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In this study, high-purity single-walled carbon nanotubes (SWCNTs) were prepared by removing the unreacted metal
constituents and amorphous carbon impurities using a post-annealing process. Unlike conventional thermal processing
techniques, this technique involved different gas atmospheres for efficient removal of impurities. A heat treatment was
conducted in the presence of chlorine, oxygen, and chlorine + oxygen gases. The nanotubes demonstrated the best
characteristics, when the heat treatment was conducted in the presence of a mixture of chlorine and oxygen gases. The
scanning electron microscopy, transmission electron microscopy, ultraviolet absorbance, and sheet resistance measurements
showed that the heat treatment process efficiently removed the unreacted metal and amorphous carbon impurities from the
as-synthesized SWCNTs. The high-purity SWCNTs exhibited improved electrical conductivities. Such high-purity SWCNTs
can be used in various carbon composites for improving the sensitivity of gas sensors.
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Introduction

Owing to their high electrical conductivities, thermal

conductivities, specific surface areas, and chemical

stabilities, carbon nanotubes (CNTs) are extensively

used in various applications, such as sensors, nano-

composites, and transparent electrodes [1-3]. Over the

past few years, there have been several attempts to

develop functional materials using single-walled CNTs

(SWCNTs) [4]. One of the most popular functional

materials includes the field emission displays, which

use SWCNTs as the electron emission source. These

displays exhibit excellent electrical characteristics and

are light-weight [5-8]. However, to develop nanomaterials

using CNTs, it is imperative to improve the dispersibility

and manipulate the size of the CNTs [9-11]. Typical

CNTs possess a diameter of several tens of nanometers

and a length of several hundreds of micrometers. CNTs

show large aspect ratios and exist in different forms,

such as SWCNTs, multi-walled CNTs, and carbon

bundles [12, 13]. In addition, the electrical conductance

(conductor or semiconductor) and energy gaps of CNTs

depend on their stacked forms and diameters, respectively

[14, 17]. Therefore, they can undergo conductor-to-

semiconductor transitions. However, controlling the

electrical conductance of CNTs is difficult. Though

different methods are employed for the synthesis of

CNTs, the most widely used ones are laser vaporization

and arc-discharge [18, 22]. The laser vaporization

method was first used for the synthesis of CNTs by

Smalley et al. at Rice University [22, 23]. In this method,

a graphite target is vaporized in an oven using laser

irradiation. The uniformity of the SWCNTs obtained

by this method can be improved using graphite targets

mixed with metal catalysts, such as cobalt, nickel, and

iron. However, as this method produces a low yield of

CNTs, it is not suitable for their mass production [24-

26]. In the arc-discharge method, the substrate is fixed

in a chamber, and a CNT film is directly deposited on

the substrate (during the CNT synthesis). Hence, with

this approach, CNT films can be produced without

employing any additional dispersion or coating processes

[27, 28]. CNTs can also be synthesized using the thermal

chemical vapor deposition (CVD), plasma enhanced

CVD, and vapor phase growth methods [29-31].

In this study, we used the arc-discharge method to

fabricate the SWCNTs. Usually, some amorphous

carbon and metal residues remain in SWCNTs during

their synthesis. These remnants degrade the properties

of SWCNTs [32, 33]. Therefore, we employed a heat

treatment process to remove these impurities [34. 35].

The optimum heat treatment conditions were also

determined. The ultraviolet (UV) absorbance and sheet

resistance of the as-synthesized SWCNTs were measured

[36, 37]. The findings of this study are effective in
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developing the CNT composites for various applications

[38, 39].

Methods

In this study, a metal/metal oxide catalyst, such as

Fe/Co/Ni/S/carbon powder, was used. The catalyst

material was well-laminated on a carbon rod. The use

of metal/metal oxide catalyst materials requires careful

consideration, because it can result in the generation of

carbon and sulfur compounds during the synthesis. A

carbon rod was used as the carbon source for the

SWCNT synthesis, and helium gas was used for

plasma formation. The equipment was pressurized at

150 Torr and maintained at a current of 400 A. The

synthesis time of the SWCNTs was approximately 10

min (the exhaustion period of the carbon rod). The

synthesized SWCNTs were then subjected to a heat

treatment process, which was conducted in different

environments. Chlorine and argon gases were used

along with air to remove the impurities of the as-

synthesized SWCNTs, while nitrogen gas was used as

the purge gas. CO and CO2 gases (from air) were

generated during the heat treatment. Therefore, a

scrubber treatment was required. The heat treatment of

the SWCNTs was conducted at 900 °C in an argon gas

atmosphere. The furnace temperature was increased at

the rate of 15 °C/min. Then, the SWCNTs were

exposed to chlorine, oxygen, and chlorine + oxygen

gases at 900 °C for 60 min. Then the cooling process

was conducted for 120 min, which was completed by

introducing argon and nitrogen gases into the furnace.

The weights of the samples were measured before and

after the heat treatment process. 

A UV solution (model 144AX-220, manufacturer

Jelight) was prepared for performing the UV measure-

ments. Three different gases, including chlorine,

oxygen, and oxygen + chlorine gases were used as the

heat-treatment gases. The as-prepared SWCNTs (100

g) and 123 mg of the surfactant were mixed and

centrifuged to obtain a solution (143 mg of supernatant

and 90 mg of precipitate). The solution was centrifuged

at 14,000 rpm for 10 min. This UV solution was

dropped on an SEM holder and dried. The lengths of

the SWCNTs were observed using an SEM (between

the bottom surface and crack opening). The sheet

resistance values of the SWCNTs were measured using

a four-probe sheet resistance meter. A standard solution

of the SWCNT dispersion was coated on a glass plate

for conducting the observations. This standard solution

(0.5 wt% SWCNTs) was prepared by adding 0.25 g of

the SWCNTs to 50 mL of deionized water and 0.75 g

of Demol NL. In addition, 10 mL of deionized water,

0.25 g of the wetting agent, and 0.42 g of polyurethane

dispersions were added. The morphologies and elemental

compositions of the SWCNTs were examined using

SEM, TEM, EDX, and XPS.

Results and Discussion

Generally, SWCNTs synthesized by the arc-discharge

method constitute remnant amorphous carbon and

metal residues, which degrade their properties. Therefore,

we employed a heat treatment process to remove these

impurities from the as-synthesized SWCNTs. Fig. 1

shows the schematic of the SWCNT synthesis and heat

treatment processes used in this study. The SWCNT

synthesis process includes filling the catalytic source

into the carbon rod, charging the carbon rod in the arc

equipment, and setting the pressure of the chamber

[40].

Fig. 2 shows the heat-treatment profiles of the

SWCNTs that are thermally refined in the presence of

chlorine, oxygen, and chlorine + oxygen gases [41, 42].

In the first case, 1 g of the SWCNTs is loaded into a

crucible, which is placed in a furnace for heat treatment.

In the first step, the temperature is increased up to 900

°C at a rate of 15 °C/min for 60 min in an argon

atmosphere (1,000 sccm). The furnace is then maintained

at 900 °C, and chlorine gas is discharged at a flow rate

of 500 sccm for 60 min for removing the residual metal

and amorphous carbon impurities. Then, argon (1,000

sccm) and nitrogen (200 sccm) are discharged for 120

min to lower the temperature of the furnace to attain

the room temperature. At this time, the weight of the

sample reduces to 0.85 g (from 1.0 g), indicating that

0.15 g of the impurities are removed. In the second

case, the SWCNTs (1 g) are heated up to 900 °C at the

rate of 15 °C/min in an argon atmosphere (1,000 sccm).

The temperature of the furnace is maintained at 900 °C,

and oxygen gas (500 sccm) is discharged for 60 min to

remove the metal and amorphous carbon impurities

from the SWCNTs. During the cooling process, argon

(1,000 sccm) and nitrogen (200 sccm) gases are

discharged into the furnace for 120 min. After cooling,

the weight of the sample reduces from 1.0 to 0.78 g. In

the third case, the SWCNTs are heated up to 900 °C at

the rate of 15 °C/minute for 60 min. The temperature

of the furnace is maintained at 900 °C, and argon

(1,000 sccm) is introduced. Then, oxygen (250 sccm)

and chlorine (250 sccm) gases are simultaneously

discharged into the furnace for 60 min to remove the

residual impurities from the SWCNTs. The furnace is

then cooled by discharging argon (1,000 sccm) and

nitrogen (200 sccm) gases into it for 120 min. The

weight of the cooled sample is estimated to be 0.72 g.

In all the cases, the weight of the SWCNT samples

have decreased after the heat treatment process. This

reduction is caused by the removal of the residual

impurities (unreacted metal catalyst and amorphous

carbon) from the SWCNTs. Thus, it is evident that the

heat treatment process yields high-purity SWCNTs.

The amount of impurities removed (weight reduction)

and the state of removal of the impurities are dependent

on the heat-treatment atmospheres. The highest weight
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reduction is observed in the chlorine + oxygen gas

atmosphere [43-45]. Here, chemical reactions that can

occur in chlorine gas and oxygen gas can be expressed

[46] as follows.

Fe(solid) + Cl2(gas) = FeCl2(gas) (1)

2Fe(solid) + 3Cl2(gas) = 2FeCl3(gas) (2)

C(amorphous carbon, solid) + O2(gas) = CO(gas) + 1/2O2(gas) (3)

C(amorphous carbon, solid) + O2(gas) = CO2(gas) (4)

In short, metal elements such as iron, which remain

as impurities, react with chlorine (i.e., (1) and (2)) and

are vaporized in the form of iron chloride (i.e., FeCl2 or

FeCl3). And, the remaining amorphous carbons react

with oxygen (i.e., (3) and (4)) and are vaporized in the

form of carbon oxide (i.e., CO or CO2).

Fig. 3(a) shows the transmission electron microscopy

(TEM) image of the SWCNTs fabricated by the arc-

discharge method. These SWCNTs demonstrate the

Fig. 1. Synthesis and heat treatment of single-walled carbon nanotubes (SWCNTs).

Fig. 2. Heat treatment of SWCNTs in varied gas atmospheres. 
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unreacted metal catalyst and amorphous carbon

impurities. Fig. 3(b) shows the SWCNTs (with reduced

impurities) heat-treated in the chlorine atmosphere.

Figs. 3(c) and (d) shows the TEM images of the SWCNTs

heat-treated in the oxygen atmosphere and oxygen +

chlorine atmosphere, respectively. These SWCNTs

exhibit remarkably low impurity levels, and hence can

be observed evidently. This indicates that significant

amounts of impurities are present in the SWCNTs heat-

treated in the chlorine and oxygen gas atmospheres

individually. However, when chlorine and oxygen

gases are used simultaneously, the impurities can be

removed significantly. With an increase in the heat-

treatment temperature, the materials of the impurities

expand, resulting in the formation of gaps in the

SWCNTs. Chlorine and oxygen gases permeated into

these gaps to remove the impurities. Therefore, the

chlorine + oxygen gas atmosphere is identified to be

optimum for the heat treatment of the SWCNTs. Fig. 4

is the elemental composition that exactly matches these

assertions. When only chlorine gas was used, impurities

other than SWCNTs were mixed (Fig. 4(a)). However,

when chlorine gas and oxygen gas were used at the

same time, pure SWCNTs were obtained (Fig. 4(b)).

Fig. 5 shows the UV absorbance and sheet resistance

results along with the scanning electron microscopy

(SEM) images of the SWCNTs. Fig. 5(a) shows the SEM

image of the as-synthesized SWCNTs with unreacted

metal impurities and amorphous carbon. These SWCNTs

exhibit an (average) absorbance of 0.450 and sheet

resistance of 1253 Ω/□. Fig. 5(b) shows the SEM image

of the SWCNTs heat-treated in the chlorine atmosphere.

It is observed from this figure that these SWCNTs

exhibit an absorbance of 0.632 and sheet resistance of

975 Ω/□. Fig. 5(c) shows the SEM image of the

Fig. 4. Elemental composition of SWCNTs in different heat
treatment atmospheres. (a) EDX of SWCNTs annealed in Cl2 gas
atmosphere, (b) XPS of SWCNTs annealed in Cl2 + O2 gas
atmosphere.

Fig. 3. TEM images of (a) as-synthesized SWCNTs, (b) SWCNTs heat-treated in Cl2 gas atmosphere, (c) SWCNTs heat-treated in O2 gas
atmosphere, (d) SWCNTs heat-treated in Cl2 + O2 gas atmosphere.
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SWCNTs heat-treated in the oxygen atmosphere. These

SWCNTs exhibit an absorbance of 0.628 and sheet

resistance of 940 Ω/□. Fig. 5 (d) shows the SEM image

of the SWCNTs heat-treated in the oxygen + chlorine

gas atmosphere. These SWCNTs exhibit an absorbance

of 0.751 and sheet resistance of 775 Ω/□. These results

indicate that the oxygen + chlorine gas atmosphere is

the most efficient for removing the metal and amorphous

carbon impurities from the as-synthesized SWCNTs.

These SWCNTs demonstrate a low sheet resistance and

high absorbance, which is necessary for practical

applications. The lower the sheet resistance, the better

the electrical conductivity of SWCNTs. The UV

absorbance (absorbing the light by emitting light on the

SWCNTs and detecting the amount of light passing

through the substance) of SWCNTs is a measure of

their purity. The higher the UV absorbance of SWCNTs,

the higher their purity. This indicates that the SWCNTs

annealed in the oxygen + chlorine gas atmosphere

demonstrate the highest purity.

Fig. 6 shows the SEM images of the heat-treated

SWCNTs. The specimens for the SEM analysis were

prepared by adding the SWCNTs to the UV solution

and then dropping the supernatant on a specimen

holder. The specimens were dried before obtaining the

SEM images. Fig. 6(a) shows SEM image of the as-

synthesized SWCNTs. These SWCNTs demonstrate a

length of approximately 5-6 μm. The average length is

estimated to be approximately 2-3 μm. Fig. 6(b) shows

the SEM image of the SWCNTs heat-treated in the

chlorine gas atmosphere. These SWCNTs show a

maximum length of 4-5 μm. The average length is

estimated to be approximately 2 μm. Fig. 6(c) shows

the SEM image of the SWCNTs heat-treated in the

Fig. 5. (Above) UV absorbance and sheet resistance results of SWCNTs before and after the heat treatment. (Below) SEM images of (a) as-
synthesized SWCNTs, (b) SWCNTs heat-treated in Cl2 gas atmosphere, (c) SWCNTs heat-treated in O2 gas atmosphere, and (d) SWCNTs
heat-treated in Cl2 + O2 gas atmosphere.

Fig. 6. SEM images of (a) as-synthesized SWCNTs, (b) SWCNTs heat-treated in Cl2 gas atmosphere, (c) SWCNTs heat-treated in O2 gas
atmosphere, and (d) SWCNTs heat-treated in Cl2 + O2 gas atmosphere.
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oxygen gas atmosphere. These SWCNTs show a

maximum length of approximately 1-2 μm, and the

average length is approximately 1 μm. Fig. 6(d) shows

the SEM image of the SWCNTs heat-treated in the

oxygen + chlorine gas atmosphere. These SWCNTs

demonstrate a maximum length of approximately 1-2 μm,

and the average length is estimated to be approximately

1-2 μm. Therefore, it is clear that the SWCNTs heat-

treated in the oxygen + chlorine gas atmosphere

demonstrate excellent sheet resistance.

Conclusions

In this study, we synthesized high-purity SWCNTs

using the arc-discharge method followed by a heat

treatment process. For the heat treatment, the temperature

of the furnace was maintained at 900 °C for 60 min.

The heat treatment was conducted under three different

environments: chlorine (500 sccm), oxygen (500 sccm),

and chlorine (250 sccm) + oxygen (250 sccm) gases.

The maximum lengths of the SWCNTs before and after

the heat treatment were estimated at approximately 5–6

and 2-3 μm, respectively. The heat-treated SWCNTs

were observed to be shorter than the as-synthesized

SWCNTs because of the removal of impurities.

Therefore, it is established that heat treatment can be

used to synthesize high-purity SWCNTs for various

practical applications.
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