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3.1  

Self-assembly

 

 
 

3.2  

 (Carbon Nanotubes: CNT)

3

CNT

CNT  

 

3.2.1  
 (Arc discharge) Huffman Krätschmer 1990

[1, 2] Huffman Krätschmer

Smalley 2 1 ~ 2 mm

CNT contact arc

 (Fig. 3-1)[3] Smalley

CNT CNT
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CNT  

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 (Single-Walled Carbon Nanotubes: 

SWCNT)  (Multi-Walled Carbon Nanotubes: MWCNT)

CNT

SWCNT

SWCNT

1.2 ~ 1.8 nm [4]

SWCNT  

 

 (Arc Plasma Jet: APJ)

Fig. 3-2 APJ 2 30o

[5]  (He)  (Ni)  (Y)

50 ~ 100 A

SWCNT

SWCNT 50 wt%

APJ SWCNT 80 wt%

SWCNT SWCNT

Fig. 3-1 CNT  

He
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FH-arc FH-arc  (Fe)  (H2)

SWCNT FH-arc  

(Ar)

APJ

SWCNT
[6]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1 ~ 2 mm

MWCNT

[1 - 4]  

MWCNT

4.0 104 ~ 6.7 104 Pa

MWCNT

MWCNT [1 - 4]  

Loutfy

 (Double-Walled Carbon Nanotubes: DWCNT)

DWCNT

Fig. 3-2 AJP CNT  
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DWCNT SWCNT 50 ~ 70 wt%

DWCNT

DWCNT SWCNT

SWCNT DWCNT
[7]  

 

3.2.2  
 (Laser ablation)

1996 CNT
[2]  

Smalley 1200 oC 6.7 104 Pa

50 sccm Neodymium: Yttrium Aluminum Garnet (Nd: YAG)

 (10 Hz)  (Co) 0.6 at.%  (Fig. 3-3)

Smalley 70 wt%

SWCNT [8] SWCNT

 

SWCNT

SWCNT

SWCNT

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ar

(Cu)
Co/Ni (0.6/0.6 at.%)

Nd: YAG

Fig. 3-3 CNT  
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3.2.3  

CNT

 (Catalytic Chemical Vaper Deposition: CCVD)

CCVD 1970

 (Vapor Grown Carbon Fiber: VGCF) Endo

VGCF Endo

 (CNT) [9] Endo CNT  

(Transmission Electron Microscopy: TEM) CNT
[10]  

CCVD CNT

CNT CCVD

 (CH4)  (C2H4)  (C2H2)  (C2H6O)

 (CO)

CCVD

CNT
[11]  

 

 

 (Fig. 3-4)

[12]  

(SiO2)  (MgO)  (Al2O3)

[13, 14]

CNT CNT

CNT [15]

 (NH3)  (C4H4S)  

CNT
[16]

 (Fig. 3-5)
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CNT CNT

CNT  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (Fig. 3-6) CNT

CNT CNT

CNT

CNT
[17, 18]  

CN
T

CN
T

Fig. 3-4 CNT  

Fig. 3-5 CNT  
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 (Fe(C5H5))

 (M(C5H5) M = Fe Co Ni)  (Fe(CO)5)

CNT

[16]

 Fig. 

3-7  

CNT  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-6 CNT  

Fig. 3-7 CNT  
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3.3  

 (Linear Carbon Chains: LCC)

LCC

LCC

 

 

3.3.1  
LCC

 

1.  

2.  

3.  

LCC [19] Kudryavtsev

Ar+ 20 ~ 50 nm
[20] Shimoyama

 (KrF) C C C=C

8 20 LCC [21] Heimann

LCC

LCC [22] Tanuma

[23]  

 

3.3.2  
LCC

 (Poly Tetra 

Fluoro Ethylene: PTFE)  

Akagi

polyyne LCC [24] Udod  (K)
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4 GPa 800 oC
[25]

LCC  ( 1 mm2 1 μm

)  

PTFE

van der Waals

LCC

Jansta PTFE
[26 - 28] 2 3

LCC
[29] polyyne

LCC

cumulene LCC LCC

polyyne cumulene 2

LCC  
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CNT LCC CNT

CCVD

CNT SWCNT

CCVD SWCNT MWCNT
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4.1  

 

(Carbon Nanotubes: CNT)

 (Linear Carbon Chains: LCC) 1

1 CNT
[1, 2]

[3-6] LCC cross-linking
[6]

 

2003 Zhao CNT (Multi-walled Carbon Nanotubes: MWCNT)

LCC CNT (LCC@MWCNT) [7] CNT

LCC LCC

 (Transmission Electron 

Microscopy: TEM) Raman [7-11]

CNT LCC
[12] LCC CNT

LCC@MWCNT

LCC CNT

LCC LCC@MWCNT

CNT LCC  

LCC@MWCNT TEM Raman

LCC@MWCNT LCC CNT CNT
[13] TEM X

 (X-ray Photoelectron Spectroscopy: XPS) Raman

LCC@MWCNT

5 ~ 300 K  
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4.2  

4.2.1 LCC@MWCNT  
 

LCC MWCNT [14]  (

: 10 mm : 4 mm) 170 mm/min. 4000 m cm

 ( : 35 mm) 155 rpm

99.99 % MWCNT

1 mm 100 A  ( : 20 V)

1 L/min.

 ( : 3~5 mm : ca. 175 μm)  (MWCNT)  

MWCNT LCC 2

 (Corrected Electron Optical Systems GmbH )  

(HR-TEM: JEM-2100F )  ( : 80 kV)

TEM TEM

 80 kV LCC Raman Raman

[11, 15] Raman in Via Raman Microscope (Renishaw

) 532 nm T64000 (HORIBA JOBIN YVON ) 633 nm

T64000 5  (488 nm (2.54 eV) 532 nm (2.33 eV)

561.5 nm (2.21 eV) 633 nm (1.96 eV) 785 nm (1.57 eV)) LCC@MWCNT

C-band Raman  

 

4.2.2 LCC@MWCNT  

B2O3 10 

wt% B2O3 1400 ~ 2200 oC

20 oC/min. 30 min.

Sample I.D. Table 4-1  

2  (Corrected Electron Optical Systems GmbH )

 (HR-TEM: JEM-2100F )  ( : 80 

kV) Raman in Via Raman Microscope (Renishaw )
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 (  532 nm)

X  (XPS: Axis-Ultra, Shimadzu-Kratos) /

 

Quantum 

Design  (PPMS) MWCNT

5 mm × 1 mm 30 μm

4 5 ~ 300 K

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table 4-1 Sample I.D. 

Sample I. D. B2O3 (10 wt%) Heat treatment 
temperature (oC)

Pristine

B2O3

-

HT14 1400

HT16 1600

HT18 1800

HT20 2000

HT22 2200

B14

10 wt% B2O3

1400

B16 1600

B18 1800

B20 2000

B22 2200
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4.3  

4.3.1 LCC@MWCNT  
Fig. 4-1 Pristine TEM CNT TEM

n 2 × n

Fig. 4-1 (a), (c) Fig. 4-1 (a)

 (Fig. 4-1 (b)) MWCNT

TEM

Fig. 4-1 (a)

CNT MWCNT

0.32 nm Sawada

CNT [16] Fig. 4-1 (a)

MWCNT

Raman MWCNT LCC TEM

LCC Fig. 4-1 (a) 25 nm Fig. 4-1 (c) 15 nm

LCC - 0.151 

nm [17] LCC 100

 

Fig. 4-1 (d), (e) MWCNT Fig. (a) (c) LCC

1.00 nm Fig. 4-1 (d)

MWCNT

0.6 ~ 0.7 nm

0.3 ~ 0.35 nm

 (0.335 nm)[18]

van der Waals  
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Fig. 4-1 LCC@MWCNT TEM  (a), (c): LCC@MWCNT 

(b): (a)  ( CNT ) 

(d), (e): LCC MWCNT 

0.41 nm 2 nm

(d)

1.00 nm 1 nm

(e)

1 nm

(c)

0.63 nm

1 nm

(a)

0.66 nm

(b)

III
IIIIVVVI

I II III IV V VI
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CNT TEM

CNT [19]

TEM TEM

(5, 5)@(10, 10) LCC CNT (LCC@(5, 5)@(10, 10))

LCC Raman polyyne

C-C  (0.148 nm) C-C  (1.26 nm) [2] Fig. 4-2 (a), 

(c) TEM Fig. 4-2 (e) LCC@MWCNT TEM  (Fig. 4-1 (c)

) Fig. 4-2 (b), (d), (f) Fig. 4-2 

(a) Fig. 4-2 (c)

LCC TEM

Fig. 4-2 (a) CNT

[19] Fig. 4-2 (e) CNT

LCC Fig. 4-2 

(d) Fig. 4-2 (f) Fig. 4-2 (e) LCC

TEM LCC@MWCNT

MWCNT LCC  

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4-2 LCC@MWCNT TEM TEM  

 (a), (b): (5, 5)@(10, 10)  

(c), (d): LCC@(5, 5)@(10, 10)  

(e), (f): LCC@MWCNT TEM  
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Fig. 4-3 LCC@MWCNT Raman  (Elaser = 2.33 eV) Raman

MWCNT D-band G-band G’-band

1850 3670 cm-1 D-band CNT CNT

sp3 G-band CNT

G’-band D-band

1850 

cm-1  (C-band) sp2 CNT

sp2 sp3 G-band

combination mode CNT tangential mode
[8, 20] C-band

LCC [7-11] * 3670 cm-1

C-band [21]  

Fig. 4-3 LCC@MWCNT Raman  

(inset: Lorentzian-Fitting C-band ) 
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10 LCC 2000 cm-1 [22, 23]

Fig. 4-3 C-band 2000 cm-1 150 cm-1

LCC

Raman
[23] TEM MWCNT LCC

100 2000cm-1

Raman LCC

MWCNT LCC polyyne (C10H2)

CNT 60 cm-1 [24]

CNT LCC Raman

LCC CNT CNT LCC
 [7, 24] C-band

LCC MWCNT LCC

 

C-band G-band MWCNT LCC

LCC
[10] Fig. 4-3 Raman C-band G-band 3

LCC Lorentzian-Fitting

1855 1842 1833 1791 cm-1 C-band

LCC

LCC  
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Fig. 4-4 100 ~ 500 cm-1 Raman  (Elaser = 1.96 eV)

CNT Raman 100 ~ 500 cm-1 CNT

Radial Breathing Mode (RBM) RBM CNT

Chirality CNT Chirality

Fig. 4-4 LCC rich place RBM 331 371 cm-1 LCC less 

place RBM CNT CNT

d RBM ωRBM d = 223.75/ωRBM
[25]

CNT van del Waals CNT

CNT RBM 5 ~ 10% [26] MWCNT

RBM 5% [27]

LCC rich place 0.70 0.63 nm

LCC less place RBM LCC rich place RBM

0.6 ~ 0.7 nm CNT LCC

 

Fig. 4-4 LCC rich place LCC less place  

Raman  

Raman frequency (cm-1)
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R-value: 0.16

R-value: 0.70

FWHW(G-band):
40.6
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28.9
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R-value (ID/IG) G-band

R-value G-band [28, 

29] LCC@MWCNT LCC rich place LCC less place R-value

G-band LCC rich place 0.6 nm CNT

CNT Raman G-band

LCC rich place LCC less place G-band

D-band  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-5 C-band C-band 2.21 eV

G-band Raman

Raman

 ( Raman )[29, 30] 2.21 eV C-band

LCC 2.21 eV

LCC L Elaser Elaser ~ L-1

[15, 31] LCC

Al-Backri LCC (polyyne ) 2.16 eV
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Fig. 4-5 C-band  
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[32] C-band 2.21 eV

MWCNT LCC polyyne  

D-band C-band D-band

Raman [33]

D-band 1 eV 53 cm-1

[34, 35] 1 eV 1.58 eV 2.54 eV

D-band 1312 cm-1 1359 cm-1 47 cm-1

1.96 eV 2.21 eV Raman

C-band 1.96 eV 2.21 eV C-band

LCC ( ) C-C

LCC ( ) C-C [15]

Fig. 4-3 Raman MWCNT LCC

 

 

4.3.2 LCC@MWCNT  

Fig. 4-6 HR-TEM

1400 ~ 2200 oC CNT

2000 oC

2000 oC

CNT CNT CNT [36-38]

2000 oC MWCNT

1800 oC 3
[38, 39]

B2O3 MWCNT CNT
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Fig. 4-6 TEM  ( ) 

Fig. 4-7 TEM ( ) 

2 nm
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Table 4-2 XPS

Pristine 0.44 at% MWCNT

Pristine B 1s

Pristine

10 wt%

B2O3

4

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-8 B 1s B 1s

Pristine 1400 ~ 1800 oC  (HT14

HT16 HT18 B14 B16 B18) 190 eV

 (BC2O BCO2)

B2O3
[40] MWCNT

BC2O BCO2  

Sample I.D.
Element composition (at%) Substitutional 

B (at%)C O B
Pristine 95.1 4.48 0.44 -
HT14 98.6 1.11 0.32 0.022 
HT16 99.4 0.29 0.31 0.042 
HT18 99.6 0.17 0.24 0.038 
HT20 99.7 0.11 0.23 0.043 
HT22 99.7 0.10 0.22 0.043 
B14 95.1 4.27 0.64 0.051 
B16 97.1 2.34 0.56 0.159 
B18 98.9 0.56 0.52 0.170 
B20 98.6 0.77 0.62 0.185 
B22 98.4 0.94 0.65 0.203 

Table 4-2  
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 (B2O3 BC2O BCO2) MWCNT

B 1s

186 eV

187 eV

CNT BC3

4

 

Fig. 4-8 B 1s  
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Fig. 4-9 C 1s C 1s sp2

284 eV sp3 285 eV
[41, 42] C 1s 286 eV

B2O3 MWCNT

284 eV sp2

[43]

C 1s

BC3 CNT

 

 

Fig. 4-9 C 1s  
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Fig. 4-10 Raman Pristine HT14 Raman

CNT LCC HT16

C-band Pristine HT14

LCC Raman LCC

HT16 C-band

LCC HT18 C-band

2000 oC C-band C-band

LCC

C-band LCC [44] LCC 3000 oC
[45-49] MWCNT

TEM 2000 oC MWCNT

LCC 0.7 nm MWCNT

LCC 1 cross-linking sp2

 

 

Fig. 4-10 Raman  
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Fig. 4-11 Raman Pristine B14 Raman

CNT LCC

B16 C-band 1800 oC C-band

1800 oC TEM MWCNT

MWCNT

LCC C-band LCC

MWCNT

1800 oC D-band D-band

BC3 B-C C-C

0.5 % D-band [50, 51] G’-band

D-band

1800 oC

C-band

LCC  

Fig. 4-11 Raman  
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Fig. 4-12

W (Reduced Activation Energy)  
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Fig. 4-13 p-value 

Fig. 4-14 5 K  
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W T p-value  (Fig. 4-13)

p-value [52-54] p-value

 (Insulator regime) 0  (Critical regime)

 (Metal regime) p-value p = 1/(1+d) p-value

 (Variable Range Hopping: VRH) d

p = 0.5 0.33 0.25 Efros-Shklovskii Coulomb

 (CG-VRH) Mott 2 3
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Fig. 5-1  
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5.3  

Fig. 5-2 polyyne cumulene  (Density of States: DOS)

 (G0=2e2/h=1/12.9 mS)[33] Fig. 5-2(a) polyyne Eg=2.51 eV

 (EF) 0G0  (Fig. 5-2(b))

cumulene  (Fig. 5-2(c))

2G0  (Fig. 5-2(d))
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Fig. 5-3 Chirality SWCNT

(5,5)SWCNT CNT 1 van Hove 
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& MATERIALS, INC.)  

DWCNT 5 oC 240 000 g

1  (Beckman Coulter, Optima Max-XP) 70%

 (Transmission Electron Microscope: TEM) (JEM-2100F )

 (SolidSpec-3700 Shimadzu)

 (NIR-PL system Shimadzu) Raman  (inVia Raman 
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6.2.2 DWCNT/AC  
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450 W/cm2 1  (VC-750 SONICS & MATERIALS, INC.)
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pH7 10 mg
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DWCNT/AC 5 keV

 (Field Emission-Scanning Electron Microscope: FE-SEM) (JSM-7000F

) 80 keV  (Talos F200X Thermo 

Fisher Scientific) Raman 532 nm

2 0.3-3 kN
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Fig. 6-2 (a,b)

DWCNT

DWCNT

 (Sodium DodecylBenzeneSulfonate: SDBS)

Raman  (Fig. 6-2 (c)) Raman DWCNT

1590 cm-1 G-band 500 cm-1 Radial Breathing Mode (RBM) 2600 cm-1

G’-band [15] Raman

DWCNT [16]

DWCNT SDBS

DWCNT SDBS

DWCNT SDBS 120cm-1  (red shift)

DWCNT  (SDBS )
[17, 18]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

6.3  

- 80 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

600 800 1000 1200
Wavelength (nm)

Ab
so

rb
an

ce
 (A

rb
. u

ni
ts

)

(a)

500 1000 1500 2000 2500 3000

Xanthan gum

Raman frequency (cm-1)

In
te

ns
ity

 (A
rb

. u
ni

t)

(6,4)
(9,1)

(8,3)

(6,5)
(7,5)

RBM

SDBS

→ Red shift
(c)

(b)

550

600

650

700

750

800

Ex
ci

ta
tio

n 
(n

m
)

500
1000 1100 1200 1300

Emission (nm)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Fig. 6-2 DWCNT  

(a) (b)  

(c) SDBS DWCNT Raman  (785nm) 



 
 

6.3  

- 81 - 

 

6.3.2 DWCNT/AC  

DWCNT

DWCNT/AC  (Fig. 6-3)

 

FE-SEM  (Fig. 6-4)  (XG-derived AC)

(Fig. 6-4 (a,b))

DWCNT  (Fig. 6-4 (b)) DWCNT TEM

 (Fig. 6-5) Fig. 6-5 (a)

DWCNT SEM
[19]

Fig. 6-5 (b) DWCNT 3 4 DWCNT

Fig. 6-5 (c) DWCNT

 ( DWCNT )

DWCNT DWCNT

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 cm

Fig. 6-3 DWCNT/AC  

 



 
 

6.3  

- 82 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin bundled
DWCNT

1um

500nm

(b)

(a)

Fig. 6-4 (a, b) DWCNT/AC SEM  

 



 
 

6.3  

- 83 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DWCNT

XG-derived
AC domain

5nm

(c)

20nm

(b)

Isolated
DWCNT

(a)

50nm

Fig. 6-5 (a-c) DWCNT/AC TEM  

 



 
 

6.3  

- 84 - 

 

Raman [15]

DWCNT DWCNT/AC  Fig. 6-6

Raman D- G-band Raman

DWCNT DWCNT/AC 1592cm-1 G-band 1355 cm-1

D-band R value

RBM

DWCNT R value 0.045

0.095 DWCNT

DWCNT DWCNT/AC

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6-6 DWCNT DWCNT/AC Raman

(a) (b)  

100 150 200 250 300

Raman frequency (cm-1)

In
te

ns
ity

(A
rb

. u
ni

t)

1200 1400 1600 1800 2000

DWCNT/AC

DWCNT

1000

XG-derived
AC

R value (ID/IG)

0.095

0.045

0.910

Outer tube

Inner tube

(a) (b)



 
 

6.3  

- 85 - 

[20,21]

DWCNT DWCNT/AC  

(Fig. 6-7) DWCNT 119o

DWCNT/AC

DWCNT/AC

FE-SEM DWCNT/AC

Table 1 2 Fig. 6-8 XPS

Table 1 DWCNT 1.81 at.% DWCNT/AC

4.45 at.% DWCNT

Fig. 6-8 C 1s

248.3 eV C=C 284.6 eV C-C 285.2 eV C-OH 287.0 eV >C=O 289.0 eV -COOH

291.0 eV π-π* transition loss  [22-28] Table 2

DWCNT/AC DWCNT
[29] DWCNT/AC

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DWCNT DWCNT/AC
119o

Sample I.D. C 1s [at.%] O 1s [at.%]

DWCNT/AC 95.55 4.45

DWCNT 98.19 1.81

XG-derived AC 94.01 5.99

Fig. 6-7 DWCNT DWCNT/AC  

Table 1  



 
 

6.3  

- 86 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

296 294 292 290 288 286 284 282 280

Binding Energy (eV)

In
te

ns
ity

 (A
rb

. U
ni

t)

C=C
C-C

C-OH>C=O-COOHπ-π*

DWCNT/AC

DWCNT

Table 2 C 1s  

Fig. 6-8 C 1s  

Sample I.D.
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Transition 

loss
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DWCNT 65.70 16.02 4.861 4.769 8.649
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Fig. 6-11 (d)

 (Fig. 9)
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Table 3
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3 pristine DWCNT EDLC
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Table 3  

Sample I.D.
Pore structure Resistivity

(Ω-cm)b

Capacitance (F/g) c

SBET (m2/g) Vmicro (cm3/g) a 10mV/s 20mV/s 50mV/s 100mV/s

DWCNT/AC 815 0.188 0.028 158.8 157.5 148.4 141.5

XG-derived AC 2324 0.755 0.046 64.1 60.6 54.9 51.2

DWCNT 569 0.110 0.013 35.1 34.5 33.4 33.1
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