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Abstract 

Carbon is very interesting element due to different forms according to bonding structure. 

Recently, lots of researchers have given an attention on interesting graphitic carbon forms 

such as fullerene, carbon nano tube and graphene. These different carbon forms are 

considered as one of nano materials of future technology for semiconductor and 

superconductor.  

Graphene, that it is one of carbon allotropes, was suggested theoretically by P.R. Wallace in 

1947. However, in 1930, Lev Landau and R.E. Peierls insisted that 2 dimensional crystalline 

could not exist with stable state because atoms of in it are thermally unstable. After that, N.D. 

Mermin made free-standing 2-D crystal structure but this structure could be temporarily exist, 

which experiment firmly supported theory of Landau-Peierls. By the way, in 2004, A.K. Geim 

succeeded to exfoliate graphene from graphite by using scotch tape method [1], and then, 

properties and bandgap of graphene was evaluated. From this research, research of graphene 

has promoted to new era of carbon renaissance.  

For mass production synthesis of graphene, the method of plasma discharge in liquid media is 

the most expected candidate. Especially, solution plasma process (SPP) is very useful method 

due to using low input energy and temperature in the reaction field. Under the low input 

energy and temperature, precursors are activated with keeping the molecular structure through 

C-H activation and react with other molecules, without decomposition of precursors. 

Therefore, the properties of synthesized carbon materials depend on the original structure of 

the precursor. In other words, we can design the synthesized materials by the selection of the 

precursors. 

Chapter 1 begins with an overview of nano carbon materials to make much more 

understanding in the overall research. Next, the fundamental and applications of solution 

plasma process was given in detail. The purpose of this study is to produce graphitic carbon 
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structure by using SPP. Therefore, in this study, we synthesized and progress carbon materials 

in the various liquid media. In chapter 2, our study focused on structure control of nanocarbon 

and interpretation of phenomenon in plasma reaction field. The energy per pulse delivered in 

plasma was similar for both nanocarbon structures such as carbon onions and graphene flakes. 

However, the power delivered in plasma was much higher in the case of carbon onion 

synthesis. The main process to produce the carbon onions is carbon vaporization due to Joule 

effect and carbon recombination assisted by plasma. In order to produce graphene flakes, the 

graphite electrode was exfoliated in plasma. 

In order to improve reliability research against fluctuation of carbon properties, Chapter 3 

researches to graphitic carbon structure synthesized from benzene solvent by using solution 

plasma process and controlled, especially through adjusting electrode gap distances. This 

effect plays the important role as the main factor for discharge process in organic solution. 

TEM and diffraction images of EG 1 showed ordered graphitic layers and clear ring pattern 

compared with EG 0.25. The only adjustment of electrode gap distance from 0.25 mm to 1 

mm had brought about approximately 400 times improvement of conductive property from 

19k Ω·cm to 47 Ω·cm. From the result of CHN elemental analysis, H/C ratio decreased with 

decrease of resistance from 0.31 to 0.18. The increase of sp2 carbon domains in size may 

cause to improvement of conductivity.   

For further improvement of carbon properties by increase of sp2 domains, Chapter 4 presents 

the effect of introducing solute having more π conjugated sites than benzene and nanocarbon 

formation mechanism. Through SPP, enhanced carbon materials with high crystallinity and 

electric conductivity were synthesized by introducing solutes in benzene solvent such as 

naphthalene and anthracene, which have π conjugated molecular structures. Little amount of 

solute gave a significant effect on lowering H/C ratio of obtained carbon, which developed 

crystallinity of 2 dimensional graphitic structure. In addition, carbon quantity increased as 

well with high concentration of solutes. Electric resistance of obtained carbon by introducing 
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anthracene was measured around 16.6 Ωcm, which value was 7 times lower than that of about 

104 Ωcm from pure benzene solvent. 

Finally, chapter 5 summarized and clarified phenomenon in the plasma discharge in reaction 

filed, and the way of controlling carbon crystallinity and structures. In this study, we have 

successfully synthesized conductive carbon having graphitic layers by SPP. The results 

observed that (1) SPP is a promising method for mass production of carbon and versatile for 

controlling properties of carbon, (2) conductivity of carbon drastically increased by 

introducing small amount of precursor having π conjugated sites in benzene and (3) capacity 

and durability of Li-air battery could be improved without change of properties by heat 

treatment like aggregation of metal particles and evaporation of nitrogen. 
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Chapter 1 – General introduction 

 

1.1 Versatile element, Carbon 

 

In 1953, for the first time Miller synthesized amino acid from inorganic substances such as 

hydrogen, water vapor, metane and ammonia in flask discharge tube by using 60 thousand 

current. After that, Fox synthesized protein from amino acid, Oparin produced corserbate in 

laboratory, which is more similar to living things. These historical researches made a chance 

to reveal one aspect of origin of life.  

Carbon is 6
th
 light element among confirmed 114 elements in the universe. This element is not 

that common, which has been made when supernovas explored long long time ago. The mass 

portion of carbon in Sun is just 0.29 % and carbon in Earth is 12
th
 common element. However, 

carbon shows us wide range of chemical diversities, surprisingly. Almost everything among 

over 70 million chemical materials known to mankind is related to carbon. Many kinds of 

confirmed protein and DNA are over 60 million. 

Shell electrons of carbon is four, which means that this element in enable to make more 

various compound than any other one as mentioned before. Many people say that we could 

not live without oxygen. However, they do not know we could not live without carbon. What 

on earth can carbon manipulate our livings? 
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Fig. 1-1 Classification of carbon compounds  

 

1.2 Definition of carbon compound 

Carbon has 4 shell electrons. By arrangement of these electrons, carbon can show us its 

different appearance such as graphite or diamond. Graphite is a stacked structure with many 

layered sheets of hexagonal symmetry and sp
2
 hybridization of the trigonally coordinated 

carbon atoms. On the contrary, diamond structure is tetrahedrally composed with sp3 

hybridization of carbon atoms. Compounds correlated with carbon like this are called with 

carbon compound or organic compounds. Carbon is very interesting element due to different 

forms according to bonding structure. Recently, lots of researchers have given an attention on 

interesting graphitic carbon forms such as fullerene, carbon nano tube and graphene. These 

different carbon forms are considered as one of nano materials of future technology for 

semiconductor and superconductor.  
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Fig. 1-2 Sp3 and sp2 hybridizing bonds 

 

 

 

Fig. 1-3 Crystal structures of graphitic base carbon forms of fullerene, carbon nanotube and 

graphene 

 

Graphene, that it is one of carbon allotropes, was suggested theoretically by P.R. Wallace in 

1947. However, in 1930, Lev Landau and R.E. Peierls insisted that 2 dimensional crystalline 

could not exist with stable state because atoms of in it are thermally unstable. After that, N.D. 

Mermin made free-standing 2-D crystal structure but this structure could be temporarily exist, 

which experiment firmly supported theory of Landau-Peierls. By the way, in 2004, A.K. 

Geim succeeded to peel off graphene sheet from bulk graphite surface by using simple tape 

exfoliation 
[1]

, and then, properties and bandgap of graphene was evaluated. From this 

research, research of graphene has promoted to new era of carbon renaissance.  
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1.3 Graphene production method 

 

1.3.1. Top-down method  

- Mechanical exfoliation from graphite 

After A.K. Geim and Novoselov
[1]

 introduced graphene exfoliation technique form graphite in 

2004, its superior properties like large specific surface area
[2]

, superlative mechanical 

strength
[3]

, superior transparency
[4,5]

 and high thermal conductivity
[6]

 has attracted intensively 

studies as an alternative material for high future society. After that, Philip Kim succeeded to 

extract graphene from graphite on tip of atomic force microscope (AFM) by using friction 

with surface of isolate material 
[7]

 in 2005.  

Several graphite nanoplatelets had been produced from expanded graphite by using graphite 

intercalation method through fast vaporization of the intercalant at rising temperature. For 

instant, fast thermal enlargement from graphite with sulfuric acid intercalation, which is one 

of suitable treatments for producing nanoplatelets (or platelets). In addition, various expanded 

methods for graphite nanoplatelets such as ultrasound, exposure and ball milling and so on 

has been reported. 
[8-15]

 

GO (graphene oxide) has been obtained by the oxidation treatment from graphite, which are 

well known as methods of Staudenmeier 
[16]

, Hummers 
[17]

 and Brodie 
[18]

, respectively. Even 

after treatment, they showed a layered structure, however, their colors became lighter than 

that of graphite because of the much small amount of electronic conjugation oriented by the 

oxidation. As for the recent research 
[19–24]

, GO consisted of graphene oxide, which mainly 

had epoxyl and hydroxyl groups on their basal planes, and simultaneously carbonyl and 

carboxyl groups at the edges of their planes (Lerf–Klinowski model). These oxygen 

functional groups made layers of graphene oxide remain divided having hydrophilic 

properties at GO, so that, molecules of water could easily stay and intercalate between GO 

interlayers. 
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1.3.2. Bottom-up method 

- Large area deposition by chemical vapor deposition (CVD))    

 BH Hong synthesized large area graphene through roll-to-roll method by using CVD method 

[25]
. This graphene had superior properties of surface resistance of ~125 Ω/m

2
 and optical 

transparent of 90 %. In detail, bi-layer graphene (BLG) was deposited on thin copper 

substrate. BLG is also very interesting topic, because different band structures can be 

obtained by controlling coupled stacking order between two single layer graphenes (SLGs) 
[26]

.  

 

Table 1-1 Merits and challenges of conventional methods for graphene synthesis. 

Properties Method Strong point Weak point 

Top-down Mechanical exfoliation High quality Only for lab. Research, 

uncontrollable 

Mechanical milling Mass production 

Simple setup 

Contamination 

High defect 

Chemical exfoliation Mass production 

Easy control 

Contamination 

High defect 

Thermal expansion High quality 

Mass production 

Huge device 

High cost 

Difficult to control 

Bottom-up CVD High quality 

Mass production 

Huge device 

High cost 

Low energy efficiency 

 

 

1.2.3. Solution plasma process (SPP) 

- Bottom-up SPP  

Recently, carbon materials have been synthesized by Solution Plasma Processing (SPP). 

SPP is a non-equilibrium, and cold plasma that induces extremely rapid reactions by the 

present of reactive chemical species, radicals, and UV radiation. For conventional plasma 

discharge in liquid, the precursor decomposes to carbon atoms due to high input energy and 

temperature, and then they progress to recombination and formation of carbon materials. On 
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the other hand, in solution plasma processing, the precursors are activated with keeping the 

molecular structure through C-H activation and react with other molecules because of low 

input energy and temperature, and then carbon materials are synthesized. Therefore, the 

properties of synthesized carbon materials depend on the original structure of the precursor. In 

other words, we can design the synthesized materials by the selection of the precursors.   

By using SPP, synthesis of various materials such as carbon nano sphere (CNS),
 [27] 

graphene,
 

[28]
 metal nano particle,

 [29-31]
 bimetallic nanoparticle,

 [32]
 non-metal catalyst,

 [33-35]
 mesoporous 

silica 
[36]

 and polymer
 [37]

 have been reported. Especially, CNS has attracted big attentions due 

to its application of Li-air battery with high capacity and durability. However, heat treatment 

was essential after CNS synthesis because of very low conductivity.
 [38] 

- Top-down SPP 

Generally, Van der Waals forces between graphite layers are weak and significantly smaller 

than that of covalent carbon-carbon chemical bonds in the planes. Thus for producing 

graphene from graphite, it is necessary to control the energy during the process so that the Van 

der Waals force between 002 plain of carbon layers is overcome, but the molecular structure 

consisting of the covalent C–C bonds remains intact.  The energy of the conventional arc 

plasma exceeds the C–C bond energy and results in the destruction of both interlayer bonding 

and molecular structure of the graphite. Low-energy plasma in liquid phase may selectively 

overcome the Van der Waals force while maintaining the aromatic structure. Therefore well-

controlled plasma in liquid may exfoliate graphene from graphite electrode without creating 

many defects in the structure. Through SPP, which has low-energy plasma in liquid was used 

for the graphite exfoliation. 
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Fig 1-4 Approach for graphene nanoparticles construction 

 

 

1.4 Application for electronics 

 

Graphene is one single layer that carbon atoms are combined with honeycomb shape, which 

has high therma-electric conductivity, high strength, and flexibility. Application field of this 

graphene are energy, display, electronics like semiconductor, high efficiency solar cell, super 

capacitor, flexible display, smartphone, wearable computer, high strength composite materials 

and so on. Graphene is very versatile carbon structure for a wide application field like 

innovative display, solar energy and nano materials. Mass production technique is essential to 

progress on future society.  



 

 
14 

 

1.5 Object and outline of thesis 

 

As mentioned in the previous section, mass production synthesis of graphene is very 

challenging for future society. In addition, structure control of carbon related with 

heterocarbon has been considered as essential studies for graphene related electronics and 

next generation batteries. Implantation of hetero element like N, B, S and P etc. at specific 

area could be realized with further understanding mechanism of carbon structure control as 

proceeding studies.  

The purpose of this research is summarized in Fig. 1-4.  

In chapter 2, graphene flakes was exfoliated from carbon electrode in water by SPP. The 

fundamental investigation of the temperature effect on the nanocarbon structure is discussed. 

In chapter 3, conductive carbon with nano graphite structure was synthesized by using SPP in 

benzene. The effect of electrode gap on nanocarbon structure is discussed.  

In chapter 4, improved conductive carbon with oriented graphite structure was synthesized by 

introducing solute in benzene. The effect of naphthalene and anthracene on nanocarbon 

structure, and mechanism of carbon formation during discharge are discussed. 

Finally, chapter 5, summarized all of the chapters. 
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Table 1-1 Physical properties of graphitic-base carbon forms 

properties graphene  Carbon nanotube Fullerene60 

structure 
2-dimension(thickness : 

0.34 nm) 

1-demension 

(diameter : 1 nm~tens 

of nm length : 100 

nm~1 cm) 

0-dimension 

Young 

modulus 

(Pa) 

1T 
~1.25 T (SWNT) 

0.27~0.95 T (MWNT) 
15.9 G 

Tensile 

strength 

(Pa) 

130 G 
13~52 G (SWNT) 

11~63 G (MWNT) 
- 

Bandgap 

(eV) 

0 

(zero-gap semimetal) 

0~1.9 

(conductor or 

semiconductor) 

1.5~2.0 

(N-type semiconductor) 

Electric 

conductivity 

(S/cm) 

~ ×10
5
 0.17

 
~ 2×10

5
 10

-14 
~ 6×10

-8
 

Electron 

mobility 

(cm
2
/Vs) 

15,000 (electron, hole) 

At room temperature 

1,000 (electron) 

~4,000 (electron) 

At room temperature 

0.5±0.2 (electron) 

1.7±0.2 (electron) 

At room temperature 

Thermal 

conductivity 

(W/mK) 

2,000~5,000  
6,600 (SWNT) 

3,000 (MWNT) 
0.4 

Thermal 

stability 

(℃) 

~2,800 (under Ar) ~1,800 (under Ar) ~1,000 (under Ar) 

Solubility 

(g/mL) 

4.1±1.4 (DMF) 

4.7±1.9 (NMP) 

23±6 (DMF) 

116±10 (NMP) 

27 (DMF) 

890 (NMP) 

Density 

(g/cm
3
) 

2.2 1.33 1.65 
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Chapter 2 - Solution Plasma Exfoliation of 

Graphene Flakes from Graphite Electrodes 
 

2.1. Introduction 

 

  Graphene, an allotrope of carbon whose structure is a single planar sheet of carbon atoms 

arrayed in a honeycomb pattern, has attracted considerable interest from many researchers 

over the past decade. Since Novoselov et al 
[1]

. have introduced graphene exfoliation techniqu

e from graphite using a simple duct tape (‘scotch tape’ or ‘peel-off’ method) in 2004, its 

superior properties such as extremely high thermal conductivity [2]
, high transparency [3,4]

, 

large specific surface area [5]
 and high mechanical strength 

[6]
 have been intensively studied. 

Based on these properties, graphene is an alternative material for fuel cells, batteries, 

touch screens, transparent conductive films, high-frequency circuits, capacitors, removal 

materials, sensors, toxic- and flexible electronics. 
[4, 7-9]

  

  In addition to the peel-off method, graphene was fabricated by chemical methods like 

chemical vapor deposition (CVD) and chemical exfoliation. The growth by CVD method 

provides graphene with excellent electronic conductivity although the method has the 

disadvantage of potential contamination on the surface by different organic compounds, 

which were commonly applied during the transfer on the target substrate. 
[10-13]

 Graphene 

fabricated by chemical exfoliation satisfies the cost and mass production requirements for 

industrial use, 
[14-16]

 especially in the application of printed electronic devices due to its 

stability in solution. 
[17,18]

 However, the material can barely be used in large area electronic 

panels and the conductivity is low compared to that of the CVD-graphene because many 

defects are produced during exfoliation process. 
[19]

  

 Nanocarbon allotropes as nanofibers and multiple- or single tubes are usually synthesized 
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in low temperature plasma, plasma assisted CVD, and arc discharges. Plasma-assisted growth 

and production of graphene in recent years offer the possibility to synthesize graphene at 

lower temperatures. The use of plasma for graphene synthesis is quite challenging since it is 

very needed to both deliver tiny amounts of precursors, and enable fast and uniform 

nucleation, but avoiding any damage due to ion bombardment. 
[20, 21]

 Magnetically enhanced 

arc discharge has been used for the synthesis and separation of graphene flakes and single 

wall nanotubes during one-step process. 
[22]

  

  Another important physical approach to synthesize nanocarbon allotropes is the application 

of electrical discharge in liquid where the carbon precursor can be either the electrode 

material or the liquid media. Carbon onions, 
[23]

 carbon nanohorns and nanotubes, 
[24-27]

 and 

metal nanoparticles covered by carbon [28, 29]
 were synthesized in plasma surrounded by a 

liquid.  

  Generally, Van der Waals forces between graphite layers are weak and significantly smaller 

than that of covalent carbon-carbon chemical bonds in the planes. Thus for  producing 

graphene from graphite, it is necessary to control the energy during the process so that the Van 

der Waals force between the layers is overcome but the molecular structure consisting of the 

covalent C–C bonds remains intact.  The energy of the conventional arc plasma exceeds the 

C–C bond energy and results in the destruction of both interlayer bonding and molecular 

structure of the graphite. Low-energy plasma in liquid phase may selectively overcome the 

Van der Waals force while maintaining the aromatic structure. Therefore well-controlled 

plasma in liquid may exfoliate graphene from graphite electrode without creating many 

defects in the structure. In this paper low-energy plasma in liquid termed solution plasma 

process (SPP) was used in order to execute the graphite exfoliation. 

  SPP is a non-equilibrium, cold plasma that induces extremely rapid reactions by the present 

of reactive chemical species, radicals, and UV radiation. SPP can be carried out at 

atmospheric pressure, within the glow discharge limits, and it permits a good level of control 

to be exerted over the chemical reactions. 
[30, 31]

 The process has been reported as an 
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innovative and simple method for the synthesis of various nanoscale materials. 
[32-36]

 In this 

study, low-energy plasma in the liquid phase is the most important characteristic that allow 

the synthesis of graphene flakes in water by the SPP exfoliation.  

 

2.2. Experimental procedure 

 

A schematic representation of the experimental setup is shown in Fig. 2-1. Graphite 

electrodes with purity of 99.9999% (Nilaco Co. Ltd.) were used as carbon precursor. The tips 

of the electrodes were cut in round-edge cone shape from 3 mm of the edge. The diameter of 

the electrodes was 3 mm and the inter-electrode gap was 0.5 mm. The discharge was 

performed in a beaker between two graphite electrodes using a bipolar pulsed power supply 

(MPS-R06K010-WP1-6CH; Kurita) operating at a voltage from 1 to 2 kV, a frequency from 

10 to 60 kHz, and a pulse width from 1 to 4 μs, in distilled water with 0.06 μScm
-1

 

conductivity. Due to aggregation, the samples (carbon materials) were resuspended in ethanol 

before carrying out the analysis. 

The obtained nanocarbon materials were measured by Raman spectroscopy. The samples 

were prepared by blending with ethanol prior to drop on a silicon wafer. After the sample was 

dried, visible Raman spectroscopy was conducted at room temperature using a 532.5 nm laser 

(NRS-1000; JASCO). The laser power used for nanocarbon material analysis was 10 mW. 

Rayleigh scattering was eliminated by a notch filter with 100 cm
–1

 bandwidth. The Raman 

spectra were collected in different points within an area of about 1 mm
2
. 

The morphology and selected area electron diffraction (SAED) of the nanocarbon materials 

were witnessed by transmission electron microscopy (TEM) (JEM-2500SE, JEOL) with 

accelerated 200 kV. Samples for the TEM analysis were served after placing a drop of ethanol 

containing the carbon material on a Copper grid having holes in it. During TEM observation, 

the information of the suspended carbon materials on the edge of the amorphous carbon film 

from the Cu grid was carefully collected. The high resolution TEM (HRTEM)  
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Fig. 2-1 Experimental setup for the solution plasma processing. 
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was executed by observing the objects near the Scherzer defocus. And then, the distance 

between lens and sample was controlled to sustain the objects focused within the optimum 

lens current. A beam current density for CCD camera observation of HRTEM was ~10 A cm
–2

. 

At this time, temperature was elevated for a few degrees. This amount of beam current was 

studied to affect a little influence to the objects. 
[35]

 The differences between carbon structures 

were obtained from the electron energy loss spectroscopy (EELS) measurements of the 

carbon edge at 284 eV in HRTEM mode using a Gatan Imaging Filtering device. At this time, 

Digital Micrograph software was served with Filter Control. The EELS spectra were recorded 

with 2 mm aperture and 0.2 eV per pixel. 

Time-averaged optical emission spectra (OES) of the discharge were observed with an 

optical spectrometer (HR2000+CG-UV-NIR; Ocean Optics) through a 5 mm diameter quartz 

window in the spectral range from 200 to 1100 nm and a resolution of 0.1 nm. 
[37]

 The 

discharge voltage and current were monitored using a high-voltage probe (P6015A; Tektronix) 

and a current probe (model 6595; Pearson Electronics), respectively, on an oscilloscope 

(DS1202CA; RIGOL). During the synthesis, the liquid temperature was measured with an 

alcohol thermometer. 

 

2.3. Results and discussion 

 

2.3.1 Nanocarbon structure and morphology analysis 

    Fig. 2-2 shows a schematic graph of the structural changes of the nanocarbon materials 

in dependence with the frequency and pulse width of the applied high voltage. Low energy 

discharges, which were generated at low frequency and low pulse width led to the formation 

of graphene flakes, whereas high energy discharges generated carbon onion structures. In the 

middle range, both graphene flakes and carbon onions were observed.  Study on various 

methods of graphite exfoliation in liquid phase, for example, for graphene-ink preparation [38]
,   
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Fig. 2-2 Nanocarbon structural changes versus the experimental conditions measured from the 

waveforms of the bipolar pulsed power supply. The symbols are as follows: G: graphene 

flakes; O: onion structure; M: mixture of the carbon in both forms. 
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and dispersion of graphene in water-surfactant solutions [39]
 have shown that the defects in 

graphene sheets were related to the edges but not to the structural changes as occurs in the 

SPP. 

Typical TEM, HRTEM and SAED images are shown in Fig. 2-3(a)–(f). Spherical carbon 

onions are shown in Fig. 2-3(a)–(c) and plain layered graphene flakes are shown in Fig. 2-

3(d)–(f). The multiple nested onion-like particles displayed in Fig. 3(a) have diameters from 2 

to 16 nm. In the case of graphene flakes, a large quantity was observed. However, most 

graphene flakes were disordered multilayers (see Figure S1 in supplementary information) 
[40]

. 

Therefore, the estimation of the size distribution and number of layers in the flakes could not 

be conducted here. In Fig. 2-3(c), the diffraction image of the carbon onions looks like a ring 

pattern formed by many diffraction spots generated by different crystal orientations. In 

contrast, in Fig. 2-3(f), the diffraction pattern of a suspended graphene sheet shows distinct 

spots. 

The EELS spectra of the carbon edge of the carbon onions and graphene flakes are 

correspondingly shown in Fig. 2-3(g) and (h). The excitation values of empty antibonding * 

and * states in the carbon K-shell electron (1s) are ~285 eV and ~290 eV, respectively. In 

the case of the carbon onions the broad transition 1s-* indicates a higher degree of disorder 

in this material than that of graphene flakes. The ratio between intensities of the absorption 

line 1s-* and 1s-* (r) is related with the relative amount of sp
2
 and sp

3
 bonds in the material. 

[41]
 From EELS spectra, r ratio was found to be smaller in the case of the carbon onions than 

that of the graphene flakes, which indicates a higher disorder degree in carbon bonds.  

 Raman scattering, which is often used for monitoring the structural changes of carbon 

materials, provides additional information of the synthesized carbon in the SPP. Fig. 2-4(a), 

(b) and (c) show that both spherical carbon onions, graphene flakes and graphite electrode 

display three prominent peaks at ~1350 cm
–1

, 1580 cm
–1

 and 2720 cm
–1

 known as D band, G 

band, and 2D band, respectively. 
[42, 43]

 In Fig. 2-4(a), the D band of carbon onions is wider  
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Fig. 2-3 Morphology images and diffraction patterns observed by TEM, HRTEM and SAED. 

(a) TEM image, (b) HRTEM image, and (c) SAED pattern of carbon onions synthesized at 60 

kHz frequency and 2 s pulse width and (d) TEM image, (e) HRTEM image, and (f) SAED 

pattern of graphene flakes obtained at 20 kHz frequency and 2 s pulse width. Carbon edge of 

the EELS spectra corresponding to (g) carbon onions and (h) graphene flakes.  
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Fig. 2-4 Raman spectra of (a) carbon onion, (b) graphene flakes, and (c) graphite electrode on 

SiO2/Si substrate measured a laser excitation wavelength at 532 nm. Statistical analysis of the 

Raman spectra of the graphene flakes within an area of about 1 mm
2
 of (d) G band, (e) 2D 

band position, (f) ratio I2D/IG, and (g) FWHM of the 2D band. The y-axis in the plots (d)-(g) 

represents the percentage of the total number of measured spectra 
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and much higher than that of graphene flakes, which indicates that the carbon onions contain 

more disordered sp
2
 carbon as well as defects. 

[43]
 The G band linewidth of the carbon onion is 

58.6 cm
–1

, which is wider than that of the graphene flakes where the value is 18.6 cm
–1

. The 

spectrum of graphene flakes is similar to graphite electrode as presented in Fig. 2-4(c), which 

indicates that the graphene flakes were formed without destroying of carbon structure.  The 

ratio between the intensities of D band (ID) and G band (IG) was additionally calculated. The 

ID/IG ratios in carbon onion and graphene flakes were 0.75 and 0.16, respectively. Due to the 

defects and disordered structure in carbon onion, the ID/IG ratio was higher. The distribution 

of the spectra collected within an area of about 1 mm
2
 of graphene flakes is illustrated in Fig. 

2-4(d)–(g). The analysis results showed that a precise control of the lateral sizes and the 

thickness of the graphene sheets cannot be obtained as was reported using a centrifugation 

procedure. 
[44, 45]

 

 

2.3.2 Plasma composition and parameters 

 

Optical emission spectra and images of plasma during the synthesis of carbon onion and 

graphene flakes are shown in the Fig. 2-5(a) and (b), respectively. The synthesis of the carbon 

onions resulted in burning-like white colored plasma, accompanied with a lot of bursting 

bubbles and radiant heat which were detected nearby the experimental beaker. In contrast, 

purple colored-plasma and small amount of tiny bubbles were observed during the synthesis 

of graphene flakes. 

In Fig. 2-5(a), the optical emission spectrum resembles typical arc plasma spectrum from 

blackbody radiation punctuated by the emission of many excited carbon species such as C2, C, 

CO and CH at high relative intensity. A large amount of carbon was generated from an 

erosion of electrodes before reacting with H and O atoms produced from the water 

dissociation, and generating CO and CH radicals. In the case of the graphene flakes 

production (Fig. 2-5 (b)), the peak at 247.8 nm corresponding to the excited C atom radical  



 

 
29 

 

 

 

 

 

 

 

 

Fig. 2-5 Optical emission spectra and images of plasma generated during the synthesis of (a) 

carbon onion and (b) graphene flakes (Spectra identification is given in the Table S in the 

Supporting Information). On the right upper corners, images of plasma are inserted. 
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has a spectral intensity much lower than that of in the case of the carbon onions production. 

Other carbon radical peaks were not detected in the OES during the graphene flakes synthesis. 

The only observed radicals were H, O, and C atoms. The difference in the relative intensities 

indicated different contents of the gas bubbles surrounded by the solution and implied that gas 

bubbles formed during the synthesis of the carbon onions predominantly consist of carbon 

vapor, carbon monoxide, hydrogen and oxygen, whereas gas bubbles formed during the 

synthesis of the graphene flakes mainly consists of water vapor, small amount of hydrogen 

and oxygen gases, as well as carbon monoxide. The electron excitation energy was estimated 

from the ratio of hydrogen emission intensities of H and H, at wavelengths of 656.3 and 

434.0 nm, respectively, and was found to be 0.6 and 1.4 eV in the case of plasma used for the 

graphene flakes and carbon onions synthesis, respectively (Table 2-1). 

From the spectrum shown in the Fig. 2-5(a), the temperature, T, of the electrode tip 

was calculated by using Wien’s law: 

T

3

max

10898.2 
  

where max is the wavelength corresponding to the maximum blackbody radiation distribution. 

In Fig. 2-5(a), max is ~630 nm and T was calculated to be 4600 K, which is higher than the 

melting point (3825 K) and the boiling point (4489 K) of graphite. 
[46]

 The thermal energy of 

the gas in the vicinity of the electrode is 0.025 and 0.39 eV in plasma used for the graphene 

flakes and carbon onions synthesis, respectively.  The surrounding water temperatures 

during the synthesis of carbon onions and graphene flakes were 373 K and 303 K, 

respectively (Table 2-1).  

The input energy into plasma can be calculated using the current and voltage waveforms (see 

Figure S2 in the supplementary information)  of the relation as shown below: 

tIVW    

where W, V, I and t represents the energy, voltage, current and time, respectively. The 

calculated input energy per pulse in the case of the carbon onions formed at 60 kHz and 2 s  
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Table 2-1 Parameters of plasma derived from the experimental data. 

 

Parameter Graphene flakes Carbon onions 

Electrode temperature T  300 K 

0.025 eV 

4600 K 

0.39 eV 

Electron excitation energy  6932 K 

0.6 eV 

16306 K 

1.4 eV 

Input energy in plasma At 20 kHz and 2 s 

1.1710
-3

 J 

At 60 kHz and 2 s 

1.0710
-3

 J 

Power 14.1 W 82.6 W 
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was 1.07  10
–3

 J and in the case of the graphene flakes produced at 20 kHz and 2 s was 1.17 

 10
–3

 J. For a fixed frequency, the values of energies per second were 82.6 and 14.1 W for 

the formation of the carbon onions and graphene flakes, respectively. Although the energy per 

pulse was almost the same, the input power considerably differed for different carbon 

structures. The higher energy per second, which resulted in carbon onions synthesis, can 

explain the Joule effect which determines the heating of the graphite tip electrode and the 

blackbody radiation. 

 

2.3.3 Synthesis mechanism 

 

Based on these results and calculations, a synthesis mechanism of nanocarbon materials 

can be developed. This is described in the following paragraphs and is summarized in Fig. 2-6.  

 

2.3.3.1 Plasma in water 

 

Mechanism of the bubbles formation is schematically represented in Fig. 2-6 (a). The initial 

input electrical energy is converted into thermal energy on the electrode surface, which heats 

water molecules and leads to vaporization. The gas bubbles nucleate at atmospheric pressure 

and plasma is generated inside the bubbles due to the high voltage applied between electrodes. 

Plasma is sustained and becomes stabilized under the bipolar pulsed voltage which generates 

a bipolar pulsed current. It is supposed that in the ionized gas a conduction channel is formed 

between electrodes by primary streamers.  

In basic terms, the shape of plasma can be classified as corona discharge, glow discharge, 

spark discharge or arc discharge. In this experiment, spear-shaped electrodes were used, 

resulting in the plasma shape being very close to corona discharge with a high potential 

gradient. Nevertheless, the corona-shaped plasma was not dispersed and then streamers 

formed under atmospheric pressure due to high voltage and close inter-electrode gap in  
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Fig. 2-6 (a) Proposed mechanisms for the bubble formation on the graphite electrodes 

discharged in distilled water. Reaction zones according to temperature distributions during the 

synthesis of (b) carbon onions and (c) graphene flakes. 
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relatively high molecular density. Plasma can hardly progress to arc discharge using the 

bipolar power supply because of the short discharge time determined by the pulse width from 

1 to 4 µs, which created non-equilibrium plasma (i.e. the temperature of the electrons is much 

higher than that of the ions). Thus, in this experiment plasma starts from corona discharge at 

the beginning and progresses to spark discharge with an energy accumulation at the side. The 

streamers formed inside the bubbles between the immersed electrodes in water generate ions 

and radicals from atoms and molecules, which accelerate the chemical reactions.  

In this plasma, the ions were not strictly thermal (meaning the gas temperature) since the 

electric field during the plasma operation was about 20 kV cm
–1

, due to a mean free path less 

than 1 m at atmospheric pressure, which could result in average energies for ions of about 1 

eV. The average electron energy corresponding to this electric field is about 2 eV. 
[47]

 

 

2.3.3.2 Carbon onions synthesis 

 

In the case of the synthesis of the carbon onions (Fig. 2-6 (b)), the measured temperature of 

the electrode tip was 4600 K, which is higher than the melting and boiling points of graphite. 

Therefore, in zone O1, graphite was vaporized and carbon atoms expand from the center of 

the bubble to the outer regions due to the higher temperature. A small fraction of carbon 

atoms were sputtered from the graphite electrode by fast ions from plasma. Zone O2 was the 

region where the carbon vapor quenches because of the temperature gradient. The expanding 

carbon atoms gradually lost their energy and recombined with each other. At this point, the 

final shape of the carbon atoms combined into spherical onion because of the low surface 

energy. Zone O3 is the region where the remaining carbon atoms come in contact with water 

vapor forming H2 and CO. In plasma phase the fast electrons were responsible for the C–C 

bond dissociation which required 6.5 eV energy, atomic, and molecular excitation and 

ionization processes. 
[48]
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2.3.3.3 Graphene flakes synthesis 

 

Based on the study carried out by Schabel and Martins, the exfoliation energy of 

graphite sheets was less than 1 eV. 
[49]

 The ion energy around 1 eV was enough to produce 

graphite exfoliation [47]
. In Fig. 2-6 (c), the gas bubbles for the graphene flakes formation were 

smaller and have a lower temperature than that of the carbon onions formation due to lower 

input power. During the graphene flakes formation, the dissociation of the C–C bond occurred 

in zone G1 on the electrode surface because of the focused plasma energy despite the smaller 

amount of carbon vapor and the lower vapor pressure compared with the onion case. In zone 

G2, the graphene flakes were exfoliated due to the temperature gradient on the electrode 

surface, which implied that the energy in the zone was not sufficient to break the covalent C–

C bonds but was sufficient to overcome the Van der Waals forces and separate the graphene 

layers. Zone G3 is the region where water vapor was transported from the bubble surface to 

the bubble center and where H and OH radicals were generated from the dissociation of water 

molecules in plasma. Dissociation, ionization, and excitation processes were produced by the 

fast electrons present in the plasma gas phase. The necessary energy to get excited carbon 

atoms from the electrode was about 12.5 eV because the exfoliation process needed 1 eV, the 

dissociation of the C–C bond needed 6.5 eV, and the excitation of carbon atom from ground 

state 
1
P

0
 to excited state 

1
S (See supplementary information Table S) required about 5 eV. 

[50] 

Although the photon energy in the SPP can be about 5–6 eV, the photon flux was small and a 

photoexfoliation process of the graphite was negligible as compared with the exfoliation  

produced in plasma by ions and electrons.51 

 

2.4. Summary 

 

In summary, we have synthesized two different types of nanocarbon from graphite 

electrode: graphene flakes and carbon onions, by controlling the energy input from a bipolar 
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pulsed power supply during solution plasma process in water. The energy per pulse delivered 

in plasma was similar for both carbon onions and graphene flakes synthesis. However, the 

power delivered in plasma was much higher in the case of carbon onion synthesis. The main 

process to produce the carbon onions is carbon vaporization due to Joule effect and carbon 

recombination assisted by plasma. In order to produce graphene flakes, the graphite electrode 

was exfoliated in plasma. The diameter of the carbon onions was ranged from 2 to 16 nm and 

the graphene flakes were hundreds of nanometers in size. Unfortunately a precise control of 

the lateral sizes and the thickness of the graphene flakes was not realized. The HRTEM, TEM, 

and EELS analysis confirmed the morphology and the structure of the graphene flakes and 

carbon onions. The Raman spectra of the graphene flakes indicated that it was disordered 

multilayers.  
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Solution plasma exfoliation of graphene flakes from graphite electrodes 

 

 
 

 

Figure 2-S1 Disordered multilayers images at low-magnification TEM observed in graphene 

flakes. 
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Figure 2-S2 Typical current and voltage waveforms during production of (a) carbon onions 

and (b) graphene flakes by solution plasma processing.  
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Table 2-S Identification of the excited species in OES [1S, 2S].  

 

Species  (nm) Transition 

H 656.3 3d  2p 

H 486.1 4d  2p 

H 434.0 5d  2p 

O 

 

777.4 5
P  

5
S

0 

844.6 3
P  

3
S

0 

C 247.8 1
P

0
  

1
S 

Si 288.1 1
P

0
  

1
D 

CH 389.0 B
2
  X

2
 

CO 243.4 A
1
  X

1
 

251.1 A
1
  X

1
 

263.0 A
1
  X

1
 

643.3 d
3
  a

3
 

C2 473.7 A
3
g  X’

3
u 

516.5 A
3
g  X’

3
u 

 

[1S] Radzig AA, Smirnov BM, Reference Data on Atoms, Molecules, and Ions, Springer, 

1985. 

[2S] Pearse RWB and Gaydon AG 1976 The Indentification of Molecular Spectra, Chapman 

and Hall (London, New York) 
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Chapter 3 - The Effect of Electrode Gap on 

Synthesis of Carbon Materials by Using 

Solution Plasma Process 
 

3.1. Introduction 

 

Plasma discharge in liquid media has been used for synthesis of various carbon materials 

such as carbon onions,
 [1]

 carbon nanohorns and nanotubes,
 [2-5]

 metal particles covered by 

carbon,
 [6, 7]

 and metal catalyst in carbon matrix.
 [8]

 

 Recently, carbon materials have been synthesized by Solution Plasma Processing (SPP). 

SPP is a non-equilibrium, and cold plasma that induces extremely rapid reactions by the 

present of UV radiation reactive, radicals and chemical species. For conventional plasma 

discharge in liquid, the precursor decomposes to carbon atoms due to high input energy and 

temperature, and then they progress to recombination and formation of carbon materials. On 

the other hand, in solution plasma processing, the precursors are activated with keeping the 

molecular structure through C-H activation and react with other molecules because of low 

input energy and temperature, and then carbon materials are synthesized. Therefore, the 

properties of synthesized carbon materials depend on the original structure of the precursor. In 

other words, we can design the synthesized materials by the selection of the precursors.   

By using SPP, synthesis of various materials such as carbon nano sphere (CNS),
 [8] 

graphene,
 

[9]
 metal nano particle,

 [10-12]
 bimetallic nanoparticle,

 [13]
 non-metal catalyst,

 [14-16]
 mesoporous 

silica 
[17]

 and polymer
 [18]

 have been reported. Especially, CNS has attracted big attentions due 

to its application of Li-air battery with high capacity and durability. However, heat treatment 

was essential after CNS synthesis because of very low conductivity.
 [19]

  

In this article, the effect of electrode distance on synthesized carbon materials has been 

investigated. Furthermore, crystallinity and resistance of carbon were controlled by setting up 

different electrode gap distance.  
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3.2. Experimental procedures 

 

A schematic of the experimental setup is shown in Fig. 3-1. A total volume of 200 ml 

benzene was used as carbon precursor. Electric discharge was generated in a teflon reactor 

between high purity tungsten electrodes (99.999 %, Nilaco Co. Ltd.)  by using a bipolar 

pulse power supply (MPP-HV02; KURITA) operated at a voltage between 1 kV and 2 kV, a 

frequency of 15 kHz, and a pulse width of 1.2 μs. The diameter of the electrodes was 0.8 mm. 

Effect of electrode gap distance on crystallinity of the synthesized carbon was studied by 

varying the inter-electrode gaps, before the discharge from 0.25 mm to 1 mm. The gap 

distance was subsequently measured after the discharge by using digital linear caliper (see Fig. 

S1). Note that the plasma discharge between electrodes of inter-electrode gap 1.25 mm was 

not feasible because the plasma was very unstable and hard to sustain its continuity.  The 

carbon samples synthesized in the reactor with electrode gaps of 0.25, 0.5, 0.75, and 1 mm are 

hereafter designated as EG 0.25, EG 0.5, EG 0.75, and EG 1, respectively. Discharge at each 

condition was done for three times with a discharge time of 10 minutes. The obtained carbon 

powder was separated from the solution by filtering through the polytetrafluoroethylene 

(PTFE) membrane filter of 100 nm diameter before drying at room temperature in the air for 

an hour.  

Morphology and electron diffraction pattern of the synthesized carbon materials were 

witnessed by transmission electron microscopy (TEM) (JEM-2500SE, JEOL) operating at an 

accelerating voltage of 200 kV. Samples for the TEM analysis were served by placing a drop 

of ethanol containing sample on Copper grid having holes in it prior to drying at room 

temperature. During TEM observation, information of the suspended carbon materials on the 

edge of the amorphous carbon film from the Cu grid was carefully collected. Chemical 

composition of the sample, including hydrogen, nitrogen, and carbon was measured by 

 



 

 
46 

 

 
 

 

 

Fig. 3-1 Experimental setup for the solution plasma processing. 
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 elemental analysis (MT-6; YANACO). Resistance of the carbon powder was calculated from 

data collected by using ohm meter (2001 multimeter; TFF Corp. Keithley Instruments) and 

DC constant power supply (model 692A; Metronix Corp.).  Each sample was placed in a 

hollow teflon cylinder (inner diameter = 5 mm), and compressed in air between two 

commercial brass pistons forming the electrodes, the upper one movable and the lower one 

fixed. Obtained carbon powder were inserted into the cylinder and pressed between pistons. 

The load of pressure on the pistons was ~600 kPa by using a hand oil-pressure pump. 

Fundamental characteristics (discharge voltage and current) were measured by a digital 

oscilloscope (TDS 3014B; Tektronix) via high voltage and current probe. 

 

3.3. Results and discussion 

 

3.3.1 Conductivity and crystallinity of carbon 

The conductivity of as-prepared carbon increased with increasing inter electrode gap, 

which is corresponding to C-C sp
2
 bonding. Thus, the conductivity/resistivity can serve as the 

evaluation parameter of the degree of crystallinity in carbon. Fig. 3-2 showed the resistance of 

the as-prepared carbon samples. The resistance dropped linearly from 19k Ω·cm at EG 0.25 to 

47 Ω·cm at EG 1. The values of electrode gaps were rearranged with average value before 

and after experiments. On average, the erosion rate of EG 0.25, EG 0.5, EG 0.75and EG 1 

after 10 minute discharge were 0.09 mm (± 0.03), 0.08 mm (± 0.03), 0.03 mm (± 0.04) and 

− 0.05 mm (± 0.05), respectively. This result was connected with sharp peak intensity 

change of WC1-x, those were plains of 111, 200, 220 and 311 at 36.7, 42.4, 61.8 and 74.2, at 

X-ray diffraction (XRD) (see Fig. 3-S2). However, it was not easy to distinguish broad carbon 

peak differences among samples, which were plains of 001, 002 and 100/101 at 12.3, 23.4 and 

43, respectively. 

The reduction of resistance was consistent with the results from elementary analysis. In Fig. 

3-3(a), the H/C ratio of as-prepared carbon decreased with increasing electrode gap from the 
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Fig. 3-2 Resistances of carbon powders according to inter electrode gap distance were 

measured by 4 probe measurement. The values of electrode gaps were rearranged with 

average value before and after experiments. 
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Fig. 3-3 (a) H/C ratio of as-prepared carbon powders measured from inter-electrode 

gap differences of 0.25 mm, 0.5 mm, 0.75 mm and 1 mm. (b) H/C ratio also was 

shown related with resistance value of each one. 
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value of 0.31 to that of 0.18. If you see Fig. 3-3(b), it is further clear that the H/C ratio 

decreased with decreasing the value of resistance. Since the sp3 bonding between H and C 

atoms has a negative effect on crystallinity, the resistance was also highly affected by the H/C 

ratio. It was supposed that tungsten metal particles had not that much effect on electric 

conductivity because conductivity of EG 0.25 showed the highest value despite it had lots of 

tungsten particles. 

Typical TEM and selected area electron diffraction (SAED) images are shown in the Fig. 3-4. 

A low magnification TEM investigation of all samples like Fig. 3-4(a) and (b) showed that the 

shape of carbons are CNS, which have chain-like orbicular structure with comparably 

consistent size and their composition group is looked like carbon black. The mean diameter or 

diameter of gyration of all CNSs was estimated to be 20 to 30 nm. However, a high 

magnification TEM showed that obtained carbon of EG 0.25 at Fig. 3-4(c) was almost 

amorphous structure while the carbon of EG 1 at Fig. 3-4(d) showed the formation of 

crystalline graphite layers. This formation is supposed to be turbostratic structure in which 

graphite layers are oriented parallel to the concentric direction. Tungsten nano particles in EG 

0.25 were sometimes observed, which were spread partially inside carbon and average size of 

them were estimated 5~7 nm. The other hand, tungsten nano particles in EG 1 were rarely 

observed. The SAED images showed similar ring patterns of graphitic carbon, that is to say, 

the plain of 002, 100 and 101 from the center to outer order. The pattern intensity of each 

plain of EG 1 was clearly observed stronger than that of EG 0.25. 

 

3.3.2 Characteristics of solution plasma process 

The voltage and current waveforms and images during discharge of inter-electrode gap 0.25 

mm and 1 mm in benzene are shown in Fig. 5a and b, respectively. The high pulse voltage in 

benzene solvent generated the breakdown in it and free electrons were accelerated in the 

plasma gas phase. The streamers formed inside the bubbles between the immersed electrodes 

in water generate ions and radicals from atoms and molecules, which accelerate the chemical  
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Fig. 3-4 Morphology images and diffraction patterns observed by TEM and SAED. 

(a), (b) TEM and (c), (d) SAED pattern of EG 0.25 and EG 1. Resistance value of EG 

0.25 and EG 1 was 19k Ω·cm and 47 Ω·cm, respectively.  
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reactions. The energy input per pulse is calculated by E = ∫ VI dt
t

0
 where E represents the 

energy (J per pulse), t, V and I represent the pulse width, voltage and current, respectively. It 

is confirmed that the energy per pulse during the carbon synthesis of EG 0.25 and EG 1 are 

166 and 211 μJ, respectively. The current and voltage waveforms during production of carbon 

by solution plasma process were measured with almost same shapes as shown in Fig. 3-

5(a)−(b). However, the intensity of each current peak of electrode gap 1 mm was lower than 

that of electrode gap 0.25 mm as shown in Fig. 3-5(c) −(d). This could be explained by the 

equation of V = IR where V represents the voltage, I and R represent the current and 

resistance, respectively. The value of R in plasma circuit could be high with increase of 

electrode gap distance, which made intensity of I decrease, apparently. From both discharge 

images, producing carbon density of electrode gap 1 mm was thicker than that of electrode 

gap 0.25 mm, while distribution of bubbles from center of discharge was narrower than that 

of electrode gap 0.25 mm. On average, the amount of obtained EG 0.25, EG 0.5, EG 0.75 and 

EG 1 were 2.4, 4.5, 6.2 and 4.5 mg/min, respectively.  

 

3.3.3 Discussion 

Resistance of obtained carbon material and H/C ratio decreased according to increase of 

electrode gap distance. If it was assumed that defects by hydrogen atoms and sp
3
 carbon 

domains were obstacles of electron currency, decrease of resistance should be resulted by 

increase of sp
2
 carbon domain in quantity or size. However, it was not very clear whether 

quantity of sp
2
 domain increased or not at the result of raman spectra (see Fig. 3-S3). 

Therefore, we focused on the size of sp
2
 carbon domain. For deeper understanding relation of 

H/C ratio and size in sp
2
 domain, several equations and figure were proposed as followed (Eq. 

(1)-(3) and Fig. 3-6).  
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Fig. 3-5 Current and voltage waveforms during production of carbon nanospheres 

(CNSs) at different inter electrode gap of 0.25 mm and 0.1 mm by solution plasma 

processing. On the right side comers, images of plasma, bubbles and carbon 

production in benzene during electric discharge by using high speed camera are 

shown. 

 

  



 

 
54 

 

Cn = 6 + ∑ {8(2k − 1)}n
k=1 = 8n2 − 2              (n ≥ 1)    (1) 

Hn = 8n − 2                                                              (n ≥ 1)   (2) 

Hn

Cn
=

4n−1

4n2−1
                                                                  (n ≥ 1)    (3) 

 

Where Cn and Hn represent the number of hydrogen and carbon in 2-dimensional sp
2
 

structure, respectively. Calculated values of Cn, Hn and H/C were presented in table 3-1. The 

values of H/C ratio in EG 0.25 and EG 1 were 0.31 and 0.18, respectively. This means that n 

change from 3 to 5. The width between carbon 1 and opposite carbon 4, and the height 

between carbon 2 and 6 in benzene ring structure (Fig. 3-6(b)) are about 0.284 nm and 0.246 

nm, respectively. Consequently, size of sp2 carbon structure can be calculated by Eq. (4) and 

(5). 

 

L = 2a + (n − 1) × 6a = (6n − 4) × a       (a = 0.142)  (4) 

I = (2n − 1) × b                                                 (b = 0.246)  (5) 

 

Where L, I, a and b represent the distance of horizontal axis, that of vertical axis, half value of 

width in benzene ring structure and the height of benzene ring structure, respectively(Fig. 3-

6(b)). From the Eq. (4) and (5), the size of sp
2
 carbon structure in EG 1 was 3.3 times larger 

than that of EG 0.25. Large size’s sp
2
 carbon structure is supposed to easy to aggregate 

together layer by layer due to accumulated large π bonding force. Based on the study carried 

out by Schabel and Marins, the interplanar binding energy of graphite was 25 meV per 

atom20. The average value of accumulated π  bonding force in EG 1 was 4.95 eV, which is 

approximately 14 times larger than that of EG 0.25 at the value of about 0.35 eV. 
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Fig. 3-6 Schematic representation of (a)size differences with the number of n change 

in the sp
2
 carbon structure. Size of (b)benzene ring structure and sp2 carbon. 
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Table 3-1 Calculated H/C ratio with size differences in sp2 carbon domain.  

n Cn Hn H/C 

1 6 6 1.000 

2 30 14 0.467 

3 70 22 0.314 

4 126 30 0.238 

5 

 

198 38 0.192 

6 286 46 0.161 

7 390 54 0.138 

8 510 62 0.122 

9 646 70 0.108 

10 

 

789 78 0.098 

11 966 86 0.089 

12 1150 94 0.082 

13 1350 102 0.076 

14 1566 110 0.070 

15 

 

1798 118 0.066 

16 2046 126 0.062 

17 2310 134 0.058 
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3.4. Summary 

 

Graphitic carbon structure was synthesized from benzene solvent by using solution plasma 

process and controlled through adjusting electrode gap distances. This effect plays the 

essential role as a main element at discharge process in organic solvent. TEM and diffraction 

images of EG 1 showed ordered graphitic layers and clear ring pattern compared with EG 

0.25. The only adjustment of electrode gap distance from 0.25 mm to 1 mm had brought 

about approximately 400 times improvement of conductive property from 19k Ω·cm to 47 

Ω·cm. From the result of CHN elemental analysis, H/C ratio decreased with decrease of 

resistance from 0.31 to 0.18. The increase of sp
2
 carbon domains in size may cause to 

improvement of conductivity. 
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Figure 3-S1 Images of electrode gap distances before and after experiment during 10 minutes 

discharge by using bipolar pulse power supply at 15 kHz frequency and 1.2 μs pulse width. 

The diameter of tungsten electrodes were 0.8 mm. 
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Figure 3-S2 The powder X-ray diffraction (XRD) patterns of as-prepared carbon powders 

with different electrode gap distances. XRD patterns were recorded in reflection mode (Cu 

Kα radiation, λ = 1.5418 Å ).  
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Figure 3-S3 D/G ratio of Raman spectra of as-prepared carbons which were calculated 

according to (a) resistance and (b) electrode gap. Carbon powders on SiO2/Si substrate were 

measured a laser excitation wavelength at 532nm. 
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Chapter 4 - Improvement of Electric Conductivity 

of Carbon Materials with introducing 

Naphthalene and Anthracene by Using Solution 

Plasma Process 

 

 

4.1. Introduction 

Effective energy distribution and usage are essential issues from the view point of political energy 

strategy of Japan against global environmental problem. Researches of fuel cell for hydrogen network, 

secondary battery 
[3]

 for energy storage, and super capacitor 
[4]

 have been progressed for the energy 

effectiveness. Among various materials, carbon is mainly used at proton exchange membrane fuel cell 

(PEMFC) 
[1,2]

, condenser and electrode for metal-air battery due to having conductivity and high 

porosity itself, which helps catalyst particles to disperse in carbon matrix 
[5-9]

, effectively.  

Carbon materials are synthesized by using various methods such as thermo-decomposition and 

thermos chemical vapor deposition (thermo-CVD), plasma CVD and so on. Recently, solution plasma 

method (SP) has attracted big attention at the carbon synthesis 
[9,14-19]

.  

From now on, through this SP, carbon nanoball (CNB) having high porosity 
[17]

, carbon matrix with 

nano metal catalysts 
[18]

 and hetero carbon doped carbon materials 
[19]

 have been developed.  

SP, which generates low temperature plasma due to long resting time between pulses is distinguished 

from conventional high temperature plasma using arc discharge 
[14,20]

. Through this SP, carbon 

material can be synthesized with using chemical reaction between selective molecules as a carbon 

precusors while carbon material by conventional arc plasma have been obtained through 

decomposition of carbon precusor and rearrangement between atoms or lower level molecules than 
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precusor. For example, carbon material can be synthesized by using aromatic compound such as 

benzene. One of C-H bond of benzene ring can be activated by radical propagation from plasma, and 

then, the activated benzene radical makes a couple with another benzene molecule. A number of same 

reactions and chain reaction occurs continuously, carbon materials are obtained with aggregation of 

small particles in the end. Therefore, properties of carbon material are strongly affected by precursor’s 

original structure. However, this carbon obtained by SP has a problem for immediate use that electric 

conductivity is quite low because of low effectiveness of dehydrogenation from aromatic ring. 

Vulcan-XC72 or Ketjen black, which is generally used for electrode material, have resistance value of 

0.04 Ωcm and 0.06 Ωcm, respectively, while resistance value of carbon by SP is approximately 100 

Ωcm.  

In this paper, synthesized carbon by SP through introducing naphthalene and anthracene in benzene 

solvent was evaluated for improving electric conductivity, because which solutes have more π 

conjugated sites than benzene.    

 

4.2. Experimental procedure 

4.2.1 Material 

A total volume of 200 ml benzene (>99.5%, Kanto chemical) was introduced as carbon precu

sers. 0.08 mol%,0.39 mol%, 0.76 mol% and 2.54 mol% of naphthalene (>98%, Wako chemic

al), and 0.08 mol%, 0.23 mol%, 0.39 mol% and 0.62 mol% of anthracene (>95%, Kanto che

mical) was dissolved in benzene, respectively. At this time, 0.62 mol% of anthracene was ma

ximum solubility. 
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4.2.2 Solution plasma process 

A schematic diagram of the experimental setup is shown in Fig. 4-1. 0.8 diameter of tungsten

 electrodes (99.999%, Nilaco Co. Ltd.) were inserted in a total volume of 250 ml teflon rea

ctor. Electrode gap was set at 1 mm during 10 minute discharge, which was generated by u

sing a bipolar pulse power supply (MPP-HV02, KURITA) operated at a voltage between 1 k

V and 2 kV, with a frequency of around 15 kHz and a pulse width of around 1.2 μs. After 

discharge, erosion of electrode gap distance was measured under ±0.05 mm.  

Synthesized carbon materials was separated from the solution by filtering through the polytetr

afluoethylene (PTFE; JVWP04700, Merck Millipore) membrane filter of 100 nm diameter befo

re drying in the oven at 80 
O
C for 24 hours. 

 

4.2.3 Electric conductivity 

Electric conductivity of as-prepared carbon powder was measured by using 2 probe measurement. 

Each sample was placed in a hollow Teflon cylinder (inner diameter = 5 mm), and compressed in air 

between two commercial brass pistons forming electrode. The load of pressure on the pistons was 

~600 kPa by using a hand oil-pressure pump. Fundamental characteristics (discharge voltage and 

current) were measured by a digital oscilloscope (TDS 3014B; Tektronix). 

 

4.2.4 Structure analysis and chemical composition 

Morphology and chemical composition of the synthesized carbon materials were observed and 

measured by using transmission electron microscopy (TEM, JEOL; JEM-2500SE), X-ray diffraction 

(XRD, Rigaku; SmartLab X-ray diffractometer) and CHN mass analyzer (Yanaco; MT-6).  
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Fig. 4-1 Experimental setup for the solution plasma processing. 
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4.3. Results 

Result of electric resistance of synthesized carbons, after 10 minute discharge in benzene solution 

introduced solute like naphthalene or anthracene, was shown in Fig. 4-2. Resistance values of 

obtained carbon from pure benzene solution was 104 (± 65.2) Ωcm. Meanwhile, resistance value of 

obtained carbon from naphthalene of 0.08 mol%, 0.39 mol%, 0.78 mol% and 1.54 mol% were 85.0 (± 

34.4) Ωcm, 47.8 (± 21.3) Ωcm, 37.5 (± 12.1) Ωcm and 26.4 (± 3.0) Ωcm, respectively. In case of 

obtained carbon from mixed solution with anthracene of 0.08 mol%, 0.23 mol%, 0.39 mol% and 0.62 

mol%, the resistance value were measured 75.0 (± 23.1) Ωcm, 32.7 (± 4.0) Ωcm, 20.0 (± 5.0) Ωcm 

and 16.6 (± 2.8) Ωcm, respectively. These results implied that a little amount of solute effected on 

resistance of obtained carbon resistance. In addition, anthracene showed more drastic decrease in 

resistance than naphthalene. By the way, additional experiment in benzene saturated with naphthalene 

of 19 mol% showed that resistance value of obtained carbon was about 24.5 Ωcm, which confirmed 

that high concentration of naphthalene had not a strong effect on resistance improvement that much. 

H/C ratio of obtained carbon from pure benzene and mixed solution with naphthalene and anthracene 

was shown in Fig. 4-3. As naphthalene increased in benzene solution, the ratio of H/C in obtained 

carbon decreased. For example, H/C ratio of obtained carbon from pure benzene was about 0.20 (± 

0.02) while that of naphthalene 1.54 mol% decreased about 0.16 (± 0.01). Same tendency appeared in 

case of anthracene that H/C ratio of anthracene 0.62 mol% was 0.16 (± 0.01). Fig. 4-3(b) showed 

electric resistance according to H/C ratio of obtained carbon, which suggested that resistance showed 

small value as H/C ratio became low. 

The quantity of obtained carbon with quantity of introduced solute of naphthalene and anthracene in 

benzene solution was shown in Fig. 4-4. Production rate of obtained carbon increased with 

concentration of introduced solute. Especially, small amount of anthracene introducing made faster 

carbon production rate than naphthalene case.  
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Fig. 4-2 Resistances of carbon powders obtained by using solution plasma process with increase of 

solute (naphthalene and anthracene) in benzene solvent. 
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Morphologies of obtained carbon from pure benzene (Fig. 4-5(a)), mixed benzene with naphthalene 

1.54 mol% (Fig. 4-5 (b)) or anthracene 0.62 mol% (Fig. 4-5(c)) were shown in Fig. 4-5. The shape of 

carbon nanosphere (CNS) with size of 20~30 nm, and nanoshape like short range of graphite-like 

structure were observed in each obtained carbon. By the way, other nanoshape like amorphous 

structure was often observed in Fig. 4-5(a) as well, which structure was hardly seen in Fig. 4-5(b) and 

(c).  

X-ray diffraction patterns of obtained carbons were shown in Fig. 4-6. All obtained carbon were 

showed broad peak at 23.4 and 43 of 002 and 100/101 plain, respectively, which 

 

 

 

 

Fig. 4-3 (a) H/C ratio of as-prepared carbon powders obtained by using solution plasma process 

with increase of solute (naphthalene and anthracene) in benzene solvent. (b) H/C ratio also 

was shown related with resistance value of each one (naphthalene and anthracene). 
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Fig. 4-4 Total yield of obtained carbon powder after 10 minutes discharge according to dissolved 

quantity of each solute (naphthalene and anthracene). 
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Fig. 4-5 Transmission electron microscopy (TEM) images of as-prepared carbon powers by (a) 

pure benzene, (b) naphthalene 1.54 mol% and (c) anthracene 0.62 mol%, respectively.  

 

 

 

Fig. 4-6 XRD patterns of as-prepared carbon powders with change of each solute ratio ((a) 

naphthalene and (b) anthracene) in benzene solvent. XRD patterns were recorded in 

reflection mode (Cu Kα radiation, λ = 1.5418 Å) 
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suggested that these samples formed turbostratic structures in which small basal planes have slipped 

out of alignment. However, it was difficult to distinguish detail comparison of crystallinity among 

samples because the peaks were too broad shapes. This result, as we observed in TEM Fig. 5, could be 

supposed that crystalline of graphitic structures were too small extent and size in nano level. Other 

tungsten carbide peaks with sharp shapes were detected at 36.7, 42.4, 61.8 and 74.2 linked with the 

plains of 111, 200, 220 and 311, respectively. These tungsten carbides came from erosion or sputtering 

of tungsten electrode by plasma generated in solution. Peak shift or intensity alteration of tungsten 

carbides according to solute concentration did not appear.    

 

4.4. Discussion 

Introducing solute like naphthalene or anthracene in benzene solution brought about lowering H/C 

ratio, and improving crystallinity and conductivity of carbon material. Especially, small amount of 

anthracene solute had a noticeable effect on carbon formation. Basically, naphthalene and anthracene 

have lower H/C ratio than benzene, so that it is not strange that H/C ratio of obtained carbon from 

introducing naphthalene or anthracene in benzene goes down. However, 0.62 mol% of anthracene was 

very tiny concentration compared to benzene quantity, and then, measured H/C ratio of carbon was 

0.16 (± 0.01) from 0.20 (± 0.02), which made electric resistance change 16.6 (± 2.8) Ωcm from 104 (± 

65.2) Ωcm. Resonance energy of naphthalene and anthracene is higher than that of benzene, so that 

radicals from naphthalene and anthracene could be more stable than benzene radicals. This stability 

means energy of dehydrogenation reaction goes down. Through higher resonance energy, naphthalene 

or anthracene originated carbon is supposed to be formed with faster reaction of dehydrogenation, and 

covalent bond between carbon than that of benzene. Low H/C ratio implied that with large size of 

carbon domain grew up with fast reaction, which might lead to improve crystallinity and conductivity 

of carbon materials. This nucleosynthesis reaction was easy to occur with 2 dimensional graphitic 

shapes during electric discharge because solutes such as naphthalene and anthracene have 2 
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dimensional molecular structures. These 2 dimensional crystalline nucleuses made it easy to aggregate 

among themselves after discharge or outside plasma due to high attracting force between interlayers 

[21]
. Obtained carbon quantity increased as well according to high concentration of solute, which 

indicated that solute had a big roll for formation of carbon materials. 

 

4.5. Summary 

Through solution plasma process, enhanced carbon materials with high crystallinity and electric 

conductivity were synthesized by introducing solutes in benzene solvent such as naphthalene and 

anthracene, which have π conjugated molecular structures. Little amount of solute gave a significant 

effect on lowering H/C ratio of obtained carbon, which developed crystallinity of 2 dimensional 

graphitic structure. In addition, carbon quantity increased as well with high concentration of solutes. 

Electric resistance of obtained carbon by introducing anthracene was measured around 16.6 Ωcm, 

which value was 7 times lower than that of about 104 Ωcm from pure benzene solvent. 
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Chapter 5 – Summary 

 

Chapter 1 is presents an overview of nano carbon materials to make much more understanding in the 

overall research. Next, the fundamental and applications of solution plasma process was given in 

detail.  

 

Chapter 2 describes the synthesis of graphene flakes by SPP process, by controlling the energy input 

from a bipolar pulsed power supply during solution plasma process in water. The energy per pulse 

delivered in plasma was similar for both carbon onions and graphene flakes synthesis. However, the 

power delivered in plasma was much higher in the case of carbon onion synthesis. The main proce

ss to produce the carbon onions is carbon vaporization due to Joule effect and carbon recomb

ination assisted by plasma. In order to produce graphene flakes, the graphite electrode was exf

oliated in plasma. The diameter of the carbon onions was ranged from 2 to 16 nm and the grap

hene flakes were hundreds of nanometers in size. Unfortunately a precise control of the latera

l sizes and the thickness of the graphene flakes was not realized. The HRTEM, TEM, and EE

LS analysis confirmed the morphology and the structure of the graphene flakes and carbon onions. 

The Raman spectra of the graphene flakes indicated that it was disordered multilayers. 

 

Chapter 3 focuses on the structure-controlled carbon were synthesized by various parameters of SPP. 

Graphitic carbon structure was synthesized from benzene solvent by using solution plasma process 

and controlled, especially through adjusting electrode gap distances. This effect plays the important 

role as the main factor for discharge process in organic solution. TEM and diffraction images of EG 1 

showed ordered graphitic layers and clear ring pattern compared with EG 0.25. The only adjustment 

of electrode gap distance from 0.25 mm to 1 mm had brought about approximately 400 times 

improvement of conductive property from 19k Ω·cm to 47 Ω·cm. From the result of CHN elemental 
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analysis, H/C ratio decreased with decrease of resistance from 0.31 to 0.18. The increase of sp2 

carbon domains in size may cause to improvement of conductivity. 

 

Chapter 4 presents the effect of introducing solute having more π conjugated sites than benzene 

and nanocarbon formation mechanism. Through solution plasma process, enhanced carbon materials 

with high crystallinity and electric conductivity were synthesized by introducing solutes in benzene 

solvent such as naphthalene and anthracene, which have π conjugated molecular structures. Little 

amount of solute gave a significant effect on lowering H/C ratio of obtained carbon, which developed 

crystallinity of 2 dimensional graphitic structure. In addition, carbon quantity increased as well with 

high concentration of solutes. Electric resistance of obtained carbon by introducing anthracene was 

measured around 16.6 Ωcm, which value was 7 times lower than that of about 104 Ωcm from pure 

benzene solvent. 

Finally, in this chapter summarized and clarified phenomenon in the plasma discharge in reaction filed, 

and the way of controlling carbon crystallinity and structures. In this study, we have successfully 

synthesized conductive carbon having graphitic layers by SPP. The results observed that (1) SPP is a 

promising method for mass production of carbon and versatile for controlling properties of carbon, (2) 

conductivity of carbon drastically increased by introducing small amount of precursor having π 

conjugated sites in benzene and (3) capacity and durability of Li-air battery could be improved 

without change of properties by heat treatment like aggregation of metal particles and evaporation of 

nitrogen. 
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A2-1 Photos of SPP during discharge between graphite electrodes in water with (a) low input 

energy and (b) high input energy, and obtained carbon materials after discharge with (c) low 

input energy and (d) high input energy. 

  



 

 
81 

 

 

A3-1 Optical emission spectra of plasma generated during the synthesis of carbon in benzene 

solvent. 
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A3-2 Erosion rate of tungsten electrodes at different electrode gap distance after 10 minute 

discharge in benzene solvent. Minus value means that carbon was deposited on surface of 

electrode. On the eright side comers, images of electrode gap before and after discharge at 

EG 0.25 and EG 1.  
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A3-3 Production rate of obtained carbon powder during 10 minute discharge in benzene 

solvent according to various electrode gap distances. On the right side comers, images of 

carbon generation in benzene solvent and out of solvent. 
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A4-1 Images of electrode in naphthalene introduced benzene before and after experiment 

during 10 minutes discharge by using bipolar pulse power supply at 15 kHz frequency and 

1.2 μs pulse width. The diameter of tungsten electrodes were 0.8 mm, and electrode gap 

distance was 1 mm. 
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A4-2 Images of electrode in anthracene introduced benzene before and after experiment 

during 10 minutes discharge by using bipolar pulse power supply at 15 kHz frequency and 

1.2 μs pulse width. The diameter of tungsten electrodes were 0.8 mm, and electrode gap 

distance was 1 mm. 
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A4-3 D/G ratio of Raman spectra of as-prepared carbons which were calculated according to 

solute concentrations of (a) naphthalene and (b) anthracene. Carbon powders on SiO2/Si 

substrate were measured a laser excitation wavelength at 532nm. 
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A4-Table 1. Carbon particle analysis by using Brunauer, Emmett and Teller (BET) theory 

measurement. 

 

 

 

 

 

 

 

 

 

 

  

20 °C, filter 

Average pore 

diameter (nm) 

Pore volume 

(m
3
/g) 

Surface area 

(m
2
/g) 

Benzene 

(no filter) 

18.847 

(20) 

1.0379 

(0.669) 

2.20 x 10
2
 

(133.8) 

Naphthalene/Bz 

(1.54 mol%) 

12.674 0.8036 2.54 x 10
2
 

Anthracene/Bz 

(0.62 mol%) 

13.974 0.9185 2.63 x 10
2
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