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Abstract
In this study, electrical arc discharge method is used for the synthesis of multi wall carbon nanotubes (CNTs). The advan-
tages of applied setup for producing CNTs are simplicity, low-cost procedures and avoiding the multistep purification. The 
experiments were optimized by submerging graphite electrodes inside deionized water and various concentrations of sodium 
chloride solution. The purpose of this research is to investigate the effect of liquid medium on growth, size and quality of 
the CNTs structures. The results show that CNTs of 150 Â µm length or larger with high purity and quality without using 
catalyst are produced on the cathode surface. Furthermore, the quantity of CNTs is influenced by NaCl concentration. Scan-
ning electron microscopy, Raman spectroscopy and X-ray diffraction technique were used to characterize the results.
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Introduction

Carbon nanotubes (CNTs) are very attractive materials in 
the fields of medicine and engineering due to their unique 
electrical, mechanical and elastic properties [1, 2]. There 
are various methods to produce CNTs in sizable quantities 
[3–5]. Mainly CNTs are produced by arc discharge, laser 
ablation and chemical vapor deposition methods [6, 7]. 
Prof. Iijima for the first time conducted an arc discharge 
in a chamber with helium gas at atmospheric pressure [8]. 
Ebbesen et al. reported the production of large amount of 
CNTs by arc discharge in a reduced inert-gas atmosphere 
(e.g., Ar, He, etc.) [9]. Using low pressure and noble gasses 
can be the disadvantages of this method. Ishigami synthe-
sized the CNTs in liquid nitrogen [10]. Liquid environments 
preferably deny the need for high expenses and complicated 
equipment. Antisari produced CNTs in a deionized water 
(DI water) and liquid nitrogen and then compared the results 
[11]. CNTs produced in both arc discharge and laser ablation 
methods need to be purified [12]. However, CNTs produced 
by arc discharge are highly crystalline and have fewer defects 
than nanotubes produced by other methods [13]. The most 

common impurities are graphite nanoparticles, amorphous 
carbon, fullerene, catalytic particles, and metal particles 
which are either mixed with nanotubes or they are attached 
on the outer surface. Various methods such as thermal or 
chemical oxidation, sonication, and annealing can reduce 
the amount of impurities and amorphous carbon and carbon 
nanoparticles [14–16]. Purification by thermal method is 
achieved because the rates of oxidation of CNTs are slower 
than amorphous carbon, fullerene, and carbon clusters [17].

Important factors for choosing a suitable liquid medium 
are cooling ability and the minimal evaporation during arc 
discharge [18]. Although the temperature of liquid nitro-
gen are very low but the intense evaporation during the arc 
discharge prevent a proper thermal exchange between the 
produced substance and its surroundings. Thus, cooling effi-
ciency of liquid nitrogen is less than DI water. In addition, 
synthesized CNTs show a degraded structure and distorted 
morphology [19]. On the other hand, due to electrical insu-
lating feature of DI water, the stability of arc discharge is 
weak.

Therefore, a proper liquid with optimized electrical char-
acteristic, great cooling ability and low vaporization during 
arc discharge should be found. It is well-known that the cool-
ing power and electrical conductivity of sodium chloride 
solution is higher than DI water. But the question is: what 
is the best concentration of NaCl for production of CNTs. 
Answering to this question is the main purpose of this paper. 
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In this work, the effect of sodium chloride concentration on 
the growth, size and quality of the structure of CNTs has 
been investigated.

Experiments

Figure 1 schematically shows the arc discharge setup in the 
liquid. The main parts of the facility are: Open-Pyrex vessel, 
graphite electrodes, copper holders, and DC-high current 
power supply. The anode electrode (6 mm in diameter) is 
connected to the positive pole and it can be moved by a 
micrometer (see Fig. 1). The cathode (14 mm in diameter) 
is connected to the positive pole where some part of the 
product is deposited on top of this electrode. The distance 
between the electrodes was kept constant at 1 mm. The elec-
trodes were placed parallel to each other and immersed in 
different concentrations of sodium chloride and DI water 
solution (0, 0.2, 0.25, 0.3 M). Time durations of 15 and 60 s 
for the arc discharge were considered for each concentration. 
In all experiments the applied current between the electrodes 
was 90 A. Experimental parameters are shown in Table 1.

After the current flow and producing stable electric arc 
discharge, the produced materials were: hard crust deposited 
on the cathode surface, the sedimentary solids in bottom of 
the vessel, and very small amount of free-floating particles 
on the surface of the liquid. To purify the samples, the hard 
crust and the sedimentary solids were put in an oven for 
30 min at 500 °C.

To characterize the produced samples, scanning electron 
microscopy (SEM, Hitachi SU 3500, 15.0 kV), Raman spec-
troscopy (Raman, Takram P50C0R10, Nd:Yag, 532 nm) and 
X-ray diffraction technique (XRD, STADI MP, λ = 1.54 Å) 
were used.

Results

Figure 2 shows the SEM image of CNTs synthesized in DI 
water. High density of nanotubes with rather short length 
of about 1–2 micrometers is observed in Fig. 2. In Fig. 3 
the SEM images of nanotubes at various concentrations of 
sodium chloride solution (0.2, 0.25, and 0.3 M) for different 
discharge duration (15 and 60 s) are presented. By compar-
ing Figs. 2 and 3, it can be concluded that produced CNTs in 
NaCl solution have considerably larger length than in water. 
The length difference of the synthesized CNTs is from few 
micrometers in water to about hundreds of micrometers in 
NaCl solution. In addition, it confirms that by increasing the 
NaCl concentration, the length of CNTs enhances.

Raman spectroscopy is one of the most powerful tools 
for characterization of carbon nanotubes [19]. In Fig. 4, the 
results of Raman spectroscopy of produced samples at vari-
ous concentrations of NaCl solutions for different discharge 
duration are demonstrated. It is well-known that CNTs usu-
ally reveal peaks at near 156, 192, 1300 and 1580 cm−1 in 
Raman data. For multi wall CNTs, the existing peaks in the 

Fig. 1   Schematic view of the arc discharge facility in liquid

Table 1   Experimental parameters

Sample NaCl concentration 
(M)

Time (s) Current (A)

#0 0 60 90
#1 0.2 15 90
#2 0.2 60 90
#3 0.25 15 90
#4 0.25 60 90
#5 0.3 15 90
#6 0.3 60 90

Fig. 2   SEM image of CNTs produced in DI water (sample #0)



21International Nano Letters (2018) 8:19–23	

1 3

regions 1330–1360, 1580–1590, and 2500–2800 cm−1 are 
called D, G and G′ bands, respectively. The strong G peak 
indicates the presence of graphitized nanotubes and struc-
tures [20]. D-peak can be an evidence of formation of multi 
wall CNTs. This is because the curved nature of the graphite 
sheets enhances the intensity of D-peak due to the increase 
in the electron–phonon coupling [21]. The G′ peak attribute 
to one or more layers of graphene or crystalline graphite and 
its enhancement may be associated to the increase in the 
growth of graphene multilayer [20].

The ratio of intensity of G band to D band shows the ratio 
of graphitic structures to amorphous products [22]. Higher 
ratio of G band to D band is corresponded to the large quan-
tity of CNTs [23]. Similar intensities of these bands indi-
cate a high amount of structural defects [19]. According to 
Fig. 4, in our case the ratio for samples #1, #2, #3 and #4 are 
equal to 2.34, 2.7, 2.38, and 3.94, respectively. Therefore, 
by increasing the discharge time duration, large quantities 
of nanotubes are obtained. This result is confirmed by SEM 
analysis (see Fig. 3b, d). In contrast to this, G–D ratio for 

samples #5 and #6 are 3.03 and 1.50, respectively. Thus, it 
can be concluded that better formations of CNTs at highest 
NaCl concentration is achieved for lower discharge time. 
It may be due to better cooling capability, stability of the 
discharge and lower evaporation of the liquid at this regime.

Results of X-ray diffraction analysis are shown in Fig. 5. 
In all samples a strong peak near 2θ = 26° are related to 
(002) planes of hexagonal graphite structure. In some lit-
eratures this peak has been related to the formation of multi 
wall CNTs [20, 24, 25]. As SEM results revealed, CNTs 
diameter in sample #2 is greater than samples #4 and #5. 
In addition, D-peak intensity in Raman spectra of samples 
#4 and #5 are greater than sample #2. This is due to the 
graphite-curved sheets. Furthermore, intensity of (002) peak 
for the samples #4 and #5 is much higher than the intensity 
of sample #2 that shows these samples have more walls with 
same diameter. The decrease of the interlayer spacing with 
the increase of diameter of the shells and the inner diameter 
distribution modify the shape of the (002) peaks. The inten-
sity and width of the (002) peaks are related to the number of 

Fig. 3   SEM images of synthe-
sized CNTs for samples a #1, b 
#2, c #3, d #4, e #5, f #6
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layers, the variations of interlayer spacing, the lattice distor-
tions and the carbon nanotube orientation compared to the 
X-ray incident beam [18].

Conclusion

In this study, the catalyst-free production of CNTs by arc 
discharge method in different concentrations of sodium 
chloride and DI water solution (NaCl concentration 

of 0, 0.2, 0.25 and 0.3 M) was performed. SEM results 
confirmed that with an increase in NaCl concentration 
CNTs length grows from few micrometers to more than 
150 Â µm. Moreover, quantity of CNTs is influenced by 
NaCl concentration. Raman spectroscopy also confirmed 
the presence of graphite nanotubes and structures. XRD 
analysis revealed the hexagonal graphite structures with 
enhanced d-spacing. It can be concluded that arc discharge 
in liquid is a very cheap method for production of CNTs 
and the best concentration of sodium chloride solution in 
DI water is 0.3 M [25].
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