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Chapter 1. Introduction 

 

1.1 Carbon nanotubes (CNTs) 

Carbon nanomaterials such as carbon nanotubes (CNTs) [1], graphenes [2], 

fullerenes [3], and so on, have attracted great attentions due to their excellent properties. 

High performances of various kinds of the carbon nanomaterials are expected to replace 

existing materials. In 1991, Iijima found multi-walled carbon nanotubes (MWNTs) from 

cathode deposits during fullerene synthesis by the arc plasma [1]. 2 years later, single 

atomic layered shell carbon nanotubes, i.e., single-walled carbon nanotubes (SWNTs) 

were successfully synthesized using catalytic metals contained carbon rod evaporation 

[4,5]. 

MWNTs and SWNTs have unique and excellent properties about several points. 

CNTs are formed from rolled graphene sheets and end cap with a five-membered ring 

contained the half-sphere. MWNTs have 2 up to 50 layers nesting tubular carbon atomic 

layers structures. This unique structural nanomaterial has strong kinetic properties. 

Young’s modulus of individual MWNTs was estimated ~4 TPa [6] which did not depend 

on the diameter of MWNTs. Tensile breaking strength of MWNTs was reported ~63 GPa 

[7]. In addition, MWNTs also have high thermal property. Thermal conductivity had been 

reported ~830 Wm-1K-1 [8,9]. Current carrying capacity is ~1010 Acm-2 [10]. SWNTs also 

have excellent properties. Young’s modulus of SWNTs indicates ~1 TPa [11]. Tensile 

breaking strength is ~22 GPa [12]. Thermal conductivity is ~3300 Wm-1K-1 [13,14]. 

Electron mobility reaches 100 000 cm2V-1s-1 [15]. In addition, SWNTs indicate metal or 

semiconducting properties by winding direction of graphene sheet i.e. chirality [16]. 

From these properties, CNTs are expected to apply to composite materials [17-20], 
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transistor [21-23], trace of large-scale integration [24,25], electron field emission sources 

[26], battery electrodes [27-29] and so on. 

 

1.1.1 Structure of single-walled carbon nanotubes (SWNTs) 

SWNTs have unique properties originated in their structures which are formed 

from single carbon atomic layer. SWNTs are tubes which have nanometer-order diameter 

winded a graphene sheet. This winding determines properties of SWNTs. Most of 

important factors on SWNTs are decided by chirality and diameter of SWNTs. Chirality 

means the helical structural degree and it depends on the position cut and the connected 

graphene sheet. Chirality and diameter of SWNTs were unambiguously determined by 

the chiral vector (denoted Ch) [16,30,31]. The chiral vector circulates the cylindrical axis 

vertically, i.e. circumferential direction of SWNTs. This vector connects an equivalent 

point O and A which are overlapped when the graphene sheet is winded as shown in Fig. 

1.1 [16]. The chiral vector is given by the following equation using the primitive 

translation vector of two dimensional hexagonal grids, 

( )mnmn ,21h ≡+= aaC , (1.1) 

 and  are integer . The length of the chiral vector is the circumferential 

length of SWNTs. 

22
CCh 3 mnmna ++= −C . (1.2) 

C C is the distance of closest approach on the carbon-carbon bond (0.144 nm). The 

diameter  and chiral angle  of SWNTs are calculated from the following equation. 

22CC
t

3
mnmn

a
d ++= −

π
. (1.3) 
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⎞

⎜
⎝
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In the case of   6⁄ , the helical structure is not formed and when it 

becomes the armchair type as shown in Fig. 1.2(a) or when 0  0 , it takes the 

zigzag type structure as shown in Fig. 1.2(b) Other types take the helical structure, i.e. the 

chiral type as shown in Fig. 1.2(c)  is primitive translational vector in the axial 

direction of tube.  is given by the following equation. 

( ) ( ){ }
R

2
R

1
R

21 2,2,22
d

mnt
d

nmt
d

mnnm +
=

+
=

+−+
= 　　

aαT . (1.5) 

 and  are primitive lattice vectors as shown in Fig. 1.3 [32]. 

CC2CC1 3
2
1,

2
3,3

2
1,

2
3

−− ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= aa aa 　 . (1.6) 

Reciprocal lattice vectors are following. 

CC
2

CC
1 3

21,
3

1,
3
21,

3
1

−−
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

aa
ππ bb 　 . (1.7) 

The length of  is given by following using the length of chiral vector . 

R

3
d

l
=T . (1.6) 

22
CCh 3 mnmnal ++== −C . (1.7) 

dR is integer defined by following equation using the greatest common divisor of  and 

. 

( )
( )⎩

⎨
⎧

−
−

dmnd
dmnd

d
3 of multiple is 　if,3

3 of multiplenot  is 　if,
R

　　

　　
. (1.8) 

The part surrounded by  and  is unit cell of SWNTs. The number of carbon 

hexagons included in unit cell  is given by following equation. 
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21

h
u aa

TC
×

×
=N . (1.9) 

Chiral angle  between  and  is given by following equation. 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

++

+
=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛ ⋅
=

22
1h

1h

2
2arccosarccos

mnmn
mn

aC
aC

θ . (1.10) 

 has range at 0° 30°. Reciprocal lattice vectors  (circumferential direction), 

 (tube axis direction) are given by following equation. 

( ) ( )21
u

22112
u

1
1,1 bbKbbK nm

N
tt

N
−=+−= 　 . (1,11) 

 returns to the initial state when  is multiplied by . Wave number vector  is 

described by following equation. 

( )2121,221 uu21 ≤≤−≤≤−+= kNNk 　　　 μμ KKK . (1.12) 
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Figure 1.1. Geometry of CNTs [16]. 
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(a) Armchair. 

 

 
(b) Zigzag. 

 

 
(c) Chiral. 

Figure 1.2. The pattern of CNTs wall lattice direction. 
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(a) Real lattice (A and B are carbon atoms included unit cell). 

 

 

(b) Reciprocal lattice 

Figure 1.3. Primitive lattice of graphene sheet [32].  
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1.1.2 Electronic state of SWNTs 

Carbon atom has 4 valence electrons whose electronic structure is (2s)2(2p)2. 

Carbon with sp2 hybrid orbital forms six-membered ring structure, 3 valence electrons 

occupy σ orbital, and the remaining 1 electron dominates electric properties as π electron. 

In the case of graphene, as shown in Fig. 1.4 [36], it becomes the zero-gap semiconductor 

due to no energy gap between the energy band on coupled band and the anti-coupled 

band [32]. In the case of SWNTs with winded graphene structure, the new periodic 

boundary condition appears in the circumferential direction of the tube, SWNTs become 

semiconductor with band gap at Fermi surface or metal with finite density of state. In the 

plane perpendicular to the tube axis, wave number  is quantized by the periodic 

boundary condition specified by the chiral vector  of the Eq. (1.1). 

qπ2h =⋅ kC  (q is integer). (1.13) 

In the axial direction of the tube, it becomes one-dimensional material with translation 

symmetry represented by a lattice vector . Therefore, SWNTs indicate electronic 

structure in which electronic structure of graphene is modulated by these periodicities. In 

addition, coupled π bond, which is valence band, forms hybrid with σ orbital due to 

curvature of tube, but its effect is small. Therefore, on the basis of the energy dispersion 

  ,  of π band on graphene, the electronic structure of SWNTs is discretized due 

to quantization of  in the direction perpendicular to the tube axis, and it is described as 

group of one-dimensional bands with continuous dispersion in the tube axis direction. 

The energy band calculation of SWNTs using periodic boundary condition Eq. 

(1.9) has been done by N. Hamada et al. [33]. First Brillouin zone (FBZ) is shown in Fig. 

1.5. The FBZ is expressed in the region surrounded with perpendicular bisector of 

straight lines connecting the original point and each reciprocal lattice point. The original 
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point of wave number space, the hexagon vertexes, and the midpoints of each side of 

hexagon is Γ, K or K’, and M, respectively. Although, the K and K’ point represent 

different states because they are not connected with each other by reciprocal lattice vector, 

they usually have the same dispersion relation because they are connected with symmetry 

with time reversal. 3 of 4 valance electrons in carbon atom occupy σ band and 1 of 4 

occupies π band. The π band indicates dispersion which is proportional to wave number 

first order at near K and K’ point and intersect at one point as shown in Fig. 1.4. In the 

case of SWNTs, only the wave function of the limited wave number vector within the 

Brillouin zone (BZ) of graphene is permitted due to the periodic boundary condition due 

to graphene sheet being wound in cylindrical shape. Figure 1.6 shows the example of 

available wave number vector of SWNTs. The wave number vector of the wave function 

is different for each chirality (n,m). The cutting lines of this wave number vector which 

are parallel to vector  determine the electronic state of each SWNT with (nm). 

Connecting points of π band and anti-bonding π band are only K and K’ point 

( 3⁄ , where  and  are reciprocal lattice vectors, and 2π⁄ , 

2π⁄ ). Therefore, if available line passes through K or K’ point, SWNTs become 

metal and if does not pass, SWNTs become semiconductor. As a result, whether the 

SWNTs state is metal or semiconductor is determined by the chirality. The SWNTs state 

becomes metal when  is multiple of 3, and it becomes semiconductor if it is not. 

Electron density of state (eDOS) of SWNTs becomes integration of energy dispersions 

along the lines with the cutting lines as shown in Fig. 1.6. The eDOS of SWNTs is given 

by following equation [16], 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+±=

2
cos4

2
cos

2
3cos41 y2yx

0

akakakE γ , (1.14) 
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where  is nearest neighbor overlap integral,  and  are x and y axis components 

of wave number vector. One-dimensional energy dispersion relationships at chiral index 

of (9,0) and (6,2) are shown in Fig. 1.7. Each curve described in Fig. 1.7 homologizes 

part of dotted line segments described in Fig. 1.6. (9,0) nanotube shown in Fig. 1.7(a) has 

a contact point on Fermi level and becomes metal. On the other hand, (6,2) nanotube, 

shown in Fig. 1.7(b) doesn’t contact and becomes semiconductor. Based on the above, 

properties of SWNTs with (n,m) are shown in Fig. 1.8 [16]. 

 

 

 

 

Figure 1.4. Schematic diagrams of π band near K and K’ points, and density of state [36]. 
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Figure 1.5. First Brillouin zone [33]. 

 

 
Figure 1.6. Wave number vector of CNTs.  
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Figure 1.7. One-dimensional energy dispersion relationships of SWNTs with (9,0) and 

(6,2). 
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Figure 1.8. Relationship between chiral index and electrical property [16]. 

  

a1

a2 Metal

Semiconductor



14 
 

1.2 Graphene 

Single atomic thick film configured in carbon atoms six-membered ring 

structures, i.e., graphene, have been successfully made by K. S. Novoselov et al. using 

mechanical exfoliation technique [2]. As for the physical properties of graphene, as 

mentioned in the CNTs section, this section describes it briefly. Graphene has highly 

electrical properties. Graphene has unique band structures near K and K’ point in BZ 

shown in Fig. 1.4. Electrons dispersions around K and K’ points are linear with respect to 

wave number and are equivalent to massless relativistic particles (Dirac fermion) [34-36]. 

2s, 2px, and 2py orbitals form sp2 hybrid orbital and σ band. On the other hand, pz orbital 

forms π band. Most of electronic properties of graphene originate from this π band. The 

band structure of graphene is described by Eq. (1.14). Carriers move at a constant speed 

( F c 300⁄ , c is velocity of light) according to relativistic Dirac equation around K and 

K’ point. Carrier mobility of graphene reaches several ten thousand cm2V-1s-1 [37]. 

Electron mobility of graphene on SiO2 substrate under room temperature has been 

reported that the value was 40,000 cm2V-1s-1. In addition, suspended graphene had 

200,000 cm2V-1s-1. 

Graphene has potentials for wide-range applications such as solar cells [38], 

transistor [39-42], transparent conducting electrodes [43-46], fuel cells [47], and so on. 

The electronic property of graphene changes by chemical modification. Graphene 

becomes an insulator due to hydration [48]. On the other hand, when graphene is 

fluorinated, graphene becomes a wide-gap semiconductor [49]. In addition, since these 

substances retain the structure of graphene, hydrogen and fluorine can be removed and 

returned to graphene. It is possible to synthesize two-dimensional substances having 

various physical properties by bonding various atoms or molecules. 
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1.3 Synthesis techniques for carbon nanomaterials 

Synthesis techniques of carbon nanomaterials have been studied for many years. 

CNTs were discovered incidentally when fullerene was synthesized using carbon 

vaporization by the arc plasma [1]. SWNTs were also synthesized incidentally [4,5] at 

synthesizing metal particle inclusion carbon nanocapsule [50,51]. Graphene was first 

accomplished to manufacture by the elegant technique, i.e., mechanical exfoliation [2]. 

After this report, various techniques have been reported to try in the carbon 

nanomaterials syntheses. This section describes synthesis techniques and methods, which 

were employed in this study. 

 

1.3.1 Laser vaporization 

Laser employing graphite vaporization was carried out originally in fullerene 

synthesis [3]. Kroto et al. synthesized fullerene using second harmonic Nd3+:YAG laser 

(532 nm) irradiating disk-shaped graphite at room temperature He (helium) ambient. 

Laser vaporization can synthesize SWNTs by using graphite mixed with catalysts as 

target [52-57]. Figure 1.9 shows an example of laser vaporization system. Graphite target 

is set at the center of the quartz tube inserted in the electric furnace and heated in to 

1200 °C and Ar (argon) gas flow is induced to the quartz tube. When Nd3+:YAG laser is 

irradiated to graphite target from upstream side of the Ar flow to evaporate the graphite, 

Fullerene contained soot such as C60 and C70 is deposited on the inner wall of the quartz 

tube and the cooling section. In the case of using catalysts contained graphite, SWNTs 

can be synthesized. The material for synthesizing SWNTs is graphite with a few at.% of 

metal elements. Thess et al. used graphite containing 0.6 at.% Co (cobalt) and Ni (nickel) 

as target vaporized using 10 Hz repetition Nd3+:YAG with electric furnace at 1200 °C 
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and  slow Ar flow (50 sccm) at 66.6 kPa to vaporize carbon and catalyst metal 

instantaneously. They succeeded in obtaining SWNTs with high yield of more than 70 % 

[53]. This high yield was achieved due to high temperature growth region and uniform 

evaporation of carbon. In particular, fundamental wave (1064 nm) irradiation with 50 ns 

delay from second harmonic wave (532 nm) irradiation generated uniform carbon and 

catalytic metal vapor. SWNTs were obtained with yield more than 70%, which exceeded 

40-50% yield of 532 nm single-pulse laser. Instantaneously evaporated carbon grew to 

SWNTs by interaction of the catalytic metal evaporated at the same time. SWNTs were 

carried away from the growth region by Ar flow and adhere to cooling section. Laser 

vaporization can synthesize extremely high-crystallinity SWNTs. The signal ratio of the 

carbon six-membered ring structure and the lattice defects (G/D ratio, details are 

described in Chapter 2) which is a measure of crystallinity reaches approximately 50 [52]. 

However, the synthesis rate is small, and only 0.14 mg/min can be synthesized. In 

addition, it is difficult to scale up the synthesis amount. Although it is not problem at 

laboratory level, it is not suitable for the mass-production. 

 

 

 

Figure 1.9. High temperature gas ambient laser vaporization apparatus for carbon 
nanomaterials synthesis. 
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1.3.2 Chemical vapor deposition (CVD) 

Chemical vapor deposition (CVD) is a synthesis technique for SWNTs by the 

decomposition of alcohol vapor or the carbon atoms contained gas added energy by the 

heat [58-62] or the plasma [63,64]. Even with this method, the catalyst is necessary to 

synthesize SWNTs by CVD (catalytic CVD: CCVD), and the case of graphene synthesis 

is the same [65-67]. Figure 1.10 shows the thermal CCVD and plasma-enhanced CVD 

(PECVD) setup for carbon nanomaterials synthesis. In the thermal CCVD system shown 

in Fig. 1.10(a), the laser introduction part of laser vaporization technique is replaced with 

the alcohol vapor introduction part. Catalyst is dispersed in alcohols or applied on 

substrates and placed in the electric furnace. While Ar or Ar containing several percents 

of hydrogen (H2) is flowing in a quartz tube, the temperature raised to approximately 

800°C by the electric furnace. After the temperature reached at 800°C, the gas flow was 

stopped and the inside of the quartz tube is evacuated. Alcohol vapor is flown into quartz 

tube in this state. The synthesis of SWNTs by CVD employing alcohol can be realized 

with a simple apparatus and its synthesis rate is high (8.3 g/min), the purity is high [59]. 

In addition, the water-assisted CVD, “supergrowth” greatly increases the synthesis 

amount of SWNTs [68,69]. However, synthesized SWNTs have many lattice defects 

(G/D: 10-20) [58,61]. In the case of synthesizing graphene, metal catalysts such as Ni 

[70-72], Cu (copper) [73,74], Ru (ruthenium) [75,76], and so on, were employed as the 

growth support base. Carbon sources are supplied from gases such as acetylene [71] and 

methane [77]. Carbon atoms generated from decomposed gases melting into metal and 

precipitated as a graphene on metal substrate surface. The CVD technique can synthesize 

CNTs or graphenes on the target location. Therefore, the CVD is an effective technique 

in the application for semiconductors.  
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(a) Thermal CCVD. 

 

 

 

(b) PECVD 

Figure 1.10. CVD system for carbon nanomaterials synthesis. 
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1.3.3 Arc plasma vaporization 

In the plasma vaporization method for MWNTs synthesis, the arc plasma is 

generated between carbon electrodes and evaporating anode carbon electrode to 

synthesize CNTs. This method was used when MWNTs were discovered by Iijima [1]. 

Since the arc plasma vaporization was originally developed as a method during for the 

mass-production of fullerene, the fullerene is also synthesized at the same time when 

synthesizing MWNTs [78]. Synthesized MWNTs by the arc plasma were included in 

deposits on the top edge of cathode. The catalytic metal is necessary to synthesize 

SWNTs. The schematic diagram of arc plasma vaporization apparatus is shown in Fig. 

1.11. Arc plasma for synthesizing CNTs is typically generated by applying direct current 

(DC) between carbon electrodes in several ten kPa processing gas. Alternate current (AC) 

and pulsed current also have been challenged but they are crushingly minority. When 

SWNTs were found for the first time, the catalytic metal was limited to Fe (iron) [4] or 

Co [5] to grow SWNTs. Shortly afterwards, SWNTs synthesized using Ni catalyst were 

reported by Saito et al. [79]. The reason why researchers were unable to find SWNTs or 

able to find SWNTs even though Fe, Co, and Ni of the same iron group element were 

used is that the synthesis conditions and the growth region were slightly different 

between these catalysts. In the case of using Fe as a catalyst, SWNTs cannot be 

synthesized unless the ambient gas is made to be a mixed gas of Ar and H2 or Ar and CH4 

(methane). On the other hand, SWNTs cannot be synthesized under the same conditions 

for Co or Ni catalyst. In this condition, SWNTs were synthesized in the pure He gas. In 

addition, the locations of growth regions were different for these catalysts. In the case of 

Co, SWNTs were synthesized in soot deposited on chamber wall. On the other hand, in 

Ni, soot was adhering to the periphery of the cathode. Catalytic metals for synthesizing 
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SWNTs are generally contained in the carbon electrode on the anode side. There are 

several ways to make anode carbon electrode containing catalytic metals. The easiest 

method is to pierce a graphite rod of high purity (approximately 99.99%) and pack a 

mixture of metal powder and graphite powder into the hole. However, this method cannot 

uniformly mix the catalytic metal and graphite in the electrode. The yield, growth 

morphology, and so on, of SWNTs obtained by the arc plasma vaporization are 

investigated for various catalytic metals. Table 1.1 shows the metal elements which have 

been shown to have the catalytic ability for SWNTs synthesis. The effect of increasing 

yield by mixing the two kinds of metals appears most remarkably in Fe-Ni [84, 85] and 

Ni-Y (yttrium) [92-99]. The production rate of SWNTs can be markedly improved using 

mixing these catalytic metals at appropriate ratio. SWNTs which are synthesized by the 

arc plasma vaporization have high-crystallinity (G/D ratio: 15-35) [100-102]. Synthesis 

rate of SWNTs in the arc plasma vaporization reaches gram-per-minute order (~1.48 

g/min) [93,96]. In addition, the preheating is unnecessary in the arc plasma vaporization 

because the arc plasma itself maintains high temperatures for reactions (more than 4000 

K) [103]. The arc plasma vaporization technique is expected to be a method for 

synthesizing SWNTs with high-crystallinity in the short-time. 
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Figure 1.11. Arc plasma vaporization system for SWNTs synthesis. 

 

 

 

Table 1.1. Catalytic metals used for SWNTs synthesis. 

Metal Catalytic ability References 

Iron group 

Fe Very weak 4,80,81 

Co Middle 5,82 

Ni Weak 79,83 

Fe-Ni Strong 84,85 

Co-Ni Very strong 84,86,87 

Platinum group 
Rh Middle 88 

Rh-Pt Strong 89 

Rare earth 
Y Middle 90 

La Middle 91 

Iron-Rare earth mixture Ni-Y Very strong 92-99 

 

  

Anode
(Including catalyst)

Cathode

Chamber soot

Cathode deposit

Cathode soot
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1.3.4 In-liquid plasma employing alcohol 

Novel carbon nanomaterials synthesis methods have been widely studied. The 

plasma is generally generated in the gas phase. Plasma generated from the liquid region 

generates new-reactions due to plasma-liquid interactions. Various types of plasma-liquid 

reactions equipments have been developed. The plasma is generated with two electrodes 

immersed into the liquid or electrodes faced each other across liquid surface, which are 

called in-liquid plasma. In-liquid plasma treatment techniques are expected to apply 

water purifications [104-108], materials syntheses [109-130,132], and so on.  

Figure 1.12 shows various types of in-liquid plasma configurations. Plasma was 

generated by various types of power supply such as AC [105,106,117,120,131], DC 

[110,116,118,119,121,123,124,126,127,129], and pulse [107-109,111,112,114,115,122, 

125,128,130,132]. In-liquid plasma system can be categorized into two types. One is 

both electrodes submerged in the liquid and the plasma as shown in Fig. 1.12(a) 

[104-107,109-114,121-129,132]. This type typically needs bubbles near gap between 

electrodes to generate the plasma or the streamer corona is generated. It is thought that 

discharge forms are affected by kinds of liquids, shape of electrodes, electrodes 

arrangement, and types of power supplies. In the case of micro-gap in-liquid plasma, 

bubbles are generated at the plasma ignition by joule heating 

[105,109,111,112,114,122,132], ultrasonic cavitation [110], gas introducing [104,129], 

and so on. On the other hand, the streamer corona is generated using high energy inputs 

[104-107].  

Another type of in-liquid plasma is electrodes placed facing across liquid 

surface [108,115-120,130]. In this case, discharge configurations are categorized into two 

types. In the case of using electrically conductive liquids, liquid acts as electrode shown 
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in Fig. 1.12(b). Therefore, the plasma is generated between electrode placed at the gas 

phase and the liquid surface [104,118-120]. In the case of using low-electrical 

conductivity liquids, the plasma is generated at the gas phase and the plasma contacts the 

liquid surface. The liquid is evaporated by the plasma contact and the liquid components 

were dissociated to molecules by electron-collision-induced reactions. The plasma is 

generated also inside the liquid and the discharge connects from the electrode placed at 

the gaseous phase to the electrode placed at the liquid phase as, shown in Fig. 1.12(c) 

[115-117].  

In-liquid plasmas are applied to carbon nanomaterials. Carbon sources for 

carbon nanomaterials syntheses are supplied as electrodes [126-129], liquid 

[109-117,122,123,125], or both [121,124]. The in-liquid plasma can synthesize carbon 

nanomaterials with a high synthesis rate due to the carbon source supplied at the high 

density comparing with gas phase. The in-liquid plasma produces unprecedented 

reactions at the plasma-gas interface and the plasma-liquid interface. It is expected to be 

applied to material processings, material syntheses, and so on; however, the elucidation 

of reaction mechanisms between the plasma and the liquid are one of important issues. 
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(b) (c) (a) 

 

 

Figure 1.12. In-liquid plasma configurations. (a) Plasma was generated between 

submerged two electrodes. (b) Facing each other across liquid surface, liquid behaves as 

electrode due to its conductivity. (c) Plasma penetrates liquid and reaches liquid side 

electrode.  
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1.4 Previous studies 

1.4.1 Arc plasma for SWNTs synthesis 

Studies about SWNTs synthesis using the arc plasma have been carried out. 

Synthesis mechanism of SWNTs by the arc plasma is one of important themes because 

the control of SWNTs quality is necessary for applications. The arc plasma has very high 

temperature (approximately 4000~ K) and too intense emission light. The plasma 

diagnostics using probes are impossible due to its high temperature. The active 

measurement of plasma, such as laser-induced fluorescence spectroscopy, enables us to 

measure chemical species densities and temperatures but too strong emission light from 

arc plasmas becomes strong noise. On the other hand, this high intensity emission light 

includes the information of active species in the arc plasma. Therefore, measuring optical 

emission of arc plasma during the SWNTs synthesis using spectrometer, i.e., optical 

emission spectroscopy (OES) has been applied to diagnose the arc plasma [81,99]. 

Guo et al. reported the relationship between ambient gas conditions and 

emission spectra in use of Fe as a catalyst and H2, Ar, or Ar-H2 mixture gases [81]. They 

changed the ambient gas and measured Fe and carbon diatomic (C2) emissions at Swan 

band system (Δν=-1). In the case of using the Ar, the amount of anode evaporation was 

very small and Fe atom emissions were detected and C2 emissions were hardly observed. 

In the case of using H2, Fe atom emissions were very weak and C2 emissions were 

stronger than those in the case of using the Ar and the amount of anode evaporation was 

very high; however SWNTs productivity was low. In the case of using H2-Ar, C2 and Fe 

emissions were observed and their intensities were strong. In addition, SWNTs synthesis 

amount was the highest in these three conditions. 

Li et al. reported under the magnetic field SWNTs synthesis using arc plasma 
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employing the Ni-Y catalyst [99]. Magnetic field behaves as the Ni attractor. They found 

that Ni intensities compared with C2 intensities were changed between with and without 

magnetic field condition. In addition, G/D ratios were also different. 

These two results suggested that carbon active species and excited catalytic 

metals interactions have played important roles to grow SWNTs. In the laser vaporization, 

OES was also done and C2 and catalytic metals were also detected [54,55,133,134]. 

Therefore, it is thought that main carbon source of SWNTs growth will be C2. 

Various SWNTs with different crystallinities were synthesized. The 

measurement using OES has been carried out but it is not said that sufficient researches 

have been done on the view point of SWNTs growths with different crystallinities when 

synthesis conditions are changed. It is necessary to clarify reactions between catalytic 

metals and C2 and synthesized SWNTs on the basis of measurement of arc plasma 

between different conditions. 

 

1.4.2 In-liquid plasma for graphene synthesis 

The nano-meter-order domain size graphene, i.e., nanographene, synthesized 

using the in-liquid plasma employing various types of liquids was reported and this 

technique could synthesize nanographenes with different crystallinities employing 

different types of liquids [109,117]. In the gas-liquid phase electrodes configuration, 

ethanol or 1-butanol as for a feed material in-liquid plasma was used for synthesizing 

nanographene [117]. Synthesis rates and crystallinity of synthesized nanographene were 

different between ethanol and 1-butanol. Ethanol employed for the in-liquid plasma had 

the synthesis rate of 0.61 mg/min and the crystallinity which evaluated from Raman 

scattering spectroscopy was high. On the other hand, 1-butanol employed for the 
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in-liquid plasma synthesized nanographene on 1.72 mg/min but crystallinity was lower 

than ethanol. It is thought that there are a trade-off relationship between the synthesis rate 

and the crystallinity. These differences were thought to be due to differences in alcohols 

structures, but the mechanism was unclear. 

Carbon nanomaterials synthesis using plasma processes enhance efficiency of 

synthesis. Control of quality of synthesized materials is one of problems for applications. 

Clarification of synthesis mechanisms provides solutions of quality control. Clarification 

of interaction between carbons, catalytic materials, and other chemical species during 

synthesis is contributory to identify the condition for highly crystalline carbon 

nanomaterials. 

 

1.5 Purpose and composition of this thesis 

Reactions in plasmas have played important roles for the synthesis of carbon 

nanomaterials. Arc plasma for SWNTs synthesis and in-liquid plasma are generated 

under high-density media. These plasmas differ in properties from plasma used in 

semiconductor manufacturing process and atmospheric pressure plasma generated in gas 

phase. Plasma conditions for the synthesis affect the characterization of properties of 

synthesized carbon nanomaterials. Plasma diagnostics enables us to estimate properties 

of chemical species. 

In SWNTs synthesis by the arc plasma, carbon species and catalytic metals 

interaction and their state are important factors [81,99]. However, the relationship 

between these species and crystallinity has not been clarified. This is because reports are 

limited to the synthesis results in which the conditions were changed and the plasma 

diagnostics results in one condition, and the verification is not performed sufficiently. It 
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is thought that effects of chemical species and plasma on synthesized SWNTs are 

changed by different conditions. For the diagnostics of plasma during synthesis process, 

non-contact measurement techniques are desirable because the plasma is not disturbed. 

OES enables us to estimate present excited chemical species in the plasma and states of 

them. Measurements were carried out at different conditions, and these results were 

compared them with those of crystallographic evaluations of synthesized SWNTs. The 

relationship between active species in the plasma and the characteristics of crystallinities 

were clarified, and the conditions under which SWNTs with the high crystallinity were 

synthesized were also clarified. Crystallinity is one of important factors to characterize 

property of carbon nanomaterials. It is an advantage of arc plasma method that SWNTs 

with high crystallinity can be synthesized, but SWNTs has low purity and it is necessary 

to remove impurities in order to extract SWNTs. Crystallinity is concerned with whether 

or not the performance of SWNTs is exhibited at a value close to the theoretical value. In 

order to make use of the high crystallinity of SWNTs synthesized by arc plasma method, 

it is conceivable to apply it while leaving the catalytic metals at the base of SWNTs, for 

example, to apply SWNTs to resin for application to transparent conducting films 

[135,136]. 

Researches on synthesis of nanographene using the in-liquid plasma have 

become active in recent years, but reports on plasma measurements are few. Various 

types of liquids have been employed as raw materials for the synthesis of nanographene. 

In-liquid plasmas employing various types of alcohols could synthesize nanographenes 

with different synthesis rates and crystallinities. Reactions between in-liquid plasmas and 

alcohols are one of notable point to clarify the synthesis mechanism. Plasma parameters 

may be changed depending on alcohols types. Measurement of the in-liquid plasma is 
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effective approaches to investigate synthesis reactions. In addition, as the in-liquid 

plasma treatment alcohols immediately changed to other substances. Residual liquids 

after the filtration to collect nanographene include intermediate and by-products. 

Therefore, the analysis of residual liquids also enables us to support the clarification of 

synthesis mechanism. 

In this study, these synthesis techniques were investigated to clarify the 

synthesis mechanisms of highly crystalline carbon nanomaterials using optical 

diagnostics of plasma and analysis of synthesized materials. 

In the first chapter, SWNTs and graphene physical properties, their synthesis 

methods, and previous studies are explained. 

In chapter 2, the experimental apparatuses of SWNTs synthesis using arc plasma 

and nanographene synthesis using the in-liquid plasma are described. The principles of 

the measurement technique of plasma and evaluation techniques for carbon 

nanomaterials are explained together with apparatuses used this study. 

In chapter 3, Ni-Y catalysts employed for the arc plasma for synthesizing 

SWNTs is measured by OES to clarify relationships between active species in the arc 

plasma and synthesized SWNTs. For the growth of SWNTs, catalytic metals are 

necessary. Therefore, catalytic metals states in the arc plasma have given effects on the 

growth of SWNTs. OES results are compared with those of crystallographic evaluations 

of SWNTs. 

In chapter 4, the in-liquid plasma employing various types of alcohols is 

measured using OES and detected active species information are compared with 

synthesized nanographene properties to clarify nanographene synthesis reactions in the 

in-liquid plasma. The by-products and intermediates in residual liquids are also analyzed 
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to clarify reactions pathways. 

In chapter 5, nanographene is synthesized using liquids other than alcohols as 

raw materials, and the differences in reactions in various liquids are investigated based on 

the differences. Comparing alcohols, n-hexane, and benzene were employed. In particular, 

the presence or absence of hydroxyl group is noted, and the roles of oxygen species in 

nanographene synthesis by in-liquid plasma are discussed. 

In chapter 6, the crystallinity control of in-liquid plasma synthesizing 

nanographene is attempted using methanol as added agent based on results of chapters 4 

and 5. Oxygen species in the in-liquid plasma originated from raw materials have given 

the effective roles to formation of crystal structures. The results show a high potential to 

control the crystallinity of synthesized nanographene using oxygen species. 

Finally, relationships between chemical species in the plasma and carbon 

nanomaterials synthesized with high crystallinity are discussed and the present study is 

summarized in chapter 7. 
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Chapter 2. Measurement techniques of plasmas and evaluation 

methods of synthesized carbon nanomaterials and 

by-products 

 

2.1 Experimental methods 

2.1.1 Arc plasma for SWNTs synthesis 

The arc plasma setup in this study used was typical horizontally opposed 

configuration. Figure 2.1 shows the experimental setup and conditions for SWNTs 

synthesis by the arc plasma with optical diagnostics. The chamber was made of stainless 

steel (SUS) with 200 mm diameter and 400 mm height. The quart windows for optical 

measurement were installed to the chamber. The anode electrode was configured of 

carbon (C), nickel (Ni), and yttrium (Y) with 6 mm diameter and 100 mm length. The 

composition ratio of anode was C:94.8 %, Ni:4.2 %, and Y:1.0 %. This composition ratio 

was reported as the ratio which caused a drastic increase in the yield of SWNTs [1]. 

These substances were dispersed uniformly in the anode. The anode was produced by 

Toyo Tanso Co.,Ltd. The cathode was 99.99 % carbon rod with 10 mm diameter and 100 

mm length (Nilaco C-072651). The electrodes were fixed by dedicated holders made of 

SUS and the anode side could be move to adjust position of the anode. The chamber was 

evacuated below 5 Pa and then pure helium (He) gas was introduced. The arc plasma was 

ignited by applying a large DC current from a welding power source (Panasonic 

YC-300BZ3). Applied current had two steps. Firstly, the initial current was applied at 20 

A. In this step, the electrodes gap distance was approximately 3 mm. This step was 

necessary to create the plasma seed fire. When the plasma was generated, the applied DC 

current increased. The electrode gap distance was increased by the electrode distance 
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adjuster on the anode side at this time. The electrode gap distance can be monitored as 

the potential between the anode and the cathode. In this study, a voltage was set at 24 V 

which was the gap distance at an approximately 20 mm. 

The vaporized carbon electrode with Ni and Y spread into the chamber with heat 

convection and reached chamber wall (chamber soot) or top edge of the cathode (cathode 

deposit). The chamber soot includes SWNTs and the cathode deposit includes MWNTs. 

Chamber soot was collected and analyzed by Raman scattering spectroscopy (Kaiser 

Raman RXN Systems) and transmission electron microscope (TEM) (Hitachi H-7000). 

OES was carried out by a multichannel spectrometer (Ocean Optics HR-4000). 

The emitted light from arc plasma was collected by lenses and introduced to spectrometer 

using optical fiber. The focus point of objective lens was set at 50 mm above of the gap 

of the electrodes. The arc plasma is extended to upward by thermal convection and 

generated chemical species are also moved by this stream. 

 

 

 

 

Figure 2.1. Experimental setup for measurements and SWNTs synthesis by arc plasma.
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2.1.2 Characteristics of arc plasma for SWNTs synthesis 

DC arc discharge for SWNTs synthesis evaporates the anode electrode. The 

cathode electrode is not evaporated. The anode evaporation is induced by electrons 

collisions. The properties of arc plasma during SWNTs synthesis are described below. 

The anode was evaporated during the discharge. This was caused by electron 

collisions. The physical characteristics of the arc plasma in synthesis of CNTs were 

discussed by Gamaly and Ebbesen [2]. The special distribution of space charge, electric 

field, and potential between electrodes of arc plasma is shown in Fig. 2.2. In the vicinity 

of the surface of the cathode, the positive space charge exists at the high density. 

Therefore, the potential drops sharply in the very thin region on the front face of the 

cathode. The thickness of this space charge layer (denoted  in cm) is about the mean 

free path of ions and electrons. Δ can be estimated from the Child-Langmuir equation for 

the ionic current density (denoted  in A cm⁄ ), 
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ej
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where  is elementary charge in C, C  is mass number of carbon ion,  voltage drop 

of cathode in V,  is permittivity of free space in F m⁄ . At cathode layer, the  has 

the following relation with the electron current density (denoted  in A cm⁄ ), 
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e
eion cmA102.8 　　−××== j

M
m

jj , (2.2) 

where  is electron mass in kg. In the case of 20  V  and 240  A cm⁄ , 

thickness of the space charge layer is calculated as 8.29 10   cm  from Eqs. 

(2.1) and (2.2). This space charge layer is also a region where a large part of the 

inter-electrode voltage is applied (10 V in about half). Therefore, the electric field 
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(denoted  in V cm⁄ ) in this cathode layer is 1.21 10 V cm⁄  on average. Outside of 

the cathode layer,  is several orders of magnitude smaller. 

The gas between the electrodes is mixed gas configured from process gas, 

carbon ions, and neutral carbon species. When He is used as the process gas, He is not 

ionized because the first ionization energy of He is 24.87 eV, while the kinetic energy of 

electrons in the arc plasma is at most 20 eV. 

Assuming that the ionic current plays a major part of the total current, it 

becomes an electrically neutral region away from the vicinity of the cathode surface, and 

the carbon ion density (denoted  in cm ) can be obtained using following 

equation, 

[ ]2
thonionionione cmA　　venvenjj i==≈ , (2.3) 

where  is carbon ion diffusion velocity in cm s⁄  and  thermal speed of carbon 

atoms in cm s⁄ . 

The anode is collided by electrons; on the other hand, the cathode ejects 

electrons and is collided by ions. Most of the impact energy of these charge particles 

turns into heat. From the Eq. (2.2), the ion current density near the cathode surface is two 

orders of magnitude smaller than the electron current density. That is, the energy injected 

into the anode surface, and the anode is heated to higher temperature compared with the 

cathode. Furthermore, if the field emission of electrons occurs at the surface of the 

cathode, a cooling effect due to the release of kinetic energy by emitted electrons may 

occur. As a result, the cathode becomes lower in temperature than the anode, and the 

carbon vapor diffuses from the anode to the cathode side. 

The electrical power density (denoted  in W) supplied to the arc plasma due 

to joule loss is given by following equation, 
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[ ]W　　jEQ = . (2.4) 

The heat of the arc plasma is lost due to the thermal conduction to electrodes and He gas, 

thermal radiation loss, and evaporation of the anode. Therefore, in the steady state, the 

energy supplied to the arc plasma and the energy dissipating are balanced as following, 
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where  is diameter of the electrode in cm, C and H  are thermal conductivity of 

the carbon electrode and the He gas in W cm · K⁄ , respectively,  is thermal 

radiation intensity of Stefan-Boltzmann ( 5.67 10   J cm · s⁄ · K ), 

 is sublimation energy of carbon (7.4 eV 1.22 10   J ),  is the number 

of evaporated carbon atoms from the anode in unit time. 

The thermal conductivity of the carbon electrode differs depending on the 

material, but when a value for graphite is used, it is C 2  W cm · K⁄  at 2000 K 

and the temperature gradient of the electrode is d d⁄ 0.3 10 K cm⁄ . On the 

other hand, He gas is H 1.06 10 W cm · K⁄  at 4000 K and it is hardly 

dependent on pressure in the range of several hundred Pa to several MPa. The 

temperature gradient in the direction perpendicular to the arc plasma column is 

d d⁄ 2 10   K cm⁄ . The cross section through which heat is transmitted is 

2π 1  cm  in the electrode direction, 2π 0.3  cm  in the diameter 

direction. Therefore, in loss at the thermal conduction, the thermal conduction to He gas 

(approximately 6 W) is negligible compared to the conduction to the electrode 

(approximately 600 W). Thermal radiation is a loss as much as thermal conduction to the 

electrode. At 400 K, 1.45 10 J cm · s⁄ , and if this is multiplied by 

the radiation area (2π 0.3  cm ), the loss is approximately 400 W. The heat loss 

due to evaporation of carbon can be estimated to be approximately 70 W, assuming 
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6.3 10  [carbon atoms/s], this is not too large. Therefore, most of the heat 

generated by the arc plasma is lost by thermal conduction to the electrode and thermal 

radiation. 

 

 

 

 
 

 

 
(c) 

Figure 2.2. Schematic diagrams of (a) spatial charge, (b) electric field, and (c) potential 

of arc plasma. 
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2.1.3 In-liquid plasma for nanographene synthesis 

The in-liquid plasma experimental setup is shown in Fig. 2.3. The configuration 

was similar to the previous study of ref. [3] except for the submerged electrode. In this 

study, electrodes configuration was arranged to be employed perpendicular opposed 

electrodes. This electrodes configuration can relatively stabilize the plasma position. The 

chamber was made of glass with 30 mm depth and 80 mm width. The optical window 

ports were equipped at the side wall. The top of chamber was shielded by the cap made 

of polytetrafluoroethylene with electrodes holders, gas inlet, and outlet ports. The 

electrodes were made of SUS. This apparatus doesn’t need any vacuum systems. The 

employed liquids were weighed on a scale using measuring cylinder at 150 ml and 

introduced to chamber. And then, the air inside the chamber was replaced by argon (Ar) 

flow at 3 slm. The in-liquid plasma was generated by applying boosted and modulated 

commercial power shown in Fig. 2.3(b). The Fig. 2.3(b) shows the waveform of the 

applied voltage at which discharge does not occur, and is applied up to V 8  kV  at 

the discharge. The plasma was ignited when the applying voltage reached breakdown 

point. The waveform of voltage and current are shown in Fig. 2.4(c). The waveforms 

were measured at the ethanol used. The ignition points and durations of plasma varied 

every time due to liquid condition (liquid surface waves, bubbles in liquids). The plasma 

duration times were almost 4 to 5 ms in 8.3 ms of single cycle. For OES, acquire point 

and time length is important. The state of the actual in-plasma is shown in Fig. 2.4. 

After the synthesis, the samples were filtered using 1-μm-pore-size filters 

(Merck Omnipore JAWP04700) to be divided into solid products and residual liquids. 

The obtained solid products were treated by 30 % H2O2 water at 120°C on 120 min to 

defecate non-crystalline structures. The H2O2 has a function to remove amorphous 
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carbons. Synthesized and defecated samples were analyzed by TEM (JEOL JEM2010) 

and Raman scattering spectroscopy (Renishaw inVia Reflex 532 nm of excitation). The 

residual liquids were analyzed by gas chromatography-mass spectrometry (GC-MS) 

(Hewlett-Packard HP6870 Series GC System with Agilent Technology J&W GC column 

- DB-WAX 122-7032 0.25 mm diameter connected to 5973 Mass Selective Detector). 

The OES was carried out using a multichannel spectrometer (Ocean Optics 

HR-4000) and a high-resolution spectrometer (Andor Shamrock 500) with a fast-gated 

intensified charge-coupled device image sensor (Andor iStar 334T). The plasma emission 

light at the gas phase was collected using lenses and introduced to the spectrometer by an 

optical fiber. 
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(a) 
 

 

(b) (c) 

Figure 2.3. Experimental setup for nanographene synthesis by in-liquid plasma and 

measurements. (a) Synthesis chamber and OES setup. (b) Applied voltage. (c) Discharge 

waveform of voltage and current.  
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Figure 2.4. Examples of in-liquid plasma formation observed by high-speed camera. 
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2.2 Optical emission spectroscopy (OES) 

The emissions from plasma have much information about the active species.  

These energies can be observed as line spectra having spreads corresponding to the 

resolution of the detector by spectroscopic analysis. The emission line is unique to each 

atomic or molecule, and it is possible to identify the luminescent species. The molecular 

emission lines reflect electron energy, vibrational energy, and rotational energy of the 

molecule. The state of molecule can be estimated from emission lines. Emission of the 

molecule and spectrometer are described below. 

When the energy is externally applied to atoms or molecules, electrons may 

transition from a normal energy level to a higher energy level. Although this is a 

phenomenon generally called excitation, since the excited state is in an unstable state, it 

releases energy in order to return to a stable state. The energy at this time is emitted as 

light energy, which is spectrally separated by a diffraction grating and detected by light 

sensor. Since the emitted light shows wavelengths inherent to atoms and molecules, 

substances can be identified by examining the line spectrum of the emitted light. The 

temperature and density of these chemical species can also be determined, but this is 

excited species of the upper level, not the species before the electron collision excitation. 

Generally, the line intensity of the radiation transition of a molecule is given by, 

( ) ( ) ',','''','',''',','h''','',''',',' JvnNJvnJvnAJvnJvnI →=→ ν , (2.6) 

where , , , ,  is radiant flux accompanying the transition of inside the 

bracket, , ,  in bracket are electronic state quantum number, vibrational quantum, 

rotational quantum number, respectively, h  is Plank constant,  is emission line 

frequency,  is transition probability, , ,  is number density of upper state of 

transition. Assuming level density distribution of vibration and rotation follows the 
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Boltzmann distribution of vibrational temperature (denoted  in K) and rotational 

temperature (denoted  in K), it is possible to rewrite the upper level density of 

transition as, 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=

rB

'

vB

'
'',',' k

exp1'2
k

exp
T

E
J

T
E

NN Jv
nJvn 　 , (2.7) 

where  is constant independent of  and ,  and  are energy levels at the 

vibrational level  and rotational level  in cm , and kB is Boltzmann constant.  

can be rewritten as, 
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where  is center of frequency in Hz,  is transition dipole moment,  is 

statistical mass ratio of electronic state ,  is Franck-Condon factor, and  is 

Hönl-London factor. By substituting Eqs. (2.7) and (2.8) into Eq. (2.6) and rearranging it, 

the emission intensity , , , ,  can be described as being proportional 

to product of vibrational intensity  and rotational intensity . 

( ) '''''''','',''',',' JJvvn IIKJvNJvnI =→ , (2.9) 

where  is constant independent of upper and lower state vibrational and rotational 

quantum numbers. The intensity terms of vibration and rotation are described as, 

( )vB'
4

'''''' kexp TEqI vvvvv −= ν . (2.10) 

( )rB''''''' kexp TESI JJJJJ −= . (2.11) 

If the respective electronic, vibrational, and rotational frequencies of upper and lower 

levels are specified, the emission intensity emitted by transition is theoretically calculated 

as a function of  and . However, actually radiated photons have spreading 
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distribution on wavelength, and those superimposed are observed as spectra. Wavelength 

of emission lines are calculated from energy differences between upper and lower levels 

related to transition. The energy level , ,  of molecule is expressed as the sum of 

the energies , , and , of the energy levels of the electronic state , vibrational 

level , and rotational level  as, 

( ) Jvn EEEJvnE ++=,, . (2.12) 

Using spectroscopically determined constant, vibrational energy and rotational energy 

can be obtained as, 

( ) ( ) ...2121 2
eee ++−+= vxvEv ωω , (2.13) 

( ) ( ) ...11 22
e ++−+= JJDJJBE vJ , (2.14) 

where,  is vibrational energy in cm ,  is anharmonic term in cm ,  is 

rotational constant at  level in cm ,  is energy to dissociation limit in cm .  

is described as, 

( ) ...21ee ++−= vBBv α , (2.15) 

where  is rotational constant at equilibrium internuclear distance in cm  and  is 

constant depending on anharmonicity of vibration in cm . These constants are already 

required for several molecular gas excited states and can be used. By applying Eq. (2.12), 

the energies of the upper level and the lower level are obtained, and the center 

wavelength of the emission line is determined from the difference. Therefore, the 

emission appears with spread defined by the device function for the wavelength with the 

intensity calculated by equation as, 
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It is possible to theoretically obtain the band spectrum that can actually be measured if 

this is properly summed with respect to excited vibrational and rotational state. 

Spectrometer is constructed from entrance slit, focus elements, grating, and 

detector. Figure 2.5 shows schematic diagram of Czerny-Turner type multichannel 

spectrometer. The light passing through the entrance slit is made parallel by parabolic 

mirror, separated by a diffraction grating, and focused on image intensified 

charge-coupled device (ICCD). The grating is provided with sawtooth-like grooves as 

shown in Fig 2.6, and diffraction efficiency in a specific direction is increased. When 

light enters grating with incident angle , the diffraction occurs in the direction of angle 

 as, 

d
mλαβ +−= sinsin , (2.17) 

where  is degree 0, 1, 2, ,  is wavelength, and  is groove pitch. 

Zero-order diffracted light m 0  propagates in  direction and there is no 

disperse. The higher order diffracted light differs in diffraction direction by . Dispersion 

performance is obtained by differentiating Eq. (2.17) as, 

βλ
β

λ cosd
mD =

∂
∂

= . (2.18) 

Therefore, dispersion increases as  decrease,  increase. An ordinary grating for 

spectroscopy is composed of several hundreds to several thousands of grooves per mm. 
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Figure 2.5. Schematic of Czerny-Turner multichannel spectrometer. 

 

 

 

 

Figure 2.6. Diffraction on grating. 
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2.3 Raman scattering spectroscopy of carbon nanomaterials 

Raman scattering is a phenomenon that occurs by vibrating motion of molecules, 

crystal and light. When the incident light is irradiated on a substance, the molecule 

obtains the energy by the energy of incident light. The molecule is excited from the initial 

state to the virtual level, and immediately releases energy as light and returns to the lower 

level. In many cases, this initial state and the final state are at the same level, and the 

light emitted at that time is called Rayliegh light. On the other hand, the final state may 

be higher or lower in energy level than the initial state, and light scattered at this time is 

called Stokes light, Anti-Stokes light, respectively. The intensity of scattered light is 

proportional to the number of starting states that exchange energy with incident light. 

Since the probability that a molecule takes a state of a certain energy level follows the 

Boltzmann distribution, it is more likely to take a lower energy level. Therefore, the 

probability of occurrence of Stokes scattering that transitions from a low energy state to a 

high energy state is higher than that of Anti-Stokes scattering that transitions from a high 

energy state to a low energy state, and hence the scattering intensity becomes stronger. In 

the measurement of Raman scattering, usually Stokes scattered light is measured. 

Characteristic peaks derived from lattice vibrations appear in the Raman 

scattering spectra of graphene and SWNTs. There are two carbon atoms in the first 

Brillouin zone (FBZ) of graphene and there are six degrees of freedom of oscillation. 

Given the translational symmetry of graphene, there is a dispersion relation of energy of 

six phonons corresponding to the degree of freedom of vibration. 3 of 6 phonon 

dispersion relationships are acoustic mode (A) and 3 are optical mode (O). The acoustic 

mode is a mode in which 2 carbon atoms in the unit cell oscillate in the same direction, 

and the acoustic mode oscillates in the opposite direction. For each mode, 1 is 
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longitudinal wave (L) and 2 are transverse waves (T). The longitudinal wave is a wave 

oscillating at right angles to the vibrational direction (wave vector q) and the transverse 

wave is a wave oscillating in parallel. Therefore, there are LA, LO, two TA, two TO 

modes. Furthermore, there are two kinds of vibrational directions parallel to the atomic 

layer (in-plane: i) and vertical (out-of-plane: o). Since the direction in which the vibration 

of graphene proceeds is limited to the layer direction, the LA and LO modes are in-plane 

vibrations (in this case, not iLA, iLO). TA and TO modes have an in-plane and an 

out-of-plane, denoted iTA, oTA, iTO, oTO. The vibrational modes of graphene are 

summarized in Table 2.1. The iTO mode of graphene is 1585 cm-1. The oTO mode is 850 

cm-1. The 2D-band appearing around 2700 cm-1 is a double resonance Raman scattering 

spectroscopic signal of two K point phonons. The number of layers of graphene can be 

evaluated from the intensity ratio of G-band and 2D-band. In the case of monolayer 

graphene, the intensity of the 2D-band is larger than that of the G-band. As the number of 

layers increase, the full width-half maximum of 2D-band (FWHM2D) expands and the 

relative intensity decreases.  

In the case of SWNTs, the lattice vibration is given as a function of 

one-dimensional wave number by circumferential periodic boundary condition. The 

one-dimensional wave number 2 ⁄  is quantized to an integral multiple of 2⁄  

since the wave number of the circumferential direction waves becomes 1⁄   0

1  of . Here 2 nm ⁄  (  is the greatest common divisor 

between 2  and 2 ). If the cycle in the axial direction of the CNTs is , 

the wave number is a line segment of ⁄ ⁄  (cutting line, see section 1.1.2). 

Therefore, in the phonon modes of CNTs, 3  one-dimensional phonon dispersion 

relation is obtained for  obtained by cutting the two-dimensional wave number space 
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of graphene on the cutting line. 3 4 are optical phonon modes and 4 are acoustic 

phonon modes. 

Radial breathing mode (RBM) corresponds to vibration in the diameter direction 

of the SWNTs. This mode corresponds to the out-of-plane vibration of graphene. When 

the diameter gets larger by rolling the graphene sheet into a cylindrical shape, the tension 

is generated between the C-C bonds, and the restoring force works to enter the optical 

mode. The wave number of RBM is inversely proportional to the SWNTs diameter. 

There are several equations to calculate diameter [4-7]. In this study, the equation that 

takes into consideration that the synthesized SWNTs are bundled was used [7], 
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−
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ω

d , (2.19) 

where  is the RBM Raman shift in cm . 

The energy of iTO and LO modes of graphene degenerate. Degenerate iTO and 

LO modes give a signal due to six-membered ring structure of graphene called G-band 

(1590 cm-1). In the case of CNTs, the degeneracy is broken down and G-band splits into 

G+ and G--band [8,9]. Since the LO mode propagates as a wave oscillating in the tube 

axial direction, there is no frequency dependence on the tube diameter. On the other hand, 

it is shifted to the low energy region in inverse proportion to the square of the tube 

diameter because the iTO mode vibrates diametrically. This is because the CNTs has a 

cylindrical shape and has a curvature, so the spring constant between C-C bonds becomes 

smaller as the curvature increase. A. Kasuya et al. analyzed the SWNTs with different 

diameters synthesized using different catalysts by Raman scattering spectroscopy and 

showed that the Raman shifts of G+- and G--bands follow phonon dispersion relation 

[10].  

There are D-band (1350 cm-1) and D’-band (1610 cm-1) due to structural defects 
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of CNTs. D-band appears by double resonance effect with inelastic scattering due to 

defect structure [11].  

The ratio between G-band and D-band (G/D ratio or D/G ratio) is widely used 

as an index showing the crystallinity of carbon nanomaterials. In the case of 

nanographene, domain size (denoted  in nm) can be calculated from peak intensity 

area ratio as, 
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where  is laser energy using excitation in eV unit, ID and IG are integrated intensities 

of D- and G-band [12]. 

 

 

 

Table 2.1. Vibrational modes of graphene. 

Vibrational 

mode 

Longitudinal 

wave 

Transverse 

wave 

Vibrational 

direction 
in-plane out-of-plane 

Acoustic mode LA iTA oTA 

Optical mode LO iTO oTO 
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2.4 Gas chromatography-mass spectrometry (GC-MS) 

The residual liquid after filtration included by-products and intermediates. These 

substances were generated from the employed liquid by in-liquid plasma. These 

substances provide important information to follow the reaction process in the in-liquid 

plasma. 

The gas chromatography-mass spectrometry (GC-MS) system enables us to 

evaluate molecules. Figure 2.7 shows the schematic diagram of GC-MS. The GC is 

configured from the sample injection part and column part. Injected sample is gasified 

and introduced column. Gasified sample is separated into molecules by differences of 

interactions between molecules and column materials. Therefore, the time it takes to pass 

through a column varies from molecules to molecules. A chromatograph is obtained with 

this time as a retention time. MS part is configured from ionization part, magnet, and 

detector. The molecules passed through the GC are ionized. Ionized molecules are 

accelerated and enter the magnet. At the magnet section, ions are separated into mass to 

charge ratio (m/z) dependent on magnetic interference and detected. Based on the 

obtained retention time and m/z, the mass spectrum is searched from database to identify 

the substance.  
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Figure 2.7. Schematic diagram of GC-MS. 
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Chapter 3. Optical diagnostics and the synthesis mechanism on 

arc-plasma-synthesized SWNTs in the arc plasma 

 

3.1 Backgrounds of the SWNTs synthesis in arc plasmas 

 The anode electrode with catalytic metals evaporated by the arc plasma can 

synthesize highly crystalline SWNTs. However, the synthesis mechanism of SWNTs with 

the high crystallinity has not been clarified. Controlling quality of synthesized SWNTs is 

one of important factors for applications. Catalytic metals are necessary to synthesize 

SWNTs in the arc plasma method. Interaction between carbon species and catalytic 

metals is one of key reactions of SWNTs growth. Investigation of chemical species 

behaviors in the arc plasma can be obtained from OES. The arc plasma has the intense 

emitting light. This emission includes the information of active species in the arc plasma 

as shown in chapter 2. In this study, evaporated carbons and catalytic metals were 

focused. Comparing the results of OES and Raman scattering spectroscopy, relationships 

between the plasma state for each condition and the crystallinity of synthesized SWNTs 

were investigated. 

 

3.2 Experimental setup  

3.2.1 Arc plasma synthesis of SWNTs  

Experimental setup used in this study was schematically shown in Figure 3.1. 

The arc plasma chamber for SWNTs synthesis had windows for OES system. The 

chamber dimension was 300 mm inner diameter and 400 mm height made by stainless 

steel (SUS). At the center of the chamber, two electrodes with an arc discharge gap were 

introduced. The electrode position adjuster was installed to the chamber. The anode 
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electrode was set at the position adjuster side holder and the cathode was set at opposite 

of the anode. The anode electrode was made of carbon and catalytic metals. The 

composition ratio of the anode was C:Ni:Y=94.8:4.2:1.0% [1]. The diameter of the anode 

electrode was 6 mm. The anode electrode was manufactured by Toyo Tanso Co.,Ltd. The 

cathode electrode was made of 99.99% carbon. Diameter of the cathode electrode was 10 

mm. The cathode electrode was the marketed production by The Nilaco Corporation 

C-072651.  

The chamber was evacuated by a rotary pump to pressures below 5 Pa. After the 

evacuation, the pure He was introduced to the chamber. The arc plasma was generated by 

applying a constant current from the welding power source (Panasonic YC-300BZ3). 

When the arc plasma was ignited, electrodes distance was as close as 3 mm. The 

discharge voltage was maintained at an approximately 24 V by adjusting electrodes gaps. 

In this study, a dependence on two parameters such as current or pressure was focused on 

the clarification. In the case of changing current, the applying constant current was set at 

70, 90, or 110 A with He pressure at 13.3 kPa. In the case of changing pressure, the He 

pressure was set at 13.3, 26.6, or 39.9 kPa. Table 3.1 shows the summary of experimental 

conditions. All discharges were sustained for 90 s. The anode was evaporated and the 

soot was generated. The soot deposited on the chamber wall and periphery of cathode. 

The samples were collected from the axis of the electrodes and the horizontal lateral 

chamber wall at the same height as the area between electrodes. The collected soot was 

analyzed by electron microscopy and Raman scattering spectroscopy. 
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Figure 3.1. Experimental setup to measure optical emission of arc plasma during SWNTs 

synthesis. 

 

 

 

Table 3.1. Summary of experimental conditions. 

 
Current dependent 

experimental setup 

Pressure dependent 

experimental setup 

Anode C:94.8 + Ni:4.2 + Y:1.0% 

Cathode C:99.99% 

Applying current 70, 90, 110 A 70 A 

He pressure 13.3 kPa 13.3, 26.6, 39.9 kPa 

Voltage 24 V 

Time 90 s 

 

  

Anode (Including Ni-Y catalysts)Cathode

Gas inlet

Vacuum
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3.2.2 Optical measurements of the arc plasma  

Plasma diagnostic was carried out by the OES. For the optical measurement, the 

optically transparent window is necessary on the synthesis process chamber. The 

optically transparent window means the window which can pass the light at wavelength 

region from ultraviolet (UV) to near-infrared (NIR) because carbon, Ni, and Y species 

emissions appear around visible (VIS) light region. The chamber was equipped with 

quartz (SiO2) windows, which has the transparent region from 200 to 2000 nm and its 

transmittance is uniform. Plasma emitting light at 50 mm above electrodes gap was 

collected by a lens. This position is suitable for the detection of the emissions, because 

the high temperature of arc plasma ingenerate thermal convection and plasma plume 

extended to upside of electrodes gap. Collected light was measured by the multichannel 

spectrometer (Ocean Optics HR-4000) with an optical fiber. 

 

3.2.3 Crystallographic analyses of the synthesized SWNTs 

After the discharge, morphologies of synthesized SWNTs were observed by the 

transmission electron microscopy (TEM; Hitachi H-7000). For the TEM observation, the 

collected soot was dispersed in the ethanol by the ultrasonication. The dispersed soot was 

taken with dropper and hanged it on the TEM grid.  

Crystallographic analysis of synthesized SWNTs was carried out by Raman 

scattering spectroscopy (Kaiser Raman RXN Systems). Usually, the SWNTs have a 

radical breathing mode (RBM) ranged from 160 to 180 cm-1 in the Raman spectra. Also 

the Raman spectra have the D- and G-band. The D-band appeared at 1336 cm-1, and the 

G-band was divided into two peaks as G-- and G+-band at 1569 and 1593 cm-1, 

respectively. Crystallinities of SWNTs were evaluated from the G/D ratio which was 
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calculated from G+-band peak intensity over D-band peak intensity. 

 

3.3 Experimental results and discussion 

3.3.1 Dependence of the arc current on synthesized SWNTs crystallinity  

Anode evaporations and soot deposits were obtained at conditions of the 

different arc currents. Evaporation rate of anode is shown in Fig. 3.2. The evaporation 

rate increased with increasing arc current. When the arc current was increased, electron 

collision on the anode surface increased. As a result, the anode surface became high 

temperature and the evaporation rate increased. The evaporation rate changed to draw the 

curve. Similar trends were reported [2,3].  

Figure 3.3 shows a TEM image of SWNTs synthesized at 70 A and 13.3 kPa. 

There were dark particles with approximately 5 to 30 nm diameter and bundled SWNTs 

with 1 to 2 nm diameter. This image showed typical morphology of SWNTs growth by 

arc plasma [1,2,4-8]. The dark particles were carbon-catalytic metal compound. These 

particles were covered by thin films. These films were amorphous carbon. Amorphous 

carbon film on carbon-catalyst particle generically becomes catalytic poison and disturbs 

SWNTs growth.  

Raman scattering spectroscopy was carried out with collected soot placed on the 

slide glass. Figure 3.4 shows Raman scattering spectra obtained from samples. In the 

case of varying arc current, some peaks appeared at low Raman shift region shown in Fig 

3.4(a). These peaks were assigned to the RBM of SWNTs. The Raman shift of RBM 

ranged from 160 to 180 cm-1. The diameters of synthesized SWNTs were calculated from 

Eq. (2.19). The average values of the diameters were calculated by weighting according 

to the intensities of each RBM peaks. Table 3.2 shows evaluated diameters of SWNTs. At 
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70 A, diameters of SWNTs ranged from 1.27 to 1.48 nm, 1.27 to 1.46 nm at 90 A, 1.25 to 

1.44 nm at 110 A. Average of diameters were 1.43, 1.44, and 1.39 nm at 70, 90, and 110 

A, respectively. These diameters were similar to typical value in Ni-Y catalyst used 

results [1,4]. Figure 3.4(b) shows the higher Raman shift region of D- and G-band. 

D-band appeared at 1336 cm-1. G-band was divided into two peaks as G-- and G+-band at 

1569 and 1593 cm-1, respectively. Crystallinities of SWNTs were evaluated from the G/D 

ratio which was calculated from G+-band peak intensity over D-band peak intensity. Most 

of the papers used this method, and the crystallinities were evaluated without 

contradiction [5-7]. The G/D ratio was shown in Table 3.2. The G/D ratio decreased with 

increasing arc current. The G/D ratio of SWNTs synthesized at 70 A marked the highest 

value of 35.5. This G/D ratio at 90 A was 22.6. At 110 A, G/D ratio was 9.8 which is very 

small value as SWNTs synthesized by arc plasma.  

The crystallographic evaluations were carried out to the raw soot rather than 

purified SWNTs. Therefore, graphitic or amorphous carbons were involved in the 

samples. Crystallinities of SWNTs synthesized by the arc plasma were not high in the 

G/D ratio around 30. When the arc current increased, the G/D ratio value, 9.8, was 

extremely low by the reduction of the G-band intensity. This means that graphitic thin 

films or amorphous carbons might be involved in the samples. 
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Figure 3.2. Evaporation rate of anode depending on arc current. 
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Figure 3.3. TEM image of SWNTs synthesized at 70 A, 13.3 kPa 
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(a) 

 

 

(b) 

Figure 3.4. Raman scattering spectra of synthesized SWNTs. (a) RBM region in the case 

of varying arc current. (b) High-frequency region in the case of varying arc current. 

 

100 150 200 250

In
te

ns
ity

 (a
rb

. u
ni

t)

Raman shift (cm-1)

70 A

90 A

110 A

x 5

x 2

1200 1300 1400 1500 1600 1700

 

 

In
te

ns
ity

 (a
rb

. u
ni

t)

Raman shift (cm-1)

70 A

90 A

110 A

x 20

1569
1593

1336

x 20

x 20

D G-

G+



76 
 

 

Table 3.2. Diameters and G/D ratios of Synthesized SWNTs dependence on arc current. 

Current (A) 
Diameter (nm) 

G/D ratio 
Range Average 

70 1.27-1.48 1.43 35.5 

90 1.27-1.46 1.44 22.6 

110 1.25-1.44 1.39 9.8 
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3.3.2 Dependence of the He pressure on synthesized SWNTs crystallinity  

The anode evaporation rate is shown in Fig. 3.5. The evaporation rate increased 

with increasing He pressure. In the case of high pressure condition, the heat flux to the 

anode increases [8]. The Raman scattering spectra are shown in Figs. 3.6(a, b).  RBM 

signals, D-, G--, and G+-band were obtained in all samples. Figure 3.6(a) shows RBM 

region of obtained Raman spectra. Table 3.3 shows evaluated diameters of SWNTs. 

Diameter distribution was 1.27 to 1.48 nm at 13.3 kPa, 1.28 to 1.45 nm at 26.6 kPa, and 

1.39 to 1.48 at 39.9 kPa. Diameter average was 1.43, 1.44, and 1.43 nm at 13.3, 26.6, and 

39.9 kPa, respectively. The average of diameter was almost same at the all pressures. The 

diameter distribution increased with increasing He pressure. Figure 3.6(b) shows D-, G-- 

and G+-band region of Raman spectra. The G/D ratios were shown in Table 3.3. The G/D 

ratio decreased with increasing He pressure. At 26.6 kPa, the G/D ratio was 12.4. At 39.9 

kPa, the G/D ratio was 12.2 which was almost same as at 26.6 kPa. 

 

 

 

Figure 3.5. Evaporation rate of anode depending on He pressure. 
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(a) 

 

 

(b) 

Figure 3.6. Raman scattering spectra (a) RBM region in the case of varying He pressure. 

(b) High-frequency region in the case of varying He pressure. 

  

100 150 200 250

In
te

ns
ity

 (a
rb

. u
ni

t)

Raman shift (cm-1)

13.3 kPa

26.6 kPa

39.9 kPa

x 10

x 5

1200 1300 1400 1500 1600 1700

In
te

ns
ity

 (a
rb

. u
ni

t)

Raman shift (cm-1)

13.3 kPa

26.6 kPa

39.9 kPa

G+

G-
D

x20

x20

x20



79 
 

Table 3.3. Diameters and G/D ratios of Synthesized SWNTs dependence on He pressure. 

Pressure (kPa) 
Diameter (nm) 

G/D ratio 
Range Average 

13.3 1.27-1.48 1.43 35.5 

26.6 1.28-1.45 1.44 12.4 

39.9 1.39-1.48 1.43 12.2 
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3.3.3 Optical diagnostics of the arc plasma during SWNTs synthesis 

OES measurements were carried out before the arc plasma ignition, during 

discharges until turned-off. Spectra results were automatically saved in the storage, 

temporal analyses of alteration of the arc plasma were also done in details. When the arc 

plasma was ignited, the distance between electrodes was set at an approximately 3 mm. 

Then, the electrodes gap distance was maintained to set voltage at 24 V by the 

mechanical adjuster of the anode electrode. This procedure takes about ten several 

seconds. The arc plasma became the stable state passing 30 s from ignition of arc plasma. 

Therefore, the data obtained 30 s passing from ignition were used for the analysis.  

Figure 3.7(a) shows emission spectra of arc plasma at 30 s passing from ignition 

normalized by C2 emission intensity at 516 nm (ν’,ν’’) = (0,0). In all conditions, C2 Swan 

band, Ni atom, and Y atom emissions were obtained. In addition, broad emissions were 

detected. Figure 3.7(b) shows an enlarged figure of Fig. 3.7(a) ranged from 545 to 570 

nm. This region included C2 Swan band Δν = -1 (d3Πg - a3Πu), many Ni and Y emissions. 

In the case of varying arc current, Ni and Y emissions became the stronger at 70 A. 

Figure 3.7(c) shows emission spectra when He pressure was changed and Fig 

3.7(d) is enlarged figure. C2 Swan band, Ni, and Y emissions were detected. The 

emission intensities of catalytic metals decreased with increasing He pressure. 

Although the absolute density of species in plasmas is not evaluated from 

emissions, the relative abundance can be estimated by comparing with emission intensity 

ratio. The intensity ratios of C2 (ν’,ν’’) = (0,1) at 563 nm against Ni at 566 nm and C2 

(ν’,ν’’) = (2,3) at 553 nm against Y at 554 nm are shown in Fig. 3.8(a) with the G/D ratio. 

The intensity ratio and G/D ratio decreased with increasing arc current. It is thought that 

there are relationships between emissions of active species in plasmas and crystallinities 
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of synthesized SWNTs. 

Emissions from excited species have their state information. In this case, C2 

Swan band emissions were clearly seen and C2 energy can be estimated from vibrational 

emission lines. The vibrational temperature (Tv) was calculated from C2 Swan band Δν = 

-1 emissions using Boltzmann plot of band head emission intensities as 
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where K(λ) is response factor of detector and C is constant [9]. Figure 3.9 shows Tv of C2 

with G/D ratio. In the case of varying arc current, Tv was almost same value or slightly 

decreased as 4250 K at 70 A, 4210 K at 90 A, 4200 K at 110 A. On the other hand, Tv 

decreased with increasing He pressure as 4250, 3680, and 3630 K, at 13.3, 26.6, and 39.9 

kPa, respectively. 

Arc plasma emission includes thermal radiation other than light emission 

transitions of excited species. Thermal radiation has emission with broad wavelength 

range dependence on temperature. The peak wavelength of this emission depends on 

temperature. The relationship between peak wavelength (λmax) and temperature (T) is 

described by Wien’s displacement law [10] as 

max

002898.0
λ

=T . (3.2) 

Calculated Tv of C2 and T with G/D ratio are shown in Fig. 3.10. T increased with 

increasing arc current. At 70 A, T was the smallest as 5390 K. In the case of varying He 

pressure, T was almost same or slightly increased from 5390 to 5490 K with increasing 

He pressure. 
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(c) 

 

 
(d) 

Figure 3.7. Optical emission spectra of arc plasma 30 s passing from ignition normalized 

by C2 at 516 nm emission intensity.. (a) C2 Swan band Δν = -1, 0, 1 region dependence 

on arc current. (b) Enlarged in C2 Swan band Δν = -1 region dependence on arc current. 

(c) C2 Swan band Δν = -1, 0, 1 region dependence on He pressure. (d) Enlarged in C2 

Swan band Δν = -1 region dependence on He pressure.  
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(a) 

 

 

(b) 

Figure 3.8. Emission intensity ratios of Ni/C2 and Y/C2 with G/D ratio. (a) Dependence 

on arc current. (b) Dependence on He pressure. 
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(a) 

 

 

(b) 

Figure 3.9. Tv of C2 and G/D ratio. (a) Dependence on arc current. (b) Dependence on He 

pressure. 
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(a) 

 

 

(b) 

Figure 3.10. T calculated by Wien’s displacement law. (a) Dependence on arc current. (b) 

Dependence on He pressure. 
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3.3.4 Discussion: a relationship between SWNTs growth and optical emission 

intensities from species in arc plasmas 

SWNTs with different crystallinities were synthesized by various conditions and 

the OES measurement of arc plasma was carried out. In comparison Ni/C2 and Y/C2 with 

G/D ratio, the tendencies were similar as shown in Fig. 3.8. Intensity ratios, Ni/C2 and 

Y/C2, indicated that relative abundances of excited catalytic metal atoms. It was thought 

that higher concentration of excited catalytic metal atoms worked on the high-crystalline 

SWNTs growth. The cause of decreasing intensity ratio potentially related anode 

evaporation rates. The anode electrode was made of carbon with uniformly dispersed Ni 

and Y. Therefore, evaporated elements ratio does not change when the evaporation rate 

changes by the arc plasma generated condition. The evaporation rates increased with 

increasing arc current or He pressure. 

In the case of increasing arc current, increase of the anode evaporation rate 

shown in Fig. 3.2 was induced by the electrons collisions increase. This fact was also 

evident in the temperature change shown in Fig 3.10(a). In the case of increasing He 

pressure, the heat flux to the anode became large at the high pressure condition [8] The 

anode evaporation rate shown in Fig 3.5 increased with increasing He pressure. The 

plasma temperature shown in Fig. 3.10(b) also changed in the same way. The particle 

concentration in the arc plasma increases with increasing the evaporation amount. The 

high density induces the frequent collision due to the decrease of mean free pass. 

Collided excited atoms quench or adhere to collided particle. These particles do not 

irradiate light. In addition, the input energy was dispersed in the particles in the arc 

plasma due to increase of the evaporation rate. This induced that the metals were not 

atomized or excited. The aggregation of carbon and catalytic metal is necessary to grow 
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SWNTs but the excess supply of carbon sources induces the oversaturation of carbon and 

covering the catalytic particle with carbon films. As a result, carbons, which did not 

become SWNTs, increased and formed amorphous carbons. These appeared as 

decreasing G/D ratio. Excited Ni and Y atoms are one of important factors for SWNTs 

synthesis. Control of synthesis conditions as arc current and He pressure achieves 

highly-crystalline SWNTs synthesis. The OES measurement has a high potential to be 

used for controlling crystallinity of SWNTs. 

Growth SWNTs diameters were changed each condition as shown in Tables 3.2 

and 3.3. When the arc current increased, increasing carbons and catalytic metals densities 

induced the aggregation of carbons and oversaturated at an early stage. High density of 

chemical species in the arc plasma easily occurred due to the high frequent collision with 

decreasing mean free path. In addition, the high anode evaporation rate induced 

increasing arc plasma region pressure. The particles in arc plasma were pushed out of arc 

plasma at once. Therefore, smaller size particles were formed and could grow SWNTs 

with smaller diameter [11,12]. In contrast, evaporated species dispersion was disturbed 

due to higher He pressure conditions. Evaporated species were confined by the ambient 

He gas and formed larger particles [13]. The higher He pressure condition has a potential 

to grow larger diameter SWNTs but the higher collision frequency is induced at the same 

time. Therefore, G/D ratio decreased due to the collision and the formation of carbon 

clusters. In the case of CVD for SWNTs synthesis, the yarmulke mechanism is proposed 

that the diameter of growing SWNTs is determined by the size of catalyst particles [14]. 

Carbon atoms or molecules are adsorbed on the metal nanoparticles and hemispherical 

caps are formed on the surfaces of the nanoparticles by carbon diffusion. For the larger 

diameter nanoparticles, the second cap is formed under the first cap and the MWNTs 
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grow. Carbon is supplied to the cap from the edge of the cylinder that is in contact with 

the catalyst surface. Since the radius of curvature of the second and subsequent caps 

becomes small, the formation of cap is restricted due to an increase in strain energy. Even 

in arc plasma, cap formation occurs on the catalyst nanoparticles and they are coupled 

when moving to the plasma remote region on the thermal convection. After that, SWNTs 

grow from catalyst particles of 5 to 30 nm as seen in the TEM image shown in Fig. 3.3. 

The estimated Tv of C2 shown in Fig. 3.9 indicated the C2 energy. The Tv was 

almost the same when the arc current was changed as shown in Fig. 3.9(a). The input 

power increased with increasing the arc current. The input power was used for the 

dissociation and the acceleration of chemical species. If the chemical species densities 

increased with increasing the arc current, the input power was dispersed. Therefore, the 

input energy per particle does not change significantly. In the case of changing He 

pressure, the input power was the same in all conditions. However, the evaporation rate 

increased with increasing the He pressure due to increasing heat flux [8]. Decreasing Tv 

with increasing He pressure shown in Fig 3.9(b) was induced by the stable input power 

and increasing particles density in the arc plasma. Comparing the arc plasma condition at 

90 A, 13.3 kPa with at 70 A, 26.6 kPa, these two conditions had different G/D ratios as 

22.6 and 12.4, respectively, which are approximately two times different. C2 with high 

energy affected highly-crystalline SWNTs formation. On the other hand, it is thought that 

the effect of C2 energy is not so large to grow highly-crystalline SWNTs. When 

compared with the intensity ratios, Ni/C2 and Y/C2 shown in Fig. 3.8, the tendency did 

not coincide with the G/D ratio, so it is considered that Tv of C2 was not main factor for 

determining crystallinity of synthesized SWNTs. 

The temperature, T shown in Fig. 3.10(a), estimated from Wien’s displacement 
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law increased with increasing the arc current. This is probably due to increase the number 

of particles that obtain more energy because the input power increased. The reason why 

the T tendency differed from Tv of C2 shown in Fig. 3.9(a) is considered that the ratio of 

other particles to C2 increased. In the case of varying He pressure, T was almost the same 

as shown in Fig. 3.10(b). The input power was not changed. It was thought that the input 

energy was preserved because the binding was promoted by trapping particles in narrow 

space by the high pressure. The estimated T, 5390 to 5490 K, was enough high 

comparing with the temperature to 3915 K which is sublimation point of carbon. In 

addition, the range of change was within 100 K, and the range of change was small 

compared to Tv of C2 (3630 to 4250 K). Therefore, it was thought that temperature effect 

to SWNTs growth was not large. 

 

3.5 Conclusion of chapter 3 

In the arc plasma employing catalytic metal including carbon electrode for 

SWNTs synthesis, the synthesized SWNTs were analyzed. Different crystallinities of the 

SWNTs were observed when the applied arc current and/or He pressure were changed. 

The SWNTs crystallinities were evaluated by Raman scattering spectroscopy. The G/D 

ratio of synthesized SWNTs decreased with increasing the arc current or increasing the 

He pressure. The author studied a reason why the arc plasma conditions determined the 

crystallinity of the synthesized SWNTs. 

Emission spectra of arc plasmas obtained by OES had C2, Ni, and Y emissions. 

For the estimation of abundance ratio, C2 to catalytic atoms emission intensity ratios 

were calculated. The author found that the intensity ratio of Ni/C2 and Y/C2 linked with 

the G/D ratio. Since the high intensity ratio means the high abundance ratio of excited 
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species, this result suggested that excited catalytic metal atoms have played important 

roles to grow the highly-crystalline SWNTs. The changing Ni/C2 and Y/C2 might be 

induced by the collision and absorption into the metal catalyst.  

These C2 radical and metal catalyst species were originated from the 

evaporation of the anode electrode, which contained uniform mixture of carbon and 

catalytic metals. As carbon and catalytic metals supplemented in the gas-phase, the ratio 

might be kept a constant ratio regardless of the evaporation amount of anode.  

In the case of higher evaporation rate, the collision frequently increased and the 

deexcitation process dominated. The deexcitation occurred in two possibilities; one was 

emissive energy-level transition and the other was nonradiative relaxation. The frequent 

collision induced the quenching at higher arc currents and higher He pressures. Therefore, 

large amounts of evaporating species in the gas-phase may disturb the improvement of 

the crystallinity in the SWNTs growth. 

The distribution of diameters of the synthesized SWNTs decreased with 

increasing arc current. This was predominantly due to the large diameter of metal 

catalysts. When chemical species in the arc plasma became high density, mean free paths 

of the species decreased and collision frequency among the species increased. The size of 

metal-catalyst particles dispersed within early stage of absorption carbon into the metal 

catalyst. Especially for the high pressure process of arc plasma with the high arc current, 

evaporated species were filled with high density in the arc discharge regions.  

Moreover, the diameter increased with increasing He pressure. At the high 

pressure ambient, the evaporated species aggregated favorably. This phenomenon 

supported large-size particle formation. Therefore, large-diameter SWNTs were 

synthesized at high He pressures. 
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Tv of C2 was calculated from C2 Swan band Δν = -1 emission. Tv was changed 

with the amount of anode evaporation and arc current. In the case of changing the arc 

current, the input power of arc plasma increased with increasing the arc current. Tv hardly 

changed. It was considered that the energy was dispersed due to increasing evaporation 

amount. Tv decreased with increasing He pressure at the same arc current. The energy 

was dispersed due to the large evaporation amount at high He pressures. The range of T 

change was smaller than Tv. T was enough high value compared to carbon sublimation 

point. T of particles increased with increasing the arc current.  

Consequently, a monitoring of the OES signals of Ni/C2 and Y/C2 enables us to 

control the crystallinity of synthesized SWNTs. For highly-crystalline SWNTs synthesis, 

the higher Ni/C2 and Y/C2 are required. The higher anode evaporation rate condition 

induces the low-crystalline SWNTs growth. The author points out the trade-off 

relationship between the crystallinity and the synthesis amount. 
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Chapter 4. Nanographene synthesized by the in-liquid plasma 

employing various kinds of alcohols 

 

4.1 Backgrounds of this study 

In-liquid plasmas employing alcohols are one of novel techniques to synthesize 

carbon nanomaterials [1]. The synthesis rate and the crystallinity of synthesized 

nanographene were difference depending on employed alcohol type. However, the reason 

of this difference and synthesis mechanism of nanographene by the in-liquid plasma has 

not been clarified yet. This difference was caused by a change in the reaction in the 

plasma due to the difference in the type of alcohol. Therefore, the investigation of 

chemical species in the in-liquid plasma provided the important information about the 

synthesis mechanism. The in-liquid plasma process for the nanographene synthesis does 

not require catalytic metals. This is different point from the arc plasma for the SWNTs 

synthesis. Although OES measurements of in-liquid plasma provide the information on 

chemical species in the plasma, there is not sufficient for information of reactions. 

Therefore, in this study, the analysis of alcohol treated by the in-liquid plasma was 

performed to investigate by-products and intermediates. Based on these results, the 

synthesis mechanism of nanographene by the in-liquid plasma was investigated and 

critical factors for synthesized nanographenes were also discussed. 

 

4.2 Experimental setup 

4.2.1 Synthesis method of nanographenes in the in-liquid plasma 

Figure 4.1 shows experimental setup of in-liquid plasma to nanographene 

synthesis. The synthesis chamber was made of glass with an inner size of 30 mm depth x 
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80 mm width. The glass chamber has ports with optical windows made of sapphire 

(Al2O3). Electrodes made of SUS were placed to face each other across the liquid surface. 

Employed alcohol types were methanol (CH3OH), ethanol (C2H5OH), 1-butanol 

(C4H9OH), and 1-hexanol (C6H13OH). Alcohol of 150 ml was filled up to one half of the 

glass chamber. The liquid surface was set at 2 mm above from the tip of the lower side 

electrode. Ar was flowed at 3 slm. The in-liquid plasma was generated after 1 min or 

more time passing since start of gas flow. A 8 kV modulated sinusoidal voltage was 

applied to generate the in-liquid plasma. The liquid level was maintained by the reservoir 

tube made of silicon. 

After the synthesis, solid products and the residual liquid were separated by the 

filtration using 1-μm-pore-size filters (Merck Omnipore JAWP04700). Obtained solid 

products were treated by 30% H2O2 water at 120 °C in 120 min to remove the 

by-products such as amorphous carbons [1]. The crystallinity of nanographene evaluated 

by Raman scattering spectroscopy is improved by treating the synthesized nanographene 

with H2O2 water. 

Experimental conditions are shown in Table 4.1. 
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Figure 4.1. Experimental setup of in-liquid plasma to nanographene synthesis and OES. 

 

 

Table 4.1. Experimental conditions to nanographene synthesis. 

Applying voltage 8 kV 

Electrodes SUS 

Gas Ar, 3 slm 

Processing time 1, 3, 5, 10 min 

Alcohol 

Methanol (CH3OH)  
Ethanol (C2H5OH)  

1-Butanol (C4H9OH)  
1-Hexanol (C6H13OH)  

Filter 1 μm pore 

Treatment H2O2 water (30%), 120 min 120 °C 

  

Ar

AC 8 kV

Window

Electrode
(SUS)

Exhaust

Multi-channel
spectrometer

Lens 10 mm

Electrode
(SUS)

2 mm
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4.2.2 Optical measurements 

The sapphire has over 80% uniform transmittance at wide-range from 250 to 

4000 nm. Therefore, UV-VIS-NIR emission spectra can be detected. Figure 4.1 shows 

the nanographene synthesis equipment with plasma optical measurement system.  

The in-liquid plasma was measured by multichannel spectrometer (Ocean 

Optics HR-4000) and high-resolution spectrometer (Andor Shamrock 500) connected 

with a fast-gated intensified charge-coupled device image sensor (Andor iStar 334T) with 

lens and optical fiber. The lens focus set at under the tip of the upper electrode. 

 

4.2.3 Crystallographic measurements  

Crystallographic analyses of treated solid products were carried out by 

transmission electron microscopy (TEM; JEOL JEM2010) observation and Raman 

scattering spectroscopy (Renishaw InVia Reflex; 532 nm of excitation).  

For TEM observation, solid samples were dispersed in the ethanol by the 

ultrasonication and dropped on TEM grids. TEM images were taken with the acceleration 

at 200 kV. 

The residual liquid was analyzed by GC-MS (Hewlett-Packard HP6870 Series 

GC System with Agilent Technology J&W GC column DB-WAX 122-7032, 0.25 mm 

diameter, connected to a 5973 mass-selective detector) to determine by-products. Oven 

temperatures were changed from 40 to 290 °C with a heating rate at 10 °C/min. 

 

4.3 Results and discussion 

4.3.1 Synthesis rates of nanographene 

All alcohols employed in in-liquid plasmas changed the liquid color to dark 
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except for the methanol. After the filtration, the liquid color was changed yellow and the 

dark solid products were obtained except for the methanol. Collected solid products were 

treated by the H2O2 water and measured the weights. Figure 4.2 shows synthesized 

products weight as before and after the H2O2 water treatments. The synthesis rates 

decreased at after H2O2 treatment. The decreased weights corresponded to the 

by-products. Synthesis amounts linearly increased with plasma irradiation time. 

Synthesis rates were different on each alcohol. In a case of the use of methanol, no 

product was synthesized. The ethanol had the smallest synthesis rate, 0.17 mg/min at 

after the treatment except for the methanol.  

1-Butanol and 1-hexanol had almost the same synthesis rates, 0.49 and 0.42 

mg/min, respectively, after the treatment. In the comparison ethanol and 1-butanol, it has 

been reported that the synthesis rate of 1-butanol became larger than that of ethanol [1]. 

Increasing synthesis rate dependent on the kinds of alcohols was considered that carbon 

atoms in unit molecule affected synthesis rates, i.e., the larger number of carbon atoms in 

unit molecule can synthesize the larger amount of nanographene. In the case of using 

1-hexanol, the synthesis rate was not increased compared to that of 1-butanol.  
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(a) 

 

 
(b) 

Figure 4.2. Synthesis amount of nanographene by in-liquid plasma. (a) Before H2O2 

water treatment. (b) After H2O2 treatment.  
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4.3.2 Dependence of types of alcohols on nanographene crystallinity 

Collected solid samples were dispersed in the ethanol by the ultrasonication for 

TEM observation. Obtained TEM images are shown in Fig. 4.3. All samples had layers 

of film-like structures. The fringes were corresponded to graphene edges. The interlayer 

distance was estimated 0.33 to 0.36 nm. In the ethanol employed sample, approximately 

10 to 30 nm ranged size grains were obtained. These grains have approximately 6 layers. 

From this result, the synthesized graphene had few layer nanographene. In the 1-butanol 

employing sample, many grains with size of approximately 10 nm were obtained. The 

number of layers was approximately 6 but the image was not clear compared to those of 

ethanol. More layers might exist. In the case of 1-hexanol, large and many layers 

containing crystals were synthesized. The number of layers was approximately 24. The 

sample contained over 100 nm size grain. 

Raman scattering spectroscopy was carried out to evaluate crystallographic 

characters of nanographene. Figure 4.4 shows normalized Raman scattering spectra of 

synthesized nanographene. The peaks as D-, G-, D’- and 2D-band were detected at 1336, 

1580, 1610, and 2670 cm-1, respectively. The synthesized nanographene had large 

domain to edge ratio. D-band intensity became large due to these edges. Therefore, the 

crystallinity of nanographene was evaluated from FWHM of G-band (FWHMG). Table 

4.2 shows the estimated FWHMG. The employing ethanol sample marked the smallest 

FWHMG as 32.3 cm-1. The FWHMG of the sample employed 1-butanol was 44.1 cm-1. 

The FWHMG of 1-hexanol was 48.8 cm-1. FWHMG increased with increasing carbon 

atoms number in unit molecule. Synthesized nanographene had the higher-crystallinity 

when smaller number of carbon atoms contained in unit molecule was employed. The 

domain size was calculated from the integrated intensities of G- and D-band ratio using 
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Eq. (2.20) [2]. Calculated domain sizes were shown in Table 4.2. The largest domain size 

was 11.9 nm which was remarked at the ethanol. Those of 1-butanol and 1-hexanol were 

smaller, 10.6 and 11.1 nm, respectively. The tendency of domain size change was similar 

to the synthesis rate. The 2D-band was originated in the graphene structure [3,4]. 

Comparison of 2D-band FWHM (FWHM2D) is shown in Table 4.2. The FWHM2D 

increased with increasing carbon atoms number in unit molecule. When graphitization 

was progressed, The FWHM2D was increased. Therefore, 1-hexanol synthesized the 

graphitic structure comparing with ethanol and 1-butanol. 
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(a) 

 

 
(b) 

 

 
(c) 

Figure 4.3. TEM images of synthesized nanographenes (methanol couldn’t synthesized 

any solid products). (a) Ethanol. (b) 1-Butanol. (c) 1-Hexanol. 
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Figure 4.4. Raman scattering spectra of synthesized nanographene by in-liquid plasma 

employing alcohols. 

 

 

Table 4.2. Estimated crystallographic properties of synthesized nanographene. 

 FWHMG (cm-1) Domain size (nm] FWHM2D (cm-1) 

Ethanol 32.3 11.9 67.0 

1-Butanol 44.1 10.6 77.8 

1-Hexanol 48.8 11.1 87.9 
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4.3.3 Optical diagnostics of the in-liquid plasma 

The in-liquid plasma has a basically pulse-like discharge waveform shown in 

Fig. 2.3(c). The discharge duration time was approximately 4 to 5 ms and the cycle time 

was approximately 8.3 ms. The exposure time of spectrometer detector was set at enough 

long comparing with the discharge duration. The intensities of spectra were divided by 

each exposure time.  

Figure 4.5(a) shows raw optical emission spectra of in-liquid plasmas employing 

each alcohol. The emissions of C2 Swan band, Hα, and Ar were detected at all alcohols. 

Figure 4.6(b) is enlarged spectra in 300-500 nm region of Fig. 4.5(a). C2 at 474.8 nm and 

some weak peaks could be seen in spectra. These peaks were weak in intensity and 

couldn’t be assigned, but molecular emission at 431 nm might be CH. If OH emitted, it 

should appear at 309 nm, but only a very weak peak was observed in methanol and it 

couldn’t be observed in other alcohols. In the UV region, the sensitivity of the 

spectrometer decreases due to its performance. It is difficult to identify the peak unless it 

is strong emission like C2. In the case of employing methanol, emission intensities of C2 

and Hα were weak compared with other alcohols. Broad emissions were observed except 

for the methanol. The broad-emission was originated from the thermal radiation of 

synthesized carbon materials [5,6] heated in the in-liquid plasma or photons emitted 

when electrons collide with another particle and transmit to another state [5]. The 

temperature was estimated by thermal radiation from nanoparticles in Ref. [5,6]. 

Graphene emits light when heated [7]. From these facts, the thermal radiation was 

thought to be derived from nanographene and by-products in the in-liquid plasma. The 

temperature of the thermal radiation can be estimated from peak position of spectrum 

which was corrected by sensitivity of spectrometer using Eq. (3.2). Estimated 
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temperature (T) is shown in Table 4.3. T was ranged from 4720 to 4800 K and decreased 

with increasing carbon atoms number in unit molecule but the range of change was 

small.  

Broad background emissions were analyzed. Intensities of broad emission were 

different among ethanol, 1-butanol, and 1-hexanol. It was thought that this difference was 

caused by the synthesis rate and material liquids properties. Boiling point and vapor 

pressure might affect the gas phase of in-liquid plasma. Ethanol employed for the 

in-liquid plasma had the smallest synthesis rate. Boiling point and vapor pressure of 

ethanol show the tendency to be most easily vaporized. 1-Butanol had the highest 

synthesis rate and indicates second most easily vaporized. 1-Hexanol is the least volatile. 

It was thought that vaporized alcohol was supplied to the gas phase of the in-liquid 

plasma as the source of products. Therefore, the synthesis reactions also occurred same 

as the liquid phase. 

Rotational temperature (Tr) and vibrational temperature (Tv) of C2 were 

estimated from C2 Swan band Δν = 0 emissions using spectrum fitting. A fitted example 

is shown in Fig 4.6 and results are shown in Table 4.3. Tv and Tr increased with 

increasing carbon atoms number in unit molecule. In the case of employing ethanol, Tv 

and Tr were 1870 and 1770 K. In the case of employing 1-butanol, Tv and Tr were 2200 

and 2070 K. In the case of employing 1-hexanol, Tv and Tr were 2130 and 2030 K. 
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(a) 

 

 
(b) 

Figure 4.5. Optical emission spectra of in-liquid plasma. (a) Wide range spectra. 

(b) Enlarged spectra in 300-500 nm region of (a).  
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Table 4.3. Estimated T, Tv, and Tr. 

 T (K) Tv (K) Tr (K) 

Ethanol 4800 1870 1770 

1-Butanol 4770 2200 2070 

1-Hexanol 4720 2130 2030 

 

 

Table 4.4. Physical properties of alcohol. 

 Boiling point (°C) Vapor pressure at 20 °C (kPa) 

Ethanol 78.2 6.0 

1-Butanol 117.7 0.8 

1-Hexanol 157.0 0.1 

 

 

 

Figure 4.6. A example of spectrum fitting (ethanol). Solid circles are measured spectrum. 

Red solid curve is calculated spectrum. 
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4.3.4 Chemical components in the residual liquids  

Filtered liquids, which were the alcohols treated by the in-liquid plasma, were 

analyzed by GC-MS to determine substances in liquids. Figure 4.7 shows the result of 

ethanol treated by in-liquid plasma. The parts of detected substances are shown in Table 

4.5. The methanol treated by in-liquid plasma, any substances couldn’t be detected. In the 

case of ethanol, the benzene ring included molecules were detected. These species 

seemed intermediates of nanographene. In the case of 1-butanol, benzene ring included 

structures and organic compounds without ring structures were detected. The 1-Butanol 

has longer carbon chain than the ethanol. Therefore, the 1-butanol that was not 

decomposed to C2 might generate such organic compounds. In the case of 1-hexanol, 

benzene ring, six-, and five-membered ring carbon structures were detected. Organic 

compounds without ring structures were also detected. Longer carbon chain of 1-hexanol 

induced these species. The naphthalene (retention time: 8.68 min, m/z: 128) was detected 

at all alcohols except for the methanol. 
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(a) 

 

 

(b) 

Figure 4.7. Chromatogram of in-liquid plasma treating ethanol and mass spectrum at 

retention time 8.68 min. 
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Table 4.5. Detected substances from residual liquids. 

Retention 

time 

(min) 

m/z 

Material liquid (Matching Quality)

Formula Structure 
Ethanol 1-Butanol 1-Hexanol

4.06 102 ✓(91) ✓(60)  C8H6 
 

4.11 130  ✓(78)  C8H18O

4.25 104 ✓(68) ✓(81)  C8H8 
 

4.78 128  ✓(87)  C8H16O

4.82 116   ✓(78) C7H16O

5.13 84   ✓(58) C6H12 
 

5.53 128   ✓(64) C8H16O
 

5.75 144  ✓(83)  C8H16O2

5.90 130   ✓(83) C8H18O  

6.58 116 ✓(90) ✓(90)  C9H8 
 

8.68 128 ✓(91) ✓(91) ✓(91) C10H8  

8.76 170   ✓(95) C11H24 
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4.3.5 Discussion: Nanographene synthesis in the in-liquid plasma  

The synthesis rates and crystallinities of nanographene were different at each 

alcohol. Methanol couldn’t synthesize nanographene. More than two carbon atoms in 

unit molecule are necessary to synthesize nanographene. Synthesis rate was increased at 

1-butanol and 1-hexanol compared with the ethanol as shown in Fig. 4.2. Difference 

between 1-butanol and 1-hexanol was small. There were complicate relationships 

between structures of alcohol and synthesis rate. 

The FWHMG shown in Table 4.2 increased with increasing carbon atoms 

number in unit molecule. This tendency was caused by material molecule configurations. 

Smaller molecular mass alcohol as ethanol could synthesize the highly-crystalline 

nanographene. In addition, the alcohol with large molecular mass tended to be 

graphitized, and the FWHM2D was broadened. Larger molecular mass alcohol employed 

for the in-liquid plasma synthesized nanographite-like structures rather than 

nanographene. 

The broadened emissions obtained by OES shown in Fig. 4.5 were originated 

from the thermal radiation of synthesized carbon materials. The estimated temperature 

shown in Table 4.3 was approximately 4800 K at the ethanol. Higher temperature 

supported the crystal formation. 

Individual emission peaks as C2 Swan band, Hα and Ar were detected but 

elements from electrodes were not detected. This point was different from the DC arc 

plasma for SWNTs synthesis. In the case of DC arc plasma, anode electrode is heated by 

electron collision. On the other hand, in-liquid plasma was intermittently generated. The 

in-liquid plasma is driven by the AC high voltage and the discharge duration time is 

approximately 4 to 5 ms. High temperature time is short and modulated sinusoidal 
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voltage inhibits charged particles collision to electrodes. Therefore, electrodes are hardly 

evaporated on in-liquid plasma. In methanol, C2, Hα, and Ar emissions intensities were 

weak comparing to other alcohols. C2 and Hα originated from alcohol. C2 was one of 

carbon sources to grow nanographene. Tv and Tr of C2 became the lowest at the ethanol. 

In the case of ethanol, it was considered that C2 was generated with lower energy 

compared to other alcohols. C2 with high energy had a potential to collide and destroy 

crystal structures. In the case of higher Tv and Tr observed as employing 1-butanol and 

1-hexanol, the collision of C2 to formed crystal structure induced lattice defects. It is 

thought that C2 has played important roles to grow the graphene structures [8-10]. 

The residual liquid included by-products or intermediates and they were 

analyzed by GC-MS as shown in Table 4.5. In the case of employing methanol, they 

were only detected. Methanol was hardly changed by the in-liquid plasma. In the case of 

employing ethanol, benzene ring contained structures were detected. Ethanol may easily 

generate C2 due to its molecular structure which has two carbon atoms. Therefore, 

ethanol employed for the in-liquid plasma is easy to form graphene structures with the 

help of high temperature. In the case of employing 1-butanol or 1-hexanol, in addition to 

benzene ring contained structures, substances having chained or branched carbon were 

detected. These substances were generated due to material alcohols with relatively 

complicated structures comparing to the ethanol. 

Figure 4.8 shows an example of possible reaction path of 1-butanol. During the 

in-liquid plasma irradiation, the 1-butanol was dehydrated or dissociated and generates 

free radicals. Alcohol with dangling bonds causes β-scission to produce ethylene and 

ethyl radicals. These substances were dehydrated by plasma or hydroxyl radical and C2 

radicals were generated. The C2 radicals form crystalline structure in high temperature 
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region. Then, the edges or arisen amorphous structures are etched by hydroxyl radicals 

[11]. The former leads decreasing crystallinity and the latter supports the crystal growth. 

C2 is easily generated from the ethanol dissociation due to its molecular structure 

constructed from two carbon atoms. On the other hand, the 1-butanol has potential to 

generate two C2 radicals via single β-scission. This is one of reasons why the synthesis 

rate increase. However, longer carbon chain structures in alcohol molecules induce 

by-products. Alcohol with dangling bond bonds other radicals. Alcohols combine with 

other materials to form complex molecules. 

Both high crystallinity and high synthesis rate were achieved by the condition of 

large amounts of C2 with low temperatures. 

 

 

 

Figure 4.8. Possible pathways of nanographene formation from 1-butanol. 
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4.4 Conclusion of chapter 4 

The OES measurements of the in-liquid plasma employing alcohols were carried 

out to investigate a relationship between active species in in-liquid plasma region and 

crystallinity of the synthesized nanographene. Residual liquids, which were filtered after 

in-liquid plasma treatment of alcohols, were analyzed by the gas-chromatography 

mass-spectrometry (GC-MS) to estimate components.  

Methanol employed for the in-liquid plasma couldn’t synthesize any solid 

products. Synthesis rate of ethanol employed for the in-liquid plasma was 0.17 mg/min. 

1-butanol and 1-hexanol synthesized nanographene in approximately 3 times larger rate. 

There was no big difference in the synthesis rate of 1-butanol and 1-hexanol. Synthesized 

nanographene had layered structures. The domain sizes were approximately ten several 

to several ten nanometer. In the case of employing 1-hexanol, several ten nanometers and 

over twenty layered structures were synthesized. These interlayer spaces were almost the 

same at 0.35 nm which was similar value of the graphene layer in graphite, 0.34 nm. 

Crystalline characterization was carried out by Raman scattering spectroscopy. 

Crystallinity was estimated from FWHMG. Crystallinity decreased with increasing 

number of carbon atoms in unit molecule. Ethanol marked the largest domain size. In 

addition, FWHM2D were broadened with increasing carbon atoms number. In 1-hexanol, 

it was thought that synthesized materials were nanographite-like structures. 

Optical emission lines of C2 Swan band, Hα and Ar were detected at all 

conditions but methanol had weak intensities. Broad emissions were overlapped except 

for the methanol. These emissions were considered to blackbody radiation. Tv and Tr of 

C2 became the smallest at ethanol and blackbody temperature was the lowest. High 

temperature supported highly crystalline nanographene and high temperature C2 
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disturbed crystal formations. 

Residual liquids included intermediates and by-products except for the methanol. 

Ethanol had the benzene ring structure included molecules. 1-butanol and 1-hexanol had 

chained and brunched carbon included molecules besides these molecules. Ethanol can 

easily generate C2 due to its molecular structure. 1-Butanol can generate two C2 on the 

simple scheme. Therefore, C2 has played important roles to form the graphene structure 

and the large amount of C2 increases the synthesis rate. 

In order to realize the high crystallinity and the high synthesis rate, it is 

necessary to generate C2 efficiently, and to set the temperature of reaction region high. 
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Chapter 5. Effects of carbon-sources on nanographene synthesis: A 

comparison between hydrocarbons and alcohols 

 

5.1 Backgrounds of this study 

 In the case of other types of in-liquid plasma, alkane or benzene was used to 

synthesize carbon nanomaterials [1-5]. Therefore, employing benzene as material has a 

potential to improve synthesis rate. n-Hexane and benzene were verified as possible raw 

materials. The difference between hydrocarbons and alcohol is weather hydroxyl group 

in included or not. Hydroxyl group roles could be investigated by comparing results of 

alcohols with hydrocarbons. In this study, optical emission spectroscopy (OES), Raman 

scattering spectroscopy, and GC-MS were carried out to investigate the synthesis 

mechanism of nanographene by the in-liquid plasma employing various liquids. 

 

5.2 Experimental setup  

5.2.1 In-liquid plasma synthesis of nanographene  

Synthesis methods were the same as chapter 4.1 except for employing materials. 

Employed material liquids were ethanol (C2H5OH), 1-hexanol (C6H13OH), n-hexane 

(C6H14), and benzene (C6H6). Synthesis time was 1, 3, and 5 min. 10 min was too long 

because liquids rapidly decreased during in-liquid plasma irradiation in n-hexane and 

benzene. Synthesized nanographene was filtered by 1 μm-pore-size filter (Merck 

Omnipore JAWP04700). Filtered nanographene was treated using 30 % H2O2 water at 

120°C on 120 min. The conditions were summarized in Table 5.1. 
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Table 5.1. Experimental conditions. 

Applying voltage 8 kV 

Electrodes SUS 

Gas Ar, 3 slm 

Processing time 1, 3, 5 min 

Alcohol 

Ethanol (C2H5OH)  
1-Hexanol (C6H13OH)  

n-Hexane (C6H14)  

Benzene (C6H6)  
Filter 1 μm pore 

Treatment H2O2 water (30%), 120 min 120 °C 
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5.2.2 Analysis of the synthesized nanographene  

Obtained nanographenes were analyzed by transmission electron microscope 

(TEM) and Raman scattering spectroscopy. Filtered samples were dispersed by 

ultrasonication into ethanol to be observed by TEM (JEOL JEM2010). The morphologies 

of synthesized samples were compared between alcohols and hydrocarbons. 

Crystallographic analysis was carried out by Raman scattering spectroscopy (Renishaw 

InVia Reflex; 532 nm of excitation). Nanographenes were synthesized by in-liquid 

plasmas employing hydrocarbons Raman scattering spectra similar to alcohols were 

detected. Obtained spectra of nanographene synthesized using hydrocarbons were 

compared with alcohols. 

 

5.3 Results and discussion 

5.3.1 Crystallographic analysis of nanographene synthesized by the in-liquid 

plasma 

Dramatic changes were observed in the synthesis rate on employing 

hydrocarbons. Figure 5.1 shows synthesis amounts of H2O2 treated solid products. The 

synthesis rate at the in-liquid plasma employing benzene dramatically increased 

compared to alcohols. The synthesis rate at benzene was 6.98 mg/min which was 

approximately 40 times larger than ethanol of 0.17 mg/min. The synthesis rate at the 

n-hexane employed for the in-liquid plasma was 0.73 mg/min. The synthesis rate of the 

n-hexane was 1.7 times larger than that of 1-hexanol which was 0.42 mg/min. In addition, 

the n-hexane employed for the in-liquid plasma generated dark solid products not only 

the liquid phase but also the gas phase. The soot was formed at the internal wall of the 

glass chamber, the chamber cap, and the outside of chamber. These products were 
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generated at the gas phase. n-Hexane has relatively a high vapor pressure of 17.6 kPa. 

Vapor pressure and boiling point are shown in Table 5.2. Vaporized n-hexane existed in 

large amount which were reacted by the gas phase part of in-liquid plasma. 

In early stage, products generated at the gas phase were isolated. These products 

moved to the chamber wall, cap, and outside via space between chamber and cap by the 

Ar gas flow. In this stage, products formed soot. These products were not collected, i.e., 

synthesis amount at only the liquid phase. In the case of employing benzene, the 

synthesis rate became extremely high. Benzene also produced solid products at both gas 

and liquid phases. Vapor pressure of benzene is 12.7 kPa.  

Figure 5.2 shows TEM images of synthesized products by each liquids 

employed for the in-liquid plasma. n-Hexane employed for the in-liquid plasma 

synthesized layered and screw-shaped nanographene shown in Fig. 5.2(a). The number of 

layers was approximately 15. In the case of employing benzene, layered structures were 

observed shown in Fig. 5.2(b). The structure had 12 layers but the image became unclear 

at the edge of the grain and might be constructed by more layers. The inter layer spaces 

of n-hexane and benzene were 0.35 and 0.32 nm, respectively. 

Figure 5.3 shows Raman scattering spectra of synthesized products. All spectra 

had D-, G-, D’, and 2D-bands. In the spectra of alcohols, 2D-bands could be clearly seen. 

In contrast, 2D-bands of n-hexane and benzene were weaker and broader than those of 

alcohols. Table 5.3 shows the FWHMG and domain size at each product. The FWHMG of 

n-hexane was 55.3 cm-1 which was larger than 1-hexanol. The 1-hexanol employed for 

the in-liquid plasma synthesized the lowest crystallinity that of nanographene in all 

alcohols. Benzene FWHMG was the broadest, 61.3 cm-1, in all employed liquids. 

Hydrocarbons synthesized lower crystalline nanographene comparing to alcohols. In 
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addition, FWHM2D of n-hexane and benzene were 93.4 and 123.7 cm-1, respectively. 

These values were very large comparing to those of alcohols. Therefore, the 

graphitization was progressed at hydrocarbons in the nanographene synthesis processes 

by in-liquid plasmas. The results indicated that synthesized materials included 

nanographenes with several ten layers. It was considered that the increase of 

nanographenes with several ten layers ratios in the products induced the 2D-bands 

broadening. 

 

 

 
Figure 5.1. Synthesis amounts of solid products by in-liquid plasma. 

 

Table 5.2. Physical properties of used liquids 

 Vapor pressure @ 20 °C (kPa) Boiling point (°C) 

Ethanol 6.0 78.2 

1-Hexanol 0.1 157.0 

n-Hexane 17.6 68.8 

Benzene 12.7 80.1 
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(a) 

 

 

(b) 

Figure 5.2. TEM images of synthesized nanographene. (a) In-liquid plasma employing 

n-hexane. (b) In-liquid plasma employing benzene. 

 

 

 

  



125 
 

 

Figure 5.3. Raman scattering spectra of synthesized nanographene. 

 

 

Table 5.3. Results of Raman scattering spectroscopy. 

 FWHMG (cm-1) Domain size (nm) FWHM2D (cm-1) 

Ethanol 32.1 11.9 67.0 

1-Hexanol 48.8 11.1 87.9 

n-Hexane 55.3 12.7 93.4 

Benzene 61.3 12.5 123.7 
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5.3.2 Optical diagnostics of the in-liquid plasma  

Measured optical emission spectra are shown in Fig. 5.4. 1-Hexanol had C2 

Swan band, Hα, and Ar emission lines, and blackbody radiation which were overlapped. 

On the other hand, the n-hexane had only very weak C2 emissions of excited species but 

the blackbody radiation was stronger than that of 1-hexanol. In the case of benzene 

employed for the in-liquid plasma, C2 Swan band emissions were clearly seen and weak 

Hα and Ar emissions were also detected. Figure 5.4(b) shows enlarged spectra at 

300-500 nm region of Fig 5.4(a). C2 emissions at 474.8 nm were detected except for the 

n-hexane. Several weak peaks could be seen in 1-hexanol. The blackbody radiation of 

benzene was stronger than that of n-hexane. The blackbody radiation intensity increased 

in an order of 1-hexanol, n-hexane, and benzene. The radiation of blackbody originated 

from synthesized nanomaterials in in-liquid plasma and its intensity depended on 

amounts of nanomaterials. Moreover, the vapor pressure and the boiling point of the 

alcohol affected the gas phase part of in-liquid plasma. The liquid with the higher vapor 

pressure and the low boiling point determine the characteristics of the vaporized liquid 

near the liquid surface, the vaporized liquid rich atmosphere is formed and it is reacted 

by the in-liquid plasma. This phenomenon was confirmed at n-hexane or benzene in the 

plasma conditions which had the soot at the gas phase. These volatile liquids employed 

for the in-liquid plasma can synthesize nanomaterials not only in the liquid phase but also 

in the gas phase. 

Blackbody temperature was estimated by Wien’s displacement low. Tv and Tr of 

C2 were calculated by spectra fitting of C2 Δν = 0 emissions. The calculated results were 

shown in Table 5.4. T of hydrocarbons was lower than alcohols. In hydrocarbons, it was 

thought that the input power was used for heating. Tv and Tr of C2 were higher at 
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hydrocarbons comparing to alcohols. In hydrocarbons, C2 efficiently absorbed and kept 

the input power comparing to alcohols.   
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(a) 

 

 
(b) 

Figure 5.4. Optical emission spectra of in-liquid plasma employing each liquid. (a) Wide 

range spectra. (b) Enlarged spectra in 300-500 nm region of (a). 

300 400 500 600 700 800 900

In
te

ns
ity

 (a
rb

. u
ni

t)

Wavelength (nm)

1-Hexanol
n-Hexane

Benzene
C2

C2 C2
Hα

C2

Ar

300 340 380 420 460 500

In
te

ns
ity

 (a
rb

. u
ni

t)

Wavelength (nm)

1-Hexanol

n-Hexane

Benzene

C2



129 
 

Table 5.4. Estimated T, Tv, and Tr. 

 T (K) Tv (K) Tr (K) 

Ethanol 4820 1870 1770 

1-Hexanol 4710 2130 2030 

n-Hexane 4630 2480 2270 

Benzene 4510 2270 2130 
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5.3.3 Intermediates and by-products in the residual liquids after filtration of solid 

materials 

Alcohols by the irradiation of the in-liquid plasma irradiated changed to be a 

yellowish liquid. Hydrocarbons also changed liquids color but their colors were very dark 

comparing to alcohols. Table 5.5 shows GC-MS results for substances detected from 

1-hexanol, n-hexane, and benzene treated by in-liquid plasma. Treated n-hexane included 

O atom contained molecules. O atoms did not exist during the in-liquid plasma treatment. 

Therefore, O atoms were bonded by oxidation after the treatment. In addition, treated 

n-hexane included larger types of benzene rings contained molecules. In the case of 

1-hexanol, when the molecular structure was dissociated by in-liquid plasma, OH radical 

generated from carbon chain end of molecule. OH radicals induced dehydration reactions. 

Yielded dangling bond induced β-scission reactions. The fragmentized 1-hexanol formed 

short-carbon chain molecules. These molecules were bonded and formed branching 

molecules. The branching molecules and the short-carbon chains might become core of 

the benzene rings, e.g., 2-ethyl-1-butanol [C6H13OH] (retention time: 3.52 min) can form 

to benzene ring with C2. Figure 5.5 shows an example of possible pathway of 

nanographene formation from 1-hexanol. 1-Hexanol generates C2 easily via β-scission 

due to dehydration reactions of oxygen species. On the other hands, the n-hexane has no 

hydroxyl group. Figure 5.6 shows an example of possible pathway of nanographene 

formation from n-hexane. Dehydration reactions occurred by only plasma. n-Hexane 

does not fit to form short carbon chain such as C2 radicals. In the case of Benzene, all 

detected substances had carbon ring structures. Benzene ring with carbon chain such as 

phenylethyne [C8H6] (retention time: 4.06 min) is constructed from the dehydrated 

benzenes and C2 radicals. Figure 5.7 shows an example of possible pathway of graphene 
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formation from benzene. The benzene was hardly fragmentized because β-scission was 

not induced due to its ring structure. Dangling bond on benzene easily bonded to other 

benzenes with dangling bonds and formed large-carbon rings structures. 

 

 

 

Table 5.5. Detected substances in treated liquids. 

Retention 

time 

(min) 

m/z 

Material liquid (Matching quality) 

Formula Structure 
1-Hexanol n-Hexane Benzene 

3.52 102 ✓(83) ✓(83)  C6H13OH  

3.58 102 ✓(53) ✓(86)  C6H13OH  

3.93 102 ✓(83) ✓(83)  C6H13OH  

4.06 102  ✓(91) ✓(91) C8H6  

4.99 116 ✓(78)   C7H15OH  

5.90 130 ✓(72)   C8H17OH 

5.98 130 ✓(83)   C8H17OH 

7.01 184 ✓(64)   C13H28  
7.27 156 ✓(95) ✓(95)  C11H24  

8.68 128 ✓(91) ✓(91) ✓(90) C10H8  
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Figure 5.5. Schematic diagram of possible pathway of nanographene formation from 

1-hexanol by in-liquid plasma. 

 

 

 

Figure 5.6. Schematic diagram of possible pathway of nanographene formation from 

n-hexane by in-liquid plasma. 
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Figure 5.7. Schematic diagram of possible pathway of nanographene formation from 

benzene by in-liquid plasma. 
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5.3.4 Discussion: Nanographene synthesis reactions taken into accounts of 

alcohols and hydrocarbons employment results   

Hydrocarbons precursors improved the synthesis rate of solid materials as 

shown in Fig. 5.1. In the case of hydrocarbons employed for the in-liquid plasma, the 

synthesized nanographene showed the screw-shaped structures as shown in Fig. 5.2. 

These screwed nanographene had several tens layers of graphene sheets. These large 

stacks of the graphene sheets in the synthesized crystalline structures are called as 

nanographite rather than nanographene.  

Comparing 1-hexanol with n-hexane which has the same number of carbon 

atoms and the difference point is including hydroxyl group or not, and alcohols worked 

effectively for the synthesis of highly crystalline nanographene, shown in Table 5.2, 

owing to the removal of amorphous carbons by hydroxyl group of alcohol.  

In the case of benzene, it dramatically increased one order higher rates of the 

synthesis amount of solid products than the other cases as shown in Fig. 5.1. By 

occurring dehydration reactions on benzene ring, dangling bonds on the ring-structure 

easily form highly ordered aromatic ring structure likely graphene sheets. In this case, 

crystal structures are getting worse than those with the C2 radical chemistry based on the 

reaction-pathway occurring in the alcohol cases.  

The crystallinity observed by the Raman scattering spectra of nanographene 

synthesized by the in-liquid plasma employing hydrocarbons did not show the good 

quality, which had broad FWHMG and FWHM2D as shown in Table 5.2 

Prior to explain our model, optical diagnostic results are discussed. The OES 

results, shown in Fig. 5.4, hydrocarbons had very weak Hα emission intensities. 

Hydrogen atoms were generated by the dehydration reactions in the in-liquid plasma. 
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These results indicated that hydrocarbons employed for in-liquid plasma hardly 

generated H atoms. In the case of alcohol employed for the in-liquid plasma, dehydration 

reactions were supported by OH radicals originated from hydroxyl group of alcohol 

molecule. Dehydrated alcohols and alkane have the potential to form C2 radicals via 

β-scission. Highly crystalline nanographene formation needs C2 radical as the carbon 

source. C2 is considered as one of key factors of graphene structure formation [6-8]. 

The tendencies among plasma temperature, C2 temperature as Tv and Tr, and 

crystallinity of nanographene were similar to the case of changing alcohol types. Highly 

crystalline nanographenes were synthesized under higher temperatures and lower Tr, Tv 

of C2 conditions. 

In the case of 1-hexanol employed for in-liquid plasma, molecules with carbon 

branches were generated and these substances were detected by GC-MS shown in Table 

5.5. Branched structures were formed by short-carbon chains originated from 

fragmentized alcohols. The branches were circularized by bonding of C2. O atoms have a 

potential to form C2 radicals and support graphene formations. Amorphous carbon effects 

are removed of O atoms [9,10]. Therefore, O atoms in material molecules play important 

roles for the crystal formation. 

Alcohols are the best materials containing hydroxyl group and synthesizing 

certain amount of highly crystalline nanographene. Although hydrocarbons can improve 

the synthesis rate, the crystallinity is greatly reduced due to no oxygen source. 

Oxygen-related reactions prevent a graphene formation due to its etching effect. 

 

5.4 Conclusion of chapter 5 

This chapter described the effects of kinds of carbon precursors such as alcohols, 
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hydrocarbons, n-hexane or benzene employing for the in-liquid plasma on the synthesis 

of nanographene. A question opens why the alcohol precursor can synthesize high 

crystalline nanographenes. In contrast, in the case of employing hydrocarbons, synthesis 

rates were significantly high but worse crystallinities of the synthesized nanographene. In 

summary, oxygen-containing groups in alcohols play an important role for the 

improvement of formation with crystal structure owing to removal of amorphous carbons 

by oxidation reaction with respect to the containing oxygen. Alcohols can synthesize 

higher crystalline nanographene comparing to hydrocarbons employed for the in-liquid 

plasma.  

In the case of n-hexane employed for the in-liquid plasma, the emission intensity 

for C2 Swan band emissions was characteristically weak. Because of weak C2 emission in 

only n-hexane cases, the pathways of β-scission of the alkyl chains were unfavorably. In 

contrast of alcohol cases, the dehydration from alcohols is considered to be 

predominantly form OH radicals and O atoms, which etched synthesized carbon 

materials consequently. Oxygen species have important roles to crystal structures 

formation. 

The nanographene synthesis employing hydrocarbons proceeds furthermore 

regardless of crystal structures formations. Without oxygen species, this leads the high 

synthesis rate. The in in-liquid plasma for nanographene synthesis process can be 

determined by the C atoms-O atoms ratio as an indicator of nanographene crystallinity. 
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Chapter 6. Control of nanographene crystallinity in the in-liquid 

plasma processes using methanol mixture with the other 

alcohols 

 

6.1 Backgrounds of this study 

Comparing alcohols employed for the in-liquid plasma with hydrocarbons as the 

feed material, there were differences at the synthesis rate and the crystallinity. Alcohols 

employed for the in-liquid plasma could synthesize nanographenes with higher 

crystallinities but synthesis rates were lower compared to those of hydrocarbons. It was 

considered that the hydroxyl group in the alcohol molecule has a role of crystal formation 

support. In fact, from results of methanol employed for the in-liquid plasma, any solid 

products couldn’t be synthesized. In addition, the methanol is soluble in many organic 

solvents and there is a possibility that the amount of hydroxyl group in the liquid can be 

controlled as additive agent. Methanol mixed alcohol and hydrocarbons were employed 

to control the crystallinity of synthesized nanographene by in-liquid plasma processes. 

 

6.2 Experimental setup 

The synthesis equipment was the same as the in-liquid plasma setups as shown 

in Fig. 4.1. Synthesis conditions are shown in Table 6.1. Mixture liquids were prepared as 

shown in Tables 6.2 and 6.3. 1-Butanol and n-hexane were used as base liquids. Tables 

show C atoms over O atoms ratios in the liquid. C atoms were counted in the liquid 

except for originated from methanol and O atoms were main carbon source liquid, 

1-butanol or n-hexane, plus methanol. Synthesized products were treated by H2O2 water.  

Samples were balanced and their crystallographic analyses were carried out 
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using TEM observation and Raman scattering spectroscopy. For the TEM observation, 

synthesized samples were dispersed in the ethanol by the ultrasonication. Dispersed 

samples were dropped on the TEM grids and observed. TEM images were taken at 200 

kV acceleration of electrons. 

The crystallinity was estimated by Raman scattering spectroscopy. If the 

crystallinity of synthesized nanographene was improved due to hydroxyl group effects, 

the full width-half maximum of G-band (FWHMG) becomes narrow. These results of 

mixed liquids were compared to the case of employing pure liquids. 

Residual liquids after the filtration were analyzed by the GC-MS. Hydroxyl 

group effects also affected by-products and intermediates. In-liquid plasma emission 

spectra were observed by the multichannel spectrometer. In the case of 1-butanol, it was 

considered that emission lines did not change greatly because both methanol and 

1-butanol are alcohols, and each emission lines are also common. On the other hand, 

n-hexane had only weak emissions of C2. It is thought that methanol additional effects 

appear. 

 

 

Table 6.1. Experimental conditions. 

Applying voltage 8 kV 

Electrodes SUS 

Gas Ar, 3 slm 

Processing time 10 min 

Mixture liquids 
1-Butanol + Methanol 

n-Hexane + Methanol 

Filter 1 μm pore 

Treatment H2O2 water (30%), 120 min 120 °C 
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Table 6.2. Prepared 1-butanol based methanol added liquids. 

1-Butanol (ml) Methanol (ml) C in 1-butanol/O in entire liquid at 150 ml 

150 0 4.00 (Pure 1-butanol) 

143 7 3.60 

138 12 3.34 

123 27 2.67 

 

 

 

Table 6.3. Prepared n-hexane based methanol added liquids. 

n-Hexane (ml) Methanol (ml) C in n-hexane/O in entire liquid at 150 ml 

150 0 6/0 (Pure n-hexane without O) 

93 57 3.01 

78 72 2.00 

67 83 1.49 

59 91 1.20 

50 100 0.92 

45 105 0.79 

32 118 0.50 

21 129 0.30 
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6.3 Results and discussion 

6.3.1 Crystallographic analysis 

Figure 6.1 shows synthesis amounts of solid products by in-liquid plasma 

employing each mixture liquids and ethanol for a reference. Synthesis amounts decreased 

with increasing methanol added ratio. In the case of 1-butanol based liquid, the decrease 

rate of synthesis amounts with increasing methanol addition rate was larger comparing 

with those of n-hexane based liquid. At C/O = 3.34, the synthesis amount was 1.57 mg 

which was almost the same as that of ethanol. The synthesis amount at C/O = 2.67 was 

0.32 mg. In the case of n-hexane based liquid employed for the in-liquid plasma, 

synthesis amounts slightly decreased till C/O equal to 1. In the condition of C/O less than 

1, synthesis amounts rapidly decreased. At C/O = 2.00, the synthesis amount was 6.47 

mg which was approximately 4 times larger than the ethanol of 1.73 mg. The point of 

almost the same amount to ethanol was C/O =0.30 of 1.54 mg. 86% of total liquid 

volume was methanol at C/O =0.30. It is considered that the synthesis amount of 

nanographene is not determined by the C/O ratio of material liquid. 

Figure 6.2 shows TEM images of synthesized nanographene. It was found that 

several ten layered structures with sub micrometer grain size were synthesized. Such 

structures were not observed at the case of single alcohols or hydrocarbons employed for 

the in-liquid plasma. In the case of n-hexane based liquid employed for the in-liquid 

plasma, several ten nanometer grains and approximately 10 nm many small grains were 

observed. The configurations were similar in the case of 1-butanol. 

Figure 6.3 shows Raman scattering spectra. FWHMG of the methanol added 

liquids were narrowed and 2D-bands became stronger and sharp. Figure 6.4 shows 

FWHMG, FWHM2D, and domain size. FWHMG linearly decreased with decreasing C/O 
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ratio. In the case of 1-butanol and methanol mixed liquid at C/O = 2.67, the FWHMG was 

29.7 cm-1. The nanographene with higher crystallinity comparing to that of ethanol 

employed could be successfully synthesized. On the other hand, the crystallinities of 

nanographenes synthesized employing n-hexane and methanol mixed liquids were as 

high as that of 1-butanol. 

FWHM2D at small C/O ratio were narrower than that of ethanol. The 1-Butanol 

and methanol mixed liquid, C/O = 2.67, showed 53.0 cm-1. Its intensity was 1.06 times 

larger than G-band intensity. The results were similar to few layer graphene [1,2]. 

Therefore, highly crystalline nanographene with few layers was included in synthesized 

products. In the case of n-hexane and methanol mixed liquids, FWHM2D at under C/O = 

1.00 rapidly narrowed. The tendency of FWHM2D was similar to synthesis amounts. It 

was thought that C/O ratio less than 1.00 conditions worked effectively on the 

crystallization but this phenomenon was trade-off relationship with the synthesis rate. 

The domain size calculated from D- and G-band peak area intensities were 

shown in Fig. 6.4(c) In the case of 1-butanol and methanol mixed liquids, domain size 

increased with decreasing C/O ratio. On the other hand, in the case of n-hexane based 

liquid, the range of increase and decrease was large and there was independent of C/O 

ratio. 
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Figure 6.1. Synthesis amounts of nanographene by mixture liquids employed in-liquid 

plasma.  
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(a) 

 

 

(b) 

Figure 6.2. TEM images of synthesized nanographene. (a) 1-Butanol + Methanol (C/O = 

2.67). (b) n-Hexane + Methanol (C/O = 2.00). 
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Figure 6.3. Raman scattering spectra. 
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(a) 

 

 
(b) 

 

 
(c) 

Figure 6.4. Results of crystallographic analysis by Raman scattering spectroscopy. (a) 

FWHMG. (b) FWHM2D. (c) Domain size. 
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6.3.2 Measurement of the in-liquid plasma employing mixture liquid 

Figure 6.5(a) shows optical emission spectra of in-liquid plasma. In the case of 

employing 1-butanol and methanol mixed liquid, C2 Swan band emission intensities 

became lower comparing to pure 1-butanol. In addition, blackbody radiation intensity 

decreased. This was caused by decrease of synthesis rate. Decreasing density of 

synthesized nanomaterials in the in-liquid plasma induced the decrease of radiance. In the 

case of n-hexane and methanol mixed liquid, C2 Swan band, Hα, and Ar emissions were 

clearly seen comparing to those of pure n-hexane. Figure 6.5(b) shows enlarged spectra 

in 300-500 nm region of Fig 6.5(a). In the case of 1-butanol and methanol mixed liquid, 

the intensity of C2 at 474.8 nm became weaker than that of pure 1-butanol. As the 

proportion of the 1-butanol decreased, the density of C2 decreased and the emission 

intensity declined. On the other hand, the peaks at 324.8, 327.5, and 358.0 nm became 

stronger. These changes were considered to be indications of the effect by adding 

methanol. In the case of n-hexane and methanol mixed liquid, the intensity of C2 at 474.8 

nm became stronger than that of pure n-hexane. It was considered that generation of the 

C2 was promoted by the mixing methanol. The peaks at 324.8, 327.5, and 358.0 nm were 

not seen with pure n-hexane, but they appeared in the n-hexane and methanol mixed 

liquid. 

Blackbody radiation intensity decreased. T calculated from blackbody radiation 

using Wien’s displacement law, Tv and Tr of C2 calculated from C2 Δν = 0 emissions 

using spectra fitting were shown in Fig. 6.6. In the case of 1-butanol and methanol mixed 

liquid, T was decreased with decreasing C/O ratio. In the pure liquid case, nanographenes 

synthesized under higher temperature conditions had the higher crystallinity. The 

synthesis reaction of nanographene on mixed liquid employed for the in-liquid plasma is 
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different from that of pure liquid. Tv and Tr decreased with decreasing C/O ratio and 

values were approached to ethanol. In the case of n-hexane and methanol mixed liquid, T 

slightly increased with decreasing C/O ratio. This tendency was different from 1-butanol 

and methanol mixed liquid. Tv and Tr decreased with decreasing C/O ratio but values 

were relatively high.  
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(a) 

 

 
(b) 

Figure 6.5. Optical emission spectra of the in-liquid plasma. Numbers in brackets are 

C/O ratio. (a) Wide range spectra. (b) Enlarged spectra in 300-500 nm region of (a).
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(a) 

 

 
(b) 

 

 
(c) 

Figure 6.6. Temperatures. (a) Blackbody temperature. (b) Tv of C2. (c) Tr of C2. 
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6.3.3 By-products and intermediates analysis in the filtered liquids 

After in-liquid plasma treatment liquids color were changed into yellowish but 

their depths were dilute comparing to the pure liquid case. These differences indicated 

that reactions were inhibited by methanol. Table 6.4 shows detected substances from 

1-butanol and methanol mixed liquids. Methanol added 1-butanol generated carbon chain 

and branch structures but the number of types was low comparing to pure 1-butanol. 

Oxygen species affects the formation of substances. Benzene ring structures contained 

substances were hardly generated. In the case of n-hexane and methanol mixed liquids, 

benzene rings contained substances were generated on a preferential basis. The added 

methanol supported to generate benzene rings due to oxygen species supply in the 

C-poor conditions (C/O ratio < 1), e.g., n-hexane.  
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Table 6.4. Detected substances from filtered 1-butanol and methanol mixed liquids. 

Retention 
time 
(min) 

m/z 
1-butanol + Methanol C/O 

(Matching quality) Formula Structure 
4.00 3.34 2.67 

3.92 102 ✓(86)   C6H13OH  

4.02 102 ✓(60)   C8H16  

4.10 130 ✓(86) ✓(59) ✓(38) C8H18O  

4.76 128 ✓(91)   C8H16O 
 

5.72 144 ✓(90) ✓(59) ✓(64) C8H16O2  

6.50 116 ✓(90)   C9H8  

8.58 128 ✓(91)   C10H8 
 

 

 

 

Table 6.5. Detected substances from filtered n-hexane and methanol mixed liquids.  

Retention 
time 
(min) 

m/z 
n-Hexane + Methanol C/O 

(Matching quality) Formula Structure 
6/0 1.49 0.92 

3.92 102 ✓(83)  ✓(78) C6H13OH  

4.02 102 ✓(91) ✓(91) ✓(91) C8H16  

6.50 116 ✓(90) ✓(90) ✓(90) C9H8  

7.26 156 ✓(95)   C11H24  

8.58 128 ✓(94) ✓(91) ✓(91) C10H8 
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6.3.4 Discussion: Oxygen species effects 

The methanol addition to liquids improved to the crystallinity of synthesized 

nanographene shown in Fig 6.4(a) but the synthesis rate shown in Fig. 6.1 decreased with 

decreasing C/O ratio. Effects of oxygen species on the synthesizing nanographenes were 

different between alcohols and hydrocarbons. In the case of 1-butanol, the 1-butanol 

inherently has a hydroxyl group in the molecule. This hydroxyl group is fragmentized 

and then enhances the reactions of nanographene formation. Addition of methanol, which 

has a hydroxyl group and a carbon atom in the molecule, does not contribute to formation 

of nanographene. Oxygen species generated from the methanol affected the potentiating 

dehydration, and the etching of amorphous carbon removal. Higher abundance of oxygen 

species promoted fragmentations of 1-butanol and suppressed nanographene growth; 

however, the nanographene synthesized in these conditions had the high crystallinity due 

to the removal of amorphous carbon by oxygen species. 

The large film-like graphene shown in Fig. 6.2(a) which had sub-micrometer 

order grain size could be synthesized at C/O = 2.67. Such graphene with large grain was 

not synthesized under other conditions. It was considered that the effect of oxygen 

species induced growth of graphene with sub-micrometer grain. On the other hand, from 

the GC-MS result shown in Table 6.4, the by-products or intermediates with benzene 

rings were hardly synthesized. This result indicated that oxygen species have played to 

inhibit nucleation of nanographene, but they had the function of further growing formed 

nanographene. These reactions were considered to accelerate the decompositions of the 

1-butanol as a raw material of nanographene by oxygen species from the methanol. It 

was thought that oxygen species made it easy to supply C2 by breaking lattice defects and 

edges in the nanographene to form dangling bonds. C2 contributed to the growth of 
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nanographene nuclei probably by incorporating into dangling bonds generated in the 

six-membered ring structures. 

In the case of n-hexane and methanol mixed liquids, the effects of methanol 

addition appeared as decrease of the synthesis rate shown in Fig. 6.1 and improvement of 

the crystallinity shown in Fig. 6.4(a) but changes were gradual comparing with those of 

1-butanol. n-Hexane has the longer-carbon chain comparing to 1-butanol. n-Hexane 

needs a large amount of methanol for the obtaining high performances of the 

nanographene. The synthesis rate rapidly decreased less than C/O = 1.00. 

From the results of Raman scattering spectroscopy shown in Fig 6.4, 1-butanol 

and methanol mixed liquid, of which C/O = 2.67, the FWHMG was smaller than ethanol 

which was the smallest FWHMG in the pure liquid employed for the in-liquid plasma. In 

addition, FWHM2D and intensity of 2D-band were narrow and strong. These two values 

indicated that synthesized nanographenes had few layers [1,2]. 

The plasma temperature estimated from the blackbody radiation at 1-butanol 

and methanol mixed liquid employed for the in-liquid plasma decreased with decreasing 

C/O ratio as shown in Fig. 6.6(a). In the case of pure alcohol, the highly crystalline 

nanographene was synthesized at higher temperatures. The mixed liquid of 1-Butanol 

and methanol employed generated many oxygen species. Oxygen species were originated 

from 1-butanol and methanol. Therefore, a large amount of oxygen species were 

generated in the mixed liquid and showed large effects. In the case of a mixed liquid of 

n-hexane and methanol, temperature slightly increased with decreasing C/O ratio. The 

range of change was small; therefore, effects of oxygen species were larger. 

Tv and Tr of C2 decreased with decreasing C/O ratio as shown in Fig. 6.6(b) and 

(c). Oxygen species supported C2 generations via dehydrations. Therefore, it was able to 
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generate C2 with smaller Tv and Tr. Comparing Tv and Tr with the crystallinity, Tv and Tr 

showed lower values when nanographene with high crystallinity was synthesized. These 

were the same trend as the results shown in Chapter 4 and 5. It was considered that Tv 

and Tr of C2 were key plasma parameters which determine the crystallinity of 

nanographene. The difference between nanographene synthesis by in-liquid plasma and 

SWNTs synthesis by arc plasma is whether raw materials are decomposed to form 

nanographene or SWNTs are formed via catalysts. In the in-liquid plasma process, lower 

energy C2 behaves favorably for the synthesis of nanographene with high crystallinity. 

From the results of GC-MS analysis shown in Table 6.4 and 6.5, the substances 

containing benzene rings in 1-butanol and methanol mixed liquids decreased comparing 

with those of pure 1-butanol. It was thought that formations of benzene rings were 

difficult due to the effects of large amount of oxygen species. In this condition, it was 

hard to form small structures like nanographene. But if large-weight molecule is used, 

amorphous carbons were effectively removed by oxygen species during the growth to a 

large size of sheets. In the case of n-hexane and methanol mixed liquids, generations of 

substances without benzene rings were suppressed. Figure 6.7 shows an example of 

possible pathway of nanographene formation from n-hexane and methanol mixed liquid. 

The oxygen species which was generated from methanol supported the reactions such as 

dehydration and etching amorphous carbons. When C2 and benzene rings structures were 

formed, by-products with carbon chain and branch groups more were yielded. 

The methanol has a potential as an additional agent to improve the crystallinity. 

Oxygen species have key roles for the formation of crystal structure of carbon. The 

problem is the synthesis rate. In this study, the in-liquid was generated by a pair of small 

electrodes. Therefore, the synthesis rates of this study were smaller than previous study 
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[3]. Previous study had used electrodes with vertical at gas phase and horizontal at liquid 

phase. This configuration can generate larger volume plasma compared with this study. 

One of the solutions of synthesis rate problem is change of electrodes configuration. 

Another solution is equipment of multiple electrodes. A pair of electrodes can treat 

narrow region. By arranging multiple electrodes, a large amount of liquid can be treated. 

 

 

 

 

Figure 6.7. Schematic diagram of possible pathway of nanographene formation from 

methanol and n-hexane mixed liquid.  

dehydration

β-scission

n-Hexane

Graphene

Methanol

CH3

OH
Etching, hydrogen abstraction, bond termination



158 
 

6.4 Conclusion of chapter 6 

The methanol added 1-butanol or n-hexane were employed to obtain the highly 

crystalline nanographene. Synthesis rates decreased with decreasing C/O ratio. When the 

C/O ratio decreased, the synthesis rate tended to be similar as pure alcohols, but in the 

case of 1-butanol and methanol mixed liquid, the C/O ratio was 3.34 which was 

comparable to that of ethanol (C/O = 2.00), and in the case of n-hexane and methanol 

mixed liquids, C/O = 0.30. On the other hand, 1-Butanol has hydroxyl group itself, and 

n-hexane is not. This difference will cause these results. 1-butanol and methanol at C/O = 

2.67 employed for the in-liquid plasma synthesized sheets with sub micrometer size and 

several ten layers. Large amounts of oxygen species enable us to synthesize small 

crystals and enhance the growth of large crystals. In addition, from Raman scattering 

spectroscopy, C/O = 2.67 of 1-butanol and methanol had the sharp 2D-band. The 

products included few layer nanographene. Large sheets formations were analyzed by 

GC-MS results. Benzene rings contained substances were hardly formed. Small crystals 

were fragmentized by many oxygen species. 

In the case of n-hexane and methanol mixed liquids, improvement of 

crystallinity also appeared but the effects were small compared to the case of 1-butanol 

and methanol mixed liquids. On the other hand, in the case of liquid with less than 1.00 

of C/O ratio, the synthesis rate rapidly decreased. Since there were more oxygens than 

carbons, it could be sufficiently reduced rapidly. By-products and intermediates had 

substances containing benzene rings. Carbon chain and branch structures were not 

detected much. Oxygen species worked at the forming of crystal structures and 

decomposing the by-products. 

The oxygen species in the in-liquid plasma may act dehydration and removal of 
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amorphous carbons. The concentration of oxygen species increases with increasing 

adding methanol. When the dehydration reaction is promoted by the increase of oxygen 

species, the β-scission of the carbon chain increases is induced. Alcohols and 

hydrocarbons are fragmentized and C2 is more likely to form. C2 binds to each other and 

combines with the branch to cyclize to form six membered ring structures. In addition, 

oxygen species may act on by-products and may promote the generation of C2. However, 

significant increase in oxygen species in the in-liquid plasma is thought to work for 

decomposition of nanographene.  

It could be regarded as appearing at the Tv and Tr of C2 as to the point that C2 

was more likely to be formed. The Tv and Tr of C2 were lower when nanographene with 

high crystallinity was synthesized. The Tv and Tr of C2 in the in-liquid plasma are 

important factors determining the crystallinity of synthesized nanographene. 

In in-liquid plasma for nanographene synthesis process, the methanol can be 

used for controlling the crystallinity. However, the crystallinity has a trade-off 

relationship with the synthesis rate. It is necessary to improve processing efficiency in 

order to realize a high synthesis rate. For example, it is considered effective to increase 

the number of electrodes to be place. 
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Chapter 7. Conclusions and future works 

 

7.1 Summary of this thesis 

In this thesis, the arc plasma for SWNTs synthesis and the in-liquid plasma 

employing alcohols or hydrocarbons for nanographene synthesis were measured by OES 

and synthesized SWNTs and nanographene were analyzed to investigate growth 

mechanisms. The relationships between C2 and catalytic metals atoms in arc plasma were 

clarified for the first time. Alcohols dissociations and nanographene or by-products 

formation pathways were suggested and the crystallinity control technique was 

successfully developed. Each chapter is briefly summarized in this chapter. 

In Chapter 1, basic physics of SWNTs and graphene were described. In addition, 

their typical synthesis methods and used in this study synthesis methods were explained. 

Previous works which focused relationships between ambient gas and chemical species 

in arc plasma for SWNTs synthesis or in-liquid plasma synthesized nanographene with 

different crystallinity employing various types of alcohols were described. Then purpose 

and outline of this thesis were described. 

In Chapter 2, carbon nanomaterials synthesis systems were described. For 

SWNTs synthesis, arc plasma apparatus, measurement setup, and experimental procedure 

were briefly described. In addition, physics of arc plasma for SWNTs synthesis was 

briefly explained. In-liquid plasma were also described. The principle of OES and 

evaluation techniques, Raman scattering spectroscopy and GC-MS, were explained. 

In Chapter 3, the effects of active species in arc plasma on the crystallinity of 

SWNTs and factors of crystallinity were investigated using OES of arc plasma and 

Raman scattering spectroscopy of SWNTs. The OES was especially focused behaviors of 
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carbon species and used mixture catalytic metals, i.e., Ni and Y. The crystallinity 

decreased with increasing arc current or He pressure. Emission intensity ratios of Ni/C2 

and Y/C2 decreased with increasing arc current or He pressure. These relationships had 

similar tendencies. High Ni/C2 or Y/C2 ratio indicated relatively high density condition of 

atomized and excited catalytic metals. Active atoms reacted with other catalytic metals 

and carbon species to form growth base of SWNTs. Decreasing intensity ratios were 

controlled by increasing evaporation rate of electrode due to increasing arc current or He 

pressure. Higher particles density plasma easily induced collisions of chemical species. 

At that time, too many carbon species covered catalytic metals and became catalytic 

poison. Covering carbons were amorphous carbons. Therefore, increasing content rate of 

amorphous carbons induced as decreasing crystallinity. Highly crystalline SWNTs 

synthesis needs the balance of appropriate amount of evaporation and excited atomic 

catalytic metals. 

In Chapter 4, in-liquid plasma employing various types of alcohols, methanol, 

ethanol, 1-butanol, or 1-hexanol was measured by OES, synthesized nanographene was 

analyzed using Raman scattering spectroscopy, and residual liquids were analyzed using 

GC-MS. Methanol employed for the in-liquid plasma couldn’t synthesize any solid 

products. 1-butanol and 1-hexanol synthesized the larger amount of nanographene 

compared with that of ethanol but the difference between 1-butanol and 1-hexanol was 

small. Crystallinity of synthesized nanographene became low with increasing carbon 

atoms number in unit molecule. OES result showed C2 and Hα emissions as the alcohol 

origin. Residual liquids included various types of substances except for the methanol. 

Ethanol plasma generated substances containing benzene rings. 1-butanol and 1-hexanol 

generated carbon chain and branch structures in addition to benzene rings. From these 
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results, the C2 formation by the plasma was the first step of nanographene formation. In 

the case of ethanol, C2 was easily formed due to ethanol molecular structure. In the case 

of 1-butanol, two C2 can be generated via single β-scission. High synthesis rate on 

1-butanol may be originated from this feature. This chapter suggested the nanographene 

synthesis pathway and singularity of methanol. 

In Chapter 5, n-hexane and benzene were employed as materials for 

nanographene synthesis by the in-liquid plasma. The n-hexane has the similar molecular 

structure to the 1-hexanol. The difference point is with or without a hydroxyl group. 

Basic structure of nanographene consists of the benzene ring. Therefore, benzenes were 

expected to increase the synthesis rate. As the result, these materials could dramatically 

increase the synthesis rate. However, crystallinities significantly became low. From 

GC-MS analysis, larger numbers of types of branched molecules were detected at the 

1-hexanol compared with n-hexane. It was considered that oxygen species enhanced 

formation of short-carbon chain due to the dehydration. Dehydrated molecules induced 

β-scission. Oxygen species have a potential to make crystal structures. 

In Chapter 6, 1-butanol and n-hexane with addition of methanol were employed 

to control of crystallinity of nanographenes. From the result of Chapter 5, oxygen species 

have played important roles to form crystal structures. In addition, from results of chapter 

4, methanol had potential to increase hydroxyl group in liquids. Addition of methanol 

improved the crystallinity with a trade-off relationship to the synthesis rate. In the case of 

1-butanol based liquids, the synthesis rate was decreased but synthesized nanographene 

crystallinity was drastically improved. On the other hand, the changes in n-hexane based 

liquids were moderate compared to 1-butanol. The difference was dependent on the 

liquid molecule. The 1-butanol has hydroxyl group; therefore, it was considered that 
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1-butanol based liquids suddenly increased effects of oxygen species. These results 

suggested that methanol can be used to control the nanographene crystallinity. It was 

noteworthy that the graphene with sub-micrometer grain size was synthesized in the 

methanol and 1-butanol mixed liquid employed in-liquid plasma. Although it was the 

trade-off relationship with the synthesis rate, synthesizing several hundred nanometers 

grain size of graphene was succeeded which was difficult with the conventional in-liquid 

plasma. The added methanol, i.e., the oxygen species played very important roles in 

graphene growth by in-liquid plasma. 

In this thesis, a part of synthesis mechanisms of carbon nanomaterials were 

clarified for the first time by measuring different types of high-density media plasmas 

using OES and analyzing synthesized carbon nanomaterials. This study revealed the 

reactions of the chemical species in the high-density media plasma and opened up a way 

to improve and control the synthesis processes. 

 

7.2 Scopes for future works 

Plasmas for synthesizing carbon nanomaterials were measured and carbon 

nanomaterials were synthesized and analyzed to clarify their synthesis mechanisms. It 

was found that C2 radical was the important precursor to synthesize carbon nanomaterials. 

In the case of the arc plasma for SWNTs synthesis, C2, Ni, and Y abundances are 

important for the synthesizing highly crystalline SWNTs synthesis. In this study, relative 

densities of the chemical species were measured but absolute densities have not been 

measured. In plasma processes, chemical species in plasmas have played important roles 

and their densities determine the most important properties of plasma. In addition, 

measurements of electron densities also provide important information about plasma 
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properties. In order to elucidate the synthesis mechanism of SWNTs completely, it is 

necessary to develop a system that can observe the synthesis reactions in real-time. If 

visualization by electron microscope is possible, it is easy to observe the growth of 

SWNTs. However, arc plasma for SWNTs synthesis is harsh environment for electron 

microscopes and contact type probes. Therefore, for observation, it is desirable to apply 

observation method without contact that does not affect the arc plasma. These 

measurements enable us to clarify behaviors of chemical species and electrons, and their 

interaction. These knowledge will lead to the elucidation of SWNTs synthesis 

mechanism and development of quality control of SWNTs is realized. 

In in-liquid plasma for nanographene synthesis, measurements of chemical 

species are also necessary to clarify the synthesis mechanism. Results of methanol added 

liquids employed for the in-liquid plasma suggested the possibility of achieving the 

growth control of nanographenes using oxygen species. Therefore, the measurement of 

species, especially C2 and oxygen species are considered to be important. As clarified by 

this study, liquids containing carbon may potentially be sources of nanographene. In 

addition, considering the fact that the graphene with sub-nanometer grain size was 

synthesized by the in-liquid plasma employing methanol and 1-butanol mixed liquid, it 

can be expected to be applied to various material synthesis. For example, it is possible to 

simplify a complicated process by dispersing substances to be supported on 

nanographene in a liquid. It is considered that synthesis other than carbon nanomaterials 

is also possible. 

The in-liquid plasma has great potential to be applied to the wide area. Besides 

material synthesis, we can expect unprecedented plasma applications such as the liquid 

treatment, the liquid treatment of substances, the mixed plasma reactions of liquid and 
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gas, and so on. Furthermore, the characterization of in-liquid plasma is necessary to 

establish a science and technologies in the in-liquid plasma processes. 
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