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We have developed a continuous synthesis technique to produce carbon
nanostruc_“rures using a well-c’ontrolled Aplasma jet.  In this method, nmnérous fiber-like
'stfucmrés can be produced readivly.k usfng CH,4 gas and H; gas without a éatalyst; Withqut a
B CatalySt’ ‘carbon nanostructures that have small diameters in the range of ‘abo,ut 16-100 nm are

“mostly _prociuced. The effect of metalk 'cétaflystst on carbon nanostructure syhthesis is_élso
'}_st‘udie'd. Thevyiclds‘ of carbon-nanos*tructvu;esk,aAre ‘djamaticélly increased v’us‘ing Ni~§ubstrate
. and/or N1 ?owée;s-in the gasfphaSe sy;ithesis of CH. and H,. |
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1. Introduction

Recently, much attention has been paid to both the control of the growth vdirection and
mass productiQn of high-quality carBon nanotubes (CNTs) owing to their possible
applications, such as in field emission devices.” An arc discharge method and
plasma-enhanced.chemical vapor deposition (PECVD) are Widely used for the prepargtion of
carbon nanostructur_es.z’3 ) CNTs prepared by the érc discharge method have a higher degree of
crystallinity and a lower nﬁmber of defects than those prepared by PECVD.” Nevertheless,
CNTs prodﬁced by the arc discharge metho;l also exhibit a wide diameter distribution.
Furthermore, those me;thods are based on a discontinuous process. Thérefore, we have studied
the continuous synthesis method of CNTs using a thermal plasma reactor based on a forced
constricted-type plasma jet generator.”) |

Thermal plasﬁa processing using a plaéma jet with a high speed and a high heat
capacity is one of the most promising methods for synthesizing new méterials. So far, we
have reported the rapid ksynthesis orf ferrite and diamond films ﬁom.powders or gases using
thlS reactor.>” The synthesis of carb;)n nanostructures or.CNTs using a plasma jet was studied

#1D: in these studies, catalysts are needed for the preparation of carbon

by some authors
nanostructures and the arc current is high (-300 A). We have also tried the synthesis of carbon
nanostructures without a catalyét using a low-power jet. W¢ have conﬁﬁned that carbon

nanostructures are synthesized readily .ﬁsiﬁg only CHy gas as a matérial.ll) By adding kHz gas
as an assist gas, the level of production of carb;)n nanostructures is increased.

‘Based on our previous results, in this study, we further investigate optimum

conditions for carbon nanostructure synthesis and discuss gas-phase synthesis techniques



with a continuous process in detail. The effects of Ni substrate and Ni powders on the
synthesis of carbon nanostructures are also discussed to produce uniform-sized and

well-aligned carbon nanostructures.

2. Experimental Methods

'(The schematic diagram of the plasma jet reactor system used in this Stl\ldy is shown in
Fig. 1. The reactor consists of a forced constﬁcted—type _t)lasma jet generator (Cu nozzle
anode of 5 'mm.in diameter, Cu-insulated.constr‘ictor nozzle of 5 mm in diameter, and rod
cathode made of 2 % Th—W), a feed ring (nozzle of 5 mm in diameter), a feaction chamber
(370 mm in width, 390 mm in dépth, 610 mm in lehgth) and a substrate holder.

Experiments are performed under continuous pumping and flowing of Ar gas. The
plasma jet i§ produced by dirept-current arc discharge. As the insulated constrictor nozzle is
' - set between the nozzle anocie and the éathode, arc length is always kept coristan"c and the
nozzle wall strongly constricts the arc with the working gas. Then, a stable plasma jet with
high heat capacity is produced under various operating condi’cionys.5 ) For synthesis of carbon
nanostructures, CHy gas is used as material gas and H, gas is used as assist gas. The gas
mixtures are injectéd into the plasma flow of a high—temperature region directly through two
_capillary feeding ports of thé feed ring. |

Experiments have beeﬁ performed under the following conditions: working gas (Ar}
flow rate Q,, is 20 1/min; jet power W} range is 5-8 kW; distance from the feed r_ing exit to
substrate L is 100 mm; pressure in the reaction chamber P, is 760 Torr; material gas (CHy) |

~ flow rate O, range is 0.2-0.3 I/min; assist gas (H,) flow rate Q, range is 3-8 1/min; processing



duration time T range is 30 s-10 min; and .materials of the substrate are stainless steel
(SUS304), Ni, and Si.

Prepared soot is characterized Ey scanning electron microscopy -(SEM), energy .
dispersing X-ray (EDX) analysis for consistency and Raman spectroscopy.
3. Results and Discussion

We have reconfirmed that carbon nanostructures are synthesized contmuously using
only CH, gas.'" Figure 2(a) shows an SEM image of the products on the substrate (SUS304).
Numerous’ fiber-like structures can be clearly observed. The diameters of the products were
distributed over a wide rangé from 40 nm t0 200 nm. Figure 2(b) shows the results of an EDX .
analysis of the product;. As shown clearly, only the characteristic peak of carbon (C) is
observed, and other peaks of elecfrode or substrate metals are not observed. Therefore, the
products are kmade of carbon, and are synthesized using a well-controlled plasma jet with no
catalyst metals.

The yields of the products of cai‘boﬁ clusters similar to those of amorphou.s carbon
increase with increasing processipg time. In diamond synthesis, hydrogen plays an important
role.” Graplﬁte and amorphous carbon prepared on the substrate are removed by etching with
atomic hydrogén. As a result, product yield is eﬁhanced. We also eXpect these effects in the
present e);p'eriment. With the injection of H, ga's,, amorphous c'arbor)x is removed and the
production of carbon nanostructures is enhanced. The synthesis (;f cafbon nanostructures with

H, gas is tested.

Figures 3 and 4 show SEM images of products for two different conditions of H, gas



flow rate. One condition is O, = 3.0 I/min in Fig. 3, vand the other is O, = 8.0 /min in Fig. 4.
Innumerable small seam marks exist on the substrate, and carbon nanostructures are formed
along these marks. When H, gas is injected, the carbon clusters similar to amorphous carbon
are hardly observed with processing time. In addition, product yieldé are increased with the
H, gas. injection compared with using only CHy gas. Thérefore, H, gas injection is effective
for the continuous synthesis of carbon nanostructures. In this case, the production of
nanostructures with the highest yield is achiéved when Q,,/Q, = 1/25 I/min. At the same time,
the yield is increased by about a factor of ten compared_ with that without ﬁz gas injection.
Therefore, in the following experiments, the preparation of nanostructures is examined with
H, gas injection at this rate.

| The effect of metal on carbon nanostructure synthesis is stud_ied. Because Ni is one of
the catalysts commonly used in 'the synthesis Qf CNTs, carbon nanostructgres are prepared
using Ni powders or Ni substrates. Although carbon nanostructure synthesis using substrat‘es
as the catalys:/t is a general step in PECVD, the effect of Ni powders can also be studied using
our plasma jet device. We have tried carbon nanostrucfure synthesis with two methods using -
Ni. In both methods, thc; production of carbon nanostructures is enhanced.

First, the results of using Ni powders are shown in Fig. 5. In this case, Ni powders are
injected kint.o the plasma jet through the feed ring With CH; gas and H, gas. Figure 5(a) shows
an SEM image of the products. In Fig. 5(a), it can be observed that many straight products
have grown. The diameters of the products are nearly equal; and are about 250 nm. The Ni
particles can be observed in the center of the carbon nanostructures. Figure 5(b) shows the

results of an EDX analysis of the products. The spectra of Ni can also be observed clearly



unlike in Fig. 2(b). According to the quantification by EDX analysis,. the products are |
composed of two elements, namely, C: 90.5% and Ni: 9.5%. The diameter of the carbon
nanostrucfﬁres is nearly the same as the digmeter of the catalysts.'? Therefore, the diametgr
(ab‘out 250 nm) of the synthesized carbon nanostructures might depend strongly on the size of
Ni particies in the plasma flow and plasma jet. Figure 5(c) shows the Raman spectrum of the
products. Peak spéctfa near 1600 cm™ in the G-band énd near 1400 cm™ in the D-band afe
well confirmed. The peak spectrum near 1400 cm™ is présumed to be due to defects of carbon.
The cfystallinify of the products is determined by the intensity ratio of the peak spectrum in
the G-band (I5) to the peak spectrum in the D—bénd (Ip)- Thé intensity ratio between the two
peaks (I¢/Ip) is 1.41. A genefal crystallinity level is estimated using the ratio Ig/ID.. When the
ratio is high, crystallinity is also high. The intensity ratio of 1.41 con;espoﬁds t§ the intenéity

ratio of typical carbon nanofibers (CNFs)"

(The intensity ratio of CNTs is 10 or more).
Finally, we study the effect of Ni substrates on the synthesis of carbon nanostructures.
Figures 6(a) and 6(b) show an SEM image and a Raman spectrum  of ‘the products,
respecti{/ely. Numerous bundles and intricate structures can be observed in Fig. 6(a). The
products are distributed over large areas on the Ni substrate. The’ diameters of the products
arer smaller than tﬁose shown in Fig. 5(a) and these -are aboﬁt 100 nm. In Fig. é(b), the
intensity ratio bétween the; two peaks (Ig/Ip) is 1.31. This intensity ratio corresponds to the
intensity ratio of typical ’CNFs as products using Ni powders. As the characterization of
carbon nanostrﬁctures by EDX analysis is almost the same as that shown in Fig. 5(b), Ni is

also included in the products of carbon nanostructures. Therefore, there are no qualitative

'diﬁ',erences between the two carbon nanostructures shown in Figs. 5(a) and 6(a). By using Ni



substrates or Ni powders, the synthesis of CNFs with‘almost uniform size was possibl¢
performed. However, the quality of thé products is not high because, és shown in the Rarﬁan
spectra of the products in Figs. 5(c) and 6(c), the half-widths of the G-bands are wide. In the
ﬁltﬁfe, details in prdduction mechanism should be clarified for synthesiziné high-quality
carbon nanostructures. |
4. Conclusions
We have studied the synthesis of carbon nanostructures in the gas phase using our
newly designed thermal plasma ,reactovr. By using H, gas as an assist gas, the production of
carbon nanostructures is enhanced and carbon clﬁstefs similar to amorphous carbon are
hafdly observed. Thus, our thermal plasma process enables a continuous synthesis of carbon
nanostructures without catalysts. Furthermore, products with nearly the same diametersly are
synthesized using Ni substrate and Ni pbwders. The crystallinity of the pfoducts vsynthesized
. using dur thermal plasmé reactor corresponds to the crystailinity of CNFs. In the future, the
‘optimum conditions for the mass production of high-quality CNTé and -, CNFs should be

further disc‘uss‘ed.
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Figure Captions

Fig.1 Schematic diagram of thermal plésma reactor system with forced constricted-type
plasma jet generator. '

Fig.2 Characterization of carbon nanostructures prepared on substrate (SUS304) : (a)
" SEM image and (b) EDX analysis. The experimental conditions are as follows
working gas (Ar) flow rate Q,,= 20 I/min, pressure in the reaction chamber P,= 760
Torr, jet power W;= 5 kW, distance from the feed ring exit to substrate L = 100 mm,
material gas (CHy) flow rate O,,= 0.3 I/min, assist gas (H,) flow rate O, = 8.0 I/min
and processing duration 7= 10 min.

Fig.3 SEM images of carbon nanostructures prepared on substrate (SUS304), where O, =
3.0/min : (a)Image and (b) magnified view of large quantity of products.

Fig4 SEM images of carbon nanostructures prepared on substrate (SUS304), where O, =
8.0/min : (a)Image and (b) magnified view of large quantity of products.

Fig.5 'Characterization of carbon nanostructures prepared on Si substrate with Ni powders,
where 7 = 30 s : (a) SEM image, (b) EDX analysis results, and (¢c) Raman
spectrum. o

Fig.6 _Characterization of carbon nanostructures prepared on Ni substrate : (a) SEM
image and (b) Raman spectrum. ~ '
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