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Chapter 1 

General Introduction 

 

 Carbon is the 6
th

 element and a member of group 14 in the periodic table. In general, 

elemental carbon has the nonmetallic property and tetravalent character which is important 

because the four electrons are able to form covalent chemical bonds.
1
 Carbon material can be 

found as various allotropes, which have different structures. In addition, carbon allotropes 

have rich deposits (the fourth abundant element in the universe by mass) and many 

applications with long history.
2–7

 These carbon materials have different physical, chemical, 

electrochemical, catalytic and mechanical properties.
8
 To explore the carbon allotropes, many 

researchers have studied the synthesis method and structural evaluation of them.
9–12

  

Furthermore, synthesized carbon allotropes have potential electrocatalytic activity for 

hydrogen evolution reaction (HER), oxygen reduction reaction (ORR), and oxygen evolution 

reaction (OER). In particular, catalytic activity of carbon allotropes can be enhanced by 

heteroatom-doping such as nitrogen, sulfur, boron, and phosphorus to carbon allotropes.
13–18

 

Therefore, heteroatom-doped carbon allotropes are used as electrochemical catalyst for 

commercial application.
19

  

In this chapter, I introduce the carbon allotropes, their properties, synthesis methods, 

and evaluation methods for the physicochemical understanding of carbon. I will also review 

the principle of ORR and OER for heteroatom-doped carbon catalysts.  
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1.1 Molecular orbital theory for carbon nanomaterial 

 In general, each orbital in single atom is characterized by the principal quantum 

number (n), azimuthal quantum number (l), and the magnetic quantum number (m).
20

 Besides, 

electrons occupy s orbitals, p orbitals, d orbitals, and f orbitals which are orbitals with 

azimuthal quantum number l = 0, 1, 2, and 3.
21

 From the Schrodinger equation and Pauli’s 

exclusion principle, electron energies can be calculated by quantum number. Orbital with n = 

1 can hold one or two electrons, whereas the orbital with n = 2 level can hold up to eight 

electrons in 2s and 2p subshells.
22,23

 The valence bond is formed through the interaction 

between atomic orbitals. For example, carbon can be occupied by two electrons in 1s, two 

electrons in 2s, and two electrons in 2px, 2py, 2pz,. However, it is known that CH2 is unstable 

and cannot exist without reaction, while CH4 can exist as stable form. To form the four bonds, 

the configuration of carbon must have four unpaired electrons. This is effect from sp
3
 hybrid 

orbitals.
24

 Therefore, orbital hybridization of carbon can leads to different bond structures 

such as single bond, double bond, and triple bond, resulting in different carbon allotropes.  

All of these carbon allotropes can be divided into subcategories as zero-dimension 

(nanoparticle), one-dimension (nanowires and nanotubes), two-dimension (layered materials), 

and three-dimension (diamond and graphite) as shown in Fig 1.1. Change of atomic 

coordinates can influence on the inherent properties. 
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Fig 1.1 Schematic image of carbon allotropes 
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1.1.1 Zero-dimensional carbon 

 Zero-dimensional carbon nanomaterials are represented by carbon nanoparticle 

structure such as fullerene, onion-like carbon, nanodiamond, and graphene quantum dots.
25–27

 

Among them, fullerene is well known as zero-dimensional carbon allotrope which is 

composed with hexagonal rings and pentagonal rings with spherical shape.
28

 Population of 

experimentally produced fullerene are rich with C60 spherical molecule and lower numbers of 

magic-numbered clustered carbons (e.g., C70, C76, C82, and C84). In case of the C60 fullerene, 

many researchers have studied on physical, chemical, and electrical properties because of its 

stability. For example, the 
13

C nuclear magnetic resonance (NMR) spectrum of C60 shows a 

single resonance at 143.2 ppm because all of its carbon nuclei are equivalent as shown in Fig 

1.2a.
29

 In addition, optical property of the fullerene is characterized by electronic structure of 

fullerene molecules. In case of UV-Vis absorption spectrum, C60 in hexane shows intense 

band at 213, 257, and 329 nm. On the other hand, C70 in hexane has several intense bands at 

214, 236, 360, 378, and 468 nm as shown in Fig 1.2b. As a result, C60 and C70 have the 

different color in toluene as deep purple and red, respectively. Furthermore, fullerene has 

been used as donor/acceptor based solar cell because of its high electron affinity.
30

 For other 

zero-dimensional carbon allotropes, graphene quantum dots, carbon dots, and nanodiamonds 

are studied on the electrochemical, physical, and photochemical properties.
26,27,31
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1.1.2 One-dimensional carbon 

One-dimensional carbon nanomaterial has the linear carbon structure. Iijima 

and Ichihashi, pioneer of carbon nanomaterial research, synthesized single-walled and multi-

walled carbon nanotubes. This carbon nanotube is also composed from rolled-up graphene 

sheet. The chirality of the single walled carbon nanotubes (SWCNTs) relates to the angle at 

which the graphene sheets roll up, and hence the alignment of the π-orbital as shown in Fig 

1.3. Carbon nanotube can be largely categorized as zigzag, armchair, and chiral structure. 

Dresselhaus et al. described SWNTs in terms of the tube diameter (d) and its chiral angle 

(θ).
32

 The chiral vector (Ch) was defined in terms of the graphene sheet lattice translation 

integer represents (n, m) and the unit vectors (a1, a2), and it is defined as follows:
33

  

𝐶ℎ⃗⃗⃗⃗ = 𝑛𝑎1⃗⃗⃗⃗ + 𝑚𝑎2⃗⃗⃗⃗  

Fig 1.2 (a) 
13

C NMR spectrum of pure C60 in deuterated benzene, C6D6. (b) UV-vis spectra of 

C60 and C70 in hexane. 
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Important factor is chiral integer (n, m) because it can be determinant for metallic or 

semiconducting carbon nanotubes. Metallic nanotubes are achiral and in the armchair 

configuration with indexes (n, n), while chiral (n, m) and achiral zigzag (n, 0) tubes are 

semiconducting unless the vector indexes give a whole number when the calculation (n - m)/3 

is performed. 

The scanning tunnel microscopy (STM) experiments give a direct experimental 

probe of the electronic density of states (DOS) near the Fermi level.
34

 Metallic and semi-

conducting SWCNTs has been also investigated by DOS analysis. Besides, the DOS in the 

Fermi level of all carbon nanotubes can be expressed in terms of a universal function U(E’):  

𝑈(𝐸′) =
2√3

𝜋2
∑ 𝑔(𝐸′, 𝜖′𝑚′)
∞
𝑚′=−∞ , 

where, 𝑔(𝐸′, 𝜖′𝑚′) is universal integer factor, therefore DOS of universal function for 

metallic or semiconducting carbon nanotube can be solved by this universal relationship.
35

  

Fig 1.3 Schematic image of armchair (n, n), zig-zag (n, 0), and chiral (n, m) carbon nanotube 

structure. (n, m) is chiral integer 
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 Fig 1.4a shows DOS analysis of SWCNTs with universal relationship. As a result, 

DOS for the metallic and achiral universal relationship can be reproduced with results of (10, 

10), (14, 5), and (22, 19) SWCNTs, in which is calculated by first-principle calculation for 

“the n1 – n2 = 3q”.  For increasing the diameter of tubes, the band gap decreased to zero as 

property of zero-band gap semi-conductor. In case of the “n1 – n2 ≠ 3q” as represented Fig 

1.4 (b), SWCNT with (16,0), (13,6), and (21,20) chirality shows similar DOS from first-

principle calculation. Simple calculation chiral integer, which is divided with (n - m)/3 

calculation for metallic or semiconducting SWCNTs, corresponds with first-principles DOS 

universal relationship.
36

 

The other one-dimensional carbon nanomaterial has multiple carbon-hydrogen bond. 

Fig 1.5 (a) shows various carbon-hydrogen alloys for diagram of sp
2
 – sp

3
 for carbon orbital 

with amount of hydrogen. Among these hydrogenated carbons, polyacetylene has the 

attractive properties such as high conductivity and thermal stability in Fig 1.5 (b).
37

 In 1977, 

polyacetylene, which is synthesized by Natta et al., has definite advantage on electrical 

application.
38

 An unusual structure of poly acetylene that consists of single bond and double 

Fig 1.4 Comparison of scaled first-principles DOS universal relationship for (a) metallic and 

(b) semiconducting SWCNT with different chiral integer. 
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bond between carbon atoms has a high conductivity by ionic donor-acceptor interaction 

through the doping. In summary, the one-dimensional carbon nanomaterials have various 

electrical properties with the aid of carbon bond. From the viewpoint of electrical property, 

one-dimensional carbon nanomaterial is used as metallic and semiconducting applications.
39

 

 

 

 

 

 

 

 

Fig 1.5 (a) Ternary phase diagram of bonding in amorphous carbon-hydrogen alloys. (b) 

Molecular structure of trans-poly acetylene molecule. 
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1.1.3 Two-dimensional carbon 

Most of two-dimensional carbon nanomaterials have the graphene structure, which is 

composed of hexagonal lattice. This graphene structure is composed of carbon sp
2
 

hybridization which continually connect the single and double bond through π-conjugated 

system. Moreover, the graphene structure has a triangular lattice with a basis of two atoms 

per unit cell. The lattice vector is defined as  

𝑎1⃗⃗⃗⃗ =
𝑎

2
(3, √3), 𝑎2⃗⃗⃗⃗ =

𝑎

2
 (3, −√3) 

where a = 1.42 Å  is distance between carbon to carbon as shown in Fig 1.6 a.  

The reciprocal-lattice vectors are written as  

𝑏1⃗⃗  ⃗ =
2𝜋

3𝑎
(1, √3), 𝑏2⃗⃗⃗⃗ =

2𝜋

3𝑎
 (1, −√3) 

Fig 1.6 (Top) Honeycomb lattice and its Brillouin zone. Left: lattice of graphene (a1 and a2 

are the lattice unit vectors, and δi, i=1, 2, 3 are the nearest-neighbor vectors). Right: 

corresponding Brillouin zone. (Bottom) Electronic dispersion in the honeycomb lattice. 

Left: energy spectrum (in units of t). Right: zoom in of the energy bands close to one of the 

Dirac points. 
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In particular, two points K and K’ are located at corners of Brillouin zone graphene, and 

given as Dirac points by 

𝐾 = (
2𝜋

3𝑎
,
2𝜋

3√3𝑎
) , 𝐾′ = (

2𝜋

3𝑎
, −

2𝜋

3√3𝑎
) 

Fig 1.6 (c) shows full band structure of graphene with t (≈ 2.8 eV) and t
’
 which are the 

nearest-neighbor hopping energy and next nearest-neighbor hopping energy, respectively.
40

 

Close to Dirac point (t
’
 = 0), the electron-hole nature is apparent in density of states per unit 

cell. These conjugation and electron-hole can enhance the electron transfer and charge 

transfer.
41,42

 Besides, graphene has attracted a lot of attention for properties such as charge 

transport. On the basis of the properties, graphene can be used as sensor, transistor, electrode, 

and energy storage device.
43,44

 Recently, graphene dispersion is used as printing material in 

3D printer.
45
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1.1.3 Three-dimensional carbon nanomaterial 

 An example for three-dimensional carbon nanomaterials is diamond and graphite 

structure as shown in Fig 1.7. In 1772, Antoine Lavoisier showed that the combustion product 

of the diamond was only carbon dioxide, therefore diamond consists of only elemental 

carbon.
46

 Later 1797, Smithson Tennant demonstrated that burning of same amount of 

diamond or graphite leads to production of the same amount of carbon dioxide gas, proving 

that diamond and graphite have the equal quantity of elemental carbon, but resulting in 

different structure.
47

 After development of spectroscopy, the structure of diamond was 

elucidated as the tetrahedral sp
3
 structure by X-ray photoelectron spectroscopy.

7
 On the other 

hand, graphite has trigonal planar sp
2
 carbon with p-orbital for π-bonding. The structure of 

graphite consists of strong covalent bond in-plane direction and weak intermolecular force 

out-of-plane direction as shown in Fig 1.7. To synthesize the diamond, many researchers 

adopted the high temperature and high pressure method. Consequently, commercial 

application is possible because of these methods.
9
 Majority of property for diamond is strong 

hardness, so diamond has been used as diamond cutters. In addition, diamond is used as 

electrical insulators.
48

 

Fig 1.7 Schematic illustration of the structure for diamond and graphite. Solid line and dotted 

line are strong covalent bond and weak intermolecular force.  
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1.2 Various synthesis techniques 

Carbon nanomaterials such as graphene, graphitic carbon, SWCNTs, and multi-

walled carbon nanotubes (MWCNTs) can be synthesized by various synthesis methods on 

catalysts. For example, since the report by K.S. Novoselov et al., graphene has been studied 

on its characterization and synthesis technique.
49,50

 Since the Iijima’s study, synthesis for 

helical microtubules of graphitic carbon has been employed with the arc discharge 

evaporation.
51

 Reina et al., reported that graphitic carbon could be synthesized by chemical 

vapor deposition on the metal films.
52

 In case of the polyacetylene synthesis, most of catalyst 

for polymerization reported so far involves Ziegler-Natta catalysts that consist of 

organoaluminum and metallocene complex.
38

 Therefore, many researchers have adopted the 

various synthesis methods. To verify the detail in synthesis methods, next I introduce the 

detailed mechanism, condition, and advantage in this section. 
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1.2.1 Arc discharge synthesis 

 Various techniques of carbon nanotube synthesis have been widely investigated 

aiming for high yield and low energy consumption condition. By the early 1990s, Iijima 

synthesized carbon nanotube by arc discharge process using huge current (~100 A) and Fe 

catalysts as shown in Fig 1.8 (a).
50

 Arc discharge is a method, in which two electrodes are 

placed in a container under helium or argon gas atmosphere.
53

 A high current is passed 

through the circuit closed by an arc between two electrodes. Carbon can be vaporized above 

3000 °C, and product is subsequently deposited on the cathode electrode. Using this method, 

yield is up to 30 % by weight. In addition, length of synthesized nanotubes is about 50 µm 

with few structural defects. According to Iijima’s research, product is obtained as SWCNTs 

and MWCNTs as shown in Fig 1.8 (b). However, selective synthesis such as only SWCNTs 

or MWCNTs is still difficult for arc discharge system. 

Fig 1.8 (a) Schematic illustration of arc discharge system. Electron micrographs of (b) 

SWCNT with diameter 6.7 nm, (c) double walled carbon nanotube with diameter 5.5 nm, and 

(d) seventh walled carbon nanotube with diameter 6.5 nm using arc discharge synthesis. 
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1.2.2 Laser ablation synthesis 

To increase the yield for pure SWCNTs, Guo et al. synthesized the SWCNTs by a 

laser impinging on a metal-graphite composite target to induce vaporization of mixture of 

carbon and transition metals (Fig 1.9).
6
 In laser ablation, a pulsed laser vaporizes a graphite 

target in a high-temperature reactor (above 1200 °C) while an inert gas is bled into the 

chamber. Nanotubes are grown on the cooler surfaces of the reactor as the vaporized carbon 

condenses. Fig 1.9 (b-e) is TEM images of Co/Ni-catalyzed nanotube material deposited on 

the cold copper collector with high-yield. SWCNTs were typically found bundle formation, in 

which many tubes found together in van der Waals contact over most of their length. This 

bundle formation requires very high density of SWCNTs in the gas phase to have collided 

and aligned prior to landing on the cold collector. Besides, very little carbon particle is 

available for coating the SWCNTs before this alignment. The laser ablation method yields 

around 70% and produces primarily single-walled carbon nanotubes with a controllable 

diameter determined by the reaction temperature. However, instrument of laser ablation is 

more expensive than arc discharge system.
54

 

Fig 1.9 (a) Schematic illustration of laser ablation. Transmission electron micrograph (TEM) 

of SWCNT at (b) medium magnification view and (c-e) high magnification view 
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1.2.3 Chemical vapor deposition (CVD) 

To improve synthetic techniques toward the high quality of carbon nanomaterial, 

Zhao et al. adopted the graphene synthesis by chemical vapor deposition using ethanol as 

carbon precursor.
55

 The CVD of various hydrocarbon gases on transition metal catalysts is 

successful for obtaining graphene and carbon nanotube.
56

 During the synthesis (Fig 1.10 (a)), 

ethanol precursor decomposes into different products as carbon suppliers at high temperature 

of 1000 °C. And then, activated species of carbon is chemically adsorbed on the copper 

surface. Because the activation energy of surface diffusion of carbon on copper is low (~ 0.06 

eV), activated species of carbon is easily diffuse and aggregate on the active surface of 

copper to provide nucleated carbon island. Finally, crystal growth of graphene over nucleated 

carbon island by supplied carbon source resulted in formation of graphene. Fig 1.10 (b) 

shows the scanning electron microscope (SEM) image of graphene on the copper surface 

after 10 min growth from ethanol. As a result, domain boundaries of graphene are formed on 

copper. In addition, Raman spectra of graphene show the D band, G band, and 2D band, 

Fig 1.10 (a) Schematic of the initial state of the growth of graphene on copper from ethanol. 

(b) Scanning electron microscopy (SEM) image of graphene on the copper after 10 min of 

growth from ethanol. (c) Optical micrograph and (d) Raman spectra of graphene at different 

position. 
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which originates the graphene structure in Fig 1.10 (c and d). I explain the detail D band, G 

band, and 2D band of Raman spectroscopy next section (Section 1.3.2). 

Carbon synthesis can be controlled by transition metal catalysts such as Ni, Co, and 

Fe, that is advantage of the CVD technique. In terms of activation energy for growth of 

SWCNTs and carbon nanofibers (CNFs), Hofmann et al. reported temperature-dependency 

on SWCNTs growth as shown in Fig 1.11.
57

 In the 250-500 °C range, the growth rates are 

very similar with Ni and Co catalyst, whereas it is lower with Fe catalyst. Nevertheless, it is 

clear that activation energy is always below 0.4 eV. For the fundamental processes, CNT or 

CNFs is grown on a metal particle as followed; (1) adsorption of gas precursor molecule on 

catalyst surface, (2) dissociation of precursor molecule, (3) diffusion of the growth species, 

and (4) nucleation and incorporation of carbon into growing structure. The barrier for C2H4 or 

CH4 dissociation on the catalyst interface exceeds 0.9 eV on Ni (111) planes or edges. 

Therefore, the activation energy for thermal growth must be at least as high as the barrier for 

gas decomposition. 

Fig 1.11 Arrhenius plots for carbon nanofiber growth rates on different catalysts in NH3 

diluted C2H2. The activation energies are calculated from the slope of the linear fit to the 

data. The dotted line is the growth rate variation for Ni thermal CVD. 
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General CVD methods suffer from the production of impurities which potentially 

damage the nanotubes. Therefore, impurities must be removed in purifications steps by weak 

oxidizer. Dispersion of SWCNTs in dispersion for further processing also presents challenges 

because the smooth-sided tubes readily aggregate and form parallel bundles or ropes as a 

result of van der Waals interactions. To solve this problem, Hata et al. demonstrated the 

addition of a controlled amount of water vapor in the growth atmosphere because of 

preserving the catalysts, resulting in enhancement of activity and lifetime for catalysts.
58

 Fig 

1.12 shows SWCNTs forest grown with water-assisted CVD. Synthesized SWCNTs have 2.5 

mm height in a 10 min growth time. The production efficiency is about 100 times higher than 

for the laser ablation method. In case of the SEM image (Fig 1.12 (c)), nanotubes are densely 

packed and vertically aligned from the substrate. In addition, TEM images of nanotubes show 

the presence of thin nanotubes and the absence of metallic particles as shown in Fig 1.12 (d) 

and (e). Water-assisted CVD is possible for large-scale synthesis of SWCNTs. 

Fig 1.12 (a) Photograph of a 2.5 mm-tall SWCNTs forest. (b) SEM image of the same 

SWCNTs forest. (c) SEM image of the SWCNTs forest ledge. (d) low- and (e) high-resolution 

TEM image. 
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 To evaluate the growth process, Yoshida et al. showed in-situ environmental 

transmission electron microscopy (ETEM) observation of the nucleation and continuous 

growth of SWCNTs in Fe-catalyzed CVD.
59

 As a result, carbon nanotubes are grown from 

nanoparticle catalysts (NPCs) of fluctuating crystalline iron carbide (FeCx) as represented in 

Fig 1.13. Before the nucleation of SWCNT, a NPC exhibits different facets every frame (t = 

8.05 and 16.45 s), as shown in Fig 1.13 (a). And then, carbon cage is formed on NPC at t = 

29.05s. After incubation period, the stable dome or nucleus of a SWCNT appears at t = 35.35 

s. After nucleation, SWCNT is gradually grown after t = 38.5 s. In case of the snapshot of a 

NPC with a carbon dome, carbon is grown up on the lattice site of a NPC in Fig 1.13 (b). 

Structural control of SWCNT is possible by preparing NPCs with the proper structures on 

substrates.  

Fig 1.13 Nucleation and growth process of a SWCNT from a nanoparticle catalyst (NPC) on 

a substrate. (a) Structural fluctuation of both carbon caps. (b) A snapshot of a NPC with 

carbon dome 
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1.2.4 Electrochemical deposition 

Electrochemical deposition is a process that requires electric current to reduce 

dissolved cations in the electrolyte, and then deposited material can be coated on the working 

electrode in the electrolyte as represented in Fig 1.14.
60

 Recently according to published 

reports by Shawky et al., demonstrated electrochemical deposition of SWCNT from acetic 

acid in aqueous electrolyte solution over Ni nanocatalysts supported by Au surface at room 

temperature.
61

 This system has the attractive features such as relatively inert reaction 

conditions than CVD, uniform and compact deposition on the template-based structure, and 

faster deposition rate than thermal deposition.  

 Namba et al. reported that diamond phase film was fabricated by electrochemical 

deposition from ethanol at -1.2 kV for 70 °C on the Si substrate. As a result, diamond powder 

was deposited about 0.12 μm thickness on the Si substrate for 12 h.
62

 To reduce the applying 

voltage and requiring time, Gupta et al. reported that diamond like carbon synthesis by 

electrochemical deposition using acetic acid and H2O at 3 V for 85 °C and 30 min.
63

 

Especially, to enhance the activity of electron field emission, nitrogen- and sulfur-doped 

diamond like carbon could be synthesized by electrochemical reduction of urea as nitrogen 

precursor and carbon disulfide as sulfur precursor at 1 kV for 75 °C and 30 min on the Si 

substrate.
64

 Ling et al. synthesized the iron- and cobalt-doped diamond like carbon film by 

electrochemical deposition on the Si substrate from Fe(II) acetylacetonate and Co(II) 

acetylacetonate as iron and cobalt precursor, respectively (synthesis condition is 1 kV, 75 °C, 

and 40 min).
65

 In consideration of these results, electrochemical deposition is widely used as 

sensitive and selective synthesis method for many cations in electrolyte on the catalyst. 
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1.3 Characterization method 

Fig 1.14 (a) Schematic image of experimental setup for electrochemical deposition and (b) 

bias/current waveforms generated for deposition. (c) Raman spectra of HOPG, commercial 

SWCNT, DLC film, bare Au surface, and over Au supporting Ni nanoparticles deposited for 

5, 10, and 100 ms. 
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1.3.1 Raman spectroscopy 

 Raman spectroscopy is vibrational spectroscopy based on the inelastic scattering of 

laser through the interaction with matter that provides the information about identification of 

molecular species as shown in Fig 1.15.
66

 The difference in energy (or wavelength) of the 

scattered light from a material originates in characteristic of a particular bond in its molecular 

structure. In other words, to evaluate the binding energy, relationship is followed as; 

νlaser – νscattered = νRaman 

The binding energy of molecules from this Raman binding energy can be evaluated by 

experimental factor. Therefore, the unique various energy shifts associated with different 

molecular vibrations leads to a Raman spectrum.
67

 

Fig 1.15 (a) E1 excite electronic state for Rayleigh scattering, strokes, and anti-strokes Raman 

scattering. (b) Schematic image for process involved in collecting Raman spectra. 
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1.3.2 Raman spectra for carbon allotropes 

 Due to the different binding energy of phonon modes in carbon allotropes, Raman 

spectroscopy also can be verified their structures. Especially, G band, D band, and 2D band, 

are important diagnostic feature in Raman spectrum for carbon allotropes as shown in Fig 

1.15.
68

 At first, G band is well known Raman mode in single crystalline graphene of six-

membered carbon stretching mode, which corresponds to the in-plane, zone center, doubly 

degenerate phonon mode with E2g symmetry. This G band has a single peak at 1580 cm
-1

 

arising from tangential mode.
69

 Next, D band is sp
2
 disordered graphene at around 1350 cm

-1
. 

This D band originates from the defect site and edge site of graphene structure. D band and 

2D band come from second-order double resonant process between nonequivalent K points in 

the Brillouin zone of graphene. Especially, SWCNTs have the radial breathing mode (RBM) 

from 100 to 350 cm
-1

. In the RBM of Fig 1.15 bottom, its frequency vRBM depends on the 

nanotube diameter. MWCNTs do not have RBM peaks because RBM is interrupted by multi-

wall. Therefore, SWCNTs should be appeared to RBM peaks.
70

 

Fig 1.16 (a) Raman spectra for metallic and semiconducting SWCNTs. Bond structures of (b) 

RBM, (c) G band, and (d) D band. 
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1.3.3 Atomic force microscopy (AFM) 

 Atomic force microscopy (AFM) is microscope for sample surface using physical 

probe of tip and cantilever. When the tip and cantilever are tapped by roughness of sample 

during measuring process, laser can detect the vibration of tip, and then sample image is 

mapped via position-sensitive detector (PSD) as represented in Fig 1.17.
71

 Forces between the 

tip and the sample lead to a deflection of the cantilever according to Hooke’s law. Imaging 

modes have the 3 modes such as contact mode, tapping mode, and non-contact mode. The 

contact mode is dragged across the sample surface. Tapping mode is used to evaluate the 

close to the sample. Non-contact mode is that the tip of the cantilever does not contact the 

sample surface, and it just measured the van der Waals forces from 1 to 10 nm.
72

  

 

 

Fig 1.17 Schematic image of AFM measurement. 
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1.3.4 Specific surface area analysis 

Pore size is important factor from viewpoint of specific surface area. In general, pore 

size distribution can be classified to micro-porous(< 2 nm), meso-porous (2~50 nm), and 

macro-porous (> 50 nm) distribution as shown in Fig 1.18 (a). Pore size distribution analysis 

is conducted by gas adsorption and desorption measurement at low temperature. For example, 

nitrogen gas can strongly adsorb on the porous solid surface until the formation of monolayer. 

And then, after the saturation of monolayer, nitrogen gas is weakly adsorbed on the nitrogen 

monolayer because interaction between nitrogen and nitrogen is weaker than nitrogen to solid 

surface as shown in Fig 1.18 (b). Therefore, specific surface area, which is total surface area 

of material per unit of mass, can be evaluated by using this principle.
73

  

 The micro porous size and distributions are evaluated by BET (Brunauer–Emmett–

Teller method).
74

 BET method assumes that molecules of multi-layer are gained by infinitely 

overlapping adsorption on the molecule of mono-layer, and intermolecular interaction is 

absence. A BET equation follows as; 

1

𝑣[(
𝑃0
𝑃 ) − 1]

=
𝐶 − 1

𝑣𝑚𝐶
(
𝑃

𝑃0
) +

1

𝑣𝑚𝐶
 

where, p and p0 are equilibrium and the saturation pressure of adsorbates at the temperature 

of adsorption, v is the adsorbed gas quantity, vm is the monolayer adsorbed gas quantity and C 

is the BET constant.  

In the range of 0.05 < p/p0< 0.35 (micro porous region), adsorption isotherm can be 

plotted as a straight line in Fig 1.18 (c). The slope A and the y-intercept I of the line are used 

to calculate the vm and C as following;  
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𝑣𝑚 =
1

   
 , 𝑐 = 1 +

 

 
 ,  

Finally, total surface area (Stotoal) and specific surface area (SBET) is evaluated by  

      =
    

 
,     =

      

 
 ,  

where N is Avogadro’s number, V the molar volume of the adsorbate gas 

 

 

 

 

 

 

Fig 1.18 (a) Adsorption-desorption isotherm of porous structure at low temperature. (b) 

Schematic illustration of the adsorption of gas (c) BET plots of adsorption-desorption 

isotherm. 
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1.3.5 X-ray photoelectron spectroscopy (XPS) 

 XPS is a surface characterization technique that can be used for the surface chemistry 

of material in vacuum. Because the specific energy of X-ray source is known with particular 

wavelength (for Al Kα X-rays, Ephoton = 1486.7 eV) and the emitted electrons' kinetic energies 

can be measured, the electron binding energy of each of the emitted electrons can be 

determined by using an equation as shown in Fig 1.19;
69

 

𝐸       = 𝐸 ℎ    − (𝐸       +   ) 

where 𝐸        is the binding energy (BE) of the electron, 𝐸 ℎ     is the energy of the X-

ray photons being incident light, 𝐸        is the kinetic energy of the electron as measured by 

the instrument, and   is the work function dependent on both the spectrometer and the 

material. This equation is essentially a conservation of energy equation. The work function 

term   is an adjustable instrumental correction factor that accounts for the few eV of kinetic 

energy given up by the photoelectron as it becomes absorbed by the instrument's detector.
75

  

Fig 1.19 Basic components of a monochromatic XPS system. 
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1.4 Electrocatalysts for carbon based material 

1.4.1 Oxygen reduction reaction (ORR) 

Electrochemical catalyst is used as many applications for electrochemical conversion 

system. Among these applications, polymer electrolyte membrane fuel cell has come into 

spotlight to convert the chemical energy stored in hydrogen fuel to electrical energy with 

water. In this system, oxygen reduction reaction (ORR) occurs on cathode electrode as shown 

in Fig 1.20 (a) and (b).
76

 In the ORR, electrocatalysis proceed with two pathways such as 

two-electron reaction and four-electron reaction, and following the reaction formula.
77,78

  

<Acidic aqueous solution> 

O2 + 4 H
+

 + 4 e
-
  2 H2O, E

0
 = 1.229 V (vs. NHE) 

O2 + 2 H
+
 + 2 e

-
  H2O2, E

0
 = 0.67 V (vs. NHE) 

<Alkaline aqueous solution> 

O2 + 2 H2O + 4 e
-
  4 OH

-
, E

0
 = 0.401 V (vs. NHE) 

O2 + H2O + 2 e
-
  HO2

-
 + OH

-
, E

0
 = - 0.065 V (vs. NHE) 

Fig 1.20 Schematic image of the fuel cell in the (a) acid and (b) alkaline electrolyte. (c) 

Oxygen reduction reaction on the rotation ring disk electrode. 
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Two-electron reaction produces the hydrogen peroxide, it is tremendous oxidizing agent. This 

hydrogen peroxide can potentially oxidize cathode easily. Therefore, four-electron reaction is 

important factor for ORR process. For example, reaction electron number of commercial Pt/C 

catalysts is near to 3.9 in acidic aqueous solution, while reaction electron number of 

commercial carbon nanotube is relatively decreased ranging from 3.0 to 3.5.
79,80

  

In general, mass transfer occurs accompanying with the electrode reaction, and then 

charge polarization appeared on the electric double layer because electrode has the negative 

charge. As a result, mass transfer limitation is caused by this polarization as shown in Fig 

1.20 (c). Therefore, to minimize the double layer charging, rotation disk electrode is adopted 

for convection system. In addition, ring electrode provides the steady-state method for 

investigating coupled chemical reaction. Most of rotation ring electrode is platinum, and 

collects the current density for evolved hydrogen peroxide during ORR process. And then, 

reaction electron number is estimated by collection efficiency for disk electrode per ring and 

disk electrode.
69

  

In general, Pt-based catalyst has been used as cathode electrode of fuel cell for ORR 

activity due to its high efficiency.
81

 However, large-scale commercial production of this metal 

has been restricted by its prohibitive cost, limited supply, and weak durability. To improve 

the problem, nitrogen-doped carbon (N-doped carbon) materials are generally accepted as a 

potential substitute for Pt to reduce the cost, enhance the stability of ORR electrocatalysts, 

and then promote the commercialization of fuel cell technology.
81

 Many researchers have 

studied on theoretical and experimental ORR activity for N-doped carbon structure.
82,83

 In 

particular, ORR activity is changed by N-doped carbon structure such as pyridinic or 

graphitic N. Yu et al. reported nitrogen doped graphene for ORR mechanism using 

calculation of density functional theory. ORR mechanism in alkaline solution presents two 
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different mechanisms such as an associative mechanism (i) and a dissociative mechanism (ii). 

(i) Associative mechanism, which can be described as follows:  

 2 +      2 (   ) (1) 

 2 (   ) +  2 +  
−      (   ) +   

− (2) 

   (   ) +  
−   (   ) +   

−  (3) 

 (   ) +  2 +  
−    (   ) +   

−  (4) 

  (   ) +  
−    − +    (5) 

where   denotes a free site on the surface. Alternatively, instead of reaction (3),    (   ) 

desorbs from surface, 

   (   ) +  
−     −  (6) 

(ii) Dissociative mechanism, in which the first step is the following: 

1

2
 2 +     (   )  (7) 

followed by steps (4) and (5). 

To evaluate the two energy profiles for different nitrogen-doped graphene structure, 

Fig 1.21 shows free energy diagram of ORR on nitrogen-doped graphene through associative 

and dissociative mechanism. There are different model structure between S1 and S2: in case 

of the S1, the nitrogen atoms are separated by two carbon atoms, whereas the nitrogen atoms 

in S2 structure are separated by three carbon atoms. Adsorption site is carbon atom closest to 

nitrogen atom. As a result, the dissociation barrier of O2 on these two surfaces is too high, 

resulting associative mechanism is favored. In case of the associative mechanism, the 
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removal of  (   ) exhibits the highest barrier i.e. rate-limiting step. Therefore, ORR on 

nitrogen-doped graphene follows the associative mechanism in alkaline solution and the 

reaction rate is limited by the  (   ) removal from the surface. Besides, S2 has the lower 

activation barrier than S1 structure. It is to say that the local concentration of nitrogen atoms 

on S1 is higher than that on S2, resulting in relatively low ORR activity. Therefore, ORR 

activity is changed by different form of nitrogen and carbon structure.  

 

Fig 1.21 Illustration of nitrogen doped graphene structure. N atoms are separated by two C 

atoms (a, S1) and three C atoms (b, S2). The grey and blue spheres represent C and N atoms, 

respectively. (c) The free energy diagram for O2 reduction on S1 and S2 under the condition 

of 0.04 V and pH = 14. The black line and blue line are intermediates and reaction barrier of 

associative and dissociative mechanism. The red line indicates the formation of OOH
-
.  
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1.4.2 Oxygen evolution reaction (OER) 

Electrochemical water splitting system has come into spotlight to produce the 

hydrogen fuel due to pollution-free and abundant in reactant.
84

 In this system, hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER) can occur on the cathode and 

anode electrode at the same time as shown in Fig 1.22. According to different media of 

electrolyte, mechanism of HER and OER can be expressed in different ways;
85

  

(Total reaction) 2 H2O  2 H2 + O2 

In acidic solution 

(Cathode) 2 H
+
 + 2 e

-
  H2 

(Anode) 2 H2O  4 H
+
 + O2 + 4 e

-
 

In neutral and alkaline solution 

(Cathode) 2 H2O + 2 e
-
  H2 + 2 OH

-
 

(Anode) 4 OH
-
  2 H2O + O2 + 4 e

-
 

Fig 1.22 Schematic image of electrochemical water splitting system.  
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On the basis of the thermodynamic study, electrochemical potential for water 

oxidation is 1.229 V at 25 °C and 1 atm. In particular, OER has the high overpotential 

because of its higher-number electron reaction. As a result, electrochemical water splitting 

depends on the OER activity. Therefore, many researchers have studied the reaction 

mechanism and catalyst for OER.  

In general, the majority of catalysts for OER have the noble metal-based oxide such 

as ruthenium oxide (RuO2) and iridium oxide due to its inherent activity.
86

 However, it has 

the commercial limitation because of its high cost and low reserves. To improve the problem, 

heterogeneous dope porous carbon has been studied to enhance the OER reaction due to its 

high surface area, and electron conductivity.
87

 Dai et al. reported that nitrogen (N) and 

posphorous (P) co-doped mesoporous carbon(NPMC) can be synthesized by template-free 

pyrolysis process as shown in Fig 1.23 (a). As a result, NPMC has the higher surface area 

than values of previous reported heteroatom doped carbon catalysts. Especially, synthesized 

NPMC has higher OER activity than Pt/C, and lower overptential of OER than RuO2 (Fig 

1.23 (b)). Besides, lots of graphitic N and P can induce the OER activity because its high 

electron transfer activity. For density fucctional theory calculation, schematic energy profile 

on N and P co-doped graphene shows in Fig 1.23 (c). All potentials are reported versus the 

Ag/AgCl. In case of the electrode potential of 0 V, reaction step of the OER is uphill. 

However, when the electrode potential increases to 0.797 V (0.395 V in overpotential), all the 

elementary reaction steps become downhill and OER occurs spontanerously over 0.797 V. 

These results show that the OER is facillitated overall by the N and P co-doped graphene 

because overpotential of the OER is reduced by N and P co-doping. 
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1.5 Aim of this study 

 Purpose of this thesis to study the synthesis of carbon nanomaterials and their 

electrocatalytic applications. First, synthesis of carbon nanomaterials by electrochemical 

Fig 1.23 (a) Schematic illustration of the preparation process for the N and P co-doped 

porous carbon (NPMC). (b) Linear sweep voltammograms for NPMCs, Pt/C, and RuO2. (c) 

Schematic energy profile for the OER pathway on N and P co-doped graphene in alkaline 

media. 
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deposition, and CVD, and pyrolysis method were studied. Different synthesis methods have 

different advantage. For example, electrochemical deposition has advantage of room 

temperature and low energy condition, whereas CVD method has advantage of large scale 

synthesis. Pyrolysis method can selectively synthesize the heteroatom doping. Second, 

electrochemical analysis for synthesized carbon nanomaterial. According to related research 

shown in chapter 1.4.1 and 1.4.2, heteroatom doped carbon nanomaterial has electrochemical 

activity such as ORR and OER. Therefore, I synthesized various heteroatom doped carbon 

nanomaterials and characterized the ORR and OER activity. Finally, I discussed the synthesis 

mechanism and electrochemical reaction mechanism.  

 Chapter 2 describes selective synthesis of carbon nanomaterials such as graphitic 

carbon or trans-poly acetylene by electrochemical deposition using hydrophobic ionic liquid. 

Chapter 3 describes vertically aligned CNT (VA-CNT) by water-assisted CVD using carbon 

sources such as ethylene and hexane, and nitrogen-doped VA-CNT by pyrolysis process, as 

well as characterization of ORR activity. Chapter 4 describes synthesis and characterization 

of the fluorine doped carbon black using Nafion with Ketjen black for OER catalyst. 

Furthermore, I discussed relationship between catalytic activity and carbon to fluorine bond.  

 The result of this study will offer high potential for synthesis of various carbon 

nanomaterials and application for electrochemical catalyst using heteroatom doped carbon 

nanomaterials. Finally, this result will provide electrocatalytic application through the control 

of bond structure.  
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Chapter 2 

Selective syntheses of graphitic carbon and polyacetylene by 

electrochemical deposition 

 

2.1 Introduction 

Conjugated carbon nanomaterials have been widely studied in various fields owing 

to their unique physical, electrical, thermal, electrochemical, and mechanical properties. 

Many researchers have adopted various techniques in Section 1.2. Among them, 

electrochemical deposition has come into spotlight due to its low-cost, easy-process and room 

temperature synthesis. Recently, single wall carbon nanotubes (SWCNTs) was synthesized by 

electrochemical deposition from acetic acid on Ni nanocatalysts supported by Au.
1
 This 

room-temperature electrochemical process is a promising technique for future applications 

because it is a simple process compared with the conventional methods. However, the process 

μm
2
) due to the low 

efficiency of the acetic acid reduction reaction, despite the very unique characteristics that 

enable control of selective C-C bond formation by the size of the metal nanoparticle catalysts 

on the Au electrode.  

Halogenated carbon molecules have high electrochemical decomposition 

characteristics and have been used as carbon sources for the synthesis of various carbon 

materials.
2,3

 For example, Herrick and et al. reported that carbonaceous fibers can be 

synthesized in high yield by the galvanostatic deposition of CCl4 in acetonitrile onto a metal 
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substrate at room temperature.
4
 The reduction of other halogenated carbon molecules, such as 

poly(tetrafluoroethylene), hexachlorobuta-1,3-diene and diiodoacetylene, has also resulted in 

the production of graphitic carbon films.
5,6

 Further analyses indicated that the carbonization 

process was highly sensitive to the presence of protons in the solvent. In the aprotic solvent, 

C–C bond formation is dominated by carbon radical reactions, while in protic solvent, 

carbon–hydrogen (C–H) bond formation is preferential by protonation of the carbon 

radicals.
7,8

 On the basis of the previous results, protic solvent is critical factor for carbon 

nanomaterial synthesis and growth. Yan et al. reported that hydrogenated diamond-like 

carbon film which consists of alkane chain can be polymerized by electrochemical deposition 

from methanol decomposition on the Si substrate.
9,10

 However, this method suffers from high 

voltage condition with 800 V of methanol decomposition. Previous work demonstrates that 

the growth of amorphous carbon (a-C:H) films can be obviously promoted by introducing a 

large quantity of deionized water.
11

 Meanwhile, acetic acid
12

 or formic acid
13

 has been used 

as carbon source for preparation of carbon film under a low voltage below 20 V, indicating 

that high voltage is not an essential condition for a-C:H film deposition. However, this 

condition was suffered from relatively higher temperature about 80 °C. 

From consideration of these results, electrochemical reduction of halogenated carbon 

molecules was employed in this present chapter to achieve high yield relative to previous 

Shawky’s study,
1
 and control of the C–C bond formation during synthesis. Hydrophobic ionic 

liquid was used as an electrolyte because it possesses a wide electrochemical window but can 

be also used for the controlling the amount of H2O as proton source, that was difficult for 

organic solvent. In this study, I adopted the halogenated carbon source such as CCl4 and CBr4 

as carbon precursor, and the effect of H2O addition as a proton source was investigated for 

selective carbon growth by electrochemical deposition method. 
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2.2 Experimental methods 

A three-electrode cell was used for the electrochemical deposition system. Carbon 

tetrachloride (99.5%, Wako Chemical) and carbon tetrabromide (99.0 %, TCI) were used as 

the carbon source. N,N,N-trimethyl-N-propylammonium bis(trifluromethane)sulfonimide 

(TMPA-TFSI, Kanto Chemical) was used as the electrolyte, and their molecular structures are 

shown in Fig 2.1. This ionic liquid has negligible vapor pressure and high temperature 

stability; therefore, the dehydrated ionic liquid can be easily prepared by heat treatment at 

120 °C for 24 h in a vacuum oven (ca. 10 kPa). The reference electrode was a Ag/Ag
+
 

electrode in 0.05 M Ag(SO3CF3) (99.5% Wako Chemicals) in TMPA-TFSI. 0.1 mm-thick Pt 

and Ni foils were used as the counter and working electrodes, respectively. Ni foil was 

ultrasonicated in ethanol for 10 min, and the Pt foils and electrochemical cell were cleaned in 

piranha solution (H2SO4 : H2O2 = 3 : 1) for 1 h and then rinsed with excess deionized H2O. 

All electrodes and the cell were stored in a vacuum oven for 1 day at 120 °C to eliminate all 

trace amounts of H2O. To prevent exposure to H2O, setup of the cell and electrochemical 

deposition were conducted inside a glove bag under nitrogen gas flow at room temperature. A 

potentiostat (Hokuto Denko, HSV-110) was used for the electrochemical system. Ar or N2 

gases were bubbled from the inlet to remove oxygen from the electrolyte, and carbon was 

electrochemically deposited at -2.5 V for polarization time of from 1 to 30 min. Prior to 

characterization, the as-deposited samples were rinsed with acetone and deionized H2O 

(MILLIPORE Milli-Q, resistance: 18.2 MΩ cm) to eliminate the ionic liquid. The influence 

of a proton source on carbonization was investigated by the addition of 0.1 M deionized H2O 

in TMPA-TFSI. Raman spectroscopy (Thermo Scientific, DXR, laser wavelength: 532 nm) 

and atomic force microscopy (AFM; Nanoscope IIIa, Veeco) in tapping mode were used to 

analyze the deposited carbon material.  
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2.3 Results and discussion 

2.3.1 Graphitic carbon synthesis by electrochemical deposition 

Cyclic voltammogram (CV) was performed for TMPA-TFSI (ionic liquid, IL), 0.1 M 

CCl4 in IL, and 0.1 M CBr4 in IL to verify electrochemical characteristics as shown in Fig 2.2 

(a). In case of the IL (black lines), reduction currents were observed at onset potential of -2.7 

V and leading to -0.15 mA cm
-2

 at -3.0 V. In contrast, the reduction currents for solutions of 

IL containing CCl4 (red line) and CBr4 (blue line) were reduced at onset potential of -2.2 V, 

and -1.6 V, respectively. The higher reduction onset potential observed in CCl4 than CBr4 

indicates that C-Cl bond is stronger than C-Br bond.
14

 In addition, peak of reduction current 

for CCl4 in IL, and CBr4 in IL were reached -0.25 mA cm
-2

 and -0.30 mA cm
-2

 at -3.0 V, 

respectively. Reduction of halogenated carbon such as CCl4 and CBr4 is possible by 

electrochemical method. Electrochemical deposition was conducted using 

Fig 2.1 Molecular structure of carbon tetrachloride (CCl4), carbon tetrabromide (CBr4), and 

N,N,N-trimethyl-N-propylammonium bis(trifluromethane)sulfonimide (TMPA-TFSI) ionic 

liquid as electrolyte. 
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chronoamperometry for evaluation of the deposited material and state. Under constant 

potential of -2.5 V for 30 min on the Ni substrate as represented in Fig 2.2 (b) black lines, the 

cathodic current density of ionic liquid immediately decreased after the potential step and 

then quickly dropped to -3 µA cm
-2

. In contrast, the current densities for both ionic liquid 

with CCl4 (red line) and CBr4 (blue line) are continued to flow until the end of the deposition, 

which suggests that the reduction reaction proceeds on the surface during negative 

polarization.  

 

 

 

Fig 2.2 (a) Cyclic voltammogram and (b) chronoamperometry of IL (black), CCl4 + IL (red 

line), and CBr4 + IL (blue line). Onset potentials were indicated with arrow. All CV results 

were obtained at a scan rate of 50 mV/s. 
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 Next, Raman spectroscopy was used to verify the deposited material in Fig 2.3 (b). 

As a result, Raman spectrum of ionic liquid was not observed in every Raman shift range. On 

the other hand, in case of as-deposited CCl4 and CBr4 in IL, Raman measurement showed two 

broad Raman peaks at ca. 1570 and 1355 cm
-1

 (Fig. 2.3(b) red and blue lines). It is well 

known that single crystal graphite, which consists of a pure sp
2
 carbon structure, has a single 

peak at 1580 cm
-1

 arising from the tangential mode (G band), and sp
2
 disordered graphite has 

a broad peak at around 1350 cm
-1

 (D band). The G band has E2g symmetry, which is due to 

the in-plane vibration of sp
2
 carbon atoms and the stacking order, whereas the D band has T2g 

symmetry, which is attributed to interaxial vibration on the carbon atoms.
15

 The ratio of the D 

to G band intensity (ID/IG) enables an estimation of the degree of structural disorder in the sp
2
 

graphitic carbon structure.
16

 Highly crystalline graphite exhibits a low ID/IG (typically <0.1). 

In contrast, polycrystalline or disordered graphitic carbon materials including disordered 

carbon structures have relatively large ID/IG (typically ~1). The deposited carbon material had 

an ID/IG value around 0.6 for CCl4, and 0.7 for CBr4, which indicate the formation of a 

graphitic carbon structure. 

Fig 2.3 Raman spectra for IL (black), CCl4 + IL (red line), and CBr4 + IL (blue line). Laser 

excitation wavelength: 532 nm. 
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I consider the graphitic carbon growth mechanism. According to previous studies,
17

 

the dehalogenation process of a carbon-halogen bond on a cathode occurs as follows: 

R − X +  −  R ∙ +X−   (2-1) 

2 R ∙ R − R    (2-2) 

Electron transfer from the cathode to the halogenated carbon molecule R-X (X = 

halogen atom) initially dissociates the carbon-halogen bond through intermediate molecular 

anion formation, and then generates carbon radicals R∙ (Eq. (2-1)). These carbon radicals 

induce radical reaction and facilitate electrochemical carbonization products (Eq. (2-2)).  

Considering these reactions, the electrochemical reduction reaction with CX4 

contributes to the production of carbon radicals (Eq. (2-1)). These carbon radicals such as 

trihalogenatedcarbon radical (∙CX3) and dihalogenatedcarbon biradical (:CX2) react with each 

other (Eq. (2-2)) followed by a propagation step of the radicals with the products. Finally, 

further dehalogenation of these products occurs at the surface, which results in graphitic 

carbon film formation. 
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To obtain further insight, the dependence of film formation on the deposition time 

was investigated. Fig. 2.4 (a)-(c) show CCD images for (a) blank, (b) CCl4 in IL, and (c) CBr4 in 

IL after electrochemical deposition of 30 min on Ni substrate. The color of the film became 

uniformly darker after 30 min duration of electrochemical deposition. In addition, brown 

color for CBr4 in IL is darker than that of CCl4 in IL. Furthermore, AFM image also appeared 

as formation of wide and uniform film for decomposed halogenated carbon in Fig. 2.4 (d)-(f).  

This result also shows that CBr4 is easily decomposed than CCl4 by electrochemical 

deposition, resulting in formation of graphitic carbon. 

 

 

Fig 2.4 CCD images for (a) blank, (b) CCl4 + IL, and (c) CBr4 + IL after deposition time of 

30 min on Ni substrate. AFM images for (d) blank, (e) CCl4 + IL, and (f) CBr4 + IL after 

deposition time of 30 min on Ni substrate. 
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The ID/IG values from the Raman bands intensities (D-bands and G-bands) shown in 

Fig. 2.5 gradually increased with the deposition time. These trends indicate that after 

nucleation of the graphitic nanoparticles formed by the reaction in Eq. (2-1), the particles 

homogeneously grow in size and thickness upon the reduction reaction progresses to the edge 

and defect sites of the particles, which results in the formation of a uniform graphitic carbon 

film.  

The graphitic carbon particle size can be calculated according to the following 

equation:
18

  

𝐿 (𝑛𝑚) = (2.4 × 10
−10)𝜆 

4(
 𝐷

 𝐺
)−1   (2-3) 

where La and λl are the theoretical crystallite size and the Raman laser wavelength, 

respectively. From this equation, the graphitic particle size for CCl4 in IL was estimated to be 

approximately 27 nm, which is good agreement with the size of 34 nm for CCl4 in IL 

determined by AFM analysis. 

 

Fig 2.5 Comparison of Raman spectra for CCl4 + IL (red lines) and CBr4 + IL (blue lines) 

after deposition time of 30 min (solid lines) and 1 min (dashed lines) on Ni substrate. 
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On the basis of the result, I discussed the growth mechanism. In general, the 

deposited graphitic carbon has conductivity.
19

 Therefore, it is suggested that halogenated 

carbon such as CCl4 or CBr4 could be electrochemically reduced over deposited graphitic 

carbon by reacting with dangling bond of the graphitic carbon edges, resulting in the thicker 

graphitic carbon formation growth. Especially, deposited carbon densities could be estimated. 

In the Shawky’s previous work, synthesized carbon nanotubes were covered about a few 

tubes per 1 μm
2
, which corresponds with the density of 10

-18
 g/cm

2
. On the other hand, 

densities of synthesized graphitic carbon in this study was obtained about 10
-6

 g/cm
2
, by 

calculating total electric charges of CCl4 in Fig. 2.2 (b). These comparisons show that the 

yield in our system is enormously higher than that in the Shawky’s work.
1
 Furthermore, the 

current efficiencies for both carbon depositions were also roughly estimated to be second 

order of magnitude higher, indicating that my deposition system possesses highly conversion 

efficiency to the carbon materials.  
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2.3.2 trans-poly acetylene synthesis by electrochemical deposition 

In this section, I investigated the effect of proton source on the electrochemical 

deposition and resulting carbon material. In particular, I used an electrolyte IL in the presence 

of H2O, and two carbon sources such as CCl4 in IL with H2O and CBr4 in IL with H2O for 

protic solvent effect. To check the reduction reaction, cyclic voltammogram was performed 

for various electrolyte solutions as shown in Fig. 2.6 (a). As a result, reduction current of -

0.01 mA cm
-2

 for ionic liquid in H2O (black lines) was observed. On the other hand, CCl4 in 

IL with H2O (red lines), and CBr4 in IL with H2O (blue lines) could be reduced by 

electrochemical process. Especially, reduction current density shows higher values than one 

of condition without H2O as represented in Fig 2.2 (a). These results strongly indicate that 

increments of the current densities are attributed to the reductions of halogenated carbon and 

H2O. Based on these results, carbon deposition was investigated at potential step of -2.5 V for 

30 min. 

 Fig. 2.6 (b) shows current density as a function of deposition time curves, in which 

potential step was applied for each electrolyte solution. In case of IL + H2O, the current 

density rapidly rises and drop, it is to say that ionic liquid only acts as the electrolyte, and do 

not reduce at - 2.5 V. On the other hand, the current densities for CCl4 in IL with H2O, and 

CBr4 in IL with H2O gradually increased during 5 min, and then slowly decreased, and the 

current continued to flow. The observed reductive current peak strongly indicates that carbon 

deposition mechanism for IL with halogenated carbon and H2O is different from that of 

condition without water. According to related studies, Radisic et al. reported that same 

tendency in current versus time curves observed for Cu electrochemical deposition on an Au 

surface,
20

 where the growth process was based on a nucleation and growth mode; carbon 

clusters can be grown at nucleation sites and the size of the clusters is steadily increased.
21
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Fig 2.6 (a) Cyclic voltammogram and (b) current versus time curves of IL + H2O (black line), 

CCl4 + IL + H2O (red line), and CBr4 + IL + H2O (blue line). Arrow is onset potential. 

To evaluate the deposited material, Fig.2.7 (a) shows Raman spectra for as-deposited 

IL + H2O (black line), CCl4 + IL + H2O (red line), and CBr4 + IL + H2O (blue line) on the Ni 

substrate. In case of the IL + H2O (black line), Raman peaks not appear around all Raman 

shift range. On the other hand, several sharp Raman peaks were observed in samples of CCl4 

+ IL + H2O (red line) and CBr4 + IL + H2O (red line), in which correspond to C-C (1115 cm
-

1
), C=C (1500 cm

-1
 and 2610 cm

-1
), and C-H (2230 cm

-1
 and 3000 cm

-1
) stretching modes of 

trans-poly acetylene as shown in Fig. 2.7 (b).
22

 Although poly acetylene is well-known to 

have either cis- or trans- configuration, Raman bands originating from cis-poly acetylene (ca. 

920, 1260 and 1550 cm
-1

) were never observed in this study, indicating the formation of only 

trans-poly acetylene. Furthermore, several small Raman peaks from 300 to 900 cm
-1

 were 

also observed, suggesting the formation of a small amount of halogen-modified 

polyacetylene.
23

 Especially, selective carbon synthesis from graphitic carbon to poly 

acetylene is possible by addition of proton source. 
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On the basis of the result, I consider the selective carbon growth mechanism. Using 

the reaction mechanism of graphitic carbon, the dehalogenation and hydrogenation process of 

a carbon-halogen bond on a cathode occurs as follows: 

R − X +  −  R ∙ +X−       (2-1) 

R ∙ 
H (       )
→        [R − H]        (2-4) 

R ∙ 
 −

→ R−
H (       )
→        R − H      (2-5) 

For the electrochemical reduction reaction of halogenated carbon in the presence of 

H2O, it is suggested that protonation (Eq. (2-4) or Eq. (2-5)) proceeds after the 

dehalogenation process in Eq. (2-1).  

 

 

 

Fig 2.7 (a) Raman spectra for IL + H2O (black line), CCl4 + IL + H2O (red line), and CBr4 + 

IL + H2O (blue line). (b) Raman spectra of trans-poly acetylene as reference data. Laser 

excitation wavelength: 514 nm. 
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To observe the deposition state, Figs 2.8 (a)-(d) show the CCD images of deposited 

material for CCl4 in IL with H2O at 5 (a), 15 (b), 30 (c), and 45 (d) min. In case of poly 

acetylene growth in the electrolyte containing halogenated carbon and H2O, CCD images 

revealed that small size black particles nucleated over the surface at initial growth stage, and 

as deposition time increased, the number of nucleation sites and particle size were 

dramatically increased.  

 

Fig 2.8 CCD images (top) and Raman spectra (bottom) for CCl4 + IL + H2O after deposition 

time of 5 min (a), 15 min (b), 30 min (c), and 45 min on Ni substrate. 
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 The observed features of these deposits are different from those of the graphitic 

carbon formation in comparison with Fig 2.4 (b) and (c). Although the intensities in Raman 

spectra also increased during the formation of the deposits, negligible changes in the features 

of Raman spectra were observed in the Fig 2.8 (bottom). These results indicate that trans-

polyacetylene tends to nucleate and grow on the substrate. As shown in Fig. 2.6 (a) and (b), it 

was suggested that the observed mono-current peak is due to the nucleation and growth mode, 

which is in good agreement with the results shown in Figs. 2.8 (a) - (d). Therefore, it is 

considered that at the initial stage, the reduction reactions of Eq. (2-1), (2-4) and (2-5) 

produce poly acetylene “particles” on the surface. The ionic liquid is considered to be a poor 

solvent for polyacetylene. Therefore, aggregated particles are expected to form on the surface. 

These trans-polyacetylene particles must have electric conductivity, and thus the reduction 

reaction occurs on the poly acetylene particles rather than on the bare surface, which results 

in further nucleation and growth. 
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2.4 Conclusion 

 In conclusion, carbon nanomaterials such as graphitic carbon and trans-poly 

acetylene were selectively synthesized by electrochemical deposition. Halogenated carbons 

such as CCl4 and CBr4 were used as carbon source for the synthesis of graphitic carbon. CCl4 

and CBr4 were easily dehalogenated by electrochemical deposition. Decomposed carbon 

particles were carbonized by reacting with dangling bond of graphitic carbon edge, resulting 

in growth of graphitic carbon film. Besides, reproducibility of deposition of graphitic carbon 

was checked even in different halogenated carbons. This result suggests that synthesis of 

various carbon nanomaterials is possible using halogenated carbon source.  

Furthermore, trans-polyacetylene was synthesized by electrochemical deposition 

using halogenated carbon with protic solvent such as deionized water. For the growth 

mechanism, trans-poly acetylene formation is based on a nucleation and growth mode. In 

other words, CCl4 and CBr4 are affected by dehalogenation and hydrogenation. As a result, 

hydrogenated carbon is formed. Finally, trans-poly acetylene is formed by nucleation and 

aggregation on the nucleation site of Ni substrate. This synthesis method of trans-

polyacetylene has not been reported to date, suggesting high potential for new synthesis 

method of trans-polyacetylene derives.   
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Chapter 3 

Synthesis and electrocatalytic activity for nitrogen doped vertically 

aligned carbon nanotube 

 

3.1 Introduction 

I showed selective synthesis of polyacethylene and graphitic carbon by 

electrochemical deposition in ionic liquid in Chapter 2. To develop the synthesis of the other 

carbon allotropes, I focused on the synthesis of N-doped vertically-aligned carbon nanotube 

(VA-CNT) and their applications in electrocatalysis in this chapter. In general, electrocatalytic 

activity can be enhanced by increasing active site and turnover frequency.
1
 VA-CNT is 

densely packed carbon nanotube (CNT) on substrate, and has higher specific surface area 

than graphene and CNT.
2,3

 Therefore, N-doped VA-CNT possesses the higher active site.  

CNT has been prepared by using various synthesis methods such as chemical vapor 

deposition (CVD), laser ablation, and electrochemical process.
4–7

 In particular, water-assisted 

CVD method is widely used for synthesis of VA-CNT. In this method, metal nanoparticles on 

metal oxide are used as catalysts for VA-CNT growth.
8–10

 Besides, many researchers have 

used iron (Fe) nanoparticle on aluminum oxide (AlOx) as catalyst for VA-CNT growth.
11

 

Yamada et al. reported size-selective growth of VA-CNT for dependence of Fe nanoparticle.
12

 

In addition, many carbon sources are used for synthesis of VA-CNT.
13–15

 The diameter of VA-

CNT can be controlled by carbon feeding.
16

 However, carbon source dependence has not 

been discussed to date. In this chapter as first purpose, I synthesize the VA-CNT by water-
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assisted CVD for carbon source dependence using ethylene (C2H4) and hexane (C6H14). C2H4 

and C6H14 have different bond dissociation energy from each other, resulting different forms 

of synthesized VA-CNT.
17

 I also characterized the structure of VA-CNT using analysis of 

specific surface area. Using this VA-CNT, I synthesize the nitrogen-doped VA-CNT (N-VA-

CNT), and evaluate the electrocatalytic activity for the second purpose in this chapter. 

According to related research, heteroatom-doped carbons, such as nitrogen, sulfur, boron, and 

halogens, have activity for oxygen reduction reaction (ORR) in proton exchange membrane 

fuel cell (PEMFC).
18–21

 In my previous work, activity for ORR on nitrogen doped graphene is 

changed by selective formation of structures such as pyridinic and quaternary N as shown in 

Fig 3.1.
22

 In this chapter, I use the VA-CNT as carbon substrate which has high surface area. 

For heteroatom doping on carbon substrate, Ramavathu et al. synthesized the cobalt and 

nitrogen co-doped CNT by pyrolysis process using cobalt phthalocyanine and CNT as cobalt-

nitrogen precursor and carbon substrate, respectively.
23

 On the basis of results, I used metal 

free phthalocyanine and VA-CNT as nitrogen precursor and carbon substrate, as well as 

analyze the atomic structure of N-VA-CNT by X-ray photoelectron spectroscopy (XPS). 

Finally, I discussed the ORR activity for nitrogen doping dependence on VA-CNT.  

Fig 3.1 (a) Selective nitrogen doping in graphene (left: pyridinic type and right: quaternary 

type). (b) Linear sweep voltammograms for oxygen reduction reaction (ORR) on pristine 

graphene, Ju-NG, and Py-NG in an O2-saturated 0.1 M KOH solution. 



66 

3.2 Experimental methods 

3.2.1 Synthesis of vertically aligned carbon nanotube 

To prepare the AlOx film, Al was deposited by evaporation for 25 nm thickness onto 

a 300 nm thick SiO2/Si wafer, and baked at 500 °C for 12 hour and 900 °C for 12 hour. Next, 

Fe nanoparticle was deposited by evaporation for 0.4 nm thickness. Using this substrate, I 

carried out the water-assisted CVD using n-hexane (C6H14, 98 %, Wako) or ethylene (C2H4, 

99 %, Taiyo Nippon Sanso) as carbon source at 800 °C. The Fe-coated AlOx/SiO2/Si substrate 

was placed in a quartz furnace (15 mm inner diameter) as shown in Fig 3.2. VA-CNT was 

grown on catalyst through formation and growth process. As formation process, carbon 

source with 7 sccm and H2O with 7 sccm were dosed during 10 min at 800 °C to generate the 

carbon nanoparticle. To complete the carbon nanoparticle generation, carbon source with 7 

sccm and H2O with 7 sccm were flowed into the quartz furnace using flowing the Ar gas with 

480 sccm as carrier gas, and then carbon growth is possible on the Fe/Al/SiO2/Si during 5 

min.  

Fig 3.2 Schematic image of chemical vapor deposition system for synthesis of vertically 

aligned carbon nanotubes 
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 Raman spectroscopy (Thermo Scientific, DXR) and N2 adsorption-desorption 

isotherm instrument (Yuasa Ionics Autosorb 6AG) were used to evaluate the structure of VA-

CNT. Commercially purchased conventional single walled CNT (diameter: 1.4 ~ 1.6 nm) was 

used as supporting carbon materials to examine the structural difference from synthesized 

VA-CNT. 532 nm Excitation wavelength is employed for Raman spectroscopy. Furthermore, 

samples were heated at 200 °C for 2 hours in vacuum before N2 adsorption-desorption 

isotherm analysis for degas treatment. N2 adsorption-desorption measurement was conducted 

at 77 K.  
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3.2.2 Synthesis of nitrogen doped VA-CNT 

 To prepare the nitrogen doped VA-CNT (N-VA-CNT), phthalocyanine (98 %, TCI) 

was used as nitrogen precursor as shown in Fig 3.3. Phthalocyanine and VA-CNT were 

dispersed by ultrasonic homogenizer (Branson Ultrasonics, S-250) at 50 W and 25 kHz in 

dichloromethane for 30 min. After drying at 80 °C for 12 hours, product was rapidly 

pyrolyzed at 900 °C for 1 hour in quartz oven with flowing ammonia gas of 150 sccm as 

supporting nitrogen precursor. And then, composite was prepared by acid treatment in 0.1 M 

H2SO4 for elimination of the contamination. Finally, composite was dried during room 

temperature and pyrolyzed with aforementioned condition. Atomic analysis of synthesized N-

VA-CNT and VA-CNT was evaluated by XPS (JEOL JPS-9200) in ultra-high vacuum system.   

Fig 3.3 Schematic image of procedure for synthesis of nitrogen doped VA-CNT. 
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3.2.3 Evaluation of ORR catalytic activity 

 Linear sweep voltammetry (LSV) measurements were recorded using a homemade 

three-electrode cell using rotating ring disk electrode (RRDE, Hokuto Denko, HR-201) under 

rotation control (Hokuto Denko, HR-202) and a dual potentiostat (IVIUM, CompactStat). 

Reversible hydrogen electrode (RHE) and Pt wire were used as the reference and counter 

electrodes, respectively. The double working electrode was a RRDE, which consisted of a 

glassy carbon disk (5.0 mm diameter) and Pt ring disk (5.5 and 8.0 mm inner and outer 

diameters, respectively). Catalyst ink was prepared by sonication of 2.5 mg of catalysts in 50 

μL of ethanol, 200 μL of MilliQ water, and 1.25 μL of 5 wt.% Nafion solution for 30 min. 16 

microliters of ink were deposited on the glassy carbon (GC) disk and then dried at 60 °C for 6 

h, resulting in a catalyst loading of 0.6 mg/cm
2
.  

Commercially available Pt/C catalyst (TEC10E50E, 50wt% Pt/C) was also purchased 

from TKK. 10 mg Pt/C was dispersed in 3 ml ethanol and 10 mL MilliQ water with 50 μl of 5 

wt.% Nafion solution by sonication for 30 min, and 10 μl catalyst ink was deposited onto the 

GC, leading of 20 μgPt/cm
2
. In case of the acidic condition, LSV and RRDE measurements 

for Pt/C were carried out in 0.1 M HClO4 instead of H2SO4 aqueous solution to avoid 

hydrosulfate anion adsorption. For alkaline condition, 0.1 M KOH was used as electrolyte. 

CV measurements were conducted in O2- or Ar-saturated 0.5 M H2SO4 and 0.1 M KOH 

solutions, at a scan rate of 10 mV/s.  

LSV in the RRDE test was carried out in O2-saturated 0.5 M H2SO4 and 0.1 M KOH 

solutions. Before each measurement, the solution was bubbled with O2 gas for 30 min, and 

the Pt ring electrode was activated by sweeping between 0.2 V and 1.4 V at 50 mV/s, until I–

V curves were reproducible (typical sweep time ca. 10 min). A potential of the Pt ring disk 

was set to 1.2 V. The potential of the working electrode was also cycled several times from 
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0.0 to 1.0 V at 50 mV/s, until similar I–V shapes were observed. Electrochemical data were 

recorded from 0.0 to 1.0 V, with a scan rate of 10 mV/s and a fixed rotating rate of 1600 rpm. 

Corrected oxygen reduction currents were obtained by subtracting the background current 

obtained for the Ar-saturated solution from the measured current obtained for the O2-

saturated solution. 

 

3.3 Results and discussion 

3.3.1 Synthesis of vertically aligned carbon nanotube 

 Fig 3.4 shows Raman spectrum and photographs of VA-CNT and single walled CNT. 

As a result, radial breathing mode (RBM), D band, G band, and 2D band were found in 

synthesized VA-CNT. This result indicates that structure of deposited material can be 

assigned to CNT. In addition, G and D ratio was changed by different carbon source (C6H14 : 

8.1 and C2H4 : 4.3). Besides, synthesized VA-CNT has relatively lower G and D ratio than 

single walled CNT. It is to say that synthesized VA-CNT has relatively larger defect and edge 

site on CNT than single walled CNT. In case of the RBM band, single walled CNT and VA-

CNT (C6H14) were appeared around 150 ~ 200 cm
-1

 Raman shift, whereas many peaks were 

found around 150 ~ 300 cm
-1

 Raman shift for VA-CNT (C2H4) sample. In general, RBM band 

is diagnostic to diameter of CNT.
24

 It is known that the Raman shift of RBM band decreased 

upon increase of diameter of CNT. Therefore, VA-CNT (C6H14) has larger diameter (1.5 ~ 1.6 

nm) of CNT than VA-CNT (C2H4) with 0.8 ~ 1.4 nm. In particular, VA-CNT (C2H4) has many 

difference diameters of CNT. This result is also consistent with the relatively low G and D 

ratio, as well as shoulder of Raman peak from 1400 cm
-1

 to 1600 cm
-1

.  
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 To evaluate the specific surface area, Fig 3.5 shows curves of N2 adsorption-

desorption isotherm for synthesized VA-CNTs and single walled CNT. As a result, hysteresis 

loop was observed for all of the samples, which is multilayer adsorption on mesoporous and 

macroporous structures by capillary condensation.
24

 In addition, specific surface areas for 

VA-CNT (C2H4) and VA-CNT (C6H12) were 954 m
2
/g and 1120 m

2
/g, respectively (Table 3.1). 

This result shows that specific surface area of synthesized VA-CNTs was dramatically 

increased than one of single walled CNT. According to related research, specific surface area 

of graphene was 350 m
2
/g.

25
 Therefore, VA-CNT has more advantage for specific surface 

area than graphene as carbon substrate. Besides, VA-CNT (C6H12) has higher specific surface 

area than VA-CNT (C2H4). This result implies that VA-CNT (C2H4) has more defect site than 

VA-CNT (C6H14), resulting in low specific surface area. Because C2H4 is composed of carbon 

double bond (C=C bond dissociation energy: 172.2 kJ mol
-1

), carbon decomposition is more 

insufficient than C6H14 (C-C bond dissociation energy: 89.7 kJ mol
-1

) resulting low quality of 

VA-CNT.  

Fig 3.4 Raman spectra for synthesized VA-CNT using hexane (C6H14, red line) and ethylene 

(C2H4, black line) as carbon source. Raman spectrum of commercially purchased single 

walled CNT (grey line) as reference sample. Laser excitation wavelength: 532 nm. 
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Sample Specific surface area 

VA-CNT (C6H14) 1120 m
2
/g 

VA-CNT (C2H4) 954 m
2
/g 

Single-walled CNT 406 m
2
/g 

 

 

 

Fig 3.5 N2 adsorption-desorption isotherm of synthesized VA-CNT (C6H14 and C2H4 as 

carbon source) and commercially purchased single walled carbon nanotube at 77K. 

Table 3.1 Specific surface area for VA-CNT (C6H14 and C2H4 as carbon source) and 

commercially purchased single walled carbon nanotube 
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3.3.2 Synthesis of nitrogen doped vertically aligned carbon nanotube 

Next, to develop the carbon material, N-VA-CNT was synthesized by pyrolysis 

process using phthalocyanine on VA-CNT. VA-CNT (C6H14) was used as carbon substrate 

because of high specific surface area. To verify the nitrogen-doping, N-VA-CNT was 

evaluated by XPS as shown in Fig 3.6 (a). As a result, XPS peak for N-VA-CNT was 

appeared around N 1s range, whereas any peaks for VA-CNT was not found from 390 eV to 

408 eV. Therefore, I successfully synthesized the nitrogen–doped VA-CNT. In particular, 

XPS peak for N-VA-CNT is deconvoluted from many nitrogen-graphene forms such as 

pyridinic (398.5 eV), pyrrolic (400.1 eV), quaternary N (401.3 eV), and nitrogen oxide (403.1 

eV).
25

 This result shows that nitrogen-graphene structure is kept and covered on VA-CNT 

through the calcination of phthalocyanine on VA-CNT surface.  

In case of the Raman spectroscopy, D band for N-VA-CNT was relatively increased 

in comparison with result of VA-CNT as shown in Fig 3.6 (b). This result implies that defect 

site is increased by pyrolysis process at 900 °C because D band originates from the defect site. 

In addition, RBM band was significantly decreased from 150 to 200 cm
-1

 Raman shift. This 

result indicates that nitrogen-graphene structure is covered on VA-CNT, resulting in blocking 

the vibration of RBM.  

Fig 3.6 (a) Results of XPS around N 1s range and (b) Raman spectra for VA-CNT (red line) 

and N-VA-CNT (black line). Laser excitation wavelength of Raman spectra: 532 nm. 
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3.3.3 Nitrogen doped VA-CNT for ORR electrocatalysis 

To evaluate the electrochemical activity for ORR in acidic condition, linear sweep 

voltammetry and analysis of reaction electron number in Fig 3.7 (a) and (b). In case of the 

Pt/C, onset potential and limiting current density were observed for 0.98 V (vs. RHE) and -

5.7 mA/cm
2
, respectively. Besides, reaction electron number of Pt/C was 4.0, resulting in 

high performance for ORR. For the carbon-based catalyst, VA-CNT and N-VA-CNT have 

lower limiting current density and reaction electron number than Pt/C. In particular, current 

density was dramatically increased and onset potential was shift toward positive potential by 

nitrogen doping on VA-CNT. Reaction electron numbers for N-VA-CNT and VA-CNT were 

3.6 and 2.8 at 0.0 V (vs. RHE). For the alkaline condition (Fig 3.7 (c) and (d)), similar 

tendency was shown in LSV curves and curves of reaction electron number versus potential. 

Reaction electron numbers for N-VA-CNT and VA-CNT were 3.2 and 2.9 at 0.0 V (vs. RHE). 

In addition, onset potential positively was shift by nitrogen doping on VA-CNT. This result 

shows that ORR activity is enhanced by nitrogen doping on VA-CNT.  
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Fig 3.7 (a, c) Linear sweep voltammograms and (b, d) curves of reaction electron number 

versus potential on VA-CNT (red line), N-VA-CNT (black line), and Pt/C (blue line) in acidic 

condition (a, b, 0.5 M H2SO4) and alkaline condition (c, d, 0.1 M KOH). 0.1M H2ClO4 is 

used for Pt/C sample instead of 0.5 M H2SO4 
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3.4 Conclusion 

 In conclusion, I synthesized the VA-CNT by water-assisted CVD using n-hexane 

(C6H14) and ethylene (C2H4). As a result, synthesized VA-CNTs has relatively higher D band 

than commercially purchased single walled CNT from Raman spectroscopy. Besides, 

structure of VA-CNT depends on carbon source. In case of the VA-CNT (C2H4), various 

diameters of CNTs are formed, resulting in many RBM peaks from 150 cm
-1

 to 300 cm
-1

 

Raman shift. On the other hand, VA-CNT (C6H14) has two peaks from 150 cm
-1

 to 200 cm
-1

 

Raman shift. D band for VA-CNT (C2H4) is larger than that of VA-CNT (C6H14). From result 

of N2 adsorption-desorption, VA-CNT (C6H14) has higher specific surface area than VA-CNT 

(C2H4). Therefore, VA-CNT (C6H14) has higher quality than VA-CNT (C2H4). This result 

implies that carbon nanoparticle from C6H14 is easily formed by CVD process because C6H14 

has only single bond of C-C and C-H. On the other hand, C2H4 has double bond (C=C) and 

single bond of C-H, resulting in formation of defect site by insufficient temperature of CVD.  

 To develop the application of carbon based electrocatalyst, I synthesized the N-VA-

CNT by pyrolysis using phthalocyanine with VA-CNT. In case of the XPS result, N-VA-CNT 

has the peak around N 1s range. Besides, RBM band is not shown and D band is increased by 

nitrogen doping on VA-CNT. This result is expected that N-graphene structure covered on 

VA-CNT, resulting in blocking the RBM mode. To evaluate the ORR activity, LSV and 

reaction electron number analysis are investigated in acidic and alkaline electrolytes. As a 

result, ORR activity is enhanced by nitrogen doping on VA-CNT. From the XPS result, N-

VA-CNT has many N-graphene forms such as pyridinic N, pyrrolic N, quaternary N, and 

nitrogen oxide. In the previous work, ORR can be activated on the pyridinic N and 

quaternary N.
22

 On the basis of the result, activity of ORR is changeable for N-graphene 

structure. Therefore, N-VA-CNT would be used as precious metal free ORR catalyst.  
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Chapter 4 

Synthesis and electrocatalytic activity for fluorine-doped carbon 

 

4.1 Introduction 

In Chapter 3, I studied the electrocatalytic activity of oxygen reduction 

reaction of nitrogen-doped vertically aligned carbon nanotube. To create the other 

carbon-based catalyst, in this chapter, I attempt to synthesize fluorine-doped carbon 

and evaluate the oxygen evolution reaction (OER) of fluorine-doped carbon. 

Electrochemical energy conversion and storage systems have attractive potential for 

clean energy applications. As an energy conversion system, electrochemical water 

splitting has been used to produce hydrogen.
1
 In such a system, the hydrogen 

evolution reaction (HER) proceeds simultaneously with OER at the cathode and anode, 

respectively.
2
 It is known that the efficiency of electrochemical water splitting is 

limited by the activity of the OER because it is a 4-electron reaction in comparison 

with the 2-electron reaction of HER, which results in a much higher overpotential.
3
 

Conventionally, precious metal oxides, such as ruthenium oxide (RuO2) and iridium 

oxide (IrO2), are widely used as catalysts for OER owing to their inherent catalytic 

properties.
4,5

 However, the precious metal oxides are expensive and are in limited 

commercial supply.  

Metal-free heteroatom-doped carbon has come into focus as catalysts for OER 

owing to its abundance, low cost and high electric conductivity. For example, 

Hashimoto et al. reported that nitrogen-doped carbon exhibits catalytic activity for 
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OER.
6
 Furthermore, the OER activity of nitrogen-doped carbon can be enhanced by 

increasing the quantity of pyridinic and quaternary nitrogen. In these nitrogen-doped 

carbons, positively charged carbon atoms act as active sites of OER because OH
-
 in 

the electrolyte have lower adsorption energy on the positively charged active sites.
6
 

 Among the heteroatom-doped carbons, fluorine-doped carbon has been studied 

as an OER catalysts using density functional theory (DFT) as shown in Fig 4.1.
7,8

 

Fluorine atoms have the highest electronegativity among all the elements, therefore 

they induce the highest positive charge on carbon atoms when they are bonded, which 

has great potential for the OER.
9
 In normal DFT study, the carbon atom bonded to 

fluorine was in sp
3
 hybridization, which resulted in the “covalent” C-F bond.

7,8
 

However, the C-F bond can also be “ionic” or “semi-ionic”. An ionic C-F bond 

appears on a carbon atom of sp
2
 hybridization on a graphene structure, whereas a 

semi-ionic C-F bond is an intermediate state between covalent and ionic bond.
10,11

 In 

Fig 4.1 (a) Schematic design of the X-doped graphene nanoribbons, showing the possible 

position of dopants. (b) Free energy diagram of graphene with the best catalytic performance 

at the equilibrium potential (U
0
 = 0.402 V) for oxygen evolution reaction in alkaline 

electrolyte. 
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general, semi-ionic bonds have higher polarities than covalent C-F bonds, which result 

in higher positive charge on carbon atoms.
12

 Therefore, the fluorine-doped carbon with 

semi-ionic C-F bonds should have a greater activity for OER than that with the 

covalent C-F bonds.  

Various fluorine precursors have been used to synthesize fluorine-doped 

carbon.
11,13–15

 In a previous work, fluorine-doped graphite was synthesized by a long-

time reactor process using fluorine gas, which resulted in the formation of ionic and 

covalent C-F bonds.
13,16

 In another method, solution plasma synthesis was performed 

using trifluorotoluene as the fluorine precursor.
14

 As a result, the synthesized fluorine-

doped carbon had a high semi-ionic C-F ratio. The OER activity of fluorine-doped 

carbon has not been studied to date. The relationship between the OER activity and the 

characteristics of C-F bonds is unclear.  

In this chapter, I evaluated the OER activity of fluorine-doped carbon. Nafion 

was used as the fluorine precursor. In-situ O2 monitoring voltammetry was used for 

the evaluation of the OER activity of the catalysis. The ionicity of C-F bond in the 

catalysis was determined by X-ray photoelectron spectroscopy (XPS) to evaluate the 

correlation between the C-F bonding and the activity. Furthermore, I evaluated the 

OER activity for pH dependence on fluorine-doped carbon. pH dependence study 

provides the mechanistic insight for the electrocatalysis from the potential versus 

current plot (Tafel plot), and proton order.
17

 Therefore, I discussed the possible 

mechanism for OER using pH dependence.  
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4.2 Experimental methods 

Nafion (5% dispersion solution), KB (EC-600JD), and RuO2 (99.9%) were 

purchased from Wako Pure Chemical Industries, LTD., Lion Special Chemicals Co., LTD., 

and Sigma-Aldrich, respectively. In a typical synthesis of F-KB with a mass ratio between 

Nafion and KB of 40 : 1 (40F-KB), Nafion (400 μL) and KB (10 mg) were dispersed using 

an ultrasonication homogenizer (SMT UH-50F) at 50 W and 20 kHz in methanol (10 mL) for 

30 min. After drying overnight at 60 °C, the mixture was pyrolyzed in Ar (200 sccm) for 1 

hour at various temperatures such as 400 °C, 500 °C, 600 °C, 700 °C, and 800 °C as shown in 

Fig 4.2. KB was also heated at 600 °C for 1 hour before electrochemical measurement.  

To evaluate the Nafion usage dependence, Nafion usage is reflected in the name of 

samples, such as 10F-KB (Nafion 100 μL to KB 10 mg), 20F-KB (Nafion 200 μL to KB 10 

mg), and 40F-KB (Nafion 400 μL to KB 10 mg). Pyrolysis temperature was set at 600 °C. 

 The sample (1 mg) was dispersed in ethanol (40 μL) and deionized water (160 

μL) using an ultrasonic homogenizer for 10 min. Nafion (2 μL) was then added to the 

composite ink and dispersed by the ultrasonic homogenizer for 1 min. The catalyst 

(8.3 μL) was loaded onto a rotation disk electrode (RDE) as the working electrode. 

The RDE has a glassy carbon disk of diameter of 0.5 cm (catalyst loading: 0.2 mg cm
-

2
). 

Fig 4.2 Synthesis procedure for fluorine doped carbon (F-KB). 
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The electrochemical cell was equipped with a dissolved O2 detector 

(Pyroscience OXROB10), the working electrode, a Pt counter electrode, a reversible 

hydrogen electrode (RHE) as the reference electrode and 0.1 M KOH as electrolyte as 

shown in Fig 4.3 (a). KB and F-KBs were pre-treated by chronoamperometry at a 

constant potential of 1.6 V for 1 min to avoid the current from carbon oxidation in 

OER. To minimize the dissolved O2 before measurements, the electrolyte was bubbled 

with Ar gas. Background O2 concentration was subtracted from all data of O2 

concentration versus time. Linear sweep hydrodynamic voltammetry was performed 

from 1.0 V to 1.6 V with a scan rate of 10 mV s
-1

. Rotation speed of the RDE was 

maintained at 1600 rpm. Dissolved O2 concentration was recorded at 1.6 V for 10 min. 

The distance between the dissolved O2 detector and working electrode was set 

as approximately 5 mm. The O2 detector is consist of a pair of blue and red light-emitting 

diodes (LEDs) and a silicon photodetector as shown in Fig 4.3 (b). O2 concentration can be 

measured by the luminescence quenching between oxygen molecules and luminescent 

dye.
18

 The luminescent dye is excitable with orange-red light between wavelength 

ranging in 610-630 nm and exhibits oxygen-dependent luminescence in the range of 

760-790 nm of near infrared.  



86 

X-ray photoelectron spectroscopy (XPS) was conducted using a JEOL JPS-

9200 with a monochromatic Al Kα X-ray source (1486.6 eV). O 1s at 531.0 eV was 

used as internal standard peak for XPS measurements. N2 adsorption-desorption 

isotherms were obtained by using a Yuasa Ionics Autosorb 6AG at 77 K. Specific 

surface areas were estimated by the Brunauer–Emmett–Teller (BET) method. Raman 

spectra were recorded from 300 to 3200 cm
-1

 with Nanofinder 30 (Tokyo Instrument, 

Inc.) using a 514 nm laser beam.  

Density functional theory (DFT) calculations were carried out by the use of the 

Gaussian 03, at the B3LYP level of DFT with 6-31G** basis sets. Molecular model was 

treated as C42H16 for nanographene. The model structure was constructed by using the 

Avogadro package and structure was optimized by thermal quenching method. Thereafter, 

initial structure of molecular model was optimized by using “opt” command in Gaussian. 

Atomic coordinates are shown in appendix. 

  

Fig 4.3 (a) Schematic image of electrochemical cell with O2 detector. Reference electrode 

(reversible hydrogen electrode, RHE) and counter electrode (Pt wire). (b) Schematic 

configuration of O2 detector. 
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4.3 Results and discussion 

4.3.1 OER activity for fluorine doped carbon with different pyrolysis temperature 

 Fig 4.4 (a) shows linear sweep voltammogram of 40F-KB 600°C and KB without 

electrochemical pretreatment. As a result, KB exhibited the lowest current density of 1.0 

mA cm
-2

 at potential of 1.6 V, whereas current density for 40F-KB 600 °C was 5.1 mA 

cm
-2

. In particular, current density for 40F-KB 600 °C was relatively increased than one for 

RuO2 at 1.4 V. To verify the O2 concentration for 40F-KB 600 °C at 1.4 V, O2 concentration 

versus time curve for 40F-KB 600 °C and KB is recorded by constant potential 1.6 V and 1.4 

V as shown in Fig 4.4 (b). In the case of the pristine KB, the O2 concentration change 

was not observed over the 10 min. In addition, the oxygen concentration for 40F-KB 

600 °C does not increase at 1.4 V (Fig 4.4 dotted line), therefore, the anodic current of 40F-

KBs at 1.4 V corresponds to catalyst decomposition. OER occurs on 40F-KBs at 1.6 V, 

evidenced by the increase of O2 concentration.  

Fig 4.4 (a) Linear sweep voltammogram and (b) O2 concentration versus time for 40F-KB 

600 °C, RuO2, and KB on RDE (1600 rpm) in 0.1 M KOH for chronoamperometry treatment 

free condition. Scan rate (10 mV s
-1

). Constant potential of 1.6 V (Solid line) and 1.4 V 

(Dotted line). 
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Fig 4.5 (a) shows the linear sweep hydrodynamic voltammograms of KB and F-

KB after electrochemical pretreatment. The catalyst loading was 0.2 mg cm
-2

 for all 

samples. KB exhibited the lowest current density of 0.8 mA cm
-2

 at potential of 1.6 V, 

whereas the current density of 40F-KB was 2.6 mA cm
-2

. These results showed that 

the electrochemical activity of the KB can be enhanced by fluorine doping. According 

to related studies, the OER current densities of phosphorus-doped graphene and 

nitrogen-phosphorus-doped graphene were 19 mA cm
-2

 and 4 mA cm
-2

 at 1.6 V versus 

RHE, respectively (catalyst loading: 0.2 mg cm
-2

).
19,20

 Surface-oxidized multi-walled 

carbon nanotubes had a current density of 0.8 mA cm
-2

 at 1.6 V versus RHE (catalyst 

loading: 1 mg cm
-2

).
21

 40F-KB showed a relatively lower activity than nitrogen- or 

phosphorus-doped carbon, but a higher current density than the oxygen-doped carbon. 

In the case of RuO2, the current density was approximately 6.5 mA cm
-2

 at 1.6 V.  

Next, I evaluated the evolved O2 by in-situ measurement with an O2 detector at 

a constant potential of 1.6 V for 10 min after electrochemical pretreatment as shown in 

Fig 4.5 (b). In the case of the pristine KB, the O2 concentration change was not 

observed over the 10 min. However, the O2 concentration from 40F-KB gradually 

increased to approximately 3.7 ppb after 10 min. The increment of the O2 

concentration for RuO2 was approximately 40 ppb over 10 min. Hence, 40F-KB has a 

catalytic activity of approximately 10% that of RuO2. The results prove that the 

catalytic activity for OER can be enhanced by fluorine doping on an inactive carbon 

substrate. 
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 To verify the OER activity of F-KB with various synthetic conditions, 

different pyrolysis temperatures were employed. The pyrolysis temperatures were set 

at 400 °C, 500 °C, 600 °C, 700 °C, and 800 °C. Linear sweep hydrodynamic 

voltammetry of different 40F-KBs were performed and the results are shown in Fig. 

4.6 (a, c, e, g, i). 40F-KB 600 °C and 40F-KB 700 °C exhibited higher OER current 

densities than KB. Other 40F-KBs had lower OER current densities than KB. I also 

confirmed similar tendency in the increment of the O2 concentration at a constant 

potential of 1.6 V, as shown in Fig 4.6 (b, d, f, h, j). The noise for the O2 concentration 

measurement was approximately 0.3 ppb. The 40F-KB 400 °C exhibited no higher O2 

concentration than the noise (Fig 4.6 (b)). The O2 concentrations of the 500 °C and 

800 °C samples slightly increased over 10 min as shown in Fig 4.6 (d) and (j). 

However, the O2 concentration of the 600 °C and 700 °C samples increased by over 

1.7 ppb over 10 min (Fig 4.6 (f) and (h)). These results showed that catalytic activity 

for OER can be affected by the pyrolysis temperature.  

 

Fig 4.5 (a) Linear sweep voltammogram and (b) O2 concentration versus time for 40F-KB 

600 °C, RuO2, and KB on RDE (1600 rpm) in 0.1 M KOH after electrochemical 

pretreatment. Scan rate (10 mV s
-1

) 
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Fig 4.6 (a, c, e, g, i) Linear sweep voltammogram (scan rate: 10 mV s
-1

) and (b, d, f, h, j) O2 

concentration versus time of 40F-KBs, RuO2, and KB on RDE (1600 rpm) in 0.1 M KOH 

after electrochemical pretreatment (1.6 V for 1 min). 
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 The specific surface area (SSA) was measured to clarify the relationship 

between the OER activity and the SSA of the samples (Fig 4.7 (a)). The SSAs of 

samples are represented in Table 4.1. The SSA of KB, 40F-KB 800 °C, 40F-KB 

600 °C, and 40F-KB 400 °C were 2177 m
2 

g
-1

, 1597 m
2 

g
-1

, 1488 m
2 
g

-1
, and 687 m

2 
g

-1
, 

respectively. It indicates that Nafion remained on the 40F-KB 400 °C, which resulted 

in filled pores. The N2 adsorption-desorption isotherm of 40F-KB 600 °C and 40F-KB 

800 °C were almost the same, which indicates complete decomposition of Nafion. 

However, 40F-KB 800 °C exhibited a much lower OER activity than 40F-KB 600 °C. 

Therefore, the catalytic activity was not related to SSA in 40F-KB. Raman 

spectroscopy was also used to investigate the details of the structure of 40F-KBs (Fig 

4.7 (b)).  KB and 40F-KBs exhibited the same Raman spectra. Thus, the disordered 

graphitic structure was maintained, even though fluorine was doped in KB.  

 

 

 

 

Fig 4.7 (a) N2 adsorption-desorption isotherm of KB, 40F-KB 800°C, 40F-KB 600°C, and 

40F-KB 400°C. (b) Raman spectra of 40F-KBs and KB. Laser excitation wavelength: 514 

nm. 
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Sample Specific surface area (m
2
 g

-1
) 

KB 2177 

40F-KB 800 °C 1597 

40F-KB 600 °C 1488 

40F-KB 400 °C 687 

It should be emphasized that we performed chronoamperometry and in-situ O2 

concentration measurement for 40 min for the analysis of the durability as shown in 

Fig 4.8. As a result, current density gradually decreased to a few µA cm
-2

 over 30 min 

(Fig. 4.8 (a)). Besides, O2 concentration also saturated at about 7 ppb after 30 min. 

Thus, 40F-KB shows OER catalytic activity for 30 minutes. 

Fig 4.8 (a) Chronoamperometry and (b) O2 concentration versus time curve for 40F-KB 

600 °C. O2 concentrations were recorded at 1.6 V constant potential after 40 min. 

Table 4.1 Specific surface area of 40F-KBs and KB. 
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 To demonstrate the correlation between the OER activity and C-F bonding, the 

40F-KBs were investigated by XPS. The atomic ratios of carbon, fluorine and oxygen 

are shown in Table 4.2. No correlation between OER activity and oxygen ratio is 

found. The XPS near C1s and F1s regions are shown in Fig 4.9. In the case of Nafion, 

C1s and F1s appeared at 292.0 eV and 689.0 eV, respectively (Fig 4.9 (a) and (b)).  

  

 

 

Pyrolysis 

temperature 

C (%) F (%) O (%) 

400 °C 65.6 32.3 (c: 32.3, s: 0) 2.1 

500 °C 90.0 6.2 (c: 3.3, s: 2.9) 3.8 

600 °C 90.8 5.5 (c: 1.6, s: 3.9) 3.7 

700 °C 92.4 4.9 (c: 1.4, s: 3.5) 2.9 

800 °C 95.0 2.9 (c: 0.8, s: 2.1) 2.1 

Fig 4.9 XPS spectra of the C 1s (a) and F 1s (b) ranges for Nafion and KB. 

Table 4.2 Atomic ratios of 40F-KBs (c: covalent and s: semi-ionic) 
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Atomic ratios of C, F and O were estimated from the areas of their 1s peaks 

and relative sensitivity factors (0.25: 1: 0.66). F 1s of semi-ionic C-F and covalent C-F 

have peaks at 687.0 eV and 689.0 eV of full width at half maximum (FWHM) of 2.1 

eV and 6.2 eV, respectively. XPS results of KB and F-KBs are shown in Fig 4.10 (a) 

and (b). In comparison with Nafion, F1s peak was not observed from KB (Fig 4.10 

(b)), whereas the F1s peak was observed from 40F-KBs (Fig. 4.10 (b)). Furthermore, 

40F-KB 600 °C did not show S2p peak, which suggested the sulfonic acid group (-

SO3H) was completely removed by the pyrolysis at 600 °C (Fig. 4.11). For the 40F-

KB 400 °C, peaks at 292.0 eV and 284.5 eV were present. The peak at 284.5 eV is 

well-known to be attributed to the sp
2
 and sp

3
 carbon structures. This result suggests 

that 40F-KB 400 °C is mixture of Nafion and the KB, and 400 °C is too low for the 

decomposition of Nafion. With increased temperature, the fluorine peak was shifted 

towards the lower binding energy by approximately 2.0 eV, and the intensity of the 

carbon peak at 292.0 eV was decreased. Furthermore, the quantity of fluorine also 

decreased with the increase of the pyrolysis temperature, as shown in Table 4.2. In 

particular, the fluorine peak of 40 F-KB 600 °C can be deconvoluted into 689.0 eV 

and 687.0 eV, which are F atoms with covalent and semi-ionic C-F bonds, 

respectively.
22

 In addition, semi-ionic C-F bond increases up to 600 °C, and start to 

decrease above 600 °C. This result indicates that semi-ionic C-F bond can be increased 

with increasing the pyrolysis. The maximum semi-ionic to covalent bond ratio is 

approximately 5:2 above 600 °C. On the other hand, carbon fluoride also decomposes 

at high temperature, reducing the total amount of F. Thus, 600 °C is the optimized 

temperature considering both semi ionic ratio and total F content. This result means 

that the C-F bonding can easily be controlled by the pyrolysis temperature. The 
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changes from covalent C-F to semi-ionic C-F by raising the pyrolysis temperature of 

Nafion have not been reported previously.  

 

 

 

 

 

Fig 4.10 XPS spectra of the C 1s (a) and F 1s (b) ranges for 40F-KBs with pyrolysis 

temperature dependence. 

Fig 4.11 XPS wide scan spectra of 40F-KB and around the S2p ranges (inset) 
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 As shown in Table 4.2, the maximum ratio of semi-ionic C-F bonding was 

found for the 40F-KB 600 °C. The O2 production as a function of the atomic ratio of 

semi-ionic C-F bonding, as shown in Fig. 4.12. The O2 concentration was recorded at 

1.6 V after 10 min. As a result, the O2 concentration increased with the increase of the 

atomic ratio of semi-ionic C-F. These results strongly indicate that OER occurs on the 

carbon atoms with semi-ionic C-F bonds. In particular, the OER activity is 

dramatically increased when the atomic ratio of semi-ionic C-F bond is above 3%. A 

probable reason is that neighboring carbon atoms both with semi-ionic C-F bonding 

have synergistic effect to further enhance OER activity.  

 

 

 

 

 

Fig 4.12 O2 concentration versus atomic ratio (%) semi-ionic C-F bonds for 40F-KBs. O2 

concentrations were recorded at 1.6 V constant potential after 10 min. 
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4.3.2 OER activity for fluorine-doped carbon depending on Nafion amount 

 Next, to evaluate dependence for Nafion usage on fluorine-doped carbon, Fig 4.13 

shows linear sweep hydrodynamic voltammograms and O2 concentration versus time curves 

of KB, 10F-KB, 20F-KB, and 40F-KB after electrochemical pretreatment. Pyrolysis 

temperature was set at 600 °C. As a result, current density and O2 concentration were 

increased with increasing the Nafion usage on KB. In case of the XPS, F-KBs had semi-ionic 

and covalent C-F bonding. Except for 10F-KB results, semi ionic to covalent bond ratio was 

5 : 2. This result indicates that semi-ionic to covalent bond ratio is controlled by pyrolysis 

temperature. 

Fig 4.13 (a) Linear sweep voltammogram (scan rate: 10 mV s
-1

) and (b) O2 concentration 

versus time of 10F-KB, 20F-KB, 40F-KB and RuO2 on RDE (1600 rpm) in 0.1 M KOH after 

electrochemical pretreatment (1.6 V for 1 min). 

Fig 4.14 XPS spectra around F1s range for 10F-KB, 20F-KB, and 40F-KB. 
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 Fig 4.15 shows relationship for O2 concentration with atomic ratio of semi-ionic C-F 

bonding. As a result, O2 concentration was increased with increasing the semi-ionic C-F 

bonding. In addition, the OER activity of 20F-KB 600 °C was similar to 40F-KB 

500 °C. Meanwhile, 20F-KB 600 °C and 40F-KB 500 °C possessed an equal quantity 

of semi-ionic C-F bonding but different amounts of covalent C-F bonding (Table 4.2 

and Table 4.3). Based on this result, I proved that the covalent C-F bond is inactive for 

OER.
 
Dresselhaus et al. reported that covalent C-F bonds appear on carbon with sp

3
 

hybridization.
10

 Ito et al. suggested that covalent C-F bonds are formed on buckled 

carbon sheet, while semi-ionic bonds are formed on planar carbon sheet. 
22

 Therefore, 

if a fluorine atom is bonded to a defect of the graphitic structure, a covalent C-F bond 

is formed. However, a semi-ionic C-F bond can be formed from the 2pz orbital of a 

carbon atom which is perpendicular to the graphene plane. In general, the semi-ionic 

C-F bonds have higher polarity than the covalent C-F bonds.
12

 Therefore, adsorption 

of OH
-
 in the first step of OER can be accelerated at the higher positively charged 

carbon with semi-ionic C-F bonds, leading to higher OER activity. 

Fig 4.15 O2 concentration versus atomic ratio (%) semi-ionic C-F bonds for 10F-KB, 20F-

KB, and 40F-KB. Pyrolysis condition (600 °C). O2 concentrations were recorded at 1.6 V 

constant potential after 10 min. 
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Sample C (%) F (%) O (%) 

10F-KB 91.3 1.3 (c: 0.05, s: 1.25) 2.1 

20F-KB 90.0 4.1 (c: 1.2, s: 2.9) 5.4 

40F-KB 90.8 5.5 (c: 1.6, s: 3.9) 3.7 

 

4.3.3 pH-dependent OER activity for fluorine-doped carbon 

 pH dependence on OER activity was carried out to evaluate the reaction mechanism. 

In alkaline electrolyte, platinum or metal oxide shows a reversible binding of hydroxide ion 

coupled to one electron oxidation as a turnover-limiting electrochemical step to form a 

surface oxide species.
23,24

 The shift in mechanism between the pH region has been attributed 

to the kinetic facility of oxidizing hydroxide ion on active site.
25

 Therefore, I investigated the 

OER activity for wide alkaline pH range from 11.5 to 14. For the electrochemical kinetic 

study, the Tafel slope is characteristic of an O2 evolution mechanism. dlog(i)/dpH cannot be 

experimentally estimated in potentiostatic system because overpotential is variable. Hence, 

Tafel slope is convoluted with the slope of the potential versus pH plot as followed; 

(
𝜕 

𝜕 𝐻
) = −(

𝜕 

𝜕 log( )
)
 𝐻
(
𝜕 log( )

𝜕 𝐻
)   (1) 

This formula estimates the dependence of log(i) on pH which is dependence of the 

electrocatalytic rate on proton order. Fig 4.16 (a) shows LSV curves for pH dependence on 

40F-KB600. As a result, onset potential was shifted toward negative with increasing pH. On 

the basis of the result, potential versus pH curves are plotted at constant current density of 0.7 

mA cm
-2

 (Fig 4.16 (b)) and 0.25 mA cm
-2

 (Fig 4.16 (c)). As a result, slopes for 0.7 mA and 

0.25 were -0.135 V pH
-1

 and -0.156 V pH
-1

, respectively, and which correspond with left-

hand side of formula (1).  

Table 4.3 Atomic ratio of fluorine doped carbon (c: covalent, and s: semi-ionic). Pyrolysis 

temperature at 600 °C 
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 Fig 4.17 shows Tafel slopes around 0.7 mA cm
-2

 and 0.25 mA cm
-2

 at constant pH 13. 

As a result, Tafel slopes around 0.7 mA cm
-2

 and 0.25 mA cm
-2

 were 231 mV decade
-1

 and 

210 mV decade
-1

, respectively, and relatively higher than Tafel slope of IrO2 nanoparticle.
4
 

This result is expected that current density is partly attributed by carbon oxidation and 

decomposition, resulting in high Tafel slope for 40F-KB 600 °C. Using the formula (1), 

results of log(i) on pH for 0.7 mA cm
-2

 and 0.25 mA cm
-2

 were 0.58 and 0.74. In particular, 

these parameters were lower than first reaction order on proton activity. This result is 

expected for pre-equilibrim hydroxide ion adsorption on active site around semi-ionic C-F 

bond, and then active site is gradually decreased. Therefore, proton activity has almost half 

reaction order. 

Fig 4.16 (a) Linear sweep voltammogram of 40F-KB 600 °C for pH dependence (pH 11.5, 

12, 12.5, 13, 13.5, and 14). Potential versus pH curves for 40F-KB 600 °C at constant current 

density of (b) 0.7 mA cm
-2

 and (c) 0.25 mA cm
-2

. 
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 To compare the pristine KB, LSV curves for pH dependence and potential versus pH 

curves is shown in Fig 4.18. LSV curves on KB has also same tendency to result of 40F-KB 

as shown in Fig 4.16 (a). Besides, slopes of potential versus pH curves were – 0.161 V pH
-1

 

and – 0.133 V pH
-1

 at constant current density of 0.7 mA cm
-2

 and 0.25 mA cm
-2

, respectively. 

In comparison with 40F-KB 600°C, 40F-KB 600 °C was almost same result. Besides, Tafel 

slopes at pH 13 were 244 mV and 225 mV around current density of 0.7 mA cm
-2

 and 0.25 

mA cm
-2

 as shown in Fig 4.19. Using these parameters and formula (1), log (i) on pH is 

estimated as 0.66 and 0.59 for 0.7 mA cm
-2

 and 0.25 mA cm
-2

, respectively. In case of the 

40F-KB 600 °C, reaction order on proton activity for 0.25 mA cm
-2

 was higher than result of 

0.7 mA cm
-2

. On the other hand, reaction KB for 0.25 mA cm
-2

 had lower order on proton 

activity than 0.7 mA cm
-2

. This result indicates that 40F-KB 600 °C has lower overpotential 

than KB, resulting in relatively high reaction order at 0.25 mA cm
-2

. In addition, KB was also 

half reaction order on proton activity. This result is expected that proton activity is not 

affected by fluorine doping, but OER activity is changed by positively charged carbon of 

semi-ionic C-F bond.  

 

Fig 4.17 Tafel plots of 40F-KB 600 °C at pH 13. Center of plot range is current density of (a) 

0.7 mA cm
-2

 and (b) 0.25 mA cm
-2

. 
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Fig 4.18 (a) Linear sweep voltammogram of KB for pH dependence (pH 11.5, 12, 12.5, 13, 

13.5, and 14). Potential versus pH curves for KB at constant current density of (b) 0.7 mA 

cm
-2

 and (c) 0.25 mA cm
-2

. 

Fig 4.19 Tafel plots of KB at pH 13. Center of plot range is current density of (a) 0.7 mA cm
-

2
 and (b) 0.25 mA cm

-2
. 
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4.3.4 Kinetic OER activity for fluorine-doped carbon 

To evaluate the kinetic OER, potential and pH dependence were adopt for increment 

of O2 concentration and current density. I first confirmed the relation between evolved O2 

concentration (CO2) and total current density (jtotal) by using RuO2 as model catalyst. Disk 

electrodes were rotated at 1600 rpm, and potentiostatic polarization was conducted in 0.1 M 

KOH aqueous solution (pH = 13) to induce OER. As a result, increase of electrochemical 

potential leads to the increase in both jtotal and O2 concentration CO2 as shown in Fig 4.20. 

Importantly, slope of O2 concentration for time, i.e. velocity for OER (vOER = dCO2/dt), was 

increased with increment of jtotal. This result suggests that there is positive correlation 

between vOER and jtotal using RDE with O2 sensor method.  

Fig 4.20 OER from RuO2 in 0.1 M KOH solution (pH = 13). (a) Applied potential (E), (b) 

current density (j), and (b) O2 concentration (CO2) were plotted versus time. 
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 Fig 4.21 shows plot of time versus applied potential, jtotal and CO2 recorded for 40F-

KB 600 °C in 0.1 M KOH aqueous solution (pH = 13). As discussed in RuO2 experiment, 

CO2 increased as the electrochemical potential, E, increased. On the other hand, forward trace 

and backward trace for jtotal and vOER was distinct. For example, vO2 at 1.59 V in forward trace 

(0.011 ppb s
-1

, 180 s – 240 s) was twice higher than backward trace (0.0047 ppb s
-1

, 360 s - 

420 s). In addition to that, jtotal is not stable during the potentiostatic polarization. On the other 

hand, vOER shows linearity under potentiostatic polarization. This observation of jtotal and vOER 

suggests that jtotal is contributed from OER as well as catalyst oxidation after the initiation of 

OER. 

Fig 4.21 OER from 40F-KB 600 °C in 0.1 M KOH solution (pH = 13). (a) Applied potential 

(E), (b) current density (jtotal) and (c) O2 concentration (CO2) were plotted versus time. 



105 

 I investigated effect of proton concentration on the observed current density. Fig 4.22 

shows the Tafel plot of OER from 40F-KB 600 °C by plotting jtotal and E versus NHE scale. 

We averaged jtotal in each duration for potentiostatic polarization because of instability of 

observed current density during chronoamperometry as shown in Fig 4.23. Importantly, jtotal 

showed different behaviour depending on pH of KOH aqueous solution (pH = 12, 13, 14). In 

case of pH 12, the current density was almost similar values around 30 µA cm
-2

 regardless to 

the applied potential. In addition, increase in pH leads to the increase in jtotal. On the other 

hand, in the case of pH 13.5 and 14, jtotal were almost same order. The Tafel slopes, 

∂E/∂log(jtotal), were variant depending on pH of solution as shown in Fig 4.22. Tafel slopes at 

pH 13, pH 13.5, and pH 14 were 227 mV dec
-1

, 225 mV dec
-1

, and 183 mV dec
-1

, respectively. 

These Tafel slopes were even higher that 118 mV dec
-1

, which corresponds to the single-

electron transfer rate-limiting step.
26

 The observed high Tafel slopes are due to the rate-

limiting chemical step or diffusion steps, which are not due to the electrochemical process. 

Fig 4.22 Tafel plot of total current density versus electrochemical potential under oxygen 

evolution condition from 40F-KB 600 °C. The data were recorded in pH 13 (circle) pH 13.5 

(square) and (c) pH 14 (triangle). Current density was averaged throughout at each potential 

duration. 



106 

 

 

 

 

 

 

 

 

Fig 4.23 Chronoamperometry for 40F-KB 600 °C at different electrochemical potentials. 

Applied electrochemical potentials were shown in above. 
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 To evaluate pH dependence of vOER, I investigated the vOER from the measurement of 

CO2 under potentiostatic polarization. In case of pH 12, CO2 was almost same regardless to 

applied potential as shown in Fig 4.24. However, vOER at pH 13.5 and pH 14 were 

significantly increased than results of pH 12 and pH 13. In addition, vOER at the potential of 

1.62 V corresponds maximum value 0.038 ppb s
-1

 in KOH solution (pH = 14). Therefore, 

OER activity of 40F-KB 600 °C is enhanced by increasing the pH and E. Besides, oxygen 

evolution rate was slightly decreased with backward trace from 1.62 V to 1.53 V in 

comparison with forward trace from 1.53 V to 1.62 V at pH 13. Fig 4.25 shows Tafel plots of 

OER from 40F-KB 600 °C by plotting vOER and E versus NHE scale. Tafel slope can be 

treated as same even for vOER instead of jOER (vide infra). Tafel slopes were similar regardless 

to pH of KOH aqueous solutions. Tafel slopes at pH 13, pH 13.5, and pH 14 were 62 mV dec
-

1
, 62 mV dec

-1
, and 66 mV dec

-1
, respectively. In addition to that potential shift at the same 

vOER are quite similar to each other, and ∂E/∂log(aH+) is 63 mV pH unit
-1

. This observation 

suggests that vOER is related to the activity of proton. 
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Fig 4.24 Time-course analysis of O2 concentration trace under the potentiostatic 

polarization. Applied electrochemical potentials were shown in above. 

Fig 4.25 Tafel plot of reaction velocity of OER (vOER) versus electrochemical potential (E) 

under oxygen evolution condition from 40F-KB 600 °C. The data were recorded in pH 13 

(circle) pH 13.5 (square) and (c) pH 14 (triangle). vOER were evaluated from the slope of the 

concentration of oxygen versus time; dCO2/dt. 
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 Conventionally, kinetic model is constructed from rate-limiting kinetics in the net 

reaction of catalytic cycle. OER current (jOER) is described by velocity of reaction (vOER) and 

Faraday’s constant (F), and number of electron (n). jOER is followed as expression; 

𝑗OER = 𝑛F𝑣OER  (2) 

Therefore, vOER can be used as an parameter for Tafel analysis, and Tafel slope discussed 

herein is expressed as ∂E/∂log(vOER). pH difference induces the shift of the thermodynamic 

potential between water and oxygen equilibrium redox couple. Therefore, the order of the 

proton is estimated from the following equation 3, which is based on the Euler’s chain 

rule.
25,27,28

  

𝜕log ( OER)

𝜕log ( H+)
= −

𝜕 

𝜕 log( H+)
/

𝜕 

𝜕log ( OER)
 (3) 

Here, ∂E/∂log(vOER) is conventional Tafel slope and ∂E/∂log(aH+) is explained as potential 

shift depending on pH at the same vOER. As shown in Fig 4.25, Tafel slope for all the plot 

corresponds to almost 59 mV dec
-1

 value regardless to pH that corresponds to 2.3 × RT/F. In 

addition to that, the potential shift to the pH at same reaction rate, ∂E/∂pH, is 60 mV pH unit
-1

. 

By using equation 3, vOER is revealed to be proportional to inverse first order dependence of 

proton activity. 

 The reaction order for vOER is described as following expression by using constant v0. 

𝑣𝑂 𝑅 = v0(𝑎H+)
−1exp (

F 

RT
) (4) 

The rate expression carries the observed inverse first order dependence on proton activity, 

and the exponential relationship with electrochemical potential, E. Rearrangement of the log 

form of equation 4 yields a Tafel slope, ∂E/∂log(vOER), of 59 mV decade that is also 

consistent with experimental data. Equation is consisted with a mechanistic sequence 
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involving a reversible one electron, one proton equilibrium step followed by rate-determining 

chemical step. These mechanisms are expressed as following equation 5 and 6;  

 

1− 
=  (𝑎H+)

−1exp (
F 

RT
)   (5) 

𝑣𝑂 𝑅 = k2𝜃  (6) 

θ is the coverage of the adsorption step involving the proton-coupled electron transfer process. 

Due to the pre-equilibrium, θ is expected as small value. Therefore, θ/(1-θ) ≅ θ. Importantly, 

intrinsic exchange reaction rate is determined by pre-factor, k2K. This is suggestive that 

interaction between hydroxide and water or adsorption enthalpy for the hydroxide is 

important. 

 In order to investigate the structural origin of 40F-KB 600 °C, I conducted the 

theoretical calculation for the model molecular structure of 40F-KB 600 °C. 40F-KB 600 °C 

has 90.8% of carbon element and 3.9% of fluorine from semi-ionic C-F bonding. That 

corresponds to one C-F bond site per 50 Å
2
. I constructed aromatic system based on model 

structure (C42H16F) for the structure evaluation as shown in Fig 4.26. Importantly, I found 

that fluorine-doping on the graphene-like sheet induces the positive charge for neighboring ɑ-

carbon atom revealed by Mulliken charge analysis. In case of semi-ionic C-F bonding 

structure, ɑ-carbon is positively charged with the values of 0.196 and 0.189. On the other 

hand, in case of covalent C-F bonding structure, ɑ-carbon is less positively charged such as 

0.124 and 0.112. This result suggests that fluorine doping induces charge localization at ɑ-

carbon atom, which can be an active site for turn-over rate-determining step as shown in Fig 

4.27. This result would be expected that fluorine-doping induces (1) the increase of 

hydroxide adsorption energy or (2) increase of electrophilicity of adsorbed hydroxide species. 
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Interestingly observed phenomena in fluorine doped carbon are reminiscent with the highly 

active catalyst such as perovskites and surface platinum oxides.
25,29,30

  

 

Fig 4.26 Mulliken charge analysis for semi-ionic C-F model structure and covalent C-F 

model structure. Green color and red color indicates the positive and negative charges 

respectively. 

Fig 4.27 Schematic illustration of reaction mechanism of F-carbon. Pre-equilibrium of the 

hydroxide adsorption and one-electron oxidation occurred at positive charge carbon site (red) 

with respect to the fluorine-doped carbon sites (blue). The adsorbed hydroxide reacts with 

H2O for the irreversible rate-determining chemical step. 



112 

4.4 Conclusion 

 Fluorine-doped carbon was successfully synthesized by pyrolysis of KB with 

Nafion. Electrochemical characterization and detection of the O2 production were 

performed on the resulting fluorine-doped carbon. The OER activity was found to be 

enhanced by fluorine doping. Furthermore, the nature and quantity of C-F bonds can 

be controlled by the pyrolysis temperature. It is found that the increase of OER 

activity depends on the quantity of semi-ionic C-F bonds. The fluorine-doped carbon 

pyrolyzed at 600 °C had the most semi-ionic C-F bonding (3.9%), which showed the 

best OER performance. In case of the Nafion usage dependence, OER activity was 

enhanced by semi-ionic C-F bonds regardless of quantity of covalent C-F bond. On the 

basis of result from pH dependence, reaction order on proton activity was 0.5 ~ 0.8, in 

which was lower than first reaction order because hydroxide ion adsorbs on active site, 

and then active site gradually decreased. Proton activity was not affected by fluorine 

doping from results of pH dependence. These results suggest that OER occurs on 

carbon atoms with semi-ionic C-F bonding because of their very high positive charge. 

In addition, I discovered that non-linear relation between OER activity and the atomic 

ratio of semi-ionic C-F. This result implies that there may be synergistic effect 

between neighboring semi-ionic C-F bonding. In particular, I showed that fluorine doped 

carbon possesses high catalytic activity from the kinetic data profile. In most of the cases, 

carbon catalysts suffer from the decomposition, and mechanistic study are quite difficult in 

terms of the catalyst design. To solve this problem, I evaluate the comparison between 

evolved O2 and current density by potential and pH dependence. As a result, Tafel data and 

pH dependence proved that OER catalysis proceeds with proton coupled electron transfer 

process and irreversible chemical step. The presented study shed lights on the potential 
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catalysts for designer interfaces. 
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Chapter 5 

General Conclusion 

 

 In this thesis, I focused on the synthesis of the carbon nanomaterial and evaluation on 

the electrocatalytic activity of heteroatom-doped carbon. Synthesis of carbon nanomaterial 

has been widely approached by numerous methods. Among these methods, electrochemical 

deposition has attractive advantages such as its low-cost, easy process and room temperature 

synthesis condition (Chapter 2). Thermal deposition technique such as chemical vapor 

deposition (CVD) is also used for synthesis of carbon nanotube (CNT) because structure of 

synthesized carbon material is controllable by catalyst and carbon source (Chapter 3). In 

addition, selective heteroatom doping is possible by pyrolysis process using heteroatom 

sources (Chapter 3 and Chapter 4). Using these heteroatom doped carbons, I evaluated the 

electrocatalytic activity of oxygen reduction reaction (ORR) and oxygen evolution reaction 

(OER) (Chapter 3 and Chapter 4).  

 First, I adopted the electrochemical deposition for synthesis of carbon using 

halogenated carbon source such as CCl4 and CBr4 in the hydrophobic ionic liquid (Chapter 2). 

Halogenated carbon is easily dehalogenated by electrochemical reaction as carbon source. 

Graphitic carbon was obtained by carbonization process on graphitic carbon edge through the 

carbon source supply. Furthermore, H2O was added as proton source to synthesize the 

carbon-hydrogen (C-H) bond. Hydrophobic ionic liquid was used as electrolyte because it 

possesses the wide electrochemical window and controllable the amount of H2O. As a result, 

trans-polyacetylene was synthesized by dehalogenation of halogenated carbon and sequential 
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hydrogenration/protonation step with H2O by nucleation and aggregation on the nucleation 

site. On the basis of the result, I firstly reported the synthesis of trans-polyacetylene by 

electrochemical deposition. 

To develop the synthesis of the other carbon allotropes, I synthesized the nitrogen-

doped vertically aligned carbon nanotube (N-VA-CNT) by water-assisted CVD and pyrolysis 

process for nitrogen-doping in Chapter 3. In case of VA-CNT synthesis, I discussed carbon 

source dependence for the first time by using n-hexane (C6H14) and ethylene (C2H4). As a 

result, I successfully synthesized VA-CNT by water-assisted CVD, and controlled the 

diameter of CNT by carbon source. Besides, VA-CNT synthesized from C6H14 has higher 

specific surface area and diameter than VA-CNT synthesized from C2H4. N-VA-CNT was 

synthesized by pyrolysis process of phthalocyanine as nitrogen source with VA-CNT from 

C6H14,. Besides, ORR activity is enhanced by nitrogen-doping on VA-CNT.  

Finally, I showed synthesis and evaluation of ketjen black (KB)-based catalyst in 

particular for OER of fluorine-doped carbon in Chapter 4. Theoretical study showed 

importance of positively charged carbon sites on OER activity. Therefore fluorine-doped 

carbon is expected to exhibit OER activity because fluorine has the highest electronegativity. 

Ketjen black (KB) and Nafion were used as carbon substrate and fluorine precursor to form 

fluorine-doped Ketjen black (F-KB). As a result, the OER activity was found to be 

enhanced by fluorine-doping. Furthermore, the nature and quantity of C-F bonds such 

as semi-ionic and covalent can be controlled by the pyrolysis temperature. In particular, 

I firstly found that the OER activity depends on quantity of semi-ionic C-F bond 

regardless of covalent C-F bond. From analysis of Tafel plot and pH dependence on 

potential, proton activity is not affected by fluorine doping, but OER activity is changed by 

positively charged carbon of semi-ionic C-F bond. This result implies that there may be 
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synergistic effect between neighboring semi-ionic C-F bond.  

 In conclusion, I attempt to control the carbon bonding by electrochemical deposition, 

water-assisted CVD, and pyrolysis process. Carbon to halogen bond was decomposed and 

polymerized by electrochemical deposition (Chapter 2). Carbon to carbon bond such as 

diameter of CNT was controlled by water-assisted CVD using carbon source dependence 

(Chapter 3). Carbon to fluorine bond was changed by pyrolysis temperature (Chapter 4). In 

particular, electrocatalytic activity such as ORR and OER was enhanced by specific carbon to 

heteroatom (Chapter 3 and Chapter 4). Therefore, my results exemplify control of carbon 

bonding for carbon-based material by selective synthesis method, as well as support to 

design the electrochemical catalyst for electric charge effect of metal-free heteroatom-

doped carbon. 
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