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Synthesis of Carbon Nanofibers from Carbon Particles by
Ultrasonic Spray Pyrolysis of Ethanol

Jianhui ZHANG, Ishwor KHATRI', Nonmembers, Naoki KISHI', Tetsuo SOGA ™,

SUMMARY  We report the growth of carbon nanofibers (CNFs) from
carbon particles by chemical vapor deposition (CVD) with ultrasonic
neblizer using ethanol as carbon source. Dense CNFs having diameters
of several tens of nanometers have been successfully synthesized by the
CVD without using any metal catalysts. The carbon particles formed from
decompostion of fullerene were found to be suitable for the synthesis of
CNFs. Details of the optimum conditions for producing CNFs and the ex-
pected growth mechanism are also described.
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1. Introduction

Carbon naofibers are filaments or whiskers of carbon which
have diameters less than 500 nm. The CNFs have a high as-
pect ratio, and hence the lengths of nanofibers are usually in
the range of few micrometers or more. In general, the car-
bon nanofibers are constructed by amorphous carbon [1]. It
has resulted very atractive materials owing to their unique
chemical and physical properties. And many potential ap-
plications have been proposed; such as resin material, fuel
cell [2], electron field emission source [3], interconnects [4],
energy storage [5], capacitors [6], battery electrodes [7] etc.
Several studies have been investigated for synthesis of
CNFs by chemical vapor deposition (CVD) [8]. The CVD
technique is a simple and low-cost method, and it is thought
to be used for mass production. In traditional method, the
horizontal furnace is the most popular configuration for the
production of carbon nanofibers [9]. Synthesis of CNFs in-
volves supporting of metallic (Ni, Fe, and Co or alloys) par-
ticles on oxides form or other materials for carbonization
of gaseous precursor by catalytic pyrolysis (thermal CVD
synthesis) [10]. For example the CNFs having diameter of
about 100 nm have been synthesized by using Co and acety-
lene as catalyst metal and carbon source, respectively [11].
The CNFs samples synthesized by CVD generally need
the purification processes, because of the existence of metal
catalysts. In this use of Co-catalyst as case, the TGA of an
as-produced sample shows that the sample contains 23wt.%
catalysts. Even after purification with hydrochloric acid
the sample still has 10wt.% of the remained catalyst metal.
Thus, this is obviously that achieving completely purified
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CNFs for device application is still a challenging work. To
obtain CNFs sample having no metal catalysts, nobel syn-
thesis method without using any catalyst metals is required.

In the present study, we have obtained CNFs that have
diameter of about 20 nm without using any metal catalyst.
This method produces mist of carbon sources by ultrasonic
spray pyrolysis for the synthesis of CNFs. This is the
promising method to grow carbon nanofibers.

2. Experimental

Figure 1 shows the schematic diagram of the CVD appara-
tus. The ultrasonic nebulizer is connected to quartz tube and
N; gas cylinder. Si (100) substrates of size 10 mm X 10 mm
were cleaned in acetone and methanol by ultrasonicator fol-
lowed by deionized water and finally dried using nitrogen
blower. The substrates were kept in the quartz boat, which
was then placed at the center of the quartz tube. The one end
of the quartz tube was attached to ultrasonic spray pyroly-
sis and other to the gas bubbler. Deposition was performed
at different reaction temperatures ranging from 650°C to
950°C. Fullerene was used as the source of carbon parti-
cles and ethanol was used as carbon source. Before allow-
ing ethanol/fullerene (100 ml/0.1 g) mixture to enter into the
quartz tube, the electric furnace was allowed to attain the
desired temperature. When electric furnace has reached the
desired temperature, ultrasonic nebulizer was switched on.
Ethanol/fullerene mixture was change to thin mist. Flow
of N, was maintained to pass this mist inside the electric
furnance. After deposition the furnace was switched off
and allowed to cool down the temperature below 100°C.

Electric furnace ) Flow
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/
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Fig.1  Schematic image of the apparatus of the CVD.
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In spray pyrolysis method [12], mist of fullerene/ethanol
can not be produced, although vaporization and pyroysis
of carbon source occurs simultaneously. But fullerenes
will not dissolve in ethanol. So, a simultaneous passes
of ethanol and fullerenes is not possible in spray pyroly-
sis, whereas in ultrasonic spray pyrolysis, electric vibrators
(1.65 MHz, Atom Medical Corp-Modle 303) produces mist
of ethanol and fullerene. Finally, CNFs were removed from
the Si for characterization by scanning electron microscope
(SEM, Hitachi S-3000H), transmission electron microscope
(TEM, JEOL JEM-4000 EXII), themo-gravimetric analy-
sis (TGA, THERMOFLEX TG-DTA TG8110) and Raman
spectroscopy (JASCO, NRS-1500 W). The excitation wave-
length in the Raman measurements was 532 nm.

3. Results and Discussion

3.1 Synthesis of CNFs from Carbon Particles by Ultra-
sonic Spray Pyrolysis of Ethanol

Figure 2(a) shows a SEM image of CNFs synthesized at
750°C. Dense CNFs were successfully deposited on the Si
substrates. Figure 2(b) shows a TEM image of an individual
CNF, having a diameter of about 20 nm. The TEM obser-
vation indicates that the present CNFs were amorphous car-
bon condition as shown in Fig. 2(c). However, in the case
of ultrasonic spray pyolysis method using ethanol and metal
catalyst at 850°C CNTs were obtained [13]. We found that
the present CNFs have a black spot on the bottom of CNFs
by the TEM observations which are shown in Figs. 2(b) and
(d).

We expect that such particles have been originated
from the fullerene. To identify whether the particles are
constituted from the carbon, we used TGA by measuring
the amount of residue. Figure 3 shows the TGA curve of
CNFs sample synthesized at 750°C. TGA was measured in
the static-air. TGA analysis was normalized at 200°C. The
reason for this normalization is that CNFs might have ab-
sorbed water vapor from air, which could influence TGA
curve. At 200-500°C, TGA curve was slightly declined;
that is attributed to organic decomposition of thermally un-
stable carbon group formed on the surface of CNFs [14].
The weight loss of CNFs was clearly observed from 500°C.
We have observed no impurity residues after the measure-
ments. This result indicates that the present sample has no
metal catalysts and the particles at the bottom of CNFs are
consisted of carbon materials originated from the fullerenes.

To investigated the structure of fullerene under the
CVD temperature, we measured Raman spectra of fullerene
samples annealed at the reaction temperatures (650-950°C)
in Np. Figure 4(a) shows the typical Raman spectra of
the pristine fullerenes sample. We observed a peak around
1460 cm™! corresponding to tangential A, mode [15]. The
two peaks (G and D) are clearly observed from the samples
annealed at 650°C to 950°C. G-peak corresponds to tangen-
tial stretching mode (E»,) of sp® carbon atoms and D-peak
originates form disorder in the sp? hybridized carbon [16].
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Fig.2 SEM and TEM images of carbon nanofibers synthesized on Si
substrate: (a) SEM image of CNFs synthesized at 750°C, (b) TEM image
of an individual CNF, (c) enlarged TEM images of the body, and (d) the
bottom of the CNF.
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Fig.3 TGA curve of the CNFs sample synthesied at 750°C substrate.
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Fig.4 Raman spectra of (a) pristine fullerene sample and those after
heating at (b) 650°C, (c) 750°C, (d) 850°C, and (e) 950°C.

This result indicates that the structured fullerene was de-
stroyed and converted to amorphous carbon in the present
conditions. And the structure of carbon particles on the bot-
tom of CNFs were speculated amorphous like one.

3.2 Growth Temperatures Dependence of Synthesis of
CNFs

Figure 5 shows the SEM image of CNFs synthe-
sized at different temperatures after passing the mist
of fullerene/ethanol into the quartz tube. The carbon
nanofibers were synthesized at all the temperatures ranging
from 650°C to 950°C. Figure 5(a) shows a SEM image of
CNFs synthesized at 650°C. Short carbon nanofibers were
observed. The yields of CNFs synthesized at 750°C and
850°C are high compared to other temperatures. At 950°C,
aggregation of carbon particles originated from fullerene
were observed.

According to these images, we expected that the
growth temperature can affect the synthesis of CNFs. The
amounts of active carbon increase with increasing growth
temperature. However, aggregation of carbon particles
are prompted by higher temperature heating, as shown in
Fig. 5(d).

Figure 6(a) shows the Raman spectra of CNFs at differ-
ent temperatures ranging from 650°C to 950°C. At 750°C
and 850°C, the intensity of G peak is slightly higher than
that of D peak. This indicates that the better graphitization
of carbon nanofibers was obtained at these temperatures.
Figure 6(b) shows the ratio of intensity of Ip/l; decreases
at 750°C, which suggests better formation of sp> hybridized
CNFs at this temperature.

3.3 Growth Mechanism of CNFs

To clarify the growth mechanism of CNFs in the present
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Fig.5 SEM images of CNF synthesized at (a) 650°C, (b) 750°C, (c)
850°C, and (d) 950°C.

CVD method, we investigated growth time dependence of
synthesis of CNFs. Figure 7(a) shows a SEM image of
CNFs formed in 3 minutes deposition. CNFs can be ob-
served in this image. Figure 7(b) shows a SEM image of
CNFs obtained after 30 minutes growth. In this condition,
longer CNFs can be seen as compare to 3 min growth. Fig-
ure 7(c) shows a SEM image of CNFs synthesized at 60
minutes. The number of longer CNFs increase with increas-
ing reaction time as shown in Figs. 7(b) and (c). However,
the diameters of CNFs of these samples are almost same as
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Fig.6  (a) Raman spectra of CNFs synthesized at: 650°C, 750°C, 850°C,
950°C. (b) Growth temperatures dependented of I /I ratio.

shown in the insets of Figs. 7(a)—(c).

In general, the growth of CNFs occurs by catalytic de-
composition of the carbon feedstock and bulk diffusion of
carbon atoms [17]. According to this reference, length of
CNFs depends on the growth time. The expected growth
mechanism of the present CNFs is as follows. First,
fullerenes become carbon particles by heating under the
CVD temperature as shown in Fig. 2(d). Secondly, ethanol
is rapidly decomposed and carbon sources are supplied to
the carbon particles. The supplied carbon atoms diffuse on
the surface of the carbon particles and form the body of
CNFs, as shown in Fig. 2(c).

As shown in Figs.7(b) and (c), short CNFs are also
observed with longer ones. The short CNFs observed in
Figs. 7(b) and (c) are CNFs, which are deposited on Si sub-
strate in short time. After introducing fullerene/ethanol mix-
ture, the growth of CNFs occurs during flowing of carbon
sources along the quartz tube. A part of flowing CNFs suc-
cessively falls on the Si substrate. The deposited CNFs be-
come longer on the Si substrate by continuous supply of car-
bon sources. Finally, mixtures of longer and short CNFs are
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Fig.7 SEM images of carbon nanofibers synthesized for SEM image of
(a) 3 min, (b) 30 min and (c) 60 min. The insets show the high magnification
images of each SEM pictures.

formed on the substrate.
4. Conclusion

In this study, we achieved synthesis of CNFs without using
any catalyst metals. We expect that carbon particles origi-
nated from fullerene, which acts as the nucleating site for the
formation of CNFs. This process can be a good alternative
to achieve all the properties of carbon nanofibers because it
does not require any further acid treatment process, which
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may destroy and reduce the nature of CNFs. A part of the
short CNFs formed during flowing of mist of carbon falls on
the Si substrate. CNFs deposited on the Si become longer
with increasing reaction time.
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