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Abstract
This paper examines a simple one-step and catalyst-free method for synthesizing carbon 
nanoparticles from aliphatic alcohols and n-hexane with linear molecule formations by us-
ing a stable solution plasma process with a bipolar pulse and an external resistor. When the 
external resistor is adopted, it is observed that the current spikes are dramatically decreased, 
which induced production of a more stable discharge. Six aliphatic linear alcohols (metha-
nol-hexanol) containing carbon with oxygen sources are studied as possible precursors for 
the massive production of carbon nanoparticles. Additional study is also carried out with the 
use of n-hexane containing many carbons without an oxygen source in order to enhance the 
formation of carbon nanoparticles and to eliminate unwanted oxygen effects. The obtained 
carbon nanoparticles are characterized with field emission-scanning electron microscopy, 
energy dispersive X-ray spectroscopy, and Raman spectroscopy. The results show that with 
increasing carbon ratios in alcohol content, the synthesis rate of carbon nanoparticles is in-
creased, whereas the size of the carbon nanoparticles is decreased. Moreover, the degree of 
graphitization of the carbon nanoparticles synthesized from 1-hexanol and n-hexane with a 
high carbon (C)/oxygen (O) ratio and low or no oxygen is observed to be greater than that of 
the carbon nanoparticles synthesized from the corresponding materials with a low C/O ratio. 

Key words: arc discharge, scanning electron microscopy, particle size, carbon precursor, car-
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1. Introduction

Carbon nanomaterials, such as carbon particle [1], carbon nanotube [2,3], fullerene [4,5], 
carbon sheet [6], and graphene [7,8], have attracted extensive attention for both scientif-
ic research and practical industrial applications due to their unique optical, electrical, and 
catalytic properties [9,10]. Among the various methods to synthesize carbon nanoparticles, 
the use of plasma has been developed progressively in the past few years [11-19]. Carbon 
nanoparticles have been synthesized using plasma enhanced chemical vapor deposition [20] 
or arc discharge methods due to the high yield provided by these approaches [21]. Although 
these methods produce carbon nanoparticles with good crystallinity and quality, they remain 
unattractive for practical industrial applications due to high manufacturing and maintenance 
costs. In this light, there is strong demand for a new fabrication method that achieves both 
lower processing costs and equipment costs with a much higher synthesis rate.

Recently, carbon nanoparticle synthesis in liquid-phase plasma with a low-cost process 
has been widely studied as a new branch of plasma research [22-27]. The plasma, solution 
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2.2. Characteristics

A high-voltage probe (P6015A, Tektronix) and a current probe 
(4100, Pearson Electronics, USA) were connected between the 
power source via an inverter circuit and an oscilloscope (Wa-
veRunner 64Xi, LeCroy, USA) to measure the applied voltage 
and total current, respectively. Using a high voltage probe and a 
current probe, voltage-current (V-I) variations in the plasma re-
actor were recorded with processing times. The photographs of 
the device, solution plasmas, and samples of synthesized carbon 
nanoparticles were taken using a DSLR camera (D5300, Nikon, 
Japan) with a Macro 1:1 lens (SP AF 90mm F2.8 Di, Tamron, 
Japan). To analyze surface morphologies of the synthesized car-
bon nanoparticles, we utilized field emission-scanning electron 
microscopy (FE-SEM; SU8220, Hitachi, Japan). Energy disper-
sive X-ray spectroscopy (EDS; SU8220, Hitachi) was employed 
to validate the element composition and element spatial distribu-
tion of the synthesized carbon nanoparticles [28,29]. A conduc-
tive platinum coating was applied before imaging the samples 
to prevent charging from the substrate. Raman scattering was 
performed on a Renishaw (inVia reflex) Raman spectroscope us-
ing the second harmonic (532 nm) to characterize structural and 
electronic properties of the synthesized carbon nanoparticles 
[30]. 

2.3. Materials

Six aliphatic n-alcohols (methanol-hexanol) containing dif-
ferent carbon ratios in alcohol contents were used to compare 
the carbon nanoparticle characteristics. N-hexane was also ap-
plied in order to eliminate unwanted oxygen byproducts.

 

3. Results and Discussion

The measured voltage and current waveforms of unstable dis-

plasma process (SPP), is non-equilibrium plasma in solution 
where the characteristics of the plasma and solution are coupled 
by the exchange of ions and electrons. SPP has potential capa-
bility for precisely synthesizing carbon nanoparticles because 
of its intrinsic advantages, such as simple implementation, low 
capital cost, high synthesis yield, and availability of operation 
under atmospheric pressure and ambient temperature. None-
theless, the activated particles produced by most SPP methods 
without an external resistor, including ions, electrons, photons, 
and radicals, do not have sufficient energy to induce precise 
chemical reactions, which inherently results in plasma with un-
stable discharge caused by current spikes and voltage fluctua-
tion in a liquid condition. It should be noted that synthesis of 
carbon nanoparticles using SPP is expected to produce a stable 
discharge in liquid to obtain uniform size carbon nanoparticles. 
We therefore investigated the synthesis of carbon nanoparticles 
from various aliphatic alcohols containing oxygen compounds 
with linear molecule formations under a stable solution plasma 
discharge using bipolar pulses with an external resistor. An ex-
ternal resistor of 1 kΩ was used to minimize the unstable dis-
charge by decreasing the current spikes and voltage fluctuation 
in the SPP reactor, thus inducing a stable plasma to afford pre-
cise control over carbon nanoparticle synthesis.

As a novel approach to a simple one-step and catalyst-free 
method with stable discharge by using an external resistor, this 
approach is to examine the solution plasma processing using a 
wide range of aliphatic alcohols without introducing a catalyst 
as a precursors of carbon nanoparticles because the presence of 
oxygen and various oxides has a strong influence on the synthe-
sis of the carbon nanoparticles. Moreover, to eliminate unwant-
ed oxygen effects in solution, additional characterization is also 
carried out with n-hexane containing a carbon source without 
oxygen. 

2. Experimental

2.1. Solution plasma process

Carbon nanoparticle samples were prepared using a SPP. Fig. 
1 shows a schematic diagram of the solution plasma reactor 
with an external resistor for synthesizing carbon nanoparticles. 
A function generator (AFG3102, Tektronix, Korea) and a bipo-
lar pulsed high-voltage amplifier (20/20C-HS, Trek Inc., USA) 
were used to generate the solution plasma. In the driving circuit, 
a bipolar pulse with a frequency of 5 kHz was employed and 
the inverter amplified the low primary voltage to reach a high 
secondary voltage. A 1 kΩ external resistor was applied to ob-
tain a stable discharge by reducing the discharge current flowing 
between two electrodes. A cylindrical glass tube (outer diam-
eter=20 mm, inner diameter=18 mm, and height=150 mm) was 
used as the plasma reactor. To synthesize carbon nanoparticles 
using a SPP, two tungsten wires with a diameter of 1.2 mm, cov-
ered with polytetrafluoroethylene (PTFE) and a glass tube, were 
applied as the electrodes, one on each side of the plasma reactor. 
The gap between the two electrodes was set to 1 mm in the solu-
tion. To reduce particle aggregation, immiscible solutions were 
mixed by a magnetic stirring bar with a rotational speed of 1000 
rpm in the reactor. 

Fig. 1. Schematic diagram of experimental setup employed in this 
study for solution plasma experiments and synthesis of carbon nanopar-
ticles.
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n-hexane cases establish a similar discharge tendency for the 
voltages, currents, and related current spikes. 

The measured voltages and currents of unstable discharge 
without the external resistor (black line) and stable discharge 
with the external resistor (red line) in an ethanol solution sam-
ple are shown in Fig. 3. In the conventional experimental setup 
condition without an external resistor in the ethanol solution 

charge characteristics during the positive-half-cycle discharge 
without the external resistor for various aliphatic alcohols and 
n-hexane cases using conventional SPP are shown in Fig. 2. 
From these results, large voltage fluctuation and current spikes 
were observed continuously after the initial discharge, imply-
ing that the discharges were produced continually after the first 
discharge [31]. The discharge characteristics for all alcohols and 

Fig. 2. Measured voltage (a) and current waveforms (b) during positive-half-cycle discharge without external resistor from various aliphatic alcohols and 
n-hexane using solution plasma process.

Fig. 3. Measured voltage and current waveforms during discharge in ethanol solution sample without (black, left) and with external resistor (red, right).
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bon ratios in alcohol contents were increased from methanol 
to hexanol, the amount of dispersed carbon nanoparticles in 
the solutions increased for more than 24 h at room tempera-
ture. The better dispersibility of carbon nanoparticles was 
due to the presence of oxygen functionality in the alcohol ma-
terials [32-35]. The dispersion characteristics of the carbon 
nanoparticles were attributed to the presence of very small 
amounts of oxygen sources in the alcohols. In contrast, the 
carbon nanoparticles of n-hexane containing many carbons 
without an oxygen source precipitated quickly after 10 min 
due to the primary nanoparticle agglomeration.

Fig. 6 shows planar view FE-SEM images of the carbon-con-
taining thin films deposited via the hot-plate method, after which 
40 min plasma synthesis of carbon nanoparticles from the vari-
ous aliphatic alcohols and n-hexane was carried out by advanced 
SPP with an external resistor. Samples of carbon nanoparticles 
from the synthesized suspensions were prepared by drying a 

sample, a stable discharge was not produced due to high current 
spikes, as shown in Fig. 3. In other words, the voltage fluctua-
tions significantly increased in the case without the external re-
sistor, which means that an unstable discharge may be produced. 
When the external resistor was adopted, however, the voltage 
fluctuations and current spikes decreased dramatically, thereby 
producing a more stable discharge. As a result, when adopting 
the external resistor in the advanced SPP reactor, the voltage 
fluctuations and currents decreased, and the resulting stable dis-
charge contributed to reducing unnecessary current spikes dur-
ing plasma synthesis of carbon nanoparticles from the ethanol 
solution containing carbon sources in advanced SPP devices 
shown in Fig. 1. As we can see in Figs. 2 and 3, it is noteworthy 
that the discharge state of the solution plasma depends strongly 
on the electrical conditions for producing a stable plasma rather 
than the kinds of alcohol solutions.

The plasma images and solution color variations of the vari-
ous aliphatic alcohols and n-hexane during the processing time in 
the advanced SPP with the external resistor are shown in Fig. 4. 
The colors of the solutions for all cases changed from transparent 
to dark color during the processing time, indicating that some par-
ticles were synthesized from the solutions. As we can see in Fig. 4, 
the color changes of the methanol and ethanol changed slowly. In 
contrast, the color of the other solutions changed rapidly with an 
increase in the carbon ratios in alcohol contents. 

The precipitation and dispersion of carbon nanoparticle 
suspensions synthesized from various aliphatic alcohols and 
n-hexane under different processing times of the advanced 
SPP with an external resistor are shown in Fig. 5, where (a) is 
before (initial) and (b) is after 24 h at room temperature. 10, 
20, 30, and 40 min SPP, the vials containing carbon nanopar-
ticles were left at room temperature for 24 h to investigate 
their precipitation and dispersion characteristics. As shown in 
Fig. 5, a small amount of precipitated and dispersed particles 
was observed in the methanol case. However, when the car-

Fig. 4. Plasma images and changes in solution colors of various aliphat-
ic alcohols and n-hexane during process time in SPP with external resistor.

Fig. 5. Changes in precipitation and dispersion of carbon nanoparticle 
suspensions synthesized from various aliphatic alcohols and n-hexane 
relative to various process times using solution plasma process: (a) before 
(initial) and (b) after 24 hours at room temperature.
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ous solutions via advanced SPP, the EDS chemical element 
compositions(wt%), elemental mapping images, and C/O ra-
tio based on EDS compositions are presented in Fig. 7, and 
these results verify that the carbon nanoparticle composites 
cover the elements C and O and the homogeneous distribu-
tion of these elements originates from the various aliphatic 
alcohols and n-hexane plated on the surface of the sample 
for SEM observation [36]. In addition, the element O could 
influence the element composition distributions of the carbon 
nanoparticles for all cases because of the absorption of H2O 
and O2 in the ambient air during the SPP. The elements C and 
O were observed to increase and decrease, respectively, with 
an increase in the C/O ratio of the solutions. In particular, 
small amounts of element O were observed in the n-hexane 
case due to the absorption of H2O and O2 in the ambient air.

To confirm the structural ordering of carbon and graphitic 
materials, we employed the Raman scattering technique. Fig. 8 
shows Raman spectra of the carbon-containing thin films after 
40 min plasma synthesis of carbon nanoparticles from various 
aliphatic alcohols and n-hexane via advanced SPP. In the Ra-
man spectra of highly ordered graphite two absorption bands, 

small drop on a Si substrate. The carbon nanoparticles dropped 
on the Si substrates were placed on a hot-plate set at 60°C and 
various solution mixtures were slowly evaporated to dryness. 
In each alcohol case, the products contained flakes and some 
carbon nanoparticles, whereas in the n-hexane case, the prod-
ucts contained only spherical carbon nanoparticles. We postulate 
from this result that when the carbon ratios in alcohol contents 
were increased from methanol to hexanol, the fraction of flakes 
decreased, indicating that the relative content of carbon flakes 
decreased with an increase of the carbon (C)/oxygen (O) ratio. 
On the contrary, the particles sizes decreased with an increase in 
the C/O ratio of the solutions. In the n-hexane case containing 
many carbons without an oxygen source, the spherical carbon 
nanoparticles were semi-porous and their diameters ranged from 
80 to 100 nm. 

To further confirm the element composition and ele-
ment spatial distribution of carbon nanoparticles from vari-

Fig. 6. FE-SEM images with low and high magnifications of deposited 
carbon-containing thin films using hot-plate deposition method after 40 
min plasma synthesis of carbon nanoparticles from various aliphatic alco-
hols and n-hexane via solution plasma process.

Fig. 7. EDS elemental mapping images, detailed chemical element 
composition (wt%), and C/O ratio based on EDS composition of carbon 
and oxygen containing-thin films using hot-plate deposition method 
after 40 min plasma synthesis of carbon nanoparticles from various ali-
phatic alcohols and n-hexane via solution plasma process.
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4. Conclusions

In summary, carbon nanoparticles were successfully synthe-
sized from aliphatic alcohols and n-hexane with linear molecule 
formations by using an advanced SPP. The advanced solution 
plasma reactor can produce a stable discharge by reducing the 
current spikes owing to use of the external resistor. The results 
show that the synthesis rate of carbon nanoparticles is increased 
when increasing the carbon ratios in alcohol contents. The 
products obtained from alcohols with various C/O ratios from 
methanol to hexanol contain a mixture of flakes and particles. 
In n-hexane containing many carbons without oxygen sources, 
the products contain only spherical carbon nanoparticles. It has 
been found that the carbon to oxygen ratio is the key factor that 
controls the morphology, conversion yield, product formation 
yield, and degree of graphitization. The degrees of graphitiza-
tion of the carbon nanoparticles synthesized from 1-hexanol and 
n-hexane with high C/O ratios and low or no oxygen are greater 
than those of the carbon nanoparticles synthesized from the cor-
responding materials with low C/O ratios. It is expected that this 
advanced solution plasma with a catalyst-free method will lead 
to a breakthrough in high-speed synthesis and precise control of 
carbon nanoparticles. 
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