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In this review, we focus on the synthesis of multiwalled and single-walled carbon
nanotubes (MWNTSs and SWNTs, respectively) by an arc discharge method. MWNTSs can
be obtained in the cathode deposit of the dc arc discharge of pure graphite rods. Ambient
gas plays an important role, and pure hydrogen gas is the best gas for obtaining high-
crystallinity MWNTSs. A thin innermost tube of less than 0.4 nm diameter and a carbon
nanowire including a carbon chain can be produced by a hydrogen-ambient dc arc discharge
method. The Raman spectra of MWNTSs are important because radial breathing modes with
frequencies higher than 300 cm™ and a new Raman band near 1850 cm™ appear. In the case
of SWNT synthesis by an arc discharge method, the incorporation of catalytic metal particles
in a graphite anode is necessary, and SWNTs are obtained as soot in an evaporation chamber.
By an arc-plasma-jet method wherein two electrodes are placed at a sharp angle, the yield
of soot including SWNTs is increased by decreasing the amount of cathode deposit. In
particular, the arc evaporation of a graphite rod with a pure Fe catalyst in a gas mixture
(hydrogen + inert gas) is effective for obtaining macroscopic SWNT nets. The purification
of the SWNTs nets by heat and hydrochloric acid treatments is easy.

1. Introduction

The arc-plasma evaporation of pure graphite rods led to the discovery of carbon
nanotubes (CNTs) by lijima.! The arc apparatus used was the same as that for the
production of ultrafine SiC particles® by a gas evaporation method.®” CNTs were obtained
in the cathode deposit prepared by a dc arc discharge method in rarefied He gas.!¥ The first
specimen in which Iijima found CNTs was prepared by one of the present authors (Y. A.).

“Corresponding author: e-mail: yando@ccmfs.meijo-u.ac.jp
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The cathode deposit was obtained as a byproduct of fullerene production® by the arc
discharge evaporation of pure graphite rods. The arc discharge method for producing
fullerene is a modification of Kritschmer’s method® for evaporating two carbon rods in
contact by ac resistance heating. By separating the contact and applying a dc arc discharge
between two pure carbon rods, the evaporation of the anode carbon realized the mass
production of fullerene.®” This arc evaporation of carbon electrodes produced a deposit on
the cathode, which included multiwalled carbon nanotubes (MWNTSs).() The smallest
innermost tube of MWNTs was obtained by this method in pure hydrogen gas ambient.®”

By a method similar to that for MWNT production, but using graphite rods including
catalytic metals, single-walled carbon nanotubes (SWNTs) were discovered'®!) in chamber
soot (not in cathode deposit). The mass production of SWNTSs was also realized using the
same catalytic arc discharge method.">!3 Macroscopic nets of SWNTSs were obtained by a
similar arc discharge method* in a gas mixture (hydrogen + inert gas) using a pure Fe
catalyst. Some reviews!>!'® on the production of MWNTSs and SWNTs by arc discharge
evaporation are given by the present authors.

2.  Production of CNTs by Arc Discharge Method

A schematic diagram of the arc-evaporation apparatus for producing CNTs,"” which is
a vacuum chamber, is shown in Fig. 1. Two graphite electrodes are installed vertically, and
the distance between the two rod tips is maintained in the range of 1-2 mm. After the
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Fig. I. Schematic diagram of apparatus!'” for preparing CNTs.
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evacuation of the chamber by a diffusion pump, rarefied ambient gas is introduced. When
a dc arc discharge is applied between the two graphite rods, the anode is consumed, and
fullerene is formed in the chamber soot.®) Then, part of the evaporated anode carbon is
deposited on the top of the cathode; this is called the ‘cathode deposit’. An optical image
of a section of the cathode deposit is shown® in Fig. 2. On the top of cathode A, a deposit
having columnar texture B is formed, and its thickness d is approximately 6 mm. Part C is
the top of the cathode deposit facing the anode.

Iijima observed samples obtained from region B in Fig. 2 by transmission electron
microscopy (TEM) and found MWNTs.) Typical high-resolution TEM (HRTEM) micro-
graphs of MWNTs published in a previous paper" are shown in Fig. 3. Symmetrical parallel

Fig. 2. Optical image of section of cathode deposit grown by dc arc discharge method in He (1.33x10*
Pa) after 8-min evaporation. Region A is the tip of the cathode. Region B has a columnar texture
and contains MWNTs. Region C is the top of the cathode deposit facing the anode. Region D shows
hard graphite layers. d is the thickness of the deposit.

Fig. 3. HRTEM micrographs of first MWNTs discovered by Iijima.!” Symmetrical parallel lines
correspond to the projections of graphene sheets coaxially arranged with a constant spacing of 0.34
nm.
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lines around the central line correspond to the projections of graphene sheets coaxially
arranged with a constant spacing of 0.34 nm. The central part with no contrast is the real
projection of the tubes.

The mass production of MWNTs by this dc arc discharge evaporation was first achieved
by Ebbesen and Ajayan."'® After discovering MWNTSs, one could easily recognize them by
scanning electron microscopy (SEM),' as shown in Fig. 4. In the SEM micrograph, a
number of fibrous MWNTs and nanoparticles can be observed. This cathode deposit was
produced by dc arc evaporation in He gas at 2.66x10* Pa. To clarify the effect of ambient
gas,” dc arc evaporation was performed in He, Ar and CH, gases at 1.33x10* Pa. As
observed in Fig. 5, CH, gas is considered the best among these three gases in producing

(a) He

Fig. 5. SEM micrographs of MWNTs produced in different ambient gases!'? at pressure of 1.33x10*
Pa. (a) He, (b) Ar and (c) CH,.
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fibrous MWNTSs."” This is the crucial difference between this case and the case of fullerene,
because fullerene could not be produced by dc arc evaporation in gas including hydrogen
atoms.?”

To clarify the efficiency of CH, gas, ambient CH, gas was mass-analyzed after dc arc
evaporation.?V After the arc discharge, H, and C,H, gases were produced, confirming the
thermal decomposition reaction®”

2CH, —3H, +C H,. (1)

The chamber pressure measurement showed a twofold increase in pressure after the arc
evaporation. These results suggest the effectiveness of dc arc discharge in pure H, gas or
C,H, gas. In fact, C,H, showed results similar to those of CH,, but H, showed marked results,
as described in the following section.

3. Hydrogen Ambient Arc Discharge

3.1 Products of hydrogen arc discharge evaporation

Arc discharge evaporation between two pure graphite rods was carried out in pure H,
gas. 22 A top view® of the cathode deposit produced by hydrogen arc evaporation for 2
min is shown in Fig. 6. The top surface is composed of three regions: a central black region
(A), a surrounding silver-gray region (B), and a very thin outer region (C). The thickness
of the deposit is approximately 2 mm in regions A and B, but that in region C is less than 0.2
mm. When observing the deposit surface by SEM, MWNTs are observed in region A, and
‘carbon rose’ is observed® in region C. This carbon rose is an aggregate of petal-like
graphene sheets and is composed of several parallel graphene sheet layers, the thinnest sheet
layer consisting of only two graphene sheets. Similar structure materials were obtained by

Fig. 6. Top view of cathode surface® deposited by pure hydrogen dc arc discharge evaporation for
2 min. Regions A and B are both 2 mm thick, and region C is very thin. MWNTs exist in region A,
whereas petal-like graphite sheets exist in region C.
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other methods; they are now called ‘carbon nanowalls’ by other groups. 2%

An example of the SEM micrographs of MWNTs observed in region A in Fig. 6 is shown
in Fig. 7(a). In this micrograph, long and fine fibrous MWNTs and a few coexisting carbon
nanoparticles can be observed, which are fairly different from MWNTSs produced by the He
arc discharge method shown in Fig. 4. Because the observed coexisting carbon nanoparticles
are very few in number, the purification of MWNTs is easy. Purification®” was performed
by exposing an as-grown sample to infrared radiation in air at 500°C for 30 min; the resulting
SEM micrograph is shown in Fig. 7(b). Almost all the nanoparticles were removed, and very
long MWNTs and their bundles were observed. From the SEM micrograph, it was
confirmed that purification is successfully carried out at the thickness of 100 um from the
deposit surface. The purified cathode deposit appears like a sponge of 10 mm? surface area
and 0.1 mm thickness and can easily be handled using tweezers. The X-ray diffraction,
Raman spectra® and magnetic properties® of the purified sponge were studied.

The electrical conductivity of individually purified MWNTs was measured using a two-
probe method.®3Y As shown in Fig. 8, the temperature dependence of electrical resistance
was measured.®? Curve a in Fig. 8 was obtained from a single MWNT, and arrows show
the direction of temperature change. The temperature dependence shows the semiconduct-
ing characteristic of MWNTs. On the other hand, curve b was obtained from a bundle of
MWNTs and shows a metallic characteristic. Field emission measurements of a spongy bulk
of purified MWNTSs were also carried out.® A practically desirable field emission current
density of 1 mA/cm? was achieved only at an anode voltage of 580 V and a field of 1.2 V/
um.

3.2 Thin innermost tube and carbon nanowire

HRTEM micrographs of each MWNT produced by the hydrogen arc evaporation of a
pure graphite rod showed highly crystallized walls and a very thin innermost tube.® The
innermost tube with a diameter of 0.4 nm was the smallest nanotube® observed until 2000.

“a ) .r.
77 W)

Nt/

/ RS
“U':‘ 4 db- P

. o 72t 9.
S0y, L2 TS 7
X -ni'.’ml\ v
Fig. 7. SEM micrographs of top of cathode deposit.?” (a) The raw deposit was produced by H,

(7.98x10° Pa) arc evaporation, and the SEM micrograph was obtained in region A (Fig. 6). (b) The
same specimen of (a) was heat-irradiated with infrared radiation at 500°C for 30 min.
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Fig. 8. Temperature dependence®? of electrical resistance of MWNTSs.

However, a 0.3 nm innermost tube was later found,® as shown in Fig. 9. Note that the normal
distance of MWNT layers is 0.34 nm (similar to the graphite 002 spacing). It is suggested
that the 0.4 nm tube has an ‘armchair’ (3,3) structure and is capped with a C,, dodecahe-
dron.®® For the 0.3 nm tube, chiral index (2,2) and a C,, cap are assigned, and energetic
calculation is also reported.®

In another thin innermost tube, a black line contrast similar to the line contrast of an
MWNT was observed®® at the center of the MWNT, as shown in Figs. 10(a) and 10(b). The
center line contrast was observed in the innermost tube with a diameter of 0.7 nm. The tube
is capped with a Cg, hemisphere, as shown in Fig. 10(b). The line contrast is supposed to be
the C-chain inserted in the innermost tube of the MWNT with a diameter of 0.7 nm. The
MWNT with the carbon chain is considered a new material and named the ‘carbon
nanowire.” The structure model®? of this carbon nanowire is shown in Fig. 11.

3.3 Raman spectra

The Raman spectra®-® of MWNTs produced by hydrogen arc discharge have particular
features, as shown in Figs. 12(a) and 12(b). These spectra were obtained by the excitation
of an Ar* laser (514.5 nm, 2.41 eV). For comparison, the Raman spectra of highly oriented
pyrolytic graphite (HOPG) and SWNTs are also shown in the same figure. In the low-
frequency region (Fig. 12(a)), many peaks are observed® in the case of MWNTSs. On the
basis of the polarized Raman spectra of oriented MWNTs, the Raman peaks observed in the
low-frequency region were confirmed to be the radial breathing modes (RBMs) of thin tubes.
The RBM frequency w(cm™) is inversely proportional to the tube diameter d (nm) as
presented by the relation®” d = 223.75 /w. The RBM peak at 570 cm™ in Fig. 12(a) is
assigned to that of the thin innermost tube of 0.4 nm. Many RBMs with frequencies higher
than those of SWNTs are observed in MWNTs, indicating that the innermost tubes of
MWNTs are thinner than those of SWNTs. In the high-frequency region (Fig. 12(b)), a
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Fig. 9. HRTEM micrograph of MWNT having thinnest innermost tube of 0.30 nm.”> The inserted
densitometer graph is in arbitrary units.

Innermost tube
C-chain

Fig. 10. HRTEM micrographs of carbon nanowire wherein linear C-chain exists in center of
MWNT.®% Different examples of HRTEM micrographs showing C-chain, (a) and (b).

strong G-band peak and various splitting peaks are observed.®® The splitting depends on
the chirality of thin nanotubes, metallic or semiconducting. This was confirmed by surface-
enhanced Raman spectra obtained from individual MWNTs.

New Raman peaks near 1850 cm! are observed in MWNTs produced by the hydrogen
arc discharge method. The appearance of these new peaks strongly depends on the type of
specimen®-* and excitation laser energy.“? The former specimen dependences of these
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Fig. 11. Atomic model of carbon nanowire.®¥ Corresponding TEM micrographs are shown in Figs.
10(a) and 10(b).
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Fig. 12. Raman spectra of MWNTs, SWNTs and HOPG obtained by 514.5 nm excitation.>3®
(a) Low-frequency region. (b) High-frequency region.

new peaks were clarified by Jinno er al.*” It was confirmed that these new peaks are not
associated with hydrogen-based vibrations by comparing the Raman spectra of MWNTs
produced in H, and D, gases. The latter dependence is known as the resonance Raman
effect,“? as shown in Fig. 13. The resonance is marked at the excitations of 2.41 and 2.54
eV.

4. SWNTs Produced by Arc Discharge
4.1 Production of SWNTs

Two years after the discovery of MWNTs in 1993, SWNTs were discovered by two
groups®!D independently. They were produced in the process of metallofullerene produc-
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Fig. 13. Resonance Raman spectra“” of G-band peak and new peaks at approximately 1850 cm™'.

tion.“V Tijima and Ichihashi used a graphite rod including an Fe catalyst,"” and an IBM
group used a graphite rod including a Co catalyst.!? By the arc discharge evaporation of
these graphite rods including a magnetic metal catalyst, SWNTs were produced as cottonlike
soot in the chamber, not in the cathode deposit as in the case of MWNTSs. Thus, the essential
difference between SWNTs and MWNTs is that the former require a catalyst, whereas the
latter do not. Moreover, SWNTs are produced in the entire chamber, whereas MWNT
production is confined to the cathode deposit. From the latter difference, SWNTs can also
be produced by an ac arc discharge method.“?

The mass production of SWNTSs by arc discharge evaporation was first achieved by
Journet er al.'? using binary metals, Ni and Y, in He ambient. The present authors!'®
modified this method by rearranging the electrodes at a sharp angle of approximately 30°,
as shown schematically in Fig. 14. We called it the arc-plasma-jet (APJ) method, and the
production rate of the cottonlike soot was increased by this method, as shown in Fig. 15. In
the case of using a conventional arc method, more than half of the evaporated anode becomes
a cathode deposit, which does not include SWNTSs. In contrast, although the evaporation rate
is decreased by the APJ method compared with that obtained by the conventional arc
method, more than 80% of the evaporated anode becomes soot including SWNTs. When
the soot is observed by HRTEM, bundles of SWNTs and catalytic metal particles of Ni
surrounded by thick amorphous carbon are observed. The removal of the thick amorphous
carbon from the SWNTSs is not so easy; when we attempted it by heat treatment, the SWNT's
were severely damaged.

4.2 Macroscopic net of SWNTs produced by arc discharge evaporation
For an easy purification of SWNTS, the type of catalyst and combinations of ambient gas
were considered. For the reduction of amorphous carbon, hydrogen gas and an Fe catalyst
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Fig. 15. Evaporation rate of anode, production rate of cottonlike carbon soot, and production rate of
deposit measured in SWNT production experiments in He gas of 6.65x10* Pa. (a) APJ method."® (b)
Conventional arc method.

were effective.! We call this arc method using Fe and hydrogen ambient the ‘FH-arc’
method. To stabilize the arc discharge, inert gas was added to the hydrogen gas.44> By the
dc arc evaporation of a graphite rod including 1.0 at% Fe in a H,-Ar gas mixture"* or H,-
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N, gas mixture,*? the net of SWNTs appeared like a cotton cake. An example of the
macroscopic nets of SWNTs produced by the FH-arc method is shown in the optical image™?
in Fig. 16. The SWNT net is longer than 20 cm. When we placed the SWNT net in a 1-liter
bottle,*¥ the mass was only 1 g, that is, it had a very low green density, approximately 0.001
g/lem’.

TEM and HRTEM micrographs of the as-grown SWNTs produced by the FH-arc
method are shown in Figs. 17(a) and 17(b). The black particles observed in Fig. 17(a) are
catalytic Fe particles, which are surrounded by a thin amorphous carbon layer of less than
3 nm, as observed in Fig. 17(b). Therefore, the removal of amorphous carbon by thermal
heating in air at 400°C is easy, and bare or oxidized Fe particles can be removed with HCI
acid. SEM and TEM micrographs of such purified SWNTSs are shown in Figs. 17(c) and
17(d).

5. Other Considerations in Arc-Grown CNTs

By the arc discharge evaporation of graphite rods including rare-earth metals, metallo-
fullerene was produced.“? The same rare-earth metals were effective in increasing the
production of MWNTs.#40) On the other hand, SWNTs were produced using graphite rods
including different catalytic metals, such as the magnetic metals Fe, Co and Ni, and their
mixtures. The latter metals are not effective in producing metallofullerene. This suggests
that the growth mechanisms of metallofullerene and SWNTSs are different.

By dc arc discharge evaporation in H, gas added with 1% H,S gas,*” the simultaneous
use of many catalysts, namely, Fe, Ni and Co, led to the production of thick SWNTs. In some
cases, thick SWNTs included amorphous carbon inside their tubes,“” and the included
amorphous carbon formed incomplete inner tubes. This may correspond to a formation
mechanism of double-walled carbon nanotubes (DWNTSs). In other cases involving the
same specimens, clear DWNTs were also found.“”

O"'"S'"'\'K)"'-‘""15""-'"‘"’20"<'
[T

Fig. 16. Macroscopic net of SWNTs produced by dc arc discharge (FH-arc) in H,-N, mixed gas with
Fe catalyst.“®
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Fig. 17. (a) Low-magnification TEM micrograph of as-grown SWNTs produced by FH-arc method.
(b) HRTEM micrograph of as-grown SWNTs. (¢) SEM micrograph of purified SWNTs. (d) TEM
micrograph of purified SWNT.

The selective production of DWNTs by the arc discharge method has been performed by
several groups.“*8% Sugai et al.®” attempted DWNT production by high-temperature pulse
arc discharge. In their case also, thick SWNT and DWNT production conditions were
similar.

The modification®V of the arc discharge method is useful for the semicontinuous
synthesis of CNTs. High-purity CNTs were produced by a thermal plasma jet.5? Arc
discharge in liquid,®® such as water or liquid nitrogen, is also effective for the production
of pure CNTs.

6. Conclusion

After the achievement of the mass production of fullerene,® arc discharge evaporation
was applied to the production of CNTs, namely, MWNTs and SWNTs. In the production
of CNTs, three methods, namely, arc discharge, laser ablation and chemical vapor deposition
(CVD), were used.®? It is generally believed that high-crystallinity CNTs can be obtained
by laser ablation and arc discharge, but the mass production of CNTs is easy by CVD. In
this review, MWNT production by the hydrogen arc discharge method and SWNT
production in hydrogen-mixed gases are described. In these production processes, the
optical emission spectrum analysis of ambient gas is also important for recognizing growth
units.>%9

High-crystallinity MWNTSs produced by the hydrogen arc discharge method are ex-
pected to be used as field emitters with high-current densities at sustainably high voltages.
Owing to their high mechanical strength, they may be used as strong and sharp tips for atomic
force microscopy. Mass-produced SWNTs by the APJ method are expected to be applied
as composite materials owing to their high electric conductivities. Macroscopic SWNT nets
produced by FH-arc method are also applied to some composites owing to their superior
electric and mechanical properties.
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