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Abstract

The synthetic methods for high yield of multiwalled carbon nanotube (MWNT) and singlewalled carbon nanotube (SWNT)
with high purity by arc discharge have been investigated. MWNTs were synthesized under different pressures of helium and
the gas mixture of argon and hydrogen. Relatively high pressure of 300-400 torr was required for high yield MWNTs synthe-
sis at low bias voltage of about 20 V and 55 A, whereas low pressure of about 100 torr was required for SWNTs. The intro-
duction of hydrogen gases during the synthesis of MWNTs improved the yield and purity of the samples. The SWNTs were
synthesized by the assistance of a small amount of mixture of transition metals, which played as a catalyst during the forma-
tion process. The purity and yield of SWNTs were higher at a lower pressure and enhanced by mixing more components of
the transition metals.
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1. Introduction

Since carbon nanotubes (CNTs) were discovered by Iijima
[1], they have been known to have superb applications such
as the hydrogen storage [2-3], the electrode for supercapaci-
tor and battery [4-6], AFM/STM tips [7-9], single electron
transistor [10-12], and field emission display [13-16]. The
CNTs have been synthesized by dc arc discharge[16-19],
laser ablation [20,21], pyrolysis of hydrocarbon [22-24], and
chemical vapor deposition (CVD) [13-15]. Among them, the
arc discharge has been known very simple and cheap, and
have a merit to make massive production. However the
method reveals lower yield of CNTs in the products than
other methods.

A lot of undisirable carbonaceous particles such as fullerenes,
nanoparticles, and amorphous phases are always contained
in the soot in addition to CNTs in arc discharge. Highly puri-
fied CNTs are generally required for further sophisticated
measurements and practical applications. The various purifi-
cation techniques, such as filtration, chromatography, centrif-
ugation, gas phase oxidation, and chemical purification, have
been tried to purify the CNTs [25-28]. Although the CNTs
are separated to some extent from carbonaceous particles,
the yield is very low in most cases. These purification pro-
cesses act as a large barrier to several applications of the
CNTs.

In this study, we have investigated the optimum synthetic
conditions of arc-discharge in order to obtain directly high
purity and high yield of multiwalled carbon nanotubes
(MWNTs) and singlewalled carbon nanotubes (SWNTs). In
synthesizing CNTs by arc discharge, the shape and composi-
tion of the products depend strongly on the experimental
conditions. Therefore, we have controlled experimental fac-
tors such as voltage, current, pressure, the kind of ambient
gases, and the mixture ratio of used gases to optimize the
conditions of electric arc discharge for high purity as well as
high yield of CNTs. 

2. Experimental

MWNTs were prepared by conventional electric arc dis-
charge method. The schematic diagram of dc arc discharge
method is shown in Fig. 1. Two graphite rods with a diame-
ter of 10 mm and 25 mm were used as an anode and a cath-
ode, respectively. A voltage of 19-35 V was applied between
two electrodes under helium (300-500 torr) or Ar/H2 mixture
(200-350 torr). The MWNTs produced using helium gas
were purified by an oxidation in the thermal annealing. The
collected samples were first ground into small pieces. The
ground samples were then transferred to the annealing fur-
nace. We designed the annealing apparatus, where the inner
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quartz tube could be rotated. Air was blown into the quartz
tube. The inner tube which contained the ground materials
was simply rotated by the outer tube that was connected to a
step motor with the rate of 30 rpm during the annealing pro-
cedure, such that samples were evenly exposed to the sur-
face in order to have uniform selective etching by different
oxidation rates controlled exclusively by the annealing time
[29]. The inner tube was initially set to a desired temperature
prior to the sample loading. We first tried to determine the
annealing temperature for fixed annealing time. For tempera-
tures above 760oC, all samples were burned out quickly. For
temperatures below 700oC, relatively long annealing time
was required. In this work, we fixed the annealing tempera-
ture at 760oC and tried to change the annealing time to
obtain highly purified samples with high yield. Each time,
the raw sample of 100 mg was loaded into the chamber. The
yield after the annealing was determined by the weight per-
centage.

The method for the synthesis of SWNTs are similar to that
for the MWNTs, as shown in Fig. 1(b). In this case, the tran-
sition metals such as Ni, Fe, and Co and/or their mixtures
were used as catalysts. A concentric hole with a diameter of
4 mm was made on the anode and was filled with a mixture
of transition metals and a graphite powder. The other graph-
ite rod used as a cathode had a diameter of 25 mm and had a
flat surface to keep arc discharge uniformly during the synthe-
sis. This rod was attached to a step-motor, which controlled the
distance between two graphite rods by moving forward or
backward. The weight percent of total catalysts was fixed to
5%, which is well known to be the optimum ratio of cata-
lysts [12] in graphite rods. The pressure of helium gas was in
the range of 100-500 torr. 

The morphology of CNTs and the degree of purification
were observed by scanning electron microscope (SEM) (JEOL,

JSM-6400) and transmission electron microscope (TEM, Hita-
chi, H-9000NA). Fourier Transform (FT) Raman spectros-
copy (BRUKER, RFS 100/S) using Nd : YAG laser (1064
nm) was used to confirm the formation of CNTs and to
investigate qualitatively the degree of purification.

3. Results and Discussion

Soots deposited on the water-cooled chamber wall mostly
contained fullerenes and the carbonaceous particles during
the MWNT synthesis. The deposits on the cathode were
composed of two parts as a hard outer shell and an soft inner
core. The outer shell was hard and gray-colored graphite,
where no CNTs were contained. On the other hand, the black
inner core contained a plenty of CNTs together with other
species such as polyhedral carbon particles and amorphous
carbon, etc.

Figure 2 shows the high resolution TEM micrograph of
CNTs synthesized under helium pressure of 360 torr. A typi-
cal multiwalled CNT is clearly observed in the high resolu-
tion TEM micrograph. The synthesized CNTs show the
concentric tubes and the evenly spaced layers with equal
number of lattice fringes on either side of the central core.
The outer diamer of CNTs ranges from about 16 nm to 14
nm, and inner diameter from about 5 nm to 4 nm. The spac-
ing of individual layers is approximately 0.34 nm.

Table 1 shows the length of the burnt-out graphite rod, the
deposit length on the cathode, the growth velocity, and the
yield as a function of the growth conditions under helium
gas. The yields at low bias voltages are larger than that at
high bias voltages, although the grown lengths of the deposit
at high bias voltages are longer than that at low bias volt-
ages. On the other hand, a little change of the deposit length
is observed with increasing pressure. It is found that the opti-
mum growth conditions of MWNTs are the voltage of 20 V
and the pressure of 360 torr, where the yield was 93.7%.

Fig. 1. The schematic diagram of synthesizing MWNT(a) and
SWNT(b) by arc discharge. 

Fig. 2. TEM micrograph of MWNTs synthesized under helium
pressure of 360 torr.
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Figure 3 shows the SEM images of MWNTs purified by
the thermal oxidation as a function of annealing time. Fig.
3(a) is the SEM image of the ground raw sample. MWNTs
are rarely seen on the surface after the grinding, since they
are mostly embedded inside the carbonaceous particles. The
samples are oxidized as a function of time at 760 under air
ambient. With annealing for 20 min, some of the carbon-
aceous particles are removed at the surface and the weight
are reduced to about 70 wt% [Fig. 3(b)]. More carbonaceous
particles are disappeared by annealing for 30 min [Fig. 3(c)],
where the sample weight are reduced to 50 wt%. With
annealing for 40 min, major portion of the carbonaceous par-
ticles is removed, as shown in Fig. 3(d) and the weight is
reduced to about 35 wt%. The purity increases with the

increase of annealing time but the yield is expected to be
low. During the annealing process, the supply of sufficient
amount of oxygen was prerequisite for high purity of nano-
tubes. However, the temperature of the outer tube was
slightly higher at the center than at the edge due to the tem-
perature gradient, prohibiting air flow into the inner tube
where the sample was located, although both edges of the
outer tube were open to air. The temperature was also impor-
tant controlling factor, and determined the burn-off rate. 

Figure 4 shows the SEM images of the MWNTs produced
under different partial pressures of hydrogen gas and argon
gas. Fig. 4(a) shows the MWNTs synthesized under total
pressure of 200 torr, where the ratio of hydrogen gas to
argon gas is 0.33. Many big particles are observed, while

Table 1. The length of the burnt-out graphite, the deposit length on the cathode, the growth velocity, and the yield as a function of the
growth conditions under helium gas

Voltage
[V] 

Current
[A] Pressure [torr]*length of burnt 

graphite [cm]
deposit length 

[cm]
growth time 

[s]
 the growth speed 
of deposit [cm/s]

*yield 
[%]

35 80 260 5.7 1.6 540 2.96Ý 10−3 28.1
30 80 260 6.5 2.5 480 5.2Ý 10−3 38.5
30 80 360 6.2 2.2 550 4.0Ý 10−3 33
30 80 460 6.2 2.2 600 3.7Ý 10−3 33
20 555 260 1.4 1.2 600 2.0Ý 10−3 85.7
20 555 360 1.6 1.5 600 2.5Ý 10−3 93.7
20 555 460 1.4 1.2 600 2.0Ý 10−3 85.7

*growth velocity = deposit length / time, yield  = (deposit length/the length of burnt graphite)Ý 100%

Fig. 3. The SEM images of MWNTs purified by the thermal oxidation at 760oC as a function of annealing time; (a) as-grown, (b) 20
min, (c) 30 min, (d) 40 min.
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MWNTs are not abundant. The length of the MWNTs is
micrometer scale and the diameter is smaller than those of
MWNTs synthesized under helium gas due to hydrogen etching
of the walls of MWNTs. Fig. 4(b) shows the MWNTs produced
under a total pressure of 275 torr, where the ratio of hydro-
gen gas to argon gas is 0.25. The MWNTs synthesized under
275 torr are more straight than those under 200 torr, and the
big carbonaceous particles are rarely to be seen. The mean
free path of hydrogen gas under low total pressure (200 torr)

Fig. 4. The SEM images of the MWNTs synthesized under dif-
ferent partial pressures of hydrogen gas and argon gas;  (a) 200
torr (H2: 50 torr, Ar: 150 torr), (b) 275 torr (H2: 55 torr, Ar: 220
torr). 

Fig. 5. The schematic shapes of deposits and anodes after the
growth as a function of the ratio of hydrogen gas to argon gas;
(a) less than 1/4, (b) more than 1/4, (c) equal to 1/4.

Fig. 6. The SEM images of MWNTs synthesized under various total pressure, where the ratio of hydrogen gas to argon gas is fixed to
0.25; (a) 200 torr, (b) 250 torr, (c) 300 torr, and (d) 350 torr. 
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with the higher ratio of hydrogen gas (0.33) are much longer
than that under high total pressure (275 torr) with the low
ratio of hydrogen gas (0.25). These neutral atoms or ions
have very high energies, and they make the big graphite lay-
ers peeled off rapidly from the graphite rods. Therefore, lots
of big carbonaceous particles are easily produced as shown
in Fig. 4(a). 

Figure 5 shows the schematic shapes of deposits and
anodes after the growth as a function of the ratio of hydro-
gen gas to argon gas. When the mixing ratio is less than
0.25, the inner part of the anode is left unburned, as shown
in Fig. 5(a). On the other hand, the deposits on the cathode
at the central part are dug, as shown in the figure. The gray-
colored hard part is produced at the center of the deposit,
and no nanotubes are observed. When the ratio is higher than
0.25, the deposits on the cathode has a concave shape, as
shown in Fig. 5(b). However, the gray-colored hard part is
not observed at the center of the deposit. With the ratio of
0.25, both the deposit and the anode are flat, and the gray-
colored hard part an the center of the deposit is not pro-
duced. It is noted that the optimum ratio of hydrogen to
argon for the synthesis of MWNTs is 0.25. 

Figure 6 shows the SEM images of MWNTs synthesized
under various total pressure (200-350 torr), where the ratio
of hydrogen gas to argon gas is fixed to 0.25. The synthe-
sized MWNTs show almost the same morphology and yield,
regardless of the total pressure. However, with increasing the
pressure, the purity of MWNTs increases gradually. This
suggests that hydrogen plasma etches away the carbonaceous
particles. 

Figure 7 represents the Raman spectra of the MWNT sam-
ples shown in Fig. 6. The peaks around 1280 cm−1 called as
the D-mode, are known to be attributed to amorphous car-
bons and defects of nanotubes, whereas the peaks around
1600 cm−1 called as the G-mode are known to be due to the
graphitic structure of carbon atoms. The G-mode of pro-
duced MWNT is shifted to lower wave number region (1582
cm−1) by the strain of forming tube. The intensity of the peak
at 1285 cm−1 decreases with increasing the pressure of

hydrogen gas. It is clearly noted that the ratio of the G-mode
to the D-mode increases with increasing the pressure of
hydrogen gas, as shown in Fig. 8. The MWNT synthesized
under total pressure of 350 torr (70 torr of hydrogen gas)
shows the best purity among grown MWNTs.

In the synthesis of SWNTs, the gray-colored bar produced

Fig. 7. Raman specra of MWNTs synthesized under various
total pressure, where the ratio of hydrogen gas and argon gas is
fixed to 0.25; (a) 200 torr, (b) 250 torr, (c) 300 torr, and (d) 350
torr. 

Fig. 8. The ratio of G-mode to D-mode in Raman specra of
MWNTs synthesized as a function of partial pressures of hydro-
gen.

Fig. 9. TEM images of the SWNTs grown in collar part under
100 torr; (a) moderate magnification, (b) higher magnification
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at the center of the cathode, called as the deposit, contained
no SWNTs. The messy part except the deposit on the flat
plane of the cathode was called as a collar. It has been
known that the purity of SWNTs at the collar is the highest.
The round part on the cathode was called as cathode and
web-like soots could be seen in it. The black sheet-like soots
called as rubbery soots were attached to the chamber. The
SWNTs on the chamber were the major portion among the
total yield of the produced SWNTs. Therefore, in order to
produce the large scale and low cost synthesis of SWNTs by
the arc discharge, it is necessary to increase the yield and
purity of these rubbery soots. 

Figure 9 shows the TEM image of the SWNTs grown on
the collar part under 100 torr. It can be seen that the appear-
ance of SWNTs is quite different from that of MWNTs as
shown in Fig. 2. The individual tubes have very small diam-
eters (about 1.4 nm) and are curled and looped rather than
straight. SWNTs are usually formed in bundles, which are
composed of one to tens of SWNTs. The bundles are con-
taminated with amorphous carbon and catalytic particles
whose diameters are 5~10 nm.

 Figure 10 shows the SEM images of SWNTs collected on
the collar, the cathode, and chamber, synthesized with 5 wt%
of catalyst mixtures of nickel, iron, and cobalt under a
helium pressure of 100~300 torr. Regardless of helium pres-
sure, the purity of SWNTs increases in the order of collar,

cathode and chamber. Most of carbonaceous particles in the
collar part are attached to the ends of the bundles of SWNTs,
as shown in Fig. 10(a). The round-type carbonaceous parti-
cles are attached to the junction of bundles in the collar part,
whereas these are expanded to the side of bundles in the
cathode and chamber. The diameter of the bundles is in the
range of 10-20 nm. It is noted that the purity of SWNTs
increases with decreasing the helium pressure. The collar
part synthesized at a helium pressure of 100 torr shows the
best purity among all other samples. It is proposed that
graphite powders with transition metal particles are easily
vaporized at low pressure, resulting in the promotion of the
chance for diffusion of carbon atoms into the catalytic parti-
cles. Therefore, the nanotubes are easily synthesized at low
pressure of helium. 

4. Conclusions

We have investigated the synthetic methods for high purity
and high yield of MWNT and SWNT by arc discharge.
MWNTs were synthesized under different pressures of
helium and the gas mixture of argon and hydrogen. Rela-
tively high pressure of 300-400 torr is required for high yield
MWNTs synthesis at low bias voltage of about 20 V and 55
A, whereas low pressure of about 100 torr is required for

Fig. 10. The SEM images of the SWNTs collected on the collar, the cathode, and chamber, synthesized under different helium pres-
sure; (a) 100 torr, (b) 300 torr, (c) 500 torr.
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SWNTs. Introduction of the hydrogen gases during the syn-
thesis of the MWNTs improves the yield and purity of the
samples. The SWNTs are synthesized by the assistance of a
small amount of mixture of transition metals, which played
as a catalyst during the formation process. The purity and
yield of the SWNTs are higher at lower pressure and
enhanced by mixing more components of the transition met-
als. 
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