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Carbon nanotubes (CNTs) were fabricated in air using the electrical discharge machining method. The main parameters for this
process were substrate temperature, peak current (𝐼𝑝), and pulse duration (𝜏).The substrate was baked at 50∘C and this temperature
was maintained for 12 h under vacuum chamber; it was then cooled to room temperature and stored in vacuum for outgassing.
During single-pulse discharge in air, the substrate was heated from room temperature to the test temperatures (50 and 70∘C).
The results indicated that the length, density, and purity of CNTs grown on outgassed substrates were better than those of CNTs
grown without outgassing. Additionally, CNTs grown with 𝐼𝑝 = 3A and 𝜏 = 1200 𝜇s were of better quality than those grown with
other combinations of parameters. The size of the discharge pit was effectively reduced by 30% (80𝜇m). This finding may help in
controlling the amount of peak current used during the process, thereby reducing the problems of heat-affected zones and electrode
consumption. Consequently, there was substantial improvement in the zonal selectivity and reticular density of the CNTs grown
using the single-pulse discharge method.

1. Introduction

With improvements in applicability and processing technolo-
gies, recently various techniques for growing CNTs under
atmosphere have been successfully developed. According to
the literature [1–3], a peak current of 50–100A and the use
of special equipment or atmospheres are usually required
for these processes. Generally speaking, although a vacuum
chamber is not required, these processes are hindered by
many related restrictions, including the need for a cooling
system [4], the use of catalysts [5, 6], and continuous
provision of inert gases [7–9]. In addition, the resultant CNTs
are oftenmixed with cinders andmust be purified before they
can be used [10, 11]. In order to address the shortcomings
of the earlier processes and the issue of CNT purification, a
new concept for growing CNTs using a single-pulse discharge
method in air has been developed [12]. Recently, a reduced
amount of peak current was applied during single-pulse
discharge to make the discharge pits in this process as small
as possible, thereby increasing the density of pits. However,

after a low peak current pulse discharge in air, the kinetic
energy was not enough to promote the generation of carbon
nanotubes. Additionally, substrate outgassing and different
substrate temperatures directly affect the temperature gradi-
ent formed under low energy of single-pulse discharge; these
factors were investigated in this study to discuss the structural
changes and growth mechanism of CNTs. Therefore, the aim
of this study is to develop a simpler, safer, and more energy
efficient technique for growing CNTs having zonal selectivity.

2. Experimental

The single-pulse discharge device is a triaxial and multi-
functional composite step motor as shown in Figure 1. With
a control program and single-pulse electronic circuits, this
device has the flexibility to modulate both peak current
and pulse duration. At the same time, the discharge gap
between the poles can also be controlled through program
design and by feedback voltage values.The device can also be
used for general microdischarge machining, microdrilling,
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Figure 1: Single-pulse discharge device.
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Figure 2: Schematic diagram of the growth of CNTs using single-pulse discharge.
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Figure 3: Discharge pit (𝐼𝑝 = 3A, 𝜏 = 1200 𝜇s, RT).

and single-pulse discharge machining. More importantly, it
becomes a growth device for CNTs when the pulse control
loop is modulated (Figure 2). A graphite rod having diameter
5mm and length 150mm, with the front tip grounded to
a conical shape at a 30∘, was used as the electrode for the
experiment. The graphite substrate used for the growth of
CNTs with zonal selectivity was placed directly on the 𝑋-𝑌
platform, without the use of a vacuum chamber or special
gases. After a single-pulse discharge, elliptical pits were cre-
ated on the substrate surface by the electric arc (Figure 3).The

Table 1: Physical properties of graphite.

Apparent density (g/cm3) 1.8
Open porosity (%) 8
Compressive strength (kg/cm2) 950
Thermal conductivity (kcal/m⋅hr⋅∘C) 100
Electric resistance (𝜇Ohm⋅cm) 1200
Graphite purity (%) 99.99

thickness and shape of the substrate do not affect the results of
CNT growth. Nevertheless, in order to facilitate examination
by field emission scanning electron microscopy (FE-SEM,
JEOL JSM-6701F), the substrates were standardized as 15 ×
15mm squares and then outgassed by bakeout at 50∘C for
12 h in a vacuum chamber. The graphite related parameters
are shown in Table 1. The main experimental parameters
were substrate temperature, peak current, and pulse duration.
The morphology and distribution of the resulting CNTs
were analyzed in order to understand the mechanism of
growth. The corresponding parameter settings are presented
in Table 2.
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Table 2: Experimental parameters.

Parameters Value
Substrate temperature RT, 50∘C, 70∘C
Peak current (𝐼𝑝) 2 A, 3A
Pulse duration (𝜏) 1000𝜇s, 1200 𝜇s, 1400𝜇s

Environment In open air
Room temperature (RT)

Bakeout 50∘C, 12 hours

3. Results and Discussion

3.1. Analysis of CNT Morphology and Outgassing. It has been
reported by Inayoshi [13] that adsorption occurs when solid
materials come into contact with gas molecules in air and
that the adsorbed gas molecules are stored inside within
these materials. However, when the materials are placed in
a vacuum, heating causes the desorption of gas molecules
from the surface of solid materials, thereby affecting the
degree of vacuum of the environment. Following this prin-
ciple, the substrates were placed in a vacuum oven, prior
to pulsed discharge, and baked at 50∘C for 12 h under a
vacuum chamber. This heat treatment proactively enhanced
the outgassing property of the substrate, which effectively
improved the instantaneous but local vacuum formed by
single-pulse discharge in air. During pulsed discharge, the
substrate temperatures were set to room temperature (RT),
50∘C, and 70∘C in order to analyze the variations in CNT
growth.

The FE-SEM images of CNTs grown using the single-
pulse discharge method with various peak currents (𝐼𝑝 = 2
and 3A) and pulse durations (𝜏 = 1000, 1200, and 1400 𝜇s)
are shown in Figure 4. It can be seen that, without substrate
outgassing, the growth of CNTs became only slightly more
pronounced with 𝐼𝑝 = 3A and 𝜏 = 1400 𝜇s. However, with
outgassed substrates, CNTswere formedwith 𝐼𝑝 = 2A and 𝜏=
1000 𝜇s. Furthermore, for outgassed substrates, the CNTs
formed with 𝐼𝑝 = 3A have a long, thin, and highly dense
morphology. Their formability was also significantly better
than those grownwith the same current but without substrate
outgassing. Therefore, outgassing promotes the formation
of nucleation sites and provides sufficient momentum for
CNT growth. This was because heating the substrate at a low
temperature over a long period of time forcibly enhanced the
outgassing property of the materials, which helped improve
the degree of local vacuum during pulsed discharge and
maintained the temperature gradient, thereby creating a
conducive environment for the low-energy CNT growth
process.

After outgassing, the temperature of the substrate was set
to RT, 50∘C, and 70∘C prior to pulsed discharge. Pulsed dis-
charge was performed under different conditions, with 𝐼𝑝 =
3A and 𝜏 = 1000, 1200, and 1400 𝜇s. CNTs were successfully
grown with all combinations of parameters (Figure 5). It
was observed that CNTs grown using the substrate at RT
were superior to those grown at 50 and 70∘C, both in terms

of length and density. This difference arises because low-
energy pulsed discharge (𝐼𝑝 = 3A) only provides a limited
amount of carbon molecules. Even when the environment
has a higher temperature field during pulsed discharge, the
absence of a carbon source prevents the growth of longer
CNTs even with increased substrate temperatures. On the
other hand, the combination of high temperature (70∘C) and
high energy (𝐼𝑝 = 3A, 𝜏 = 1400 𝜇s) provided uncrystallized,
free carbon molecules having enough energy to adsorb onto
the outer walls of the CNTs, leading to an increase in the
amount of CNT amorphous carbon. When analyzed from
the perspective of nucleation sites, changing the substrate
temperature did not result in any significant difference in the
nucleation process or the number of nucleation sites.

Based on the aforementioned findings, it can be con-
cluded that substrate outgassing enhanced the formation of
ambience for CNT growth using single-pulse discharge in
air, and the peak current was effectively maintained below
3A. However, based on the experimental results, increasing
substrate temperature during the process did not lead to
continuous increase in CNT length but caused an increase
in the amount of CNT amorphous carbon. Figure 6 shows
the morphology of CNTs grown on a bakeout substrate
at RT using the pulsed discharge (𝐼𝑝 = 3A, 𝜏 = 1200𝜇s).
The length, diameter, and inner diameter of the CNTs
were approximately 3.5 𝜇m, 6.82 nm, and 1.8 nm. As can
be shown in the Raman spectrum in Figure 6, the higher
peaks represent the background values of the graphite itself.
Because of the small discharge pit diameter (only 100 𝜇m)
and the insufficient CNTs layer thickness, the manipulations
of spectrum scanning, sampling, and focusing (for searching
the target structures) are actually not easy. The proposed
manufacturing process of CNTs has the feature of arbitrary
selections of growing pits positions on a large substrate.
Different from conventional methods of CNT production in
batch, the density of the resulting CNTs in the pits is not
high. Thus, in the Raman spectrum, the peak intensity of
MWCNT is much lower than that of graphite (Figure 7).
TheMWCNTpeak, comparingwith the background graphite
peak, is suppressed numerically in the plot of the Raman
spectrum. However, one can still note an indicative intensity
peak at 1360 cm−1 that evidently reveals the structure of
the MWCNT (Multiwalled Carbon Nanotube). The HRTEM
images of these CNTs are shown in Figure 8. In contrast to
the substrate without baking, the CNTs outside are covered
with amorphous carbon (𝐼𝑝 = 5A, 𝜏 = 1200𝜇s), as shown in
Figure 9.

3.2. Analysis of Growth Mechanism. The growth of CNTs us-
ing the single-pulse discharge method in air can be divided
into three stages: (a) generation of nanoscale protrusions, (b)
nucleation, and (c) formation of CNTs, which can be better
understood with Figure 8. As seen in Figure 10(a), the action
of the electric field between the two poles caused explosions
at the tip of the electrode. The high temperature rapidly gasi-
fied the graphite into carbon molecules, forming nanoscale
protrusions at the bottom-most layer of the discharge pit.
Concurrently, the explosions led to the formation of gas
chambers within the discharge pit, which induced nucleation
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Figure 4: SEM morphology of CNTs grown at RT with and without substrate bakeout.
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Figure 5: SEM morphology of CNTs grown at 𝐼𝑝 = 3A with different substrate temperatures (preheated substrate).
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Figure 6: SEM morphology of CNTs (𝐼𝑝 = 3A, 𝜏 = 1200 𝜇s, RT).
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Figure 7: Raman spectra.

sites for CNT growth under the influence of the temperature
field, as shown in Figure 10(b). A sufficient amount of carbon
in the discharge pit and a favorable surrounding temperature
allowed the lattices to grow along the protrusions, forming
the body of the tubes (Figure 10(c)). The process continued
until the temperature field changes resulted in the loss of
adsorption kinetic energy, which terminated CNT growth.

The results of the study indicate that the important
factors affecting the formation of nucleation sites during
the process were the carbon sources generated by pulsed
discharge, the temperature field, and the vacuum cham-
ber. In addition, the discharge pit formed by the pulsed
discharge restricted the dissipation of carbon sources. This
minimized the impact of the external environment under
the atmosphere and prevented loss in the concentration and
momentum of the carbon sources. Figure 11 shows the 3D
laser scanning confocal microscope (VK-X200K) images of
the densest arrangement of discharge pits produced by low-
energy single-pulse discharge, wherein each discharge pit
has a diameter of 60–80 𝜇m and a depth of 30–40 𝜇m. The
discharge pits were filled with carbon nanotubes.

10nm

Figure 8: HRTEM images of CNTs (𝐼𝑝 = 3A, 𝜏 = 1200 𝜇s, RT).

10nm

Figure 9: HRTEM images of CNTs (𝐼𝑝 = 5A, 𝜏 = 1200 𝜇s, without
substrate bakeout).

4. Conclusion

In this study, the experimental results and analysis showed
that, during the low-energy CNTs growth process, substrate
outgassing could improve the degree of local vacuum of the
single-pulse discharge, effectively reduce the peak current,
and reduce the diameter of the discharge pit by about
30%. It was proved that substrate heating enhanced CNTs
growth. This was especially true for the low-energy pulsed
discharge process, where additional heat energywas provided
to accelerate CNTs growth, as well as the formation and
maintenance of the temperature field. In future attempts
at CNT growth using single-pulse discharge, even lower
energy levels should be used in the high-security operating
environment to obtain CNTs with higher quality and density,
such that CNTs with zonal selectivity and high-density dot-
matrix arrangements can be produced to meet application
requirements.
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Figure 10: Growth analysis of CNTs.
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