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Abstract
A novel, unique, and effective method for carbon nanotube (CNT) dispersion by the free arc 
stimulation is proposed. CNTs are introduced as an aerogel into the air space via the disper-
sion method and can be utilized as a solution by adding it to solvents. The volume of the 
original generated CNT aerogel with a high-volume expansion ratio displays a performance 
two orders of magnitudes better than that of raw CNTs, which is considered a powerful 
characterization of the dispersion effect. The CNT aerogel, which was observed by scanning 
electron microscopy also showed a satisfactory dispersion morphology. Its structure and 
properties were tested before and after dispersion by Raman spectroscopy and great con-
sistency was observed, which proved that the CNTs were undamaged. This approach may 
greatly promote the large-scale application of CNTs.
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1. Introduction

Carbon nanotubes (CNTs) are an attractive material with outstanding physical and chemi-
cal properties [1-4]. However, the common feature of agglomeration of nanomaterials, espe-
cially of CNTs, is an essential obstacle to their further development [5,6]. Currently, the most 
effective CNT dispersion techniques are mechanical milling [7], ultrasonic [8,9], chemical 
modification [10,11], dispersant [12,13], surfactant [14], and combined usages of technolo-
gies [15]. Although various methods for CNT dispersion are used to overcome the agglom-
eration caused by van der Waals force [16], the effects are limited.

Commercial CNTs are usually produced by fluidized bed chemical vapor deposition [17-
19]. The technology has become one of the most popular methods due to its low cost and 
high production, while the inherent characteristics of the technology lead to a very serious 
aggregation effect. Aggregates are classified as hard or soft according to their size [20]. Most 
nano-dispersion technologies are capable of reducing soft agglomerates effectively, but their 
effectiveness in reducing hard agglomerates is not obvious. Therefore, the agglomeration 
effect has become a great barrier in the field of nano-engineering. Today, the most widely 
accepted method of dispersing CNTs is the combined use of various technologies, including 
the use of dispersant, sonication, and centrifugation [21]. Although, the complicated process 
reaches a certain degree of dispersion, the negative impacts caused by the additives and the 
high cost of large-scale processing have not been effectively resolved. In fact, people are 
trying to compromise the effects of dispersion and its cost, which limits the further develop-
ment of CNTs, especially for industrial applications.

Moreover, the dispersion technologies that have been extensively applied are all based on 
a liquid environment, except the technology of the dry ball grinder. For many applications, 
to apply CNTs dispersed in solution, it is necessary to remove solvents [22], or due to the 
presence of the solvent, the application of CNTs in a liquid environment, such as the metal 
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2 mm is the anode of the equipment. At one end of the tungsten 
stick, a slice made by tungsten is set as a collector, which can 
gather the CNT aerogel generated by the cathode, and it is able 
to be separated from the tungsten stick for characterization by 
scanning electron microscopy (SEM). The equipment does not 
require any blanket gases or barometric regulators. 

2.3. Preparation of CNT aerogel

The cathode in which the CNTs and deionized water were 
mixed evenly with several mass ratios is presented Table.1. The 
mixture was compressed into a block and set in the circuit of the 
dispersion equipment. The distance between the cathode and the 
anode was adjusted in the range of 0.5 to 2.5 mm. The signal 
control trigger is able to control the time for discharging. There-
fore, the various times for the trigger were set according to the 
different research objects, in which the short time was set as 0.5 
ms for studying the microelectric discharge phenomena, and the 
trigger works continuously and discharges for hours to prepare 

smelting, is restricted [23]. In comparison with conventional 
preparation methods, making CNTs into an aerogel without a 
liquid solvent [24] makes the CNTs possess a three-dimensional 
net structure and many gaps; thus, it achieves a better dispersion 
effect. This can shorten the process chain and extends the ap-
plication range of CNTs enormously [25,26].

In this article, a novel approach is presented to disperse CNTs 
based on the working medium and energy applied by free arc 
excitation. Free arc excitation is an effective method with a high 
energy flux density, which is generated by a simple boosted cir-
cuit. It has been extensively used in many fields, such as materi-
als processing [27-29]. Moreover, free arc excitation was ap-
plied in the early preparation of CNTs [1], and Wang et al. [30] 
utilized free arc excitation for the surface treatment of CNTs.

Thermal excitation has been applied on mixture which are 
composed of CNTs and liquid working materials by using the 
free arc. Rapid phase transition occurs on the liquid working 
materials with a rapid volume expansion; thus, the CNT aerogel 
is prepared with a high degree of dispersion and purity. In com-
parison with the current nano-dispersion method, the proposed 
method shows significant improvement.

2. Experimental

2.1. Materials

MWCNTs (GT-300; Shandong Dazhan Nano Materials co. 
ltd., China; length, 15–30 μm; diameter, 5–15 nm). Deionized 
water. Sodium dodecyl benzene sulfonate (SDBS, 90%; Tianjin 
Dingshengxin Chemical Industry Co. Ltd., China) were used as 
the dispersant.

2.2. Equipment for dispersion

The adapter and the DC booster are used to produce free arc 
with a certain energy density, and the signal control trigger is ca-
pable of producing various expected signals, which are applied 
at a high voltage, for instance, to produce several free arcs be-
tween the two electrodes to investigate the free arc generated by 
a single impulsive discharge. A signal acquisition system, con-
taining a small-value Jepsun Sampling resistor, is connected to 
a high-voltage circuit, measures the discharged signal between 
the two electrodes. A small tungsten stick with the diameter of 

Fig. 1. Equipment for dispersion. It is composed of an adapter, a signal control trigger, a DC booster, and so forth. The photo on the left shows the elec-
trodes, and the scale bar is 4 mm. 

Fig. 2. Continuous captures of the dispersion process. The growth of 
the aerogel is clearly recorded and the reason for absence on the anode 
in the first and the last photo is that the aerogel has not been generated 
(the first one) and drifted away due to hot air flow automatically (the last 
one) with scanning frequency, five frames per second. The scale bar is 4 
mm.
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SDBS and 1 h ultrasonic treatment) were measured by the 
Stormer viscometer (ARES G2,TA, USA) with various solution 
concentrations.

2.4.4. Shelf-life measurements
The shelf-life of the aerogel aqueous solution and the CNT 

aqueous solution with the classical dispersion method (0.2% 
SDBS and 1 h ultrasonic treatment) was observed by free sedi-
mentation for 4 weeks.

2.4.5. Parameters of the aerogel measurements
The electrode was weighed by using an electronic balance 

(ME235S, Sartorius AG, Sartorius, Germany) with the precision 
of one hundred-thousandth. The mass difference Ml was calculated.

The density , where l is the mass fraction of the CNTs

in the electrode, and the dynamic volume parameter Vd of the 
CNT aerogel was obtained by processing images which were 
obtained by continuous shooting of a high-speed camera (Dimax 
HS1, POC, Germany).

3. Results and Discussion

3.1. Influence of free arcs on the structure of 
CNTs and dispersion results evaluation

A free arc possesses a high energy flux density, which 
has the potential to damage the CNTs. The influence of the 
anakinetomere on the structure of CNTs has been studied 
during an excellent dispersion effect. No obvious change in the 
diameter and the surface morphology of the CNTs is observed 
in the images captured by SEM (Fig. 3). Impurities, such as 
amorphous carbon, were not detected in large amounts in the 
samples. The results of Raman spectral analysis (Fig. 4a) shown 
above reveal that the structure of the CNTs remains intact after 
the treatment, which may be attributed to three factors. A lot of 
energy has been absorbed due to the vaporization of the working 
medium in the mixed electrodes, a large amount of heat is hardly 
reserved because the vapor with a high temperature is separated 
from the electrode, and the thermostability of the CNTs is strong.

By comparing the viscosities of the CNTs solution obtained 
by various dispersion methods, it can be shown clearly that the 
CNT aerogel had better dispersion at each concentration. In ad-
dition, as the concentration of the CNTs increased, the viscos-
ity of the aerogels increased more significantly than that of the 
CNT solution. It was found that the samples in the aerogel group 
were evenly distributed and showed no distinct sedimentation 
and separation (Fig. 4b). 

These improvements in dispersion may be attributed to the 
fact that the CNT aerogel is well dispersed during the prepara-
tion process and the van der Waals force acts on the point of in-
tersection between CNTs, resulting in a certain strength of con-
nection. Although these connection points cannot make aerogel 
show obvious mechanical strength at the macroscale, they can 
support the weight of the CNTs themselves and effectively resist 
environmental disturbance at the microscale, making it difficult 
for the aerogel to reaggregate. Interestingly, van der Waals force 

a certain quantity of CNT aerogel for macro-research. The spe-
cific experimental parameters are shown in Table 1.

Gradient experiments were performed on the energy flux density 
of the electric arc and the content of the working medium, which 
are the two essential parameters for the dispersion of CNTs by uti-
lizing free arc excitation. However, when the content of the CNTs 
in the mixture exceeds 1/4, the working medium and the CNTs are 
difficult to mix homogenously due to the strong hygroscopicity of 
the CNTs. CNTs are dispersed widely when the content is lower 
than 1/7, which results in an extremely low density of the aerogel 
whose morphology can be hardly seen in the peripheral space, and 
the effective data acquisition can be barely performed. Therefore, 
the experimental results for these two conditions are not given in 
this article. Furthermore, approximate variations of equidistance 
were applied due to the set for the energy flux density which was 
limited by the experimental equipment. 

2.4. Characterization of CNT aerogel

2.4.1. Morphology analysis
SEM (SU-8010; Hitachi, Japan) was applied to observe the 

surface morphology of the CNT electrode and aerogel.

2.4.2. Raman spectroscopy analysis
The Raman spectra (514 nm laser, T64000; Horiba, Japan) 

showed prominent peaks at the range between 500 and 3000 
cm–1.

2.4.3. Viscosity measurements
The viscosities of the aerogel aqueous solution and the CNT 

aqueous solution with the classical dispersion method (0.2% 

Table 1. Specific experimental parameters. No. 1 to 4 standard 
micro experiment and No. 5 to 14 standard macro experiment

Number Discharge 
time CNT content Energy flow 

density

1

0.5 ms

1/4

2 1/5

3 1/6

4 1/7

5

5 s

1/3

6 1/4

7 1/5

8 1/6

9 1/7

10 1/8

11

5 s 1/6

1.18

12 1.74

13 2.00

14 2.34
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The discharged signals were collected for various electrodes, 
which were water, pure CNTs, and the mixture of the water and 
CNTs, respectively, to analyze the phenomenon scientifically. 
The results reveal that the discharged signal is stable and con-
tinuous for the CNTs as the electrode and performs a typical 
characterization of a DC arc. Regular intervals of the discharged 
signal are observed when the electrode contains water partially 
or entirely. In other words, a sustained discharge turns into an 
impulsive discharge due to the intervention of the vaporized 
working medium. As shown in Fig. 5d, each impulsive discharge 
can stimulate a micro-dispersion of CNTs on the surface of the 
mixed electrode, and then a tiny ball of CNT aerogel is formed. 
The impulsive discharge is quite intense in the discharge area, 
and the vibration and collision of the aerogel balls generated 
by every impulsive discharge occurs under the impulsive turbu-
lence. Therefore, the CNT aerogel composed of the tiny aerogel 
balls with a higher volume is formed. The turbulence generated 
in the discharge area is related to the energy flux density propor-
tionally. The energy flux density with a critical value of 2×106 
J m–2 s–1 emerges, above which an irreversible formation of the 

is often one of the major causes of CNTs agglomeration. How-
ever, in our work, we found that the force can prevent CNTs 
from agglomerating by establishing support points.

Similarly, as the concentration of CNTs increases, the ef-
fective support points also increase greatly, the density of the 
aerogel in solution increases, and the space network becomes 
more dense. Thus, with high CNT content, the aerogel solution 
showed a greater viscosity change than the CNT solution.

3.2. Influence rule of the energy flux density 
on the macro-aerogel

The mass growth rate showed a slightly increasing trend with 
increasing energy flow density due to the high frequency of the 
impulsive discharge and increasing massive energy contained 
in the single impulsive discharge. However, the volume growth 
rate and the expansion ratio of aerogel did not reach the maxi-
mum at the highest energy flow density in the range of experi-
ments. Both parameters reached the maximum when the energy 
flow density approached 2×106 J m–2 s–1.

Fig. 3. Scanning Electron Microscopy (SEM) of aerogel. (a, b) Aerogel with the shape of small independent islet. (c, d) Large aerogel with 3D morphology. 
(e, f ) Topical images of aerogel with millimeter scale. In this series of images, single independent CNTs account for a large proportion in the initial stage. 
Although they crosslink with each other rapidly due to turbulence and van der Waals force, it does not affect their maintenance of a good dispersion state.

Fig. 4. Characterization of aerogel. (a) Raman spectra of  the CNTs before and after treatment show three prominent peaks at 1320, 1573, and 
2637 cm–1 which are attributed to the D, G, and G' bands. The miscellaneous peaks are not presented, and the peak width maintained a good consistency. (b) 
Comparison of the viscosity of aerogel aqueous solution and the CNTs aqueous solution with the classical dispersion (0.2% SDBS and 1 h ultrasonic treat-
ment) and the result after 30 days of free sedimentation.
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aerogel balls may collide with each other, leading to a mech-
anism collapse. These two effects are always parallel to each 
other, and different performance is achieved with variation of 
parameters such as the energy flux density, the content of the 
working medium, and so forth. The experimental results show 
that the negative effect of the mutual collision of the aerogel is 
dominant when the content of the working medium reaches 4/5, 
which leads to a volume decrease. For content exceeding 4/5, it 
plays an essential role in the improvement of the dispersion, and 
its negative effect on the volume weakens gradually. As shown 
in the Fig. 6b (1:6 and 1:7), the volume of the CNTs aerogel 
increases with increasing content of the working medium.

3.4. Micro-characterization of the free arc for 
CNT dispersion

An area with the impulsive discharge was set as the control 
area through a transient discharge between the electrodes. As 
seen in Fig. 7, there is a dimple with a scale of micro-meter 
on the surface of the mixed electrodes, apparently caused by a 

CNTs aerogel is observed due to the mutual impact, and it re-
sults in a decrease in the volume of the aerogel. Otherwise, when 
the value is lower, a softer turbulence cannot significantly affect 
the CNT aerogel.

3.3. Influence rule of the working medium 
content on the macro-aerogel

The aerogel mass growth rate does not show any significant 
changes with the different working medium content, which is 
similar to the findings shown in Fig. 5a. The mixture electrode 
mass loss rate increases with increasing working medium con-
tent. Two extreme cases of the working medium content (1:4 and 
1:7) lead to a high expansion ratio (Fig. 6b).

The phenomenon can be properly analyzed by the theoretical 
model mentioned above. The working medium is vaporized by 
the free arc excitation, which leads to two remarkable effects. 
On the one hand, the CNTs show expanded dispersion with the 
vaporization expansion of the working medium. On the other 
hand, it also creates a disordered flow field in which the CNT 

Fig. 5. (a, b) Aerogel volume, mass growth rate, and expansion ratio under stimulation of various energy flow densities. The volume of CNT aerogel 
shows performance two orders of magnitude higher than that of raw CNTs, which is a significant dispersion effect. (c) Discharge signals from various cath-
ode materials. Both liquid and mixture electrodes show larger amplitudes and more chaotic signals than those of dry CNTs. (d) Micro-dispersion model.
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trodes (Fig. 7a). On the contrary, when the collection zone was 
near the mixed electrodes, a planar structure of the aerogel was 
observed (Fig. 7b). This strongly proves that, at the initial dis-
persion stage, the evolution of the dispersion process is based 

impulsive discharge. Collection and characterization were per-
formed on the CNT aerogel in various locations above the dis-
charge area. The aerogel showed a prominent space structure 
when the collection zone was far away from the mixed elec-

Fig. 6. (a, b) Aerogel volume, mass growth rate, expansion ratio, and mixture electrode mass loss rate under various working medium mixing ratios.

Fig. 7. SEM of an impulsive discharge on cathode surface and collector. (a) 1/4 and 1/5 CNT content in mixture electrode. (b) 1/7 CNT content in mixture 
electrode.
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