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The carbon nanotube and carbon nanoparticle that contain
fluorine on the surface were prepared by the pulsed electric dis-
charge in fluorine-containing organic liquid. The production rate
of carbon nanostructures by this method was found to be about
50 times faster than that by the “arc in liquid” method previously
reported.

Since the discoveries of fullerene' and carbon nanotubes
(CNTs),2 several kinds of carbon nanostructures have attracted
increasing attention.>®* Among others, CNTs are expected to be
applicable in varieties of area from electronics to energy, and
their mass-production methods have been extensively investigat-
ed. There are already many methods for the production of CNTs,
e.g., vacuum arc discharge’® and chemical vapor deposition.®!®
We have also developed a method based on the polymer blend
technique.'!-13

On the other hand, Ishigami et al. used the arc discharge be-
tween graphite electrodes in liquid nitrogen for the fabrication of
multiwalled carbon nanotubes (MWCNTs).!#4 After this paper,
several reports have been appeared on the fabrication of various
carbon nanostructures by arc discharge in liquid nitrogen and de-
ionized water.'>'® These methods do not require any vacuum
system nor large-scale equipment which is necessary for the
traditional arc discharging method. Recently, some “arc in lig-
uid” methods in organic liquids were reported.'”!® This “arc
in liquid” method in organic liquid is expected to increase the
variation of resulted carbon nanostructures as the organic liquid
becomes the source of carbon. Some aromatic hydrocarbons,
such as benzene and toluene, have been used as the organic lig-
uid in “arc in liquid” methods.

In this paper, we report the novel procedure as electric dis-
charge in a fluorine-containing organic liquid with applying
pulsed voltage between metal electrodes. This is to realize more
efficient fabrication of carbon nanostructures and fluorine-con-
taining surface which improves solubility of the products.'®

Ethyl nonafluoroisobutyl ether (C4F9OC,Hs (HFE-7200):
3M Co.) was used as the organic liquid in “arc in liquid” meth-
od. Apparatus used is shown in Figure 1. The length and diam-
eter of iron needle-like electrode are approximately 20 and
1.5 mm, respectively. It is attached to the holder made of brass,
and the high-voltage power supply is connected. An insulated
micropositioner is attached at the upper end. A SUS plate
(15 x 84 x 3 mm?) is connected to the ground. The high-voltage
power supply is PHF-2K (Heiden Institute) that generates pulse-
modulated sinusoidal potential with pulse width of 30 us. The
gap between the needle-like electrode and SUS plate was adjust-
ed to 0.5 mm using a micropositioner. Arc discharge was gener-
ated between iron electrodes submerged in HFE-7200 (50 mL)
in a beaker. As the applied voltage rose, the electric current
observed increased gradually, and when the former reached
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Figure 1. Apparatus for “arc in liquid” with pulse-modulated
applied voltage.

the dielectric break down voltage the arc discharge began and
the voltage fell down. The applied voltage and power between
electrodes were monitored during discharge. Experiments were
carried out by changing the pulse frequency (5-60kHz) and
discharge period (5-30s).

The obtained carbon material was analyzed by transmittance
electron microscopy (TEM) and X-ray photoelectron spectros-
copy (XPS). Little discharged solution was dropped on a micro
grid and dried before the observation using TEM (JEOL JEM-
1200EXII, acceleration voltage of 80kV). XPS (Perkin-Elmer
ESCA-5600, X-ray source of Mg Ka 15kV, 400 W) measure-
ment was carried out for the surface composition analysis after
washing the products with 50 mL of acetone three times. Raman
spectra were collected for evaluation of the crystallinity of prod-
ucts (JASCO NRS-1000, A = 532nm). The formation rate of
carbon product was calculated using the total discharge current
and dry weight of carbon product.

The colorless transparent solution generated soot-like prod-
uct by electric discharge and became muddy black. The electric
voltage and power during discharge were 3.5-5.5kV and
0.35-0.45kW, respectively. The product formation rate was
20.5 mg/A-s, which is about 50 times faster than that previously
reported for another “arc in liquid” method.!” When the pulse
frequency of applied voltage was 5 kHz, discharge hardly occur-
red, and high voltage was required. However, the surface com-
position of product did not change for different pulse frequency.
Typical TEM micrographs of obtained product are shown in
Figure 2. The dominant product was nanoparticles. The diameter
of carbon nanoparticles was approximately 5-100 nm in all ex-
periments (Figure 2a). Some nanotubes were also observed ex-
cept for the discharge with pulse frequency of 5 kHz or electric
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Figure 4. Dependence of G/D ratio on the discharge frequency
and period.

graphite electrodes. The formation rate of product was found
to be about 50 times faster than that by the “arc in liquid” meth-
od previously reported. The product consisted of nanoparticles
and MWCNTs with fluorine covalently bonded on their surface.
The crystallinity of products depended on discharge frequency.

References

1 H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, R. E.
Smally, Nature 1985, 318, 162.

2 S. lijima, Nature 1991, 354, 56.

3 S. lijima, T. Ichihashi, Nature 1993, 363, 603.

Figure 2. Typical TEM micrograph of carbon products, a) car- 4 S.lijima, M. Yudasaka, R. Yamada, S. Bandow, K. Suenaga,

bon nanoparticles, b) carbon nanotubes. Scale Bar: 100 nm. F. Kokai, K. Takahashi, Chem. Phys. Lett. 1999, 309, 165.
Surface composition of the product was estimated as C, 81.07; 5 D. Ugarte, Nature 1992, 359, 707.
0, 4.40; F, 14.53% by XPS. 6 R. S. Ruoff, D. C. Lorents, B. Chan, R. Malhotra, S.
Subramoney, Science 1993, 259, 346.
0.9 — PR — 7 E Bekyarova, K. Murata, M. Yudasaka, D. Kasuya, S.
Do d(er c )—m grzphﬁte cm) Iijima, H. Tanaka, H. Kahoh, K. Kaneko, J. Phys. Chem. B
08 2003, 707, 4681.
/ ﬁ 8 L.-C. Qin, X. Zhao, K. Hirahara, Y. Miyamoto, Y. Ando, S.
07 I Tijima, Nature 2000, 408, 50.
£ o6 G/D ratio = e / / \ 9 M. Endo, T. Takeuchi, S. Igarashi, K. Kobori, M. Shiraishi,
= , ‘\' / , \ H. W. Kroto, J. Phys. Chem. Solids 1993, 54, 1841.
05 D/ L 6 10 H. M. Cheng, F. Li, G. Su, H. Y. Pan, L. L. He, X. Sun,
///v” “\L\ M. S. Dresselhaus, Appl. Phys. Lett. 1998, 72, 3282.
0.4 - NS 11 D. Hulicova, K. Hosoi, S. Kuroda, H. Abe, A. Oya, Adv.
_ A \'WM Mater. 2002, 14, 452.
Olfooo o0 1200 1900 1400 1500 1000 1700 12 D. Hulicova, K. Hosoi, S. Kuroda, H. Abe, A. Oya, Mol.
) 1 Cryst. Liq. Cryst. Sci. Technol., Sect. A 2002, 387, 107.
Raman shift/cm 13 D. Hulicova, K. Hosoi, S. Kuroda, A. Oya, Carbon 2005, 43,
Figure 3. A typical Raman spectrum of carbon product. 1246.
14 M. Ishigami, J. Cumings, A. Zettl, S. Chen, Chem. Phys.
discharge period of 5 s. The nanotubes were MWCNTSs and their Lett. 2000, 319, 457.
diameter was approximately 10 nm. Aggregation of CNTs was 15 N. Sano, H. Weng, M. Chhowalla, I. Alexandrou, G. A. J.
observed when the pulse frequency was 30kHz and discharge Amratunga, Nature 2001, 414, 506.
period was 10 s (Figure 2b). A typical Raman spectrum observed 16 N. Sano, H. Weng, 1. Alexandrou, M. Chhowalla, K. B. K.
is shown in Figure 3. The intensity ratio (G/D ratio) of G-band Teo, G. A. J. Amratunga, K. limura, J. Appl. Phys. 2002,
(1580cm™") and D-band (1350 cm™!) of the Raman spectrum 92, 2783.
was estimated as shown in Figure 3. G/D ratio increased with 17 N. Sano, Mater. Chem. Phys. 2004, 88, 235.
the increase of discharge frequency, and it increased with pro- 18 V. A. Ryzhkov, Physica B 2002, 323, 324.
long discharge time (Figure 4). 19 E. T. Mickelson, I. W. Chiang, J. L. Zimmerman, P. J. Boul,
Carbon nanostructures were prepared by pulse-modulated J. Lozano, J. Liu, R. E. Smalley, R. H. Hauge, J. L.
discharge in fluorine-containing organic liquid without using Margrave, J. Phys. Chem. B 1999, 103, 4318.

Published on the web (Advance View) December 8, 2007; doi:10.1246/c1.2008.54



