ethanol feeding rates. The spectra are
obtained with a Raman microscopy using 514 nm and
633 nm lasers. The results are shown in Fig. 3.

For all spectra shown in Fig. 3, the peaks around
180 cm ™! and 210 em ™! are most intense, this can be
attributed to the single-walled tubes with diameters
around 1.3 nm and 1.1 nm. According to the Kataura
plot (Fig. 4),17 the energy gaps of nanotubes with
these diameters (dy) match with the photon energy
of the incident laser (2.41 eV), and the intensity is

enhanced by the resonance.

The difference between Figs. 3(a) and 3(b) is sig-
nificant. The dominating peaks around 180 cm™! in
Fig. 3(a) decrease greatly when the carrier gas flow
rate for ethanol is doubled from 50 sccm to 100 scem,

L and

at the same time, the peaks around 210 cm™
250 cm~! arise. Figures 3(b) and 3(c) are very simi-
lar except that the peak around 160 cm™! decreases.
This indicates that the ratio of tubes around 1.5 nm
decreases. Since the intensities for tubes with big di-
ameters are usually very weak, this limits our observa-
tion to tubes with diameters smaller than 2 nm. From

the analysis above, we can conclude that as the carbon
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feed rate increases, the ratio of tubes around 1.3 nm
decreases, and smaller tubes are enriched.
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Fig. 3. Raman spectra of films grown under different

ethanol feeding rates. The laser wavelength is 514 nm.

For the spectra shown in panels (a), (b), and (c), the car-
rier gas flow rates for ethanol are 50 sccm, 100 sccm, and
150 sccm, respectively. The other growth parameters are

all kept unchanged.

According to the TEM images, there are many
double-walled tubes in our samples. We can assign the
peaks above 200 cm ™! to the inner tubes, and the oth-
ers to the outer tubes of the double-walled tubes and
the single-walled tubes. Judging from the RBM fre-
quencies, the diameters of the inner tubes are within
0.9-1.3 nm, while the outer tubes are above 1.7 nm

in diameter, this result is in accord with our TEM re-
sults. Based on this assignment, we can further con-
clude that when we increase the carbon feed rate, the
ratio of double-walled tubes in the as-grown film in-

creases.
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Fig. 4. (colour online) The Kataura plot for nanotubes.
In this figure, open circles denote semiconductor tubes,
and solid circles denote metallic tubes, the laser wave-
lengths are 514 nm (2.41 eV) in panel (a) and 633 nm
(1.96 eV) in panel (b).

In order to investigate the oxidation behavior of
such a film, we cut the film grown under 50 sccm
ethanol feeding rate into many smaller pieces, and
then expose the pieces in air at different temperatures
for one hour. Finally, the Raman spectra of those
pieces are collected and analyzed. During the whole
signal collecting process, the configuration of the mi-
croscope is kept unchanged in order to compare the
Raman spectra collected from different samples.

Figure 3(a) gives the original spectrum of the as-
grown film under 514 nm laser, which is a very typical
RBM profile. Figure 5(a) is the spectrum obtained
after the 400 °C oxidization in air, which shows little
variation except for the peak around 180 cm~!. Figure
5(b) shows the spectrum obtained after the 520 °C ox-
idization in air, from which we can see that two holes
appear in the profile. Figure 5(c) is the spectrum of
the sample oxidized at 640 °C, which shows a further
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hole-burning behavior.
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Fig. 5. Raman spectra of samples oxidized at (a) 400 °C,
(b) 520 °C, and (c) 640 °C for one hour. The laser wave-
length is 514 nm.

It is commonly accepted that smaller diameter
tubes are more active and easier to be burned since
the large curvature of the graphene layer.['8:19 But
the above hole-burning behavior indicates that some
bigger tubes are oxidized, while the smaller tubes sur-
vive. Since there are many double-walled tubes in our
film, this phenomenon can be explained by the protec-
tion provided by the outer layers to the inner layers
of the double-walled tubes.

Unlike the case of in situ oxidation,2 our sam-
ples are exposed for oxidation for long enough time,

thus if the outer layer of a double-walled tube has been
corrupted, its inner layer should also have been oxi-
dized. The tubes in the final samples are all in their
original structures. From the estimation formulal?!
d = 248/w, the peaks around 180 cm~! are corre-
sponding to the tubes with the diameter of about
1.3 nm. In Fig. 5(a), the peak weaken is caused by
the oxidation of tubes with this diameter. When fur-
ther oxidized, the tubes with larger diameters begin to
be oxidized, the low frequency part of Fig. 5(b) shows
this tendency. At the same time, the high frequency
end raises, which indicates that the ratio of small di-
ameter tubes raises.

Figure 6 gives the Raman spectra of the same
samples obtained with the 633 nm laser. Figure
6(a) gives the spectrum of the original film, and fig-
ures 6(b), 6(c), and 6(d) give the spectra of samples
after 400 °C, 520 °C, and 640 °C oxidation, respec-
tively. The difference in the Raman profiles shown
in Fig. 6 is not as significant as that in Fig. 5. The
peaks around 140 cm ™! and 210 cm ™! are always the
strongest during the oxidation processes. These two
peaks are corresponding to the tubes with the diame-
ters of 1.8 nm and 1.1 nm, respectively. They are kept
uncorrupted during the oxidation.

The peaks around 180 cm ™! and 245 cm ™!, which
appear under the 514 nm laser, are very weak here.
They are corresponding to the tubes with the diam-
eters of 1.3 nm and 1.0 nm, respectively. According
to the Kataura plot, the tubes with diameter 1 nm
will not resonate with the incident laser (1.96 eV)
here, and the tubes with diameter 1.3 nm will res-
onate with the 633 nm laser if they are metallic (see
Fig. 4(b)).
diameter around 1.3 nm in our samples are mainly

Thus we may infer that the tubes with

semi-conductive.
In both Figs. 5 and 6, there exists such a tendency

L increase

that the intensities of peaks around 165 cm™
with the increase of the oxidation temperature, while
the intensities of peaks around 155 cm~! show a sign
of decrease. This indicates that there are inner tubes
around 1.4 nm and single walled tubes around 1.5 nm.
As the temperature increases, the latter will be oxi-
dized.

From the analysis above, we can draw a conclu-
sion that the single-walled tubes are oxidized gradu-
ally and the remaining small diameter tubes are the
inner tubes of the double-walled tubes. They are pro-

tected from oxidation by their outer layers.
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Fig. 6. Raman spectra of sample oxidized under different temperatures ((a) original, (b) 400 °C, (c) 520 °C,
(d) 640 °C) for an hour. The laser wavelength is 633 nm.
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