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ABSTRACT KEY WORDS
This study presents the simple and catalyst-free methods for synthesizing Solution plasma; Gas
carbon nanomaterials from 1-hexanol alcohol by using stable solution bubble; 1-hexanol; Arc
plasma process by varying the argon (Ar), oxygen (O,), and Ar and O, mix- discharge; ,Cel”.bon
tures plasma working gas bubble. The structural characteristics of carbon 2;20\7;;?;?:’
nanomaterials are measured by transmission electron microscopy, Raman

spectroscopy, and X-ray diffraction. The discharge characteristics are

examined based on the discharge voltage, current, and optical emission

spectrometer (OES) techniques. By using the external Ar gas bubble dis-

charge during solution plasma process, the size of carbon nanoparticle

and discharge voltage are decreased compared to the no gas case and the

discharge current is increased, which would be due to the increase of

plasma energy and enhancement of the square of plasma-liquid contact

to plasma volume. By using the external O, gas bubble discharge during

solution plasma process, whereas, the size of carbon nanoparticle is

increased compared to the no gas case and the discharge voltage and cur-

rent are decreased, which would be due to the production of relatively

high amounts of oxygen radicals, resulting in the flame synthesis. Raman

spectra results show that the degree of graphitization of the carbon nano-

materials synthesized with external Ar 150 and O, 50 standard cubic centi-

meter per minutes (sccm) mixtures gas bubble during solution plasma

process is observed to be greater than that of the carbon nanomaterials

synthesized with the only Ar or O, gas bubble. This solution plasma pro-

cess by varying the plasma working gas mixtures can potentially be used

for the precise nanomaterial synthesis.

1. Introduction

During the past few decades, carbon nanomaterials have attracted extensive attentions
of several researchers engaged in material science, especially for application involving
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electronics, optoelectronics, sensing, imaging, medical field, and future display [1-7].
Among the various structure forms of carbon nanomaterials, carbon nanospheres have
been recognized as a novel class of carbon structure with unique characteristics, such as
high strength, light weight, and high thermal resistance. Solution plasma process (SPP)
has been accepted as a new technology to synthesize carbon nanomaterials due to its
intrinsic merits, such as catalyst-free, low cost, simple implementation, and available
operating under ambient condition. SPP is new useful and simple synthesis method of
carbon materials, because this plasma in solution can provide rapid reactions due to the
reactive chemical species [8-15]. Nonetheless, the activated particles produced by most
SPP methods without any plasma working gas bubble, including photons, electrons,
ions, and radicals, have not sufficient energy to induce precise chemical reactions and
to control the size of nanomaterials more precisely, which inherently results the use of
plasma with unstable discharge in liquid condition.

Recently, the carbon nanomaterials prepared by solution plasma process without any
plasma working gas bubble have been widely used in optoelectronic devices because car-
bon materials can reduce the injection barrier between anode and hole transport layer
in organic or polymer light emitting devices (OLED or PLED) [16]. However, the inter-
actions between the use of the plasma working gas in solution plasma process and the
synthesis of carbon nanomaterials have not yet been studied in detail.

Accordingly, this study investigates the one-step with high-speed and catalyst-free
method for the synthesis of carbon nanomaterials from 1-hexanol in a simple solution
plasma source with plasma working gas variation. In order to produce stable plasma
with high plasma density and to control the size of carbon nanomaterials, we use an
external plasma working gas between two electrodes to decrease the discharge voltage
with unnecessary current and to minimize the unstable discharge in SPP reactor. Using
of external plasma working gas bubble between two electrodes inhibits development of
the ionization instability in plasma of the discharge [17-23], provides high uniformity
of parameters on the plasma-liquid boundary in real plasma-chemical process.

2. Experiment

Figure 1 shows a schematic diagram of the solution plasma reactor and measurement
setup with an external plasma working gas system for synthesizing carbon nanomateri-
als employed. The solution plasma reactor consisted of the vertical cylindrical glass test-
tube (outer diameter (O.D.) = 20 mm, inner diameter (I.D.) = 18 mm, and height =
150 mm) supplied by one glass inlet plasma working gas pipe and two tungsten electro-
des. The reactor was filled by the 1-hexanol (Yakuri Pure Chemicals Co., Ltd, 99.0%)
solution; the argon (Ar) and oxygen (O,) gases entered into the reactor through the
glass inlet gas pipe (O.D. = 2mm and I.D. = 1 mm) system. The Ar and O, flow rates
were varied from 0 to 200 standard cubic centimeter per minutes (sccm) and from 0 to
200 sccm, respectively. The detailed gas mixtures are listed in Table I. Two tungsten
wires with a diameter of 0.5mm, covered with polytetrafluoroethylene (PTFE) and a
glass tube, were applied as the electrodes, one on each side of the solution plasma
reactor. The gap between the two electrodes was set to 1 mm in the solution. It formed
a bubble-type flow gas channel with a surrounding liquid wall in the volume between
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Figure 1. Schematic diagram of solution plasma reactor and measurement setup employed in
this study.

Table 1. Plasma working gas conditions employed in this study.
Plasma Working Gas Conditions

No Gas Ar 100 sccm Ar 200 sccm
0, 100 sccm 0, 150 sccm 0, 200 sccm
Ar 150 sccm + O, 50 scem Ar 100 sccm 4 O, 100 sccm Ar 50 sccm 4 0, 150 sccm

Table 2. Power sources to generate bipolar pulse for solution plasma reactor.

Equipment Manufacturer Model Specifications
High-voltage amplifier Trek, Inc. 20/20C-HS Gain: 2000 V/V Slew rate: 800 V/us
Pulse generator Tektronix, Inc. AFG-3102 Amplitude: 20 mVp-p to 20 Vp-p Rise time: < 5ns

immersed two electrodes where an electrical breakdown occurred. The solution was
mixed by a magnetic stirring bar with a rotational speed of 1000 rpm in the reactor to
reduce the particle aggregation. The discharge was powered by the function generator
(Tektronix AFG-3102) and bipolar pulsed high-voltage amplifier (Trek Inc. 20/20C-HS).
The bipolar pulse with 5kHz of a frequency was used and applied voltages of peak to
peak value were employed 10kV between two electrodes. The detailed specifications of
power sources for solution plasma process (SPP) are listed in Table II. A high-voltage
probe (Tektronix P6015A) and current probe (Pearson 4100) were connected between
the power source via an inverter circuit and oscilloscope (LeCroy, WaveRunner 64Xi)
to measure the applied voltage, discharge voltage, and discharge current. An optical
emission spectrometer (OES, Ocean Optics, USB-4000 UV-Vis) was employed to ana-
lyze the optical intensity and spectra of various reactive species in the solution plasma
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for estimating the variations in the plasma energy states [24, 25]. All the photographs of
the devices, plasma, and synthesized carbon nanomaterials in solution were taken using
a DSLR camera (Nikon D56300) with a Macro 1:1 lens (Tamron SP AF 90mm F2.8 Di).
To investigate the solution temperature during SPP in 1-hexanol alcohol, thermometer
(HANYOUNG NUX, D55) was used. Temperature was measured by placing thermom-
eter probe 1cm above the two electrodes in 1-hexanol alcohol. To analyze sizes of the
synthesized carbon nanomaterials, the transmission electron microscopy (TEM) images
were taken with a Titan G2 ChemiSTEM Cs Probe (FEI Company) transmission elec-
tron microscope. TEM samples of carbon nanomaterials were prepared by depositing 5-
uL solution on carbon-coated copper grids and dried in air. Raman scattering was per-
formed on a Renishaw (inVia reflex) Raman spectroscopy using the second harmonic
(532nm) to analyze graphitization and structure properties of the synthesized carbon
nanomaterials. X-ray diffraction (XRD) was obtained from XRD system (Bruker D6
Discover, Billerica, MA, USA) at 40kV and 40 mA using Cu-ko (1= 1.5406 A) as the
radiation source to determine crystallinity of synthesized carbon nanoparticles. The
scanning angle 20 was varied in the range of 15-70°.

3. Result and discussion

Figure 2 shows the plasma images and solution color changes of the 1-hexanol in the
SPP under the various process times. The colors of the solutions for all cases changed
from transparent to dark or yellowish-brown color during the process time, indicating
that some particles were synthesized from the 1-hexanol alcohol solutions. As the

Color Change
No Gas Ar 100 scecm | Ar 200 sccm
----- [Omin | Smin 10 min 15 min 20 min

0, 100 scem 0, 150 scem 0, 200 scem
----- Omin Smin 10min 15min 20min | Omin Smin 10 min 15min 20 min

Ar 150 + O, 50 sccm Ar 100 + O, 100 scem Ar 50 + O, 150 scem
----- Omin  Smin 10min 15min 20min | Omin 5min 10min 15min 20 min

Figure 2. Changes in solution colors with plasma images of 1-hexanol alcohol under various plasma
working gas conditions under 20-min plasma synthesis times via solution plasma process (SPP).
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Figure 3. Measured discharge voltages and currents during plasma synthesis in 1-hexanol alcohol via
SPP under various (a) Ar, (b) Oy, and (c) Ar+ O, mixtures gas flow rates, respectively.

external Ar or O, gas flow rates were increased in the range from 0 (No gas case) to
200 sccm, as shown in Figure 2, the color changes of the 1-hexanol during SPP were
slowly changed, which means that the external plasma working gas would play a differ-
ent role in synthesizing the carbon nanomaterials, especially the synthesis rate and size
of carbon nanomaterials.

Figure 3 shows the measured discharge voltages and the discharge currents during
the plasma synthesis in 1-hexanol alcohol via SPP under various Ar, O,, and Ar+ O,
mixtures gas flow rates. As the Ar gas flow rates during SPP were increased in the range
from 0 to 200 sccm in Figure 3 (a), the discharge voltage was decreased compared to
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Figure 4. Variations of solution temperature curves in 1-hexanol alcohol during 20-min using SPP
under various plasma working gas conditions.

the no gas case and the discharge current was increased, which would be due to the
increase of ionization of gas. In addition, when applying the external Ar gas bubble in
SPP reactor, the current spikes were decreased, so that the resulting stable discharge
contributed to reducing unnecessary current spikes during plasma synthesis of carbon
nanomaterials from the 1-hexanol. Whereas, as the O, gas flow rates were increased in
the range from 0 to 200 sccm in Figure 3 (b), the discharge voltage and current were
almost same, which would be due to the production of the flame synthesis with high
temperature. On the other hands, in Ar-+ O, mixtures gas cases from Figure 3 (c),
when the Ar flow rates at 150 sccm and O, flow rates at 50 sccm during SPP was
adopted, the current spikes were observed to be extremely decreased without any flame
discharge and voltage drop [26], thereby producing the more stable discharge.

Figure 4 shows the variations of solution temperature curves during SPP for 20-min
in 1-hexanol alcohol under various plasma working gas conditions. As the Ar gas flow
rates during SPP were increased in the range from 0 to 200 sccm, the solution tempera-
tures after 20-min were decreased from 79.3 to 56.3°, which would be due to the reduc-
tion of unnecessary current spikes and the generation of stable discharge during plasma
synthesis of carbon nanomaterials from the 1-hexanol. Whereas, as the O, gas flow rates
during SPP were increased in the range from 0 to 200 sccm, the solution temperatures
after 20-min were extremely increased from 79.3 to 145.6°, which would be due to the
production of the flame synthesis with high temperature. Especially, when the O, flow
rate at 200 sccm during SPP was adopted, the variation of solution temperature was
observed to be increased significantly and rapidly during 6-min [27-30]. However,
when the Ar flow rates at 150 sccm and O, flow rates at 50 sccm during SPP was
adopted, the solution temperature was observed to be slightly increased without any
flame discharge and unstable discharge.

Figure 5 shows the optical emission spectra measured between two electrodes of the
solution plasma reactor during the plasma synthesis in 1-hexanol alcohol via SPP under
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Figure 5. Optical emission spectra (OES) measured between two electrode of solution plasma reactor
during plasma synthesis in 1-hexanol alcohol via SPP under various (a) Ar, (b) O,, and (c) Ar+ O, mix-
tures gas flow rates, respectively.

various Ar, O,, and Ar+ O, mixtures gas flow rates. OES was performed to elucidate
the relation between the states of plasma and the obtained products [9, 10, 12]. During
the discharge, active species including OH (314.0nm), Hoa (656.3nm), various C,
(473.7, 516.5, and 560.0nm) peaks were generated during molecule dissociation, atomic
and molecular excitation. As shown in Figure 5 (a), as the Ar gas flow rates during SPP
were increased in the range from 0 to 200 sccm, the peak intensities of Ho were almost
same. However, the various C, peaks of active species were observed to be increased,
which would be due to the increase of plasma energy. Meanwhile, C, molecules were
generated at the interface between the plasma and solution. In addition, when applying
the externally supplied Ar gas bubble in SPP reactor, the Ar peak were newly observed.
Whereas, as the O, gas flow rates were increased in the range from 0 to 200 sccm in
Figure 5 (b), the various C, and Ho peaks of active species were observed to be
decreased and OH peaks were observed to be increased, which would be due to the pro-
duction of the flame synthesis with high temperature. On the other hands, in Ar+ O,
mixtures gas cases from Figure 5 (c), when the Ar flow rates at 150 sccm and O, flow
rates at 50 sccm during SPP was adopted, the active species including OH, Ha, various
C, peaks were observed to be increased compared to another mixtures gas cases, except
for the Ar 200 sccm case. These OES data show that the SPP using the only Ar gas or
the Ar flow rates at 150 sccm and O, flow rates at 50 sccm could be suitable for a
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Figure 6. Transmission electron microscopy (TEM) images of synthesized carbon nanoparticles from 1-
hexanol alcohol after 20-min plasma synthesis prepared via SPP under various plasma working

gas conditions.
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Figure 7. Raman spectra of carbon nanoparticles after 20-min plasma synthesis of nanocarbons from

1-hexanol alcohol via SPP under various (a) Ar, (b) O, and (c) Ar+ O, mixtures gas flow rates,
respectively.

sufficient fragmentation of the 1-hexanol solution and an efficient synthesis of carbon
nanomaterials.

The TEM was employed to analyze the size of carbon nanomaterials. The same has
been focused for a higher magnification using a high-resolution TEM (HR-TEM).
Figure 6 shows TEM images of the synthesized carbon nanoparticles from 1-hexanol
alcohol after the 20-min plasma synthesis prepared via SPP under various plasma work-
ing gas conditions. In all cases, the products contained only the spherical nano-size car-
bon particles. As the Ar gas flow rates were increased, the size of carbon nanoparticles
was decreased compared to the no gas case, which would be due to the increase of ion-
ization of gas and enhancement of the square of plasma-liquid contact to plasm volume.
Whereas, as the O, gas flow rates were increased, the size of carbon nanoparticles was
increased, which would be due to the production of relatively high amounts of oxygen
radicals, resulting in the flame synthesis. Especially, in Ar+ O, mixtures gas cases,
when the Ar flow rates at 150 sccm and O, flow rates at 50 sccm during SPP was
adopted, the spherical carbon nanoparticles had very small size and their diameters
been ranged from 10 to 20 nm.

We served Raman scattering technique to confirm the structural ordering of carbon
and graphitic materials. Figure 7 shows Raman spectra of the carbon nanoparticles after
the 20-min plasma synthesis of solution plasma reactor from 1-hexanol alcohol via SPP
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Table 3. Ip/lg ratio for obtained Raman spectra of carbon particles under various plasma working
gas conditions after 20-min plasma synthesis from 1-hexanol alcohol via solution plasma process.

Conditions I/l
No gas bubble 0.89
Ar 100 sccm 0.64
Ar 200 sccm 0.74
0, 100 sccm 0.71
0, 150 sccm 0.92
0, 200 sccm 0.72
Ar 150 sccm + O, 50 scem 0.47
Ar 100 sccm + 0, 100 sccm 0.64
Ar 50 sccm + 0, 150 sccm 0.90
+
(002) Ar 150 scem O2 50 scem
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Figure 8. X-ray diffraction (XRD) pattern of synthesized carbon nanoparticles from 1-hexanol alcohol
after 20-min plasma synthesis prepared via SPP under Ar 150 sccm+ O, 50 sccm mixtures gas
flow condition.

under various Ar, O,, and Ar + O, mixtures gas flow rates. The Raman spectrum wave-
length ranges from 1000 to 2000cm ‘. Raman spectrum strongly shows broadened
peaks with high similarity to associated stacking disorder and defects in the carbon layer
structure around 1350 cm ™' contributing to D band. The narrow band at 1600 cm ™"
represents the E,; mode contributing to the first order graphitized zone in G band. The
ratio of D and G band intensities (Ip/Ig) indicates the degree of graphitization and crys-
tallinity. For example, the Ip/Ig ratio of the carbon nanomaterials is 0.89, which reveals
that the carbon nanomaterials are partially deformed and poorly graphitized. Table III
contains the determined Ip/Ig ratios for all samples calculated from intensity of
Figure 7. As shown in Table III and Figure 7, when applying the external Ar or O, gas
bubble only in SPP reactor, the Ip/Ig ratios were slightly decreased compared to the no
gas case. Whereas, when the Ar flow rates at 150 sccm and O, flow rates at 50 sccm
during SPP was adopted, Ip/Ig ratios were considerably decreased, meaning that the
degree of graphitization of the nanocarbon materials were enhanced.
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The XRD pattern of synthesized carbon nanoparticles from 1-hexanol alcohol after 20-min
plasma synthesis prepared via SPP under Ar 150 sccm + O, 50 sccm mixtures gas flow con-
dition is shown in Fig. 8. It consists of one clear reflection at 20°20 angle and another shal-
low reflection between 36 and 50° 20 angle. The characteristic peak of graphite in carbon
nanomaterial was observed in the strong and broad (002) reflection at 20° 20 angle. The
broaden peak can be an indication of a widespread disordering of the structure because of
the small size in carbon nanoparticles as observed in the TEM images of Fig. 6. The XRD
pattern also shows a shallow reflection between 36 and 50° 20 angle, this may be attributed
to the disordered structure of the graphene rings within the carbon nanoparticles [31-35].

Consequently, these experimental results confirm that the SPP device with the Ar gas
and mixtures gas system can control the size and degree of graphitization of carbon
nanoparticles with stable discharge. Furthermore, we expect that this advanced solution
plasma reactor with external gas bubble system and catalyst-free method will lead to a
breakthrough in the precise control of carbon nanomaterials.

4, Conclusions

In summary, the novel solution plasma reactor employing the external gas bubble inlet sys-
tem is proposed and investigated. Carbon nanomaterials have been successfully prepared
using SPP by varying the Ar, O,, and Ar and O, mixtures plasma working gas bubble.
The advanced solution plasma reactor can produce a stable discharge by reducing the cur-
rent spikes thanks to the use of external Ar gas. The results show that the Ip/Ig ratios are
considerably decreased when adopting the Ar flow rates at 150 sccm and O, flow rates at
50 sccm during SPP. In all cases, the products contained only the spherical nano-size car-
bon particles. As the Ar gas flow rates are increased, the size of carbon nanoparticles is
decreased compared to the no gas case, which would be due to the increase of plasma
energy and ionization of gas. Whereas, as the O, gas flow rates are increased, the size of
carbon nanoparticles is increased. Especially, the spherical carbon nanoparticles have very
small size and their diameters ranged from 10 to 20 nm when adopting the Ar flow rates
at 150 sccm and O, flow rates at 50 sccm during SPP. It has been found that the external
gas bubble is the key factor which controls the plasma energy, size, and degree of graphit-
ization of carbon nanomaterials synthesized from 1-hexanol. It is expected that our carbon
nanomaterials can provide a unique advantage for optoelectronics, electrochemical,
molecular electronics, future display, and bio-nanotechnology applications.
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