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Chapter 1  

 

Introduction 

 

 

1.1 Carbon Nanomaterials 

Carbon has the most allotrope in different elements with different bonding forms 

such as diamond, graphite, amorphous carbon, and fullerene [1]. In addition, various 

kinds of substance groups including carbon nanotubes in which the bonds are mixed are 

formed. Its functions are varied and diverse with electronic, mechanical, thermal, 

chemical, biotechnology, medical care. The diversity of the sp, sp2 and sp3 bonds of 

carbon atoms creates a variety of carbon substances, it is the root of rare diversity of 

carbon species [2]. In particular, nanocarbon materials are those whose functions are 

dramatic. The table 1-1 shows the structure and characteristics of the carbon structure. 

 

Table. 1-1. Characteristics of the carbon structure [2]. 
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1.1.1 Natures of carbon nanomaterials 

Graphene is a two-dimensional crystal in which carbon atoms are bonded to the 

thickness of a single atomic layer by sp2 hybrid orbital to form a six-membered ring 

structure and spread in a sheet form. It consists of a C-C bond with pure sp2 

hybridization [3]. Therefore, there is no interlayer interaction like graphite. Therefore, 

the π electrons of graphene can move only purely in the plane. The structure is shown in 

the figure 1-1-1. 

Features have extremely fine structure and excellent physical, chemical and 

mechanical properties, and they are expected as device materials. In terms of electrical 

properties, the mobility ranged over 15,000 cm2 / Vs, which was ten times greater than 

Si, regardless of temperature. Graphene was discovered by Andrey Geim et al. in 2004 

[4]. It succeeded in isolating by repeating exfoliation of highly oriented pyrolytic 

graphite (HOPG) with scotch tape.  

The graphene obtained by the mechanical peeling method is very small. For 

industrial application, it is necessary to have a method capable of continuously 

producing large areas. In the chemical vapor deposition (CVD) method, a thin film of a 

transition metal is used as a catalyst. Furthermore, the carbon source gas such as 

methane is reacted at 1000 ˚C to grow the graphene on the metal surface. It is possible 

to synthesize the large area, the high quality graphene at a relatively low cost. Since 

further development can be expected by combination of the type of metal catalyst and 

the synthesis conditions, research has been actively carrying out since 2008 [5-9]. 
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Fig.1-1-1. Illustration of Graphene. 
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Carbon nanotubes (CNT) have a structure in which grapheme sheet is rolled 

into a cylindrical shape in figure 1-1-2. It is basically a π electron material, but it shows 

conductivity or semiconductivity depending on the structure. There are two kinds of 

structures, single layer type and multilayer type, which are called single layer CNT 

(SWCNT) and multilayer CNT (MWCNT), respectively. The properties of CNT depend 

on the chirality which means how to wrap the graphene sheet. 

Chirality is greatly divided into two types of zigzag type and armchair type. 

When the chirality is zigzag type it takes on both metal and semiconductor properties. 

On the other hand, when it is an armchair type, it becomes the metallic CNT. The CNT 

produced by the arc discharge method was discovered by Iijima Sumio et al. in 1991 

[10]. It was also reported in 1998 that the CNT can be prepared by the CVD method 

[11-12]. Because the CVD method has the possibility for the mass synthesis, studies on 

improvement of it are actively conducted. In the case of CVD method, hydrocarbons, 

carbon monoxide and alcohol such as methane, acetylene and toluene are used as the 

carbon source. Parameters relates to CNT production vary widely, but the metal catalyst 

is particularly important in quality by the CVD method. The size of the CNT changes 

depending on the type and size, so the metal catalyst occupies a large role [13]. 
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Fig. 1-1-2. Illustration of carbon nanotube. 
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Fullerene consists of 20 six-membered rings and twelve five-membered rings 

and it is shaped like a soccer ball in figure 1-1-3. Three of the four valence electrons of 

the carbon atom make the sp2 hybrid orbital. A cage-shaped molecular skeleton is 

formed by the σ bond. 60 2p electrons not participating in hybridization have the 

electron density inside and outside the spherical surface.  

Then, it constitutes a π electron system spreading throughout the molecule. 

This π electron is involved in most of reactions and physical properties. The π-electron 

system of fullerene reflects the high symmetry of the molecular structure, and it is a 

characteristic one in which orbits with high degeneracy are aligned. Therefore, it is poor 

in conductivity. However, it has been reported that superconductivity is exhibited when 

doping alkali metal. It was discovered in the process of cyanopolyyne production by 

Harold W Kroto et al. in 1985 [14].  

Fullerene is synthesized by a laser evaporation method in which a pulse laser is 

focused on the graphite surface to generate the carbon vapor [15]. However, this method 

produces a very small amount (~10-15 g). A method of synthesizing by the arc discharge 

between two graphite electrodes in a container filled with an inert gas enables the mass 

production [16].  
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Fig. 1-1-3. Illustration of Fullerene. 
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Natural diamonds are produced under a deep crustal high with temperature and 

a high pressure. Adjacent valence electrons of carbon atoms are covalently bonded to 

form a tetrahedral structure by sp3 hybrid orbital. This is repeated to take a 

three-dimensional network structure in figure 1-1-4. Therefore, it is extremely hard and 

has a very high melting point.  

Pure diamond is an insulator because there is no conduction electron. However, 

it is possible to supply electrons contributing to electric conduction by replacing a part 

of carbon with boron or nitrogen as impurities. Superconductivity was confirmed with a 

sample in which boron was replaced with high concentration (3 at %) until it showed 

metallic conductivity by Ekimov et al. in 2004 [17]. Diamond synthesis is carried out by 

artificially providing high temperature and high-pressure conditions. It is synthesized 

from the high purity graphite by using diamond anvil cell and shock wave due to 

explosion to obtain high pressure [18]. In the case of producing a diamond thin film, 

CVD method is used with source gases such as hydrogen and methane [19]. However, 

there are problems with the growth rate and crystallinity. To solve this drawback, the 

nanodiamond colloid was applied to the substrate as seeding. As a result, good results 

were obtained by the CVD method [20-21]. 
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Figure. 1-1-4. Illustration of Diamond. 
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1.1.2 Novel a devices using carbon materials 

Nanocarbon materials typified by graphene and carbon nanotubes are expected 

to be applied to various devices due to excellent electrical, thermal and mechanical 

properties. Fiori et al. simulated a transistor with CNTs and graphene nanoribbons as a 

channel and showed that it has a current driving capability of 1 mA / μm at a drain 

voltage of 0.1 V [22]. In the transistor using CNT, the ON current when normalized by 

diameter was 2.41 mA/ μm, which was far greater than the equivalent Si device in 

figure 1-1-5(a) [23].  

For gas sensor applications, it is expected to be used for environment, breath 

and electronic nose. In an ideal situation, even one molecule of adsorption can be 

detected with a gas sensor using graphene by Hall measurement [24]. Normally, the 

main principle of a gas sensor using the graphene is changed in resistance of graphene 

during gas adsorption. In such the sensor, typical resistance changes for NH3 and NO2 

of 100 to 1000 ppb are about several %. However, there are reports that the sensitivity is 

greatly improved by surface modification in figure 1-1-5(b) [25]. 

They are the device application of energy storage and conversion of the 

structure and physical properties of nanocarbon materials. The electric double layer 

capacitor (EDLC) is an electric storage device utilizing a phenomenon called electric 

double layer. In the electric double layer, when a conductor is immersed in an 

electrolytic solution, a thin layer in which one molecule of solvent is aligned is formed 

at the interface where the electrolytic solution contacts the conductor. It is a 

phenomenon that the diffusion layer spreads to the electrolyte on the outside in figure 

1-1-5(c). This layer can be regarded as a capacitor in which positive and negative 

charges face each other, so it can be applied as an electric storage device. Since it does 
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not require the chemical reaction of electrodes like batteries, it can charge and discharge 

at high speed and is excellent in high output characteristics. On the other hand, since the 

storage of electricity is limited only to the electrode surface, the energy storage density 

becomes very small as compared with the battery. Since the electric double layer is 

formed on the surface of the electrode, the larger the surface area of the electrode, the 

more charge can be accumulated and the larger the capacity. CNT is attracting attention 

to overcome the low energy density. The CNT is a material with cylindrical nanopores, 

and excellent high-speed charge and discharge characteristics are reported as an EDLC 

electrode material [26]. 

 A fuel cell is a device that changes chemical energy directly to the electric 

energy by electrochemically reacting fuel without charging unlike a storage battery. 

When hydrogen and oxygen are in direct contact with each other and react, all generated 

energy is changed to heat. However, as in the structure of a polymer electrolyte fuel cell 

(PEFC), an electrolyte membrane separates them. An electrode containing a platinum 

catalyst is attached to both sides of the electrode, and the wire connects the electrode 

and the external circuit. Then, hydrogen is separated into protons (H+) and electrons at 

the electrode, and they pass through the electrolyte and the electric wire, respectively, so 

that the reaction proceeds without direct contact. At this time, electrons flow in the 

external circuit, and the energy of the substance can be taken out directly as a current. 

The role of the carbon nanomaterial is to use for electrode catalyst supported and 

diffusion layers from the viewpoint of electrical conductivity and corrosion resistance. 

Graphene and CNT are used as stacks and high activity and durability are reported in 

figure 1-1-5(d) [27-28]. This is an improvement in activity due to the electronic 

interaction between platinum and carbon, and good electron conductivity of the stacks. 
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Moreover, the pore structure of the carbon material seems to be suitable for mass 

transfer and formation of three phase interface. Furthermore, in the miniaturization of 

PEFC for cost reduction, it is required to reduce the amount of platinum, improve the 

power density and working under the environment. In order to solve this problem, 

expectation is given to the surface area, mechanical strength and conductivity possessed 

by CNT and graphene. 

 

 

Fig. 1-1-5(a) Transistor using CNT [23]. 

 

 

 

Fig. 1-1-5(b) Gas sensor using CNT for detection of NO2[25]. 
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Fig. 1-1-5(c) Principle and structure of electric double layer capacitor [26]. 

 

 

 

Fig. 1-1-5(d) Structure of fuel cell using nanographene [28]. 

 

 



14 

 

1.2 Carbon Nanowalls (CNWs) 

A fullerene of a soccer ball-shaped molecule called the third allotrope was 

found next to diamond and graphite. Carbon nanostructures of various shapes such as 

CNT and carbon nanorose have been reported since then [29]. Fabrication of 

two-dimensional carbon structure called carbon nanowalls (CNWs) with catalyst was 

reported by Wu et al. in 2002 and Hiramatsu et al. in 2004[30-31]. The carbon nanowall 

are described below. 

 

1.2.1 Characteristics 

As shown in the figure X, CNW can be depicted as a carbon nanostructure with 

edges consisting of a stack of graphene sheets standing almost vertically on a substrate. 

The sheet forms a self-organization of a wall structure having a thickness range of 

several nanometers to several tens of nanometers of the graphene sheet [32-33]. The 

graphene sheet forms walls with a high aspect ratio. The thickness of CNWs is several 

nanometers to several tens of nanometers. CNWs with a large surface area similar to 

CNT has functions as a membrane for energy storage, field electron emitters, thin film 

transistors and supported of dissimilar materials [34-42]. CNWs have unrivaled forms 

on the nm order and amazing properties based on carbon materials. Its characteristics 

are wide surface area, chemical physical strength, high aspect ratio, high mobility with 

room temperature and resistance to high current density (graphene sheet: 10,000 to 

15,000 cm2/Vs and 108 A/cm2). And it is robust and can maintain the structure even in 

liquid. 

Nanostructures of CNWs are expected as ideal materials, abundant edges to 

field emission device, and wide surface area as energy device such as gas storage and 



15 

 

fuel cell electrode. Wakana Takeuchi et al. reported that CNWs electrical conduction 

behavior could be controlled by adding nitrogen during CNWs synthesis process. When 

the temperature dependence of the conductivity of the graphene sheet showed 

semiconductor behavior, a CNWs structure was obtained on the Si substrate [43]. This 

result showed that CNWs has potential to be applied to electronic devices.  

 

 

 

 

Fig. 1-2-1. Illustration of graphene forming carbon nanowalls and CNWs. 
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1.2.2 Synthesis method 

The synthesis method of CNWs is similar to that used for CNT and diamond 

film. Mixture of hydrocarbon and hydrogen, CH4 and H2 or Ar are used as a general 

source gas. Like the diamond film growth, a large amount of H atoms is necessary for 

the growth of CNWs. Therefore, the high-density plasma such as microwave plasma or 

inductively coupled plasma is suitable for efficiently decomposing H2 molecules. Today, 

CNWs and related materials have been fabricated using various CVD methods listed in 

the table 1.2.2.  

The microwave plasma enhanced CVD (MPECVD) system used for the 

experiment has a 500 W microwave source and a rectangular space for introducing 

microwaves into the quartz tube for generating plasma [44-45]. Radio frequency (RF) 

plasma enhanced CVD with CH4 and H2 gas was also performed for growth of carbon 

nanosheets [46-47]. Carbon nanosheet and CNWs are considered to be the same 

material. RF (13.56 MHz) energy was inductively coupled to the chamber with a coiled 

RF antenna via a quartz window and synthesized. The synthesis of CNWs was also 

reported with helicon PECVD system [48-49]. Weakly magnetized plasma was 

generated by a helicon wave transmitted through the plasma even in a weak magnetic 

field of lower than 10 mT in this system. The process pressure decreases due to the 

helicon discharge, and diffusion of the carbon precursor to the substrate is enhanced. 

The synthesis condition was expected to improve the growth rate of CNWs. Several 

methods have been reported such as hot filament CVD, electron beam excited plasma 

enhanced CVD (EBEP CVD) and sputtering of graphite target [50-52].  

New method of plasma processing to perform radical control processing using 

radical injection technology was proposed by Mineo Hiramatsu et al. [53]. It is 
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described in figure schematic of rf-PECVD apparatus assisted by H radical injection 

(RI-PECVD). The system consists of a parallel plate rf CCP region and a region of 

remote radical source using inductively coupled H2 plasma. Carbon source gas (CH4, 

C2F6 or CF4) was introduced into the rf CCP region in main reaction chamber. H2 gas 

was introduced through a quartz tube. The RF coil was equipped in a quartz tube. The rf 

coil was equipped in a quartz tube and it was connected to an rf power generator 

operating at 13.56 MHz. The pressure ranges from atmospheric pressure to several Pa. 

In the case of growth of CNT, a metal catalyst such as iron or cobalt is required. On the 

other hand, it does not need to grow CNWs. As a result, CNWs was fabricated at 

substrate temperature of 500-700 ˚C without using catalyst on several substrates 

including Si, SiO2, Ni and steel [54]. 

 

Table 1-2-2 Growth system of CNWs. 
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Fig. 1-2-2(a) Illustration of MPECVD system [45].  
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Fig. 1-2-2(b) Illustration of inductively coupled RE-PECVD system [47]. 
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Fig. 1-2-2(c) Illustration of helicon PECVD system [48] 

 

 

 

Fig. 1-2-2(d) Illustration of rf PECVD apparatus assisted  

by remote radical source system [53] 
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Currently used thin film fabrication methods are roughly divided into physical 

methods (PVD: Physical Vapor Deposition) and Chemical Vapor Deposition (CVD). 

The PVD method is a method of aggregating atoms and molecular gases formed from 

an evaporation source on a substrate by vacuum deposition or sputtering by ion 

bombardment in a vacuum to form a thin film.  

In the CVD method, a compound gas is introduced into a reaction chamber, and 

a thin film is formed from gas molecules by decomposition of gas molecules or 

intermolecular chemical reactions on the substrate surface maintained at a constant 

temperature. The CVD method can deposit insulator, semiconductor and metal by 

controlling chemical reaction. Utilization of the chemical reactivity between the 

chemical species of the gas phase and the substrate surface enables uniform and 

homogeneous film deposition on the micro fabrication pattern. Also, selective film 

deposition and crystal growth are possible only on specific substrate materials. The film 

formation process in the CVD method is divided into the following five processes. (i) 

Transport of reaction gas (chemically active species) to the substrate surface. (ii) 

Adsorption to the substrate surface, surface diffusion. (iii) Surface reaction, nucleation. 

(iv) Desorption of reaction products. (v) Outward diffusion of elimination reaction 

products. A series of these processes are shown in the figure. 

 CVD methods can generally be categorized by controlling the form of energy 

supplied to control chemical reactions. It is roughly classified into thermal CVD that 

chemically reacts with thermal energy, plasma CVD that dissociate by light irradiation 

or plasma. In the plasma CVD method, excitation and dissociation are induced by 

applying energy to the gas. Then, chemically active radicals, electrons atomic and 

molecular ions are generated. When this state continues, a stable plasma is generated 
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and the radicals and ions are adsorbed on the substrate to form a film. Since electrons 

have small mass, they can sufficiently follow the high frequency electric field, so that 

the kinetic energy increases. However, molecules with large mass cannot follow up and 

the temperature does not rise. Even in the high energy state as a whole, the temperature 

of the molecule is low, and the electron and the molecule are in a non-thermal 

equilibrium state.  

In the plasma CVD method, suppression of reaction on a substrate, growth of 

an amorphous film, and use of a non-heat-resistant material are raised. It is also 

characterized in that it grows into a film having a different composition and 

characteristics from the deposition by the thermal CVD method. Gas pressure, discharge 

power, frequency, junction system (capacitive or inductive coupling) and substrate bias 

are parameters related to plasma generation and control. A high frequency of RF band of 

13.56 MHz is widely used. Very high frequency (VHF) band of 30-300 MHz, ultra-high 

frequency (UHF) band of more than 300 MHz, and the microwave of 2.45 GHz are also 

being promoted for efficient membrane formation technology development. From the 

requirement for high-speed and high-uniformity film formation technology, the 

application to CVD technique with magnetic field microwave (ECR plasma and helicon 

wave excited plasma, ECR: Electron cyclotron resonance) and inductively coupled 

discharge (ICP) for generating low-pressure high-density plasma were proposed. 
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1.3 Biosensor 

Liquid analysis is used extensively in medical and health, food production, and 

environmental fields. In analysis methods, the required elements are high speed, simple 

operation, sensitivity and accuracy. In particular, the biosensor (electrochemical sensor) 

is described below. 

 

1.3.1 Fundamental and motivation 

Liquid samples analyzed in various ways as shown in the table. High 

performance liquid chromatography (HPLC) pumps the mobile phase solution and 

sample to a separation column and detects the separated material with a detector. It 

consists of multiple devices such as pumps and column detectors.  

Colorimetry method is based on colorimetric reagents such as 10-acetyl-3, 

7-dihydroxyphenoxazine [55-56]. Ultraviolet or visible absorbance of colorimetric 

samples can be measured easily, but rather complicated calibrations such as adjustment 

of the concentrations of reagents is necessary.  

Nuclear magnetic resonance (NMR) spectroscopy observes energy absorption 

and release phenomenon of nuclear spin. Radio waves are irradiated on sample 

molecules in the magnetic field. After nuclear magnetic resonance, liquid is analyzed by 

measuring the resonance frequency generated when the molecule returns to the original 

stable state. However, sensitivity is low due to detection of very weak energy change. 

Similarly, biosensor (electrochemical sensors) used as products have low sensitivity. On 

the other hand, it has superior detection sensitivity, simple operation, and 

miniaturization of the device due to circuit integration.  

 Biosensors are a type of chemical sensor and mainly perform the measurement 
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electrochemically. It is mainly composed of a molecular identification element, a 

transducer, an immobilization layer, and a selective membrane as shown in figure 

1-3-1(a) [57].  

Application fields of biosensors are roughly divided into food production, 

environment, security and medical health field. Specifically, it is as follows, in the field 

of food production, residual agricultural chemicals and microorganisms in products, 

environmental hormones and dioxins in rivers in the environmental field, bacteria 

related to emerging infectious diseases and bioterrorism in the security field figure 

-3-1(b) [57]. Because of its character, the medical and health fields account for 90 % of 

biosensor applications in. Currently, measurement of glucose in the blood is the main 

way to use it. But there are signs of change the application. The wearable device, IoT 

technology and sensor innovation as shown in the figure 1-3-1(c) are factors. The 

biosensor market has been expanding due to focus on prevention and early detection 

from disease treatment in recent years [58]. 

 

 

 

 

Fig. 1-3-1(a). Basic configuration of biosensor. 
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Fig. 1-3-1(b). Application fields of biosensors [57]. 
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Fig. 1-3-1(c). Growth road map of biosensor and  

proposed application and wearable device [58]. 
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1.3.2 Issue of electrochemical sensor 

The biosensor uses the interface and the surface phenomenon as the detection 

principle as shown in the figure1-3-2. The substance to be detected is supplied from a 

liquid or a gas, and is converted into an electric signal through the electrochemical 

reaction or the adsorption reaction on the surface of the electrode. The solid phase of the 

electrode forms a reaction field at the interface in contact with the liquid phase and gas 

phase. The sensitivity of the biosensor depends on this reaction field. Sensors of 

practical product level do not have the sensitivity because this shape of electrode is a 

wire or a plate type. This disadvantage is even more significant when the sensor is 

miniaturized. It is also difficult to detect biomolecules such as proteins. One reason for 

this is that stability of biomolecule adsorption is low. 

 

 

 

 

Fig. 1-3-2. Principle of biosensor detection. 
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1.3.3 Novel sensors using carbon materials  

In the field of semiconductors, there is a technology called integration to make 

many elements on one chip. As the integration increases the number of elements per 

unit area, it leads to the improvement of the performance of the semiconductor IC. This 

idea also affected the sensor device. It is to microfabricate the electrode surface to 

increase the reaction surface area as shown in figure 1-3-3 [59]. Specifically, it is a 

nanopillar, a nanopore, and a nanogap [60-62].  

On the other hand, the idea of applying carbon nanomaterials having a 

nanoscale structure at the manufacturing stage to electrode materials has also been 

proposed. The surface area of single-walled CNTs reaches 1600 m2 per g and the 

formation of a high-density reaction field is expected [63]. Even in the case of 

substances which do not react directly, it is possible to detect them by supported catalyst 

such as a metal on the electrode surface. Actually, using CNT or boron-doped diamond 

has also been reported [64-65]. Furthermore, since electrodes made of carbon 

nanomaterials have conductivity, they not only provide a reaction field but also act as 

transducers that convert the reaction into electrical signals and transmit them. 

 

 

 

Fig. 1-3-3. Expansion of reaction field by microstructure. 
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1.4 Biological substances as health indicators in the 

body 

 In this study, bio-related substances were assumed as detected objects. 

Substances that can be an indicator of health, especially internal substances, are 

described below. 

 

1.4.1 Glutamate 

Proteins exist in the body as important substances responsible for the 

information transfer function and the energy conversion in living bodies. Therefore, it is 

an important element of diagnosis to detect proteins occurring in the body with the 

onset of disease. Glutamate is one of the most major substances among the amino acids 

constituting proteins. Glutamate accounts for about 40% of the signaling function of 

neurons in the brain and is an excitatory neurotransmitter that plays an important role in 

higher brain function such as memory and learning. Production of large amounts of 

glutamate leads to the development of Parkinson's disease [66].  

Diagnosis of Parkinson's disease is difficult and only a way is doctor’s 

interview. Biosensors have the potential to make diagnosis easier by detecting the 

glutamate. However, a simple method to detect it with a biosensor is to detect hydrogen 

peroxide, a by-product, using a metal catalytic electrode using an enzyme. 

 

1.4.2 Hydrogen peroxide 

Recently it has been reported that the active oxygen is closely related to fatal 

diseases (cancer, heart disease, etc.) in industrialized countries [66-67]. Oxygen taken in 
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by respiration in the body turns into active oxygen and eventually becomes the 

hydrogen peroxide. Normally it changes to harmless substances such as water and 

oxygen by the action of the enzyme. However, in the poor physical condition, the 

hydrogen peroxide is produced in large quantity, reacts with iron-derived ionic 

substances constituting the cell, turns into OH radical with strong oxidizing power, 

causing oxidative injury. The accumulation of this injury leads to onset.  

In addition, a field of signal transduction is formed by a change in the redox 

state in the cell and acts as a messenger molecule for the gene expression and cell 

proliferation [69]. Monitoring of hydrogen peroxide leads to the prevention of diseases, 

early detection, understanding of physiological responses. 

 

1.5 Objective and composition of this thesis 

CNWs have many excellent features. Large reaction field, metal catalyst 

support, in contrast to CNTs enable us to make the stable detection because it does not 

aggregate in the liquid. In this thesis, from the viewpoint that CNWs synthesized by the 

plasma CVD method are advantageous compared to sensors that are practically used in 

sensor applications, I clarified the application destination of CNWs and showed the 

process and characterized up to the device formation. CNWs synthesized by the plasma 

CVD has a large surface area and strength not to agglomerate even in a liquid. The 

characteristics and synthesis method of CNWs are described in section 1.2. CNWs are a 

carbon nanomaterial with multilayer graphene grown on the substrate on the nm scale 

and having unique features. Features and tasks of biosensors are described in section 1.3. 

This emphasizes the application of carbon nanomaterials to sensors. In Section 1.4, the 

background and detection significance of the detected substance are described. 
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In Chapter 2, CNWs manufacturing apparatus, processing to electrodes, and 

metal catalyst loading method were described. Various analysis methods and application 

experiments of CNW for electrochemical were also described. 

Chapter 3 is the processing of sensor device of CNWs fabricated by PECVD 

and evaluation of electrochemical characteristics of CNWs electrode. CNWs electrodes 

supported with platinum nanoparticles were fabricated and material analysis was carried 

out. In order to investigate detection performance of hydrogen peroxide, the 

electrochemical measurement was carried out using the CNWs electrode. In order to 

investigate the redox reaction potential, the cyclic voltammetry and amperometry were 

carried out for responsiveness to the concentration of hydrogen peroxide. 

In Chapter 4, the influence of hydrogen peroxide detection reaction on CNWs 

was investigated. Since hydrogen peroxide treatment is usually performed as removal of 

impurities from the carbon material. The cyclic test by the cyclic voltammetry was 

carried out using CNWs electrode. The shape of the CNWs electrode after the cycle test 

was observed. The mechanism of these damages on CNWs electrode were discussed. 

In Chapter 5, to examine the effect of F impurities on characterization of 

CNWs, employing the rf PECVD apparatus with radical source using C2F6 gas. CNWs 

were synthesis clarify at effects of F on the surface of CNWs for electrode. F 

termination was performed on the CNWs surface prepared with CH4 as a comparison. 

The F termination was performed on the produced CNWs by reactive gas process of F2 

and NO. After termination, a cycle test was conducted to verify the presence or absence 

of F termination effect on CNWs. 

Finally, results and discussions in the present study are summarized, and the 

future scopes are described in Chapter 6. 
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Chapter 2  

 

Experimental set up 
 

2.1 Growth of CNWs and electrode preparation 

2.1.1 Synthesis methods of CNWs 

Plasma enhanced vapor deposition (PECVD) system is widely used for the 

fabrication of amorphous carbon film (a-C), carbon nanotubes (CNTs), graphene, 

carbon nanowalls (CNWs), etc. In this method, these carbon materials are synthesized at 

relatively low temperature by radicals and ions. Free electrons accelerated by an electric 

field have high energies. Therefore, by applying an electric field, many active species 

are generated under low pressures. When these generated active species react on the 

substrate surface, the material grows on the surface. Regarding the production of 

materials, we must decide parameters such as gas flow ratio, pressure, the input power. 

Typical source gases in the synthesis of carbon materials are methane (CH4), acetylene 

(C2H2) and C2F6. In most situations, these gases are used with hydrogen (H2) or argon 

(Ar).  

CNWs are synthesized in various plasma systems as written in Chapter 1.2. In 

this study, two types of systems are used. One was the inductively coupled plasma 

enhanced chemical vapor deposition (ICPECVD) and the other was the radical injection 

plasma CVD (RIPECVD). For the synthesis by ICPECVD, the fabrication of CNWs 

using RF-ICP was reported [1]. In the ICPECVD, CNWs were grown on the carbon 
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fiber paper (CFP) using a CH4 / Ar gas mixture [2]. A schematic illustration of the 

ICPECVD system is shown in Fig. 2-1-1(a). The plasma density of the ICP is 10 times 

higher than that the capacitive mode with the same RF power input [3]. A one-turn coil 

antenna was set on the quartz window at the top of chamber. A time-varying current 

flows in the RF coil, so that a time-varying magnetic field is generated around it. In this 

way, an azimuthal current is induced in the gas in the chamber and decomposed to 

generate a high-density plasma. An RF (13.56 MHz) power of 500W was applied to the 

coil antenna to sustain the plasma generated in the chamber. A mixture of CH4 with a 

flow rate of 50 sccm and Ar with a flow rate of 20 sccm was introduced in the chamber, 

and the total gas pressure was maintained in the range from 1.3 to 8 Pa by manually 

controlling the conductance valve. The temperature of the heater for CFP substrate 

heating was maintained at 720 °C during CNW growth.  

Production of CNW based on capacitively coupled plasma (CCP) enhanced 

CVD with H radical injection using fluorocarbon gas as source gas was demonstrated 

[4-5]. This system is further adapted to the production of carbon nanostructures through 

the result of measurement of radical density in plasma. Hydrogen atoms are efficiently 

generated by the high density plasma of surface wave plasma (SWP) using microwaves. 

Then, it is injected into the shower through a large number of small holes in the plasma 

of the carbon-based gas by CCP. A schematic illustration of the RIPECVD system is 

shown in Fig. 2-1-1(b). The RI-PECVD system has a tandem structure consisting of two 

types of plasma sources. One is a parallel plate CCP source using a very high frequency 

(VHF: 100 MHz) electric power. The other is a microwave (2.45 GHz)-excited SWP. 

The SWP source is mounted on the CCP source, and they are connected through a 

multirole electrode. A H2 gas was introduced into the upper SWP region, and H atoms 
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generated in the upper SWP source were injected into the lower CCP region through the 

multirole electrode. A CH4 gas was introduced into the CCP region as a carbon source. 

This process was carried out at low pressures (1~100 Pa). Employing this tandem 

system, multiple radicals can be controlled independently. During the growth of CNWs, 

the CFP substrate was heated by a carbon heater beneath the lower electrode. The heater 

temperature is set to 800 ˚C, the substrate temperature is estimated at 600 ˚C by an 

optical pyrometer. 

 The CFP used as a substrate in the present study was Toray carbon paper 

EC-TP1-060T [6]. Carbon fibers of about 7 μm diameter are randomly woven and the 

density of CFP used is 0.44 g/cm3. The high porosity (about 78%) of the CFP facilitates 

gas and liquid flow. The CFP was cut into 2 × 2 cm2. The CFP has itself a large surface 

area; the effective surface area of CFP is roughly estimated to be 50 times as large as 

that of a flat sample. Carbon fiber is made by carbonizing petroleum and acrylic long 

fibers. Carbon fiber has heat resistance, conductivity, chemical resistance tolerance. By 

making fiber like paper, it becomes carbon fiber paper in Fig. 2-1-1(c). 
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Fig. 2-1-1(a). Illustration of ICPECVD system. 
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Fig. 2-1-1(b). Illustration of RIPECVD system. 
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Fig. 2-1-1(c). (upper) CFP and (lower) CF. 
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2.1.2 Metal catalyst supporting method 

 

In this study, CNWs fabricated by PECVD were used for electrodes. Figure 

shows the structure of the electrode. Copper (Cu) wire was used as a conductor for 

transmitting the current generated by the reaction on the CNWs to the external circuit. 

Copper is a quantity conductive material with very low electrical resistivity. Moreover, 

it has technological property workability, durability and mechanical strength. CNWs 

and Cu wire were bonded with the silver paste.  

The silver paste is composed of micrometer-sized silver particles, a binder and 

a solvent. It is most typical of coated conductive material. At the time of measurement, 

it is necessary to prevent chemical reactions occurring at sites excepting CNWs in the 

solution. The excepted part of CNWs was coated with an epoxy resin which has been 

used encapsulant for substrates of electronic circuits and IC packages in figure2-1-2. 

Since the epoxy resin forms a three-dimensional crosslinked structure, it has water 

resistance, abrasion resistance, chemical resistance and electrical insulation properties. 
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Fig. 2-1-2. Illustration of electrode using CNWs. 
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2.1.3 Electrode preparation 

 

After growth of the CNWs on the CFP, the hydrophilic treatment on the surface 

of CNWs was carried out using the Ar atmospheric pressure plasma (NU 

EcoEngineering) at 6 kV [7-8]. The liquid phase reduction method was used supporting 

Pt on the CNWs. As the preliminary experiment, platinum nanoparticles supporting was 

carried out onto CNWs grown on a SiO2 substrate with and without the Ar atmospheric 

pressure plasma treatment and cross-sectional scanning electron microscope (SEM) 

images of platinum nanoparticles supported CNWs on SiO2 were observed (data not 

shown). In the case without Ar atmospheric pressure plasma treatment, the aggregation 

of platinum nanoparticles was observed around the edge of CNWs and no platinum 

nanoparticles were formed at the bottom of the CNWs surface. On the other hand, the 

Ar atmospheric pressure plasma treatment to obtain the hydrophilic surface provided the 

uniform distribution of platinum nanoparticles on the whole surface of CNWs.  

Chloroplatinic acid (H2Cl6Pt) was used as a precursor for platinum nanoparticle 

catalyst. The carrier supporting the nanoparticles on the carbon material is added and 

dispersed in the pure water solution. The pH of the solution is adjusted to the range of 7 

to 10 by adding sodium hydroxide (NaOH) solution. Next, sodium borohydride 

(NaBH4) is added as reducing agent and dispersed. The platinum precursor is physically 

adsorbed on the surface of the CNWs, the reduction reaction gently progresses due to 

the action of the reducing agent and NaOH, and the platinum nanoparticles are 

deposited on the surface [9]. An example of the chemical reaction formula in the 

reduction reaction is shown below. 
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2H2Cl6Pt＋NaBH4 + 11NaOH →2Pt＋12NaCl + B(OH)3 + 8H2O   (2.1.3) 

The liquid phase reduction method is known as one simple method capable of 

supporting platinum particles on the nm order on a CNWs carrier. 

 

 

 

Fig. 2-1-3(a) Illustration of Chloroplatinic acid (H2Cl6Pt). 

 

 

 

Fig. 2-1-3(b) Illustration of process of supporting platinum on CNWs surface. 
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2.2 Surface modification using F2 gas 

 

The surface treatment is a technique that is performed to improve the properties of 

the material surface by the surface modification. Metal plating treatment in liquid phase 

is representative. In recent years, studies on etching and chemical termination in which 

the surface treatment is performed in the gas phase are actively conducted. The dry 

process is roughly divided into a method using the plasma and a method not using it. 

The figure 2-2 is a device outline. This method utilizes the exothermic reaction of F2 

and NO shown in the following equation. 

F2 + NO → F + FNO   (2.2) 

F2 and NO are gases, and F can be continuously generated without using a special 

vaporizing device or a plasma generating power source [10]. Cases in which the CNWs 

surface is terminated with F by this method have also been reported [11]. In this study, 

the F termination treatment on CNWs surface was done without the plasma. 

 

 

Fig. 2-2 Illustration of surface reformer with reactive gas. 
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2.3 Physical and chemical analysis methods 

 

2.3.1 Raman spectroscopy 

 

Raman spectroscopy is a technique to know the molecular structure and crystal 

structure of a substance by investigating the properties of light having a different 

wavelength from incident light. Raman spectroscopy is a non-destructive and 

non-contact measurement method regardless of the sample type. The principle of 

Raman spectroscopy is shown in the figure2-3-1(a).  

When the material is irradiated with excitation light (ν0), a phenomenon called 

scattering occurs in addition to reflection, refraction, absorption by the interaction 

between light and substance. Scattered light includes Rayleigh scattering and Raman 

scattering. Scattered light of the same wavelength as the incident light is Rayleigh 

scattering (ν0), Raman scattering (ν0 - ν, ν0 + ν) which is scattered to wavelength 

different from incident light by molecular vibration. Raman scattered light is 10-6 times 

faint than Rayleigh scattering. Raman spectroscopy is a method of spectrally separating 

the weak light and analyzing the structure at the molecular level from the obtained 

Raman spectrum.  

When excitation light (ν0) is incident on a molecule or crystal, it transits to a 

vibration level via a virtual level with a certain probability. At that time, weak Raman 

scattered light (ν0 - ν) shifted by the energy of the vibration mode is generated according 

to the law of conservation of energy. It corresponds to the energy shift (Raman shift) 

and lattice vibration of the generated Raman scattered light, and information on the 

vibration of the molecule and atom can be obtained by spectroscopy in figure 2-3-1(b). 
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In the Raman spectrum obtained by measurement, the vertical axis represents scattering 

intensity and the horizontal axis represents Raman shift (cm-1). The carbon material 

includes various materials such as graphite of sp2 type carbon, diamond of sp3 type 

carbon, compound having sp2 bond such as carbon nanotube and fullerene.  

Since the Raman spectrum sensitively perceives the structure of the carbon 

material, it is one of the optimum evaluation methods.  

In graphene-based materials, Raman band peaks are obtained at 1350, 1580 and 

1620 cm-1. The peak at 1350 cm-1 is called the D band peak and is attributed to the 

disorder within the crystal plane of the six-membered ring. G band peak derived from 

the six-membered ring structure is confirmed at 1580 cm-1. The D 'band peak is seen at 

1620 cm-1[12-13]. This peak indicates that the crystal size of graphite is small and there 

are a lot of edges of graphene sheet. The Raman spectrum in CNWs is shown in figure 

2-3-1(c). Raman spectra were measured by Raman microscope (inVia confocal Raman 

microscope, RENISHAW). This measurement was conducted using a Nd: YAG laser 

(532 nm) as an excitation light. 
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Fig. 2-3-1(a). Illustration of Raman scattered light and Rayleigh scattered light 

 

 

 

Fig. 2-3-1(b). Illustration of principle of Raman effect 
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Fig. 2-3-1(c). Typical Raman spectra of CNWs. 
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2.3.2 Scanning electron microscopy (SEM) 

 

The properties of carbon materials are determined by the aggregation and 

orientation of crystallites based on six-membered rings. Observing the microstructure 

which is a collection of crystallites is important not only from the observation and 

research of carbon materials but also from the standpoint of manufacture and utilization. 

Observation with a scanning electron microscope (SEM) is easy to prepare a sample and 

can be observed from low magnification to high magnification, so that the entire sample 

can be uniformly observed. The structure and principle of the SEM are shown in the 

figure 2-3-2(a). 

 In the case of SEM, when accelerated electrons are irradiated to a sample, 

interaction between electrons and sample occurs, secondary electrons, reflected 

electrons, X-rays and cathode luminescence are emitted from the sample surface. The 

electron beam irradiation from the electron gun is reduced less than 10 nm by the 

converging lens and the objective lens. Using the scanning coil, this electron beam is 

two-dimensionally scanned on the sample surface. Then, the secondary electrons 

generated from the sample surface are converted into electric signals by the detector. 

This electric signal is amplified and sent to a cathode-ray tube which scans in 

synchronization with the electron beam of the lens barrel, and a two-dimensional scan 

image is obtained by the same method as that of the television. The resolution of the 

SEM is determined by the minimum beam diameter.  

When the observation sample is a carbon material, it can be observed with 

resolution lower than the highest resolution of the device. For light element materials 

such as carbon materials, the incident electron beam penetrates deeper than metal. Thus, 
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incident electrons penetrate from the sample surface to the inside, and generate 

secondary electrons including information other than the surface of the sample and 

backscattered electrons. Therefore, in faithful observation of the unevenness, the ratio of 

noise (signal-noise: SN) with respect to the signal becomes large, which causes the 

reduction of resolution. As the accelerating voltage of the electron beam is increased, 

the penetration depth and spread of incident electrons increase, so the SN ratio 

decreases and the resolution decreases. On the other hand, the diameter of the narrowed 

electron beam decreases simultaneously with the increase of the accelerating voltage, 

and the resolution improves. When the acceleration voltage is lowered, the diffusion 

region of the electron beam becomes small and the S / N ratio of the image improves, 

but the electron beam diameter that can be narrowed becomes large. For these reasons, 

in order to faithfully observe irregularities on the surface of each sample to be observed, 

it is necessary to select an optimum acceleration voltage. In this study, SEM images 

were taken using a semi-in lens SEM equipment (SU8230, Hitachi, Ltd.). SEM image 

of a typical CNWs is shown in the figure 2-3-2(b). 
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Fig. 2-3-2(a).  Illustration of (upper) principle and (lower) structure of SEM. 
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Fig. 2-3-2(b). SEM image of a typical CNWs. 
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2.3.3 Energy dispersive X-ray spectrometry (EDX) 

 

When the substance is irradiated with X-ray or electron beam, characteristic 

X-rays are generated. By measuring the energy of the characteristic X-ray as intensity, it 

is possible to make the elemental analysis and element distribution in the inside without 

destruction, simultaneous multiple elements without pretreatment, regardless of the type 

of sample. The principle of energy dispersive X-ray (EDX) is shown in the figure 2-3-3.  

In the EDX spectrometry, this characteristic X-ray is measured, and the 

substance is qualitatively and quantitatively determined. When the sample is irradiated 

with X-rays or electron beams, if the energy is larger than the energy of the inner shell 

electrons of the atom, the inner shell electrons are released by the photoelectric effect 

and become excited. Since the excited state is unstable, in order to solve this, the 

electron of the outer shell transits to the inner shell and returns to the ground state. At 

this time, the energy difference of each electron orbit is emitted as characteristic X-ray. 

Since characteristic X-rays have specific energy for each element, qualitative analysis 

and quantitative analysis of the elements constituting the sample can be performed by 

measuring this energy. 
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Fig. 2-3-3. Illustration of the principle of EDX. 
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2.3.4 X ray photoelectron spectroscopy (XPS) 

 

The principle is shown in the figure 2-4-3. In X-ray photoelectron spectroscopy, 

by irradiating a substance with X-rays having a constant energy hν in a vacuum and 

measuring the spectrum of kinetic energy EK of electrons emitted by photoionization, 

(1) The chemical composition of the element, (2) the chemical state of the element, and 

(3) the information on the proportion of those elements. The binding energy EB (the 

Fermi level in the case of a solid) with the atomic nucleus of the element has an intrinsic 

value depending on the kind of the element and its orbital, but also varies depending on 

the chemical state (chemical shift). When a solid sample is irradiated with X-rays, 

electrons in orbits having an EB smaller than hν are emitted, and these EK are given by 

the following equation based on the energy conservation law. 

EK = hν - EB – φ   (2.2.4-1) 

Where φ is the work function of the sample. When the surface of the sample is 

electrically conductive and electrically coupled with the energy analyzer and is at 

ground potential, the Fermi levels of both are equal, but since the work function φS of 

the analyzer is not generally equal to φ. The energy relationship in the vessel is as 

follows. 

EK’ = hν - EB – φS   (2.2.4-2) 

It is the value of this EK' which is actually measured. Since φS is a constant determined 

by the device, EB can be obtained by calibrating beforehand using a substance whose EB 

is accurately known. Since there is a data sheet in which the EB values are organized for 

each element and electron orbit, the element can be immediately identified from this 
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value. Since the line width of the X-ray directly affects the resolution of the spectrum, 

Al Kα (average energy 1486.58 eV) and Mg Kα (average energy 1253.56 eV) lines with 

narrow characteristic line width are used in ordinary devices. Therefore, we cannot 

obtain information from orbit with larger EB than this. The mean free path (or escape 

depth) of released photoelectrons in a solid is determined by EK, but because EK is less 

than 1486.58 eV, the depth at which information can inevitably be limited is inevitable. 

The inelastic mean free path λ of the electrons in the solid differs depending on the 

substance, but it is approximately from 0.4 to 3 nm in this energy range. 

In this study, CNWs was evaluated by XPS (Thermo Fisher Scientific, ESCALAB 

250) with Mg Kα. 

 

 

 

Fig. 2-3-4 Illustration of the principle of XPS. 
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2.3.5 Electron spin resonance (ESR) 

 

In this study, the components in the electrochemical cell solution were analyzed 

by electron spin resonance (ESR). The principle of ESR is shown in the figure 2-3-5. 

ESR is a measurement method for detecting unpaired electrons in a sample. It describes 

the principle of ESR. As shown in the figure, when the magnetic field is swept, the 

energy level of the unpaired electron in the sample is divided by the Zeeman effect [14]. 

The energy level difference follows the following equation. 

ΔE = g μ0 B0   (2.3.5) 

B0 is the sweeping magnetic field, μ0 is the Bohr magnet, and g is a constant inherent to 

the substance called the g factor. In the measurement by ESR, a sample is irradiated 

with a microwave of a certain frequency in addition to a magnetic field. When the 

energy level difference ΔE generated by splitting due to the Zeeman effect is equal to 

the energy hν of the microwave, the electron spin state on the low energy side absorbs 

energy by the microwave and transitions to the electron spin state on the high energy 

side. In the ESR, this energy absorption is measured by a detector provided in the 

apparatus while sweeping a wide range of magnetic field. The g factor is calculated 

from the peak position of the obtained spectrum, and the unpaired electron in the 

substance can be identified from the g value.  

In the process of electrochemical measurement, the formation of OH radicals 

(free radicals) in the solution is presumed. Generally, the lifetime of a radical is short, 

for example, the OH radical is about 10 ms in water. Therefore, it is difficult to measure 

directly.  

In this study, the liquid analysis was conducted by combining spin trapping 
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method and ESR. Explain the principle of the spin trapping method. A reagent called a 

spin trapping agent reacts specifically and promptly with a specific OH radical to form 

an adduct which is a specific long-lived free radical. The ESR signal by the adduct is 

specific for each trapped radical, which enables measurement with high selectivity [15].  

There are many reports on the ESR measurement of the liquid phase using the 

spin trapping method. For example, 5, 5-dimethyl-1-pyrroline-N-Oxide (DMPO) 

capable of detecting hydrogen atoms, hydroxyl radicals and superoxide radical anions 

[16]. Moreover there are 2-(5, 5-Dimethyl-2-oxo-2λ5-[1, 3, 2] 

dioxaphosphinan-2-yl)-2-methyl-3, 4-dihydro-2H-pyrrole 1-oxide (CYPMPO) that can 

detect super oxide radical anion, 2, 2, 6, 6-tetramethylpiperidine-N-oxyl (TEMP) that 

can detect singlet oxygen and 2-(4-carboxyphenyl)-4, 4, 5, 

5-tetramethyl-imidazoline-1-oxyl 3-oxide (C-PTIO) that can detect nitric oxide[17-19]. 
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Fig. 2-3-5 Relationship between energy level splitting and ESR  

spectrum position by Zeeman effect. 
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2.3.6 High performance liquid chromatography (HPLC) 

 

Chromatography is the method of separating mixed substances. In the 

chromatography, substances in the sample are separated, and qualitative analysis and 

quantitative analysis can be performed. Liquid chromatography is one that analyzes the 

sample as it is liquid. On the other hand, gas chromatographs are classified as those of 

which the sample is gaseous or those which vaporize the liquid and analyze it. High 

performance liquid chromatography (HPLC) belongs to the former and has been 

improved by pressurizing the pump. The configuration and principle of the device are 

shown in the figure 2-3-6.  

HPLC is a system consisting of a plurality of devices such as pump for mobile 

phase feeding, sample injector, separation column, column oven and detector. The 

mobile phase of the liquid containing the sample is pressurized by a pump and passed 

through the column. The movement speed of the substance can be biased from the 

interaction (adsorption, distribution, ion exchange etc.) with the mobile phase in the 

column. This bias is used to separate in the column. After being separated, the result is 

obtained as strength against retention time (time to be detected) detected by the detector. 

In this study, Solution in electrochemical measurement cell container was analyzed by a 

HPLC system (HPLC Prominence, Shimadzu Corporation). 
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Fig. 2-3-6 Illustration of (upper) HPLC system and 

 (lower) separation process in the column. 
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2.4 Electrochemical measurement 

2.4.1 Measurement system 

 

Electrochemical measurements are chemistry through electron transfer between 

samples. Examples of electrochemical applications include batteries, fuel cells, sensors, 

surface treatment, electrolytic refining of aluminum, organic electrolytic synthesis. The 

electrochemical measurement in a sensor is a method for analyzing dissolved substances 

in a solution and electrochemical characteristics such as standard electrode potential by 

utilizing redox reaction at the electrode. The electrode reaction occurs at the contact 

interface between the electrode and the solution. The charge transfer occurs between the 

electrons in the electrode and the ions in the solution by the reaction. When the current 

steadily flows, these series of processes are proceeding at the same speed. The amount 

of substances involved in the electrochemical reaction has a correlation with the amount 

of electricity flowed by Faraday's law. The electrochemical measurement is carried out 

in an electrochemical cell using a three-electrode method composed of a working 

electrode, a counter electrode and a reference electrode as shown in the figure 2-4-1. 

The working electrode releases or receives electrons as reactive species. If the 

oxidant (Ox) and the reductant (Red) give and receive electrons, the working electrode 

functions as a cathode for supplying electrons to Ox or an anode for receiving electrons 

from Red. A field of electrode reaction is formed at the interface between the electrode 

and the solution, and the electrode reaction proceeds by electrons and ions passing 

through the interface (electric double layer).  

The counter electrode is an electrode where a reaction as a pair of reactions on 

the working electrode. If the reaction on the working electrode is oxidation, the 
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reduction reaction proceeds at the counter electrode. It is an electrode that is responsible 

for a part of the reaction in the entire electrolysis system. It also emits electrons at the 

counter electrode at the same speed as the working electrode receives electrons.  

It is necessary to know how much reaction takes place at the working electrode 

if a potential is applied. The reference electrode is an electrode suggesting a reaction 

potential. By subtracting the voltage applied to the reference electrode from the cell 

internal voltage at the time of reaction, it is possible to know how much voltage is 

applied to the working electrode. Thus, the reaction potential on the electrode is 

obtained. A potentiostat has the role of controlling potential and measuring potential and 

current. Inside the potentiostat, a voltage is applied between the counter electrode and 

the working electrode to flow a current, while the internal resistance of the reference 

electrode is high, almost no current flows to the reference electrode. The measurement 

method used in this study is shown below. 
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Fig. 2-4-1 Illustration of three electrode system. 
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2.4.2 Cyclic voltammetry 

 

Cyclic voltammetry (CV) is a method of confirming the potential (standard 

electrode potential) at which a reaction occurs, the reaction speed, the reaction field, and 

the electrode surface condition. The measurement principle is shown in the figure2-4-2. 

After changing the working electrode potential from Ei to Eii at a constant speed, the 

current flowing when sweeping again to Ei is measured. Change the potential as Ei → 

Eii → Ei (v) as shown in the figure2-4-2(a). When there is a reaction on the surface of 

the working electrode in the range of Ei → Eii, Eii → Ei (v), a peak as shown in the 

figure 2-4-2(b) is formed. Such a potential-current curve is called a cyclic 

voltammogram. An oxidation reaction is shown when the peak current is on the plus 

side and a reduction reaction is shown at the minus side.  

The figure 2-4-2(c) schematically shows the movement of substances occurring 

near the electrodes. The reactants come from the electrolyte bulk at a position more 

distant from the electrode and diffuses to the electrode interface, causing electrode 

reaction at the interface to obtain the product. The product diffuses again from the 

interface to the electrolyte bulk. In the vicinity of the electrode, there is an electric 

double layer having a large potential gradient. In the analysis using the electrochemical 

reaction in the resting state, the diffusion of the reactant from the electrolyte bulk is 

slow against to the electrode reaction and it becomes diffusion limited. The current 

flowing during the reaction on the electrode surface cannot be maintained, so it is 

reflected in the measurement result as the peak current. 
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Fig. 2-4-2(a) Illustration of potential change per time. 

 

 

 

Fig. 2-4-2(b) Illustration of cyclic voltammogram. 
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Fig. 2-4-2(c) Illustration of mass movement model near electrode surface. 

 

 

 

 

 

 

 

 

 



71 

 

2.4.3 Chronoamperometry 

 

Amperometry is based on the current measurement. The measurement principle 

is shown in the figure 2-4-3. The solution in the cell is kept stationary, and the potential 

of the working electrode is brought to a potential where no reaction takes place. Next, 

when the potential is set to the potential obtained from the CV measurement, the current 

changes. The time until this current is saturated is the stationary time. After saturating, 

drop the sample at regular intervals. The current value after the dropping changes. Then, 

the difference of between the saturation current values before and after the dropping 

becomes a response corresponding to the concentration of the dropped sample.  

Furthermore, the current value difference from the background is the 

concentration relative to the total amount of the sample. A technique of regulating the 

potential of the working electrode and measuring the relationship between the current 

and the time as described above is called chronoamperometry. 
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Fig. 2-4-3 Principle of amperometry, (upper) before and after sample dropping. 
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2.4.4 AC impedance measurement 

 

In the AC impedance measurement, each interface resistance of constituent 

materials in the sensor is separated and measured. Utilizing the fact that the AC 

resistance associated with the charge transfer of each component of the sensor depends 

on the AC frequency [20]. By fitting to an equivalent circuit model of the cell from the 

spectrum obtained by applying AC voltage to the sensor cell, the resistance component 

at each interface is obtained. In the AC impedance method, the impedance at each 

interface is calculated by inputting the AC voltage to the sensor cell and taking the ratio 

of the output response power. In the following equation, the impedance is a value 

depending on frequency.  

 

𝑍(𝜔)  =
𝑉(𝜔)

𝐼(𝜔)
   (2.4.4-1) 

 

The impedance is a complex number divided into a real component and an imaginary 

component.  

A graph in which this real component is plotted on the abscissa and the 

imaginary component is plotted on the ordinate is called an impedance spectrum and the 

impedance component can be visualized. The impedance spectra of the resistor R, the 

capacitor C, the R-C series, and the R-C parallel circuit are shown in the table 2-4-4. 

Since the capacitance C is an imaginary component dependent on the frequency ω, the 

imaginary axis field changes with the change of ω. An important role in the impedance 

analysis of the sensor is the RC parallel circuit. When ω of Z (ω) of the RC parallel 

circuit is erased, the following equation is obtained. 
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(𝑅e(Z) −
𝑅

2
)

2
+  𝐼 𝑚 (𝑍)2 = (

𝑅

2
)2   (2.4.4-2) 

 

From this equation, the shape of the impedance spectrum of the R - C parallel circuit 

becomes a semicircle shape having a diameter R. 

The limits of high frequency and low frequency intersect the coordinates (0, R) 

of the origin and the real axis, respectively. The frequency ω0 of the vertex of the 

semicircle has a relation of 1/RC, and RC is called the time constant. The semicircle is 

called the capacitive semicircle due to the time constant RC. In terms of the real and 

imaginary axes, the resistance R is derived from the diameter of the semicircle. The 

time constant RC corresponds to one semicircle. For capacitive impedance Constant 

phase element (CPE) is used when the spectrum is a semicircle distorted from a perfect 

circle. This is used by replacing the capacitor component with the element called CPE. 

The impedance of CPE (ZCPE) is composed of CPE time constant TCPE and CPE index p 

as parameters and is expressed by the following equation. 

 

ZCPE = 
1

(𝑗𝜔)𝑝𝑇
    (*T = TCPE)   (2.4.4-3) 

 

The CPE index p is an exponent representing the degree of distortion of the capacitive 

semicircle and becomes a perfect circle when p = 1. 
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Table 2-4-4 Various impedance components. 
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Chapter 3 

 

Electrochemical properties of Pt 

nanoparticles-supported CNWs 

 

 

3.1 Background 

 

Graphene-based materials with large surface areas are useful as electrodes for 

electrochemical sensors and biosensors [1-3]. The author notes that CNWs are layered 

graphenes with open boundaries. CNWs consist of nanographene sheets standing 

vertically on a substrate. The sheets form a self-supported network of wall structures with 

thicknesses ranging from 3–40 nm, and with a high aspect ratio [4-8]. The mazelike 

architecture of CNWs with large surface area graphene planes and a high density of 

grapheme edges would be useful as a platform for electrochemical applications. 

Hydrogen peroxide (H2O2) is one of the relatively long-lived reactive oxygen species and 

is harmless to the human body owing to its inactivation by enzymes. Monitoring of 

extracellular H2O2 has received much attention in medical fields. Sensitive detection of 

H2O2 is greatly important in health inspection. The authors propose the detection of H2O2 

by an electrochemical sensor using a CNWs electrode.  
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In the present study, the author investigated that CNWs were used as a platform for 

H2O2 sensing, which is based on the large surface area of conducting carbon and surface 

decoration with platinum (Pt) nanoparticles (NPs). CNWs were grown on the carbon fiber 

paper (CFP) by inductively coupled plasma-enhanced chemical vapor deposition to 

increase the surface area. Then, the CNWs surface was decorated with Pt-NPs by the 

reduction of H2PtCl6. The cyclic voltammetry was used to measure the electrochemical 

reactivity activity for the redox of H2O2 by Pt supported CNWs/CFP electrode. 

Amperometric was used to investigate response of detecting H2O2 by electrochemical 

reaction on the electrode surface. The movement of the reactant near the electrode was 

examined by the AC impedance measurement. Based on these results, the author 

discusses the effect of CNWs on detecting H2O2. 
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3.2 Experimental details 

CFP is composed of graphite and has a fine fabric or textile structure with high 

electrical conductivity, high strength, and corrosion resistance. The CFP used as a 

substrate in the present study was Toray carbon paper EC-TP1-060T [9]. Carbon fibers 

of about 7 μm diameter are randomly woven and the density of CFP used is 0.44 g/cm3. 

The high porosity (about 78%) of the CFP facilitates gas and liquid flow.  

The CFP was cut into 2 × 2 cm2. The CFP has itself a large surface area; the effective 

surface area of CFP is roughly estimated to be 50 times as large as that of a flat sample. 

CNWs were grown on the CFP by ICP-CVD using a CH4/Ar gas mixture. An RF (13.56 

MHz) power of 500W was applied to the coil antenna to sustain the plasma generated in 

the chamber. A mixture of CH4 with a flow rate of 50 sccm and Ar with a flow rate of 20 

sccm was introduced in the chamber, and the total gas pressure was maintained in the 

range from 2.3 to 2.7 Pa by manually controlling the conductance valve. Growth 

experiments were carried out for 90 min typically. The temperature of the heater for 

sample heating was maintained at the 720 °C during CNWs growth. 

After the CNW growth on the CFP, surface hydrophilic treatment was carried out using 

Ar atmospheric pressure plasma (NU EcoEngineering) at 6 kV. Ar-atmospheric-pressure 

plasma treatment to obtain hydrophilic surface provided uniform distribution of Pt-NPs 

on the whole surface of CNWs by the reduction of H2PtCl6 in solution. The CNWs with 

the hydrophilic surface were decorated with Pt-NPs by a liquid-phase reduction technique. 

2mmol of NaBH4 solution as a reducing agent was prepared by dissolving NaBH4 powder 

(sodium tetrahydroborate, Tokyo Chemical Industry) into 1mL of ultrapure water (MillQ). 

100 μL of dihydrogen hexachloroplatinate(IV) hexahydrate (H2PtCl6 16H2O, 99.9%: 

Sigma-Aldrich) was dissolved into 50 mL of ultrapure water. The Pt-NPs were prepared 
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by a reduction reaction at 70 °C in a mixture of 100 μl of dihydrogen 

hexachloroplatinate(IV) hexahydrate solution and 400 μl of NaBH4 solution. Then, a CFP 

sheet with CNWs (CNWs/CFP) was immersed into the mixed solution for 1.5 h.  

Three kinds of samples were prepared in this study. For the first set of samples, CNWs 

were grown on one side of the CFP by ICP-CVD without Pt-NP decoration, which are 

called “CNW/CFP without Pt-NPs samples”. For the second set of samples, Pt-NP 

decoration was carried out on the surface of CNWs after the CNW growth on one side of 

the CFP surface, which are called “single-sided Pt-NP/CNW/CFP samples”. For the third 

set of samples, CNWs were grown on both sides of the CFP surface. CNWs were 

synthesized on one side of the CFP at one time of the growth process. After the synthesis 

of CNWs on one side of the CFP, the CFP was turned over, and subsequently CNWs were 

grown on the other side of the CFP. Then, whole CNWs on both sides of the CFP were 

decorated with Pt NPs (“double sided Pt-NP/CNW/CFP samples”).  

Surface shape and crystallinity of CNWs on CFP were evaluated by SEM and Raman 

spectroscopy. The distribution of Pt NPs prepared on CNWs was analyzed by energy 

dispersive X-ray spectroscopy (EDX) mapping. The EDX mapping was taken using the 

energy dispersive X-ray analyzer (Oxford Instruments X-Max50) at an accelerating 

voltage of 10 kV. Chemical shifts of Pt NPs on the CNW surface were evaluated by X-

ray photoelectron spectroscopy (XPS; JEOL JPS-9200) using a hemispherical analyzer 

with a Mg Kα (1253.6 eV) X-ray source.  

The working electrode, a counter electrode, and a reference electrode, were immersed 

in an electrolytic solution containing H2O2. All electrodes are connected to the 

potentiostat [10]. Electrochemical measurements were carried out using a standard three-

electrode setup with a Solartron SI 1287 potentiostat. On the Pt - NPs surface, redox 
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reactions occur as follows: H2O2 is decomposed into H2O and O2, as given by the 

following equation in general. 

Oxidation reaction: H2O2 → O2 + 2H+ + 2e-   (3.2.1) 

   Reduction reaction: H2O2 + 2H+ + 2e- → 2H2O   (3.2.2) 

The above two redox reactions are essential for the detection of H2O2. In the 

electrochemical measurements, the detection efficiency of H2O2 and the catalyst activity 

of Pt-NPs are evaluated by cyclic voltammetry. We conducted cyclic voltammetry using 

the counter electrode of a Pt wire, the reference electrode of Ag/AgCl, and the electrolytic 

solution of 0.1M phosphate-buffered saline (PBS). For the working electrode, we 

prepared three types of electrode samples, (i) CNW/CFP without Pt-NPs, (ii) single-sided 

Pt-NP/CNW/CFP, and (iii) double-sided Pt-NP/CNW/CFP. The starting potential was set 

to -0.4V and the return potential was set to 0.8 V. The scanning range was from -0.4 to 

0.8 V. The number of measurement cycles was 20. Negative potentials larger than -0.4V 

were avoided to eliminate water dissociation reactions. This scanning range was similar 

to that in a previous report [11]. The measurements were carried out at a potential 

scanning speed of 50mV/s. In a step-by step manner, a total of 240μM H2O2 was added 

using a micropipette dropwise into the electrolytic solution with stirring after each drop. 

Amperometry is the other method of electrochemical measurement for of low-

concentration substances. The potential of the working electrode is fixed at the redox 

potential of target. By adding the target substance, the reaction current flows with the 

redox potential of the surface of the working electrode fixed at the value obtained by 

cyclic voltammetry. From this current, the concentration of the target H2O2 can be 

analyzed. An electrode sample was set on the working electrode. The electrode sample 

evaluated was single-sided Pt-NP/CNW/CFP. After 200 s elapsed for the initial 
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measurement applying the potential, H2O2 was added dropwise into the electrolyte 

solution. The dropped H2O2 diffused spontaneously in the solution to reach the Pt-NP 

surface and the electrical current immediately reached the stationary state. 100 μL of 

H2O2 was added dropwise every 100 seconds total concentration from 50 nM to 1.5 mM.  

The AC impedance measurement was carried out by changing the frequency of 

working electrode from high (106 Hz) to low frequency (10-3 Hz). Hydrogen peroxide at 

concentrations of 100 nM, 10 μM, 1.5 mM and PBS alone were measured, respectively. 
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3.3 Surface morphologies and elemental distribution 

 

Figure 3-3-1 shows Raman before and after growth of CNWs. In the case of CFP, ID 

and ID’ are very low compared to IG. The ID became stronger after the growth of CNWs. 

ID/IG increased from 0.29 to 2.45. It shows that CNW grows on the carbon fiber. Figure 

3-3-2(a) shows a SEM image of a carbon fiber used in this study. A SEM image of CNWs 

grown on carbon fibers by ICP - CVD for 90 min without Pt-NP is shown in Fig. 3-3-

2(b), indicating that CNWs were successfully grown on the CFP using ICP-CVD. SEM 

images of Pt-NP-decorated CNWs grown on carbon fibers at different magnifications are 

shown in Figs. 3-3-2(c) - (f). Compared with the SEM images of typical CNWs without 

Pt NP decoration, no change in the surface morphology was observed in the Pt-NP-

supported CNWs grown on the carbon fibers. Figure 3-3-2(e) shows a cross-sectional 

view of a carbon fiber, indicating that CNWs were grown almost vertically on the surface 

of the carbon fibers, and the height of CNWs at the surface facing the plasma was 

approximately 1.5 μm. Figure 3-3-2(f) shows a magnified image of a Pt - NP-decorated 

CNW sheet, exhibiting that well dispersed Pt - NPs were formed on the surface of the 

CNW after the Pt - NP decoration process. The sizes of the Pt-NPs on the surface of the 

CNWs ranged from 5 to 7 nm. It is noted that Pt-NPs were formed even at the root region 

of the CNWs on the carbon fiber surface. Whole surfaces of CNWs were decorated with 

Pt-NPs uniformly by loading with liquid phase reduction. 
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Fig. 3-3-1 Raman spectra of CFP and CNWs/CFP. 
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Fig. 3-3-2 (a) SEM image of carbon fibers. (b) SEM image of CNWs grown on carbon 

fibers by ICP-CVD for 90 min without Pt decoration. (c)-(f) SEM images of Pt-NP-

decorated CNWs grown on carbon fibers at different magnifications. 
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Figures 3-3-3(a)–3-3-3(d) show EDX mapping results that provide images of 

carbon (C) and Pt element distributions in Pt - NP supported CNWs. Figures 3-3-3(a) and 

3-3-3(b) show plane-view images of C and Pt signals, respectively, corresponding to the 

SEM image shown in Fig. 3-3-2(d). The resolution of this measurement depth is 200 nm. 

As shown in Fig. 3-3-3(b), Pt signals in the plane-view image seem to be localized weakly, 

since the Pt-NPs are supported on the surface of CNWs forming a mazelike structure. On 

one hand, Figs. 3-3-3(c) and 3-3-3(d) show cross-sectional images of C and Pt signals, 

respectively, corresponding to the SEM image shown in Fig. 3-3-2(e). Figure 3-3-3(e) 

shows EDX line profiles of Pt and C signals in Pt-NP-decorated CNWs, measured along 

the A–B line shown in Fig. 3-3-2(e). Figures 3-3-2(d) and 3-3-2(e) indicate the 

distribution of the Pt element on the surface of Pt-NP decorated CNWs, except for the 

portion of the cross section of a carbon fiber. Well-dispersed Pt signals in Figs. 3-3-3(d) 

and 3-3-3(e) provide evidence that Pt-NPs are distributed uniformly on the whole surfaces 

without aggregation from the top to the bottom of the CNWs. As a result, it was found 

that CNWs were uniformly decorated with Pt - NPs at a high density by the reduction of 

H2PtCl6 in solution. Notably, the unique architecture of CNWs was maintained after being 

exposed to a solution flow.  

In our previous experiments on Pt - NP decoration by supercritical fluid (SCF) 

chemical deposition, we successfully formed dispersed Pt-NPs with sizes of 2.0 - 2.5 nm 

at a high density [12]. Compared with the Pt decoration by SCF chemical deposition, the 

Pt-NPs formed by liquid-phase reduction were slightly large. However, uniform and 

dispersed Pt-NP decoration with high density can be easily realized by liquid-phase 

reduction without using any vacuum devices or a high-pressure chamber. 
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Fig. 3-3-3 EDX elemental mappings of C and Pt in Pt-NP-CNWs: (a) plane-view image 

of C signal and (b) plane-view image of Pt signal, corresponding to the SEM image 

shown in Fig. 3-3-2(d), (c) cross-sectional image of C signal and (d) cross-sectional 

image of Pt signal, corresponding to the SEM image shown in Fig. 3-3-2(e). (e) EDX 

line profiles of Pt and C signals in Pt-NP-decorated CNWs, measured along the A–B 

line shown in Fig. 3-3-2(e). 
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XPS analysis was conducted to obtain an insight into the chemical states of the 

Pt-NPs formed by the liquid phase reduction. Figure 3-3-3 shows an XPS spectrum of the 

Pt 4f region of Pt-NP/CNW/CFP after the liquid-phase reduction. Two prominent sets of 

Pt 4f peaks are due to the spin orbit splitting into 4f7/2 and 4f5/2. These peaks confirm 

the presence of Pt on the CNWs surface [13]. The spectral shapes were well fitted by 

assuming two peaks at 71.4 eV for 4f7/2 and at 74.6 eV for 4f5/2, corresponding to the 

metallic state of Pt. The XPS spectrum of the oxidized Pt should have two extra shoulder 

peaks at 72.4 and 76.5 eV corresponding to Pt in the oxidized form, together with Pt 

metallic peaks at 71.4 and 74.6 eV [14-15]. In the present study, since no other peaks at 

72.4 and 76.5 eV were found, only pure non-oxidized Pt existed on the surfaces of the 

CNWs. Therefore, it was confirmed that the whole surfaces of CNWs were uniformly 

decorated with non-oxidized, catalytically active Pt-NPs by liquid-phase reduction. The 

surface composition of platinum in CNW is 9.7%. 
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Fig. 3-3-4 XPS profile of the Pt 4f region of the Pt-NP-CNWs after the liquid-phase 

reduction.. 
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3.4 Electrochemical properties 

3.4.1 Cyclic voltammetry (CV) characteristics using CNWs electrodes in 

PBS with H2O2 

Figure 3-4-1 (a) shows CV responses of 240μM H2O2 in 0.1M PBS (pH = 7.4) 

detected using the electrodes CNWs/CFP and single sided Pt-CNWs/CFP as the working 

electrode. The vertical axis represents the current (mA), and the horizontal one represents 

the sweep potential (V). With a reaction between the working electrode and the substance 

during potential sweeping, a peak current is obtained in a potential range in which a 

reaction occurs as shown in the cyclic voltammogram. At zero potential, a positive peak 

current indicates that an oxidation reaction occurs, while a negative peak current indicates 

that a reduction reaction occurs.  

In the case of CNWs/CFP as working electrode, the black CV curve is PBS. The blue 

CV curve is after adding 240 μM of H2O2 into PBS. There was almost no peak current on 

the oxidation and reduction potential in a range from -0.4 to 0.8 V. The fact that no 

reaction occurred and no current peak was formed when using CNW/CFP without Pt-NPs 

indicates that H2O2 was inactive on the CNW surface. On the other hand, in the case of 

single sided Pt-CNWs/CFP as the working electrode, two CV curves are larger than 

CNWs only. Reduction peak was observed at a potential in the range of −0.2 to −0.1V. 

There is no doubt that the reduction peaks appeared only when the CNWs were decorated 

with Pt-NPs. This is supported by a previous research study using Pt supported graphene 

nanocomposites, which demonstrated the detection of H2O2 by observing the reduction 

current of H2O2 on the surface of Pt-NPs. It is a reduction potential similar to the previous 

study and the result [16]. This result showed reaction on Pt NPs and indicated the potential 

of H2O2 reduction reaction is -0.1V.  
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Figure 3-4-1 (b) shows CV responses of 240μM H2O2 in 0.1M PBS detected using 

the electrode of double-sided Pt-CNWs/CFP as the working electrode. In the case of 

double-sided Pt-NP/CNW/CFP, a reduction current peak was observed at potentials 

ranging from -0.2 to -0.1V. This reduction peak current was about 2 times higher than that 

in the single-sided Pt-NP/CNW/CFP, which is consistent with the observation that the 

surface area of Pt-NPs in the double-sided Pt-NP/CNW/CFP was roughly twice that for 

the single-sided one. Moreover, without H2O2 addition, the CV response in PBS solution 

as the electrolyte solution with the double-sided Pt-NP/CNW/CFP electrode was also 2 

times larger than that of the single-sided electrode. That is, the amount of Pt-NPs present 

on the surface of CNWs increased with increasing surface area of CNWs, resulting in the 

increase in peak reduction current for the improvement of H2O2 detection sensitivity. 
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Fig.3-4-1(a) Cyclic voltammogram responses obtained using 

two type electrodes, (upper) CNWs/CFP and (lower) single sided Pt NPs-CNWs/CFP. 
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Fig.3-4-1(b) Cyclic voltammogram responses obtained using two type electrodes, 

(upper) single sided Pt NPs-CNWs/CFP and (lower) double sided Pt NPs-CNWs/CFP. 
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3.4.2 Detection characteristics of H2O2 in PBS using CNWs electrodes 

The amperometric response of the single-sided Pt-NP-CNW/CFP electrode was 

measured at various H2O2 concentrations obtained by periodic addition of small amounts 

of H2O2 solution. Amperometry was performed at -0.1V in PBS, since the redox potential 

of H2O2 with repeat to Pt-NPs was approximately -0.1 V, as shown in figure 3-4-1. Figure 

3-4-2(a) shows the temporal current response curve for successive injections of H2O2 on 

single-sided Pt-NP-CNW/CFP as the working electrode. The horizontal axis represents 

the elapsed time in seconds, and the vertical axis represents current.  

The pipette illustration in Figure. 3-4-2(a) represent the times when H2O2 was 

dropped. After setting the potential at -0.1 V, the current was traced continuously. The 

dropping interval was 100 seconds. After the addition of a drop of H2O2, the current 

abruptly overshot, then plateaued gradually. The current generated at this damped state is 

proportional to the concentration of the analyte (H2O2) in the PBS. When the dropped 

H2O2 concentration is 50 nM, the difference in saturation current value is 5.1 μA. It can 

be seen that the difference of the current value also increases as the concentration to be 

dropped becomes higher. 

Figure 3-4-2(b) shows a log–log plot of response current against H2O2 concentration, 

which includes the amperometric response results at concentrations of H2O2 obtained 

using the single sided Pt-NP/CNW/CFP electrode to investigate the linear relationship 

over a wide range of H2O2 concentrations for the calibration plot. From Fig. 3-4-2(b), the 

calibration plot was found to be linear in the two regions over a wide concentration range 

from 50 nM to 1.5 mM.  

From the results shown in Fig. 3-4-2(b), the Pt-NP-CNW/CFP electrode used in this 

study exhibited a wide linear range of 10-1500 μM, which is almost comparable to those 
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in reported studies using several electrode materials including Pt-NPs - carbon nanofibers 

(linear range, 1 - 800 μM), Pt NPs-mesoporous carbon nanocomposites (2 - 4212 μM), 

mesoporous Pt microelectrodes (20 - 40000 μM) [17-18]. Further, the detection minimum 

concentration was 50 nM, which is almost comparable to those in reported other materials 

including Pt CNTs (10 nM) and Pt Boron doped diamond (220 nM) [19-20]. 

 

 

 

Fig. 3-4-2 (a) Amperometric response curve for successive addition of H2O2 at single-

sided Pt-NP-CNW/CFP as the working electrode. 
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Fig. 3-4-2(b) Calibration plot for H2O2 sensor with single-sided 

Pt-NP-CNW/CFP electrode at medium and high H2O2 concentrations (50 nM–1.5 mM). 
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3.4.3 Resistance components in catalytic reactions on CNWs electrodes 

The figure 3-4-3 (a) is a Nyquist diagram at applied voltage -0.1 V vs. Ag/AgCl in the 

reduction reaction using a PBS alone and a solution of hydrogen peroxide concentration 

(100 nM, 10 μM, 1.5 mM). The measurement frequency range was set from 10-3 Hz to 

106 Hz. In the Nyquist diagram curves, in which three semicircles were connected under 

all conditions were obtained. Since the semicircle equivalent circuit can be an RC parallel 

circuit, the curve where three semicircles are connected can be regarded as an equivalent 

circuit as shown in the figure 3-4-3 (b). CPE was used instead of the capacitor to account 

for the semicircular distortion. Considering the real resistance component in the electrode 

reaction, it is conceivable that CNWs and the parasitic resistance of the substrate, the 

interface resistance between the Pt catalyst and the electrolytic solution with H2O2, and 

the diffusion resistance of the reactant are considered.  

In general, different resistance components appear in the impedance curve according 

to the changing frequency. The diffusion resistance due to relatively slow reaction such 

as diffusion appears in bulk resistance and contact resistance in the high frequency region, 

charge transfer resistance accompanying reaction in the intermediate frequency region, 

diffusion in the low frequency region or ultra-low frequency [21-22]. Therefore, the three 

semicircles appearing in the Nyquist diagram show that the leftmost semicircle on the 

high frequency side is the bulk resistance and the contact resistance, the middle semicircle 

is the charge transfer resistance, the right half circle is estimated to be a semicircle due to 

diffusion resistance. Based on the obtained results, a schematic diagram of three circles 

is shown in the lower part of Fig. 3-4-3 (a) with PBS as an example. 

When applied to the real resistance component as the electrode reaction, the leftmost 

semicircle is the contact resistance of the CNWs and the substrate, the middle semicircle 
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is the resistance of the reaction at the platinum catalyst and the electrolyte interface, and 

the rightmost semicircle is the resistance due to diffusion. These resistors are set as (i)R1, 

(ii)R2, and (iii)R3 from the high frequency side, respectively. For each result, curve fitting 

is performed based on the equivalent circuit, and the extracted numerical values are 

shown in the table 3-4-3. The solid line shows the measured value, and the marker shows 

the fitting. Although the resistance component R1 has small variations, there was no 

significant change due to the solution condition. From this also, R1 can be regarded as a 

parasitic resistance component reflecting the contact resistance of CNWs. Since R2 

decreases in the presence of H2O2, it is suggested as resistance of the reaction at the 

interface between platinum catalyst and electrolyte. R3 becomes larger as the 

concentration of hydrogen peroxide decreases and becomes maximum when only PBS is 

used. From this, R3 is considered to be diffusion resistance. It is presumed that this is the 

reason that the detection efficiency of dependence of H2O2 concentration on current 

distribution has changed. 
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Fig. 3-4-3(a) Nyquist diagram for each solution and  

schematic diagram of impedance result. 



101 

 

 

 

 

Fig. 3-4-3(b) Equivalent circuit of resistors separated in the Nyquist diagram. 

 

Table. 3-4-3 Resistance at polarization of each solution. 
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3.5 Summary 

The Pt-NP – CNW/CFP electrode exhibits the excellent electrocatalytic capability 

towards H2O2 due to a large amount of Pt-NPs present on conductive carbon providing a 

large specific surface area. The sensitivity at CNWs electrode is 50 nM, which is 

comparable to CNT and Boron doped diamond. This sensitivity also shows 1000 times 

the performance of ready-made products. The CNWs act as a good support for achieving 

a high dispersion of Pt-NPs, preventing them from aggregation after more than 10 

repeated measurements and thus preserving the high catalytic performance of Pt-NPs. By 

increasing the height of CNWs to increase the specific surface area, together with the 

optimization of the size and quantity of supported Pt-NPs, the electrode performance 

including detection sensitivity and linear range of the calibration plot could be improved 

further. Recently, the fabrication of an electrochemical glutamate biosensor has been 

demonstrated using Pt-functionalized graphene nanoplatelets prepared from graphene 

oxides [23]. The glutamate biosensor is based on the oxidation of glutamate in the 

presence of an L-glutamate oxidase enzyme. In this reaction, H2O2 is produced as a by-

product, which is electroactive on electrodes such as Pt, as shown in this study. Pt-NP-

CNW/CFP would be suitable as an electrode of glutamate biosensors. Nanoplatforms 

based on vertical nanographenes with large surface areas and high electrocatalytic 

activities offer great promise for providing a new class of nanostructured electrodes for 

electrochemical sensing and biosensing applications. 
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Chapter 4  

Surface reactions of hydrogen 

peroxide (H2O2) on CNWs and their 

structural changes 

 

4.1 Background 

 

CNWs don’t aggregate even in liquids because of their self-supported structure of 

walls. Furthermore, chemical terminations of CNWs’ edges and surfaces can be changed 

easily and flexibly by post growth treatments, so that their surface wettability can be 

controlled in very wide range from superhydrophilic to superhydrophobic [1]. Due to all 

of these features, the CNWs are regarded as an ideal platform of electrochemical 

applications in liquids. In the Chapter 3, electrochemical sensors using CNWs with the 

aim of detecting H2O2 showed good results. On the other hand, H2O2 is well-known strong 

oxidant for not only the inorganic materials such as carbon nanomaterials, metals and 

semiconductors, but also organic ones including bio molecules. H2O2 is also often 

employed to remove unnecessary amorphous carbon components covering the surface of 

CNTs and other carbon nanomaterials for their purification. Unevenness of nm order was 

formed on the surface of CNWs synthesized from CH4 by H2O2 treatment [2]. As 

mentioned above, H2O2 has often been used for the purpose of surface cleaning and 

functionalization for the CNT, graphene, and nanodiamond [3-5]. For example, by the 
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H2O2 treatment at 70˚C, the amorphous carbon content can be removed from the CNT 

surfaces, and the crystallinity of CNTs improved. Moreover, it is suggested that hydrogen 

peroxide generates OH radicals by decomposition reaction on platinum. OH radicals and 

OH- ions possess very high chemical reactivity and can be strong oxidants. Several reports 

on the H2O2 detection using the Pt/carbon nanomaterials have been presented, while 

chemical reactions of H2O2 on those surfaces are not sufficiently clarified yet. In other 

words, secondary effects by the above by-products on the surface of support materials 

including amorphous carbon and graphene have hardly been investigated, in spite of the 

possible chemical reactivity of by-products against carbon. The stability and lifespan of 

Pt-CNW electrode immersed in solution containing H2O2 may be limited by the surface 

reaction related to the by-products. 

These effects should be investigated in detail, and the reaction processes and 

mechanism of H2O2 on the Pt/carbon nanomaterial surfaces have to be clarified for the 

practical use of CNWs as support material. In this study, structural changes of the Pt-

CNW electrodes after the repeated cyclic voltammetry (CV) measurements with H2O2 up 

to 3,000 cycles were investigated by SEM, EDX and Raman spectroscopy. The 

degradation mechanism of Pt-CNWs under the potential application with H2O2 was 

discussed by focusing on the behavior of OH radicals generated by the H2O2 reduction 
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4.2 Experimental details 

 

The CNWs were grown on the CFP by a radical injection plasma enhanced chemical 

vapor deposition (RI-PECVD) using a CH4/H2 gas mixture to compare with changes in 

CNWs of previous research under the H2O2 treatment [6]. CNWs fabricated by ICPECVD 

are wavy graphene sheets. On the other hand, CNWs fabricated by RIPECVD has a 

straighter graphene sheet shape than ICPECVD. The RI-PECVD system has a tandem 

structure consisting of two types of plasma sources. One is a parallel plate capacitively 

coupled plasma (CCP) source using a very high frequency (VHF: 100 MHz) electric 

power. The other is a microwave (2.45 GHz)-excited surface wave plasma (SWP). The 

SWP source is mounted on the CCP source, and they are connected through a multirole 

electrode. A H2 gas with a flow rate of 50 standard cc per minutes (sccm) was introduced 

into the upper SWP region, and H atoms generated in the upper SWP source were injected 

into the lower CCP region through the multirole electrode. A CH4 gas with a flow rate of 

100 sccm was introduced into the CCP region as a carbon source. Total gas pressure was 

maintained at 3 Pa. The microwave power of the H2 SWP and the VHF power of the CCP 

were 400 and 200 W, respectively. Employing this tandem system, multiple radicals 

(carbon precursor and H atom) can be controlled independently. During the CNW growth, 

the CFP substrate was heated at 800 ˚C using a carbon heater. Growth experiments were 

carried out for 55 min. After the CNW growth on the CFP, the Ar atmospheric pressure 

plasma treatment (NU-Rei Co., Ltd.) at 6 kV was subjected to the sample surfaces to 

make them hydrophilic. The surface of CNWs grown on CFP (CNWs/CFP) was 

decorated with Pt nanoparticles by a liquid phase reduction method. Firstly, the 
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CNWs/CFP was immersed into a dihydrogen hexachloroplatinate (IV) hexahydrate 

(H2PtCl6·6H2O, 99.9%: SIGMA-ALDRICH). Then, adding a NaBH4 (Sodium 

tetrahydroborate), Pt atoms were reduced and the Pt nanoparticles were prepared on the 

surface of CNWs. 

Electrochemical measurements were performed using a standard three-electrode setup 

with a Solartron SI 1287 potentiostat. Three electrodes, a working electrode (Pt-CNWs), 

a reference electrode (Ag/AgCl), and a counter electrode (Pt rod), were connected to the 

potentiostat and immersed in the electrolyte. The electrolyte was a phosphate buffer saline 

(PBS, 15mL, 0.1M) with pH 7.4. In the CV measurements, the reactions of oxidation and 

reduction were found as peak currents when the corresponding potentials were applied to 

the working electrode. A scanning range of potential was from -0.4 to 0.8 V at a sweep 

rate of 50 mV/s. H2O2 was used as a detection substance, and its concentration is adjusted 

to be 240 μM in electrolyte. The cyclic test of the CV measurement was performed as 

follows. One cyclic measurement was defined as one cyclic sweep of potential, in which 

the potential was sequentially swept from 0.8 to -0.4 V and from -0.4 to 0.8 V. The 

potential was scanned for 1000 cycles in the electrolyte with 240 µM H2O2 as the first 

test. Then, the electrolyte was exchanged to the fresh one with the same H2O2 

concentration (240 µM), and the electrode was cleaned up. The potential was scanned 

again for 1000 cycles using the same electrode as the second test. This operation was 

carried out once again to measure up to 3000 cycles (third test) totally (3000-cyclic test). 

After the 3000-cyclic test, the Pt-CNWs were evaluated by a scanning electron 

microscope (SEM), an energy dispersive X-ray spectroscopy (EDX), and Raman 

spectroscopy. SEM images were taken using a semi-in lens SEM equipment (SU8230, 

Hitachi, Ltd.) with an accelerating voltage of 10 kV. The EDX mapping was taken using 
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the energy dispersive X-ray analyzer (X-Max50, Oxford Instruments plc) at an 

accelerating voltage of 15 kV. Raman spectra were measured by Raman microscope 

(inVia confocal Raman microscope, RENISHAW). Raman measurement was conducted 

using a Nd: YAG laser (532 nm) as an excitation light. The short-lived components in the 

cell solution were analyzed by electron spine resonance (ESR). Moreover, the solutions 

in the electrochemical measurement cells before and after the measurements were 

analyzed by a high-performance liquid chromatography system (HPLC Prominence, 

Shimadzu Corporation). 
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4.3 Surface morphologies and elemental distribution 

after cycle test 

 

Figure 4-3-1 shows SEM images of Pt-decorated-CNWs grown on carbon fiber before 

((a)-(c)) and after ((d)-(f)) the 3000-cyclic test. Figures 4-3-1(a) and 4-3-1(d) show plan-

view images, and 4-3-1(b), 4-3-1(c), 4-3-1(e), and 4-3-1(f) show cross-sectional view 

images. Figures 4-3-1(c) and 4-3-1(f) are magnified images corresponding to the areas 

indicated as dot line squares in Figs. 1(b) and 1(e), respectively. As shown in Figs. 4-3-

1(a) and 4-3-1(d), the number density of walls on the CFP decreased after the 3000-cyclic 

test. The density of CNWs is defined as follows. The density is the length of the graphene 

sheet in the range of 1 µm2 on the SEM image [7]. The unit is expressed in μm/μm2. The 

density of CNWs decreased from 3.9 to 2.5 (µm/µm2) after the 3000-cyclic test. The 

height of CNWs also decreased from 1.8 to 1.3 µm as shown Figs. 1(b) and 1(e). These 

kinds of structural changes were not observed for the CNWs without Pt nanoparticles. 

Therefore, these structural changes are attributed to the any reactions related to the Pt 

surface. In Fig. 1(c), small bright spots distributed uniformly on the CNW surfaces 

indicate the uniform distribution of Pt nanoparticles. In contrast, sparse and lager bright 

spots found in Fig. 1(f) indicate the agglomeration of Pt nanoparticles after the 3000-

cyclic test. The figure 4-3-1 suggested a decrease in height and density, a change in Pt NP 

supported form by cycle test. 
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Figure 4-3-1. SEM images of (a) top view, (b) cross-sectional view, and (c) magnified 

view of edges of Pt-decorated CNWs grown on carbon fiber. SEM images of (d) top view, 

(e) cross-sectional view, and (f) magnified view of Pt-decorated CNWs grown on carbon 

fiber after 3000 cycles of CV measurements in H2O2. 
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Figure 4-3-2 shows SEM images of Pt-decorated CNWs ((a) and (d)), EDX 

elemental mapping of C signal ((b) and (e)) and Pt signal ((c) and (f)), and line profiles 

of Pt/C ratios (2(g)) before and after the 3000-cyclic test. As shown in Fig.4-3-2(f), the 

Pt nanoparticles were agglomerated around the top-edge region after the 3000-cyclic test, 

while C signal distributions were homogeneous either before or after the 3000-cyclic test 

(Figs. (b) and (e)). These kinds of structural changes were not observed for the CNWs 

without Pt nanoparticles.  

Line profiles of Pt/C compositional ratios before and after the 3000-cyclic tests 

shown in Fig. 4-3-2(g) were obtained from the dotted rectangle regions in Figs. (a)-(f). 

The X axis in Fig. 4-3-2(g) is a distance from the bottom of CNWs (A) to the edge (B). 

A plot was taken in the vertical direction in the broken line area and integrated in the 

horizontal direction. A sharp peak found after the 3000-cyclic test indicates the 

segregation of Pt around the top-edge region of CNWs, while the Pt distribution on the 

CNWs show only a very broad peak before the 3000-cyclic test. This result suggests the 

migration and aggregation of Pt nanoparticles during the electrochemical measurements 

in H2O2. 
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Figure 4-3-2. (a) SEM image of cross-sectional view of Pt-decorated CNWs grown on 

carbon fiber. EDX elemental mappings of C and Pt in Pt-CNWs: (b) cross-sectional 

image of C signal and (c) cross-sectional image of Pt signal, corresponding to the SEM 

image shown in Fig. (a). (d) SEM image of cross-sectional view of Pt-decorated CNWs 

grown on carbon fiber after 3000 cycles of CV measurements in H2O2. EDX elemental 

mappings of C and Pt in Pt-CNWs after 3000 cycles of CV measurements in H2O2: (e) 

cross-sectional image of C signal and (f) cross-sectional image of Pt signal, 

corresponding to the SEM image shown in Fig. 3-4-2(d). 
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Fig. 4-3-2. (g) EDX line profiles of Pt to C signals in Pt-decorated CNWs before and after 

3000 cycles of CV measurements in H2O2, measured along the A–B line shown in Figs. 

4-3-2 (a)-(f). 
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4.4 Electrochemical properties 

4.4.1 Cyclic voltammetry (CV) characteristics 

 

Figure 4-4-1 (a) shows cyclic voltammogram responses for the 20th, 500th, and 

1000th scan of the first test of 1000 cycles using the Pt-CNW electrode in PBS solution 

with 240 µM of H2O2. A CV curve for the first scan without H2O2 is also indicated for 

comparison. Regardless of number of CV measurement cycles, reduction peaks were 

found to be negative at a potential of -0.1 V. Because this kind of response peak current 

was not observed in the case without Pt nanoparticles, the reduction peaks at -0.1 V are 

attributed to the catalytic reactions on the Pt nanoparticle surfaces. A similar peak was 

also found in the case without H2O2. This is attributed to dissolved oxygen molecular gas. 

As the number of cycles increased from 20 to 1000, the reduction peak currents at a 

potential of -0.1 V decreased. This suggests the occurrence of decomposition of H2O2. At 

500th cycle, small reduction and oxidation peaks appeared newly at potentials of 0.05 and 

0.2 V, respectively. These peaks became sharper at 1000th cycle. These peaks were not 

observed at 20th cycle and in the case without H2O2. These results indicate the changes 

of solution components and surface condition of electrode with the electrochemical 

reaction proceeding. Figure 3(b) showed H2O2 reduction current peaks at a potential of -

0.1 V of CV response as a function of number of cycles. The X and Y axes in Fig. 4-4-

1(b) are potential (V vs Ag/AgCl) and the response current (mA), respectively. In this 

experiment, the Pt-CNW electrode was cleaned up and new PBS solutions with 240 µM 

of H2O2 were introduced into the measurement cell before the first, second, and third tests 

of 1000 cycles. The response currents decreased with increasing the number of cycles in 

all sets of 1000 cycles. Decreases of peak currents during each set of 1000 cycles were 
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almost constant to be about 13 %, probably due to the decomposition of H2O2 as a result 

of the electrochemical measurements using the Pt-loaded electrode. On the other hand, 

the decrease of peak current became saturated around 900, 700, and 900 cycles in the first, 

second, and third tests of 1000 cycles, respectively. This saturation may be due to the 

change of the surface condition of Pt-CNW electrode. For example, amorphous carbon 

component on the CNW surface could be removed by the H2O2 treatment [8]. Removal 

of amorphous carbon component would improve the electrical contact between Pt and 

CNW electrode. As mentioned before, since the PBS solutions were replaced with new 

ones with 240 μM of H2O2 and the Pt-CNW electrodes were cleaned up after the first and 

second tests of 1000 cycles, the response currents jumped somewhat at the start of the 

second and third tests. However, these current recoveries did not reach the original value, 

probably due to the decrease of active surface area of Pt nanoparticles as a result of Pt 

agglomeration, as shown in Fig. 4-3-1(f). 

The figure 4-4-1(c) is the result of HPLC analysis of H2O2 concentration in cell 

solution during the scan of the cycle test. When the cycle is 0, the hydrogen peroxide 

concentration before CV measurement is indicated. Since the concentration of H2O2 at 

the time before CV measurement is adjusted to 240 μM, this result is appropriate. The 

number of scans measured is five points of 0, 20, 100, 200, and 500. The concentration 

of hydrogen peroxide decreased greatly from 0 to 100 cycles, after which the change 

became gentle. This result indicates that hydrogen peroxide is only decomposed by CV 

measurement. And the peak current change of CV is appropriate. 
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Figure 4-4-1. (a) Cyclic voltammogram responses for the 20th, 500th, and 1000th scans 

of 1st test of 1000 cycles using the Pt-CNW electrode in PBS solution with 240 µM of 

H2O2., together with a CV curve for the first scan without H2O2. (b) Variation of peak 

current value at the potential of -0.1 of CV curves recorded from 1 to 3000 cycles. 
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Fig, 4-4-1(c) Change in density with respect to number of scans. 
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4.5 Structural changes of CNWs by H2O2 reductions 

 

4.5.1 Effects of potential application and hydrogen peroxide on 

structures of CNWs 

 

Figures 4-5-1(a) and (b) were SEM images of as-formed Pt-CNWs and Pt-CNWs after 

the 3000-cycle test in a PBS solution without H2O2, respectively. Figures (c) and (d) 

shows SEM images of Pt-CNWs after immersion in the PBS solutions with and without 

240 µM of H2O2 for 42 hours, which is the same period required for the electrochemical 

measurements as 3000-cycle test, respectively. Comparing these images, any structural 

change was hardly found, although the CNW densities were slightly different to be (a)3.9, 

(b)4.0, (c)3.4 and (d)3.5 (µm/µm2), respectively. These results indicate that the significant 

change of Pt-CNWs found after the cyclic test could occur only under the potential 

application with H2O2. 
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Figure 4-5-1 Top-view SEM images of (a) as-formed Pt- CNWs, (b) Pt-CNWs after the 

3000-cycle test in a PBS solution without H2O2, (c) Pt-CNWs after immersion in the PBS 

solutions with 240 µM of H2O2 for 42 hours, and (d) Pt-CNWs after immersion in the 

PBS solutions without H2O2. 
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4.5.2 OH radicals in electrochemical measurement solution 

 

Relatively short-live species generated in the liquid phase were measured. Figure 4-

5-2 shows the ESR spectra of DMPO adducts in solution (H2O2 240 µM and PBS) with 

and without the CV measurement (scan cycle: 20 cycle). In the case without CV 

measurement, almost no peak was observed. On the other hand, in the case with CV, peaks 

due to DMPO - OH and DMPO - H were observed. OH radicals were not generated by 

H2O2 and platinum. Three elements of H2O2, platinum and potential are essential for the 

generation of OH radicals. OH radicals were already generated from the initial stage of 

the cycle test. And up to 60 μM OH radicals can be generated in 20 cycles. Furthermore, 

it is considered that OH radicals were suggested to be involved in changes in shape and 

density from figures 4-3-1 and 4-5-1. 
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Fig. 4-5-2. ESR spectra of DMPO added with CV and without CV, DMPO-OH (3494 G) 

and DMPO-H (3500 G) peaks 
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4.6 Crystallinity changes of CNWs by H2O2 reductions 

4.6.1 Effects of potential application and hydrogen peroxide on 

crystallinity of CNWs 

 

Figure 5 shows Raman spectra of as-formed Pt-CNWs/CFP and Pt-CNWs/CFP after 

the 3000-cycle test in the PBS solution with and without 240 µM of H2O2. Raman spectra 

of Pt-CNWs after just immersion in the PBS with and without H2O2 are also shown in the 

figure, together with that of the CFP without CNWs for comparison. In this figure, all 

spectra are normalized to the intensities of G-band peaks in their respective spectra. Three 

typical peaks, G-band, D-band, and D'-band peaks, were found in all spectra of CNWs. 

As is well known, the G-band peak at 1580 cm-1 is caused from the six-membered ring 

structure of graphite. The D-band peak at 1350 cm-1 indicates the disorders of six-

membered ring structures [9]. D’-band peak at 1620 cm-1, appearing as shoulder of G-

band peak, is related to finite sizes of graphite crystallites and graphene edges [10]. 

Relatively large and sharp D-band and D’-band peaks are typical characteristics of CNWs. 

Actually, these intensities are much smaller than that for the graphite (CFP) without 

CNWs. Intensity ratios of D- and G-band peaks (ID/IG) were obtained by area intensities 

of respective peaks. The ID/IG ratio is often used to evaluate the densities of defects or 

disorders in carbon structures [11-12]. Crystallinity was defined as the amount of defects 

to the six-membered ring structure. The ID'/IG ratios were also calculated by area 

intensities of D'- and G-band peaks, which would indicate the amount of graphene edges. 

The ID/IG and ID'/IG ratios of Raman spectra shown in Fig. 4-6-1 were summarized in 

Table 4-6-1. Only in the case after the 3000-cycle test with H2O2, both ID/IG and ID’/IG 

ratios in the Raman spectrum of Pt-CNWs drastically decreased. This result is consistent 



124 

 

to the fact that etching of the CNWs was found in the SEM images after the cyclic test 

with H2O2. Almost no change of widths of all peaks also indicates the etching of CNWs 

simply from the top edges without any structural degradation in the CNWs, since the peak 

width also generally means a fluctuation of crystalline structure. 

 

 

 

 

Figure 4-6-1 Raman spectra of as-formed Pt-CNWs and Pt-CNWs after the 3000-cycle 

test in the PBS solution with and without 240 µM of H2O2, together with those of Pt-

CNWs after just immersion in the PBS with and without H2O2 for 42 hours, and that of 

the CFP without CNWs. 
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Table 4-6-1. The ratio of ID / IG and ID' / IG in each condition of (i) -(vi). 
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4.6.2 Crystallinity changes of CNWs during H2O2 reductions 

 

Figure 4-6-2(a) is the result of Raman spectroscopy of CNWs with respect to the 

number of scans. The G band peak has not changed. From 0 to 1000 cycles, the D band 

peak does not change almost. However, they gradually decreased between 1000 and 3000 

times. The D and D 'band peak decreased with increasing cycle. 

Figure 4-6-2 (b) shows the results of ID/IG and ID'/IG ratios with respect to the number 

of scans. Both numbers increased to 1000 cycles and then decreased. 

 

 

 

Fig. 4-6-2. (upper)Raman spectrum versus scan frequency and (lower) ID/IG and ID'/IG 

ratio 
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4.7 Degradation of Pt nanoparticles-supported CNWs 

during H2O2 reduction 

 

As results shown in Figs. 4-3-1 to 4-6-2, it was found that the Pt-CNWs were 

drastically etched from their top-edges only under the potential application with H2O2 

from SEM images. In general, the reduction reaction of H2O2 depends on the solution 

conditions. In an acid solution, H2O2 is decomposed into H2O and O2 [13]. On the other 

hand, it is known that anions (OH-) are produced in neutral or alkaline solutions [14-15]. 

Because the PBS solution used in this experiment was maintained to be neutral, it is 

deduced that H2O2 was decomposed into OH- ions by the reduction reaction (2) on the 

surface of Pt nanoparticles. Provided that OH- ions are generated, pH near the electrode 

surface may shift to be alkaline. Production of OH radicals in acidic or alkaline solutions 

has been reported [16]. For example, OH radicals were produced from H2O2 in the 

presence of dissolved oxygen by electrochemical reaction [17]. In addition, it has also 

been reported that graphene was corroded due to the action of OH radical [18]. Melting 

and reprecipitation of Pt have also been reported under the electrochemical reaction of 

H2O2 [19]. Coagulation of Pt is presumed to be reprecipitation of desorbed graphene edge 

Pt and molten ones. Figure 4-7 depicts the degradation model of Pt-CNWs by the 

secondary reaction with by-products of H2O2 reduction. As it is well known, graphene 

edges have a higher chemical reactivity than graphene basal planes [20-22]. Therefore, 

the etching or corrosion of CNWs by the by-products of H2O2 reduction reaction occurred 

mainly from their top-edges, resulting in the agglomeration of Pt nanoparticles at the top 

region. Based on these considerations, it is deduced that the secondary reaction by the 
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OH radicals at the Pt-CNW surfaces can be induced only under the potential applying 

with H2O2. Then, they cause structural degradation of the Pt-CNWs and characteristic in 

the CV measurements. This kind of corrosion will be more likely to occur on the surface 

of amorphous carbon, which explains the significant agglomeration of Pt nanoparticles 

on the CB. 

 

 

 

Figure 4-7. Illustration of (upper) the degradation model of Pt-CNWs by the secondary 

reaction with by-products of H2O2 reduction and (lower) Pt aggregation model. 
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4.8 Summary 

H2O2 reactions on the surface of Pt-decorated CNWs under the potential 

application were investigated on the platform of CNWs grown on the carbon fiber paper. 

When the cyclic tests of repeated CV measurements for 1000 cycles were performed 3 

times in succession using Pt-decorated CNW electrodes in the PBS solutions with 240 

μM of H2O2, the response peak currents of H2O2 reduction decreased with the number of 

cycles. According to the H2O2 concentration measurement by high performance liquid 

chromatography, the decrease of response peak currents is attributed to the decomposition 

of H2O2, resulting in the decrease of its concentration. The results of ESR showed that 

OH radicals were generated from H2O2 by electrochemical reaction. After the cyclic tests 

of electrochemical measurements for 3000 cycles, the densities and heights of CNWs 

were reduced, and surface morphology changed. The EDX mapping revealed that the Pt 

nanoparticles agglomerated around the top-edges of CNWs after the cyclic test. The SEM 

and Raman results suggested a decreasing of CNWs on the CFP. These phenomena only 

occurred under the potential application with H2O2. No degradation was found in both the 

structures and CV curves in the cases without H2O2 or potential applying. It is suggested 

that OH radicals could induce secondary reaction with the CNW surfaces and cause their 

structural degradation and decrease in the response current. 
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Chapter 5  

Effects of fluorine (F) introduction and 

termination of CNWs on their 

electrochemical reactions 
 

 

 

5.1 Background 

 

In Chapter 4, it was found that the OH radicals were generated by an electrochemical 

reaction of hydrogen peroxides on platinum catalysts. The CNWs were etched from their 

top-edges due to oxidative damage of OH radicals. It was reported that, in a fuel cell 

durability test, the lifetime of CNWs synthesized using C2F6 as a source gas was much 

higher than that using CH4 [1-2]. It is also known that, according to the synchrotron 

experiments, the surface of CNWs synthesized using C2F6 is terminated with fluorine (F) 

[3]. 

In this study, two types of CNWs which could include F atoms were prepared, and 

electrochemical characteristics using them were compared. One is the CNWs synthesized 

using the C2F6/H2 mixture gas. In general, the CNWs synthesized using the C2F6/H2 

mixture gas have a higher crystallinity with fewer defects compared with those 

synthesized using the CH4/H2 mixture. It has been suggested that most of F atoms are 
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present on the outermost surfaces of CNWs or edges of nanographene domains, while 

there is almost no F atom in the internal structure of CNWs as a result of an abstraction 

reaction of F atoms by hydrogen radicals during their syntheses. and The other is the 

CNWs performed by a gas treatment using F2/NO/Ar mixture after the synthesis using 

the CH4/H2. Because any plasma is not used in this post-synthesis treatment, there is no 

effect of ion bombardment on the structures of CNWs. As a result, reduction of damage 

to CNWs is expected during fluorine terminated treatment. The cycle tests were carried 

out using them, and it was verified whether the F had any effect even in the CV and cyclic 

test. Distributions and chemical bonding states of F may be different between these two 

types of CNWs with F. Compering these two types of CNWs with F, it was also 

investigated what kind of F had an effect in the CV.  
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5.2 Experimental details 

 

The CNWs were prepared by two methods. The first one was synthesized using C2F6 

as source gas. The other one was treated by a mixture of F2, NO, and Ar gases after the 

synthesis using a CH4/H2 gas mixture [4]. The CNWs were grown on the CFP by RI-

PECVD using a C2F6/H2 gas mixture [5]. Hereinafter, these are referred to as C2F6-CNWs. 

In the case of C2F6-CNWs, the CNWs were grown on the CFP by the RI-PECVD using a 

C2F6/H2 gas mixture. Hereinafter, these are referred to as C2F6-CNWs. A H2 gas with a 

flow rate of 100 standard cc per minutes (sccm) was introduced into the upper SWP region, 

and generated H radicals were injected into the lower CCP region. A C2F6 gas with a flow 

rate of 50 sccm was introduced into the CCP region as a carbon source.  

Total gas pressure was maintained at 100 Pa. The microwave power of the H2 SWP 

and the VHF power of the CCP were 300 and 200 W, respectively. During the CNWs 

growth, the sample stage (lower CCP electrode) was heated at 1000˚C using a carbon 

heater. A deposition time was 30 min. In the case of synthesis using CH4 and post 

treatment using a F2/NO/Ar gas mixture, Same synthesis conditions of CNWs explained 

in Chapter 4 were used in this experiment. The flow rates of CH4 and H2 were 50 and 00 

sccm, respectively. The total pressure was 3 Pa. The SWP and CCP powers were 400 and 

200 W, respectively. The CFP substrate was heated at 800˚C using a carbon heater. A 

deposition time was 55 min. Hereinafter, the CNWs synthesized using a CH4/H2 gas 

mixture are referred to as CH4-CNWs in this chapter. After the synthesis, the CH4-CNWs 

were treated by a mixture of F2, NO, and Ar gases for the surface termination by the F 
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atoms [6-8]. After the synthesis of CNWs, the samples were set on the stage of the gas 

chamber and exposed by a F2/NO/Ar gas mixture at room temperature for 30 s. This 

sample is referred to as F-terminated CNWs, hereinafter. Then, these two types of F-

included CNWs were supported with platinum by a liquid phase reduction method. The 

cycle test was carried out with these electrodes as working electrodes in the same 

procedure as explained in Chapter 4. The electrodes were evaluated by the SEM for 

morphological changes, Raman spectroscopy for crystal structure and XPS for surface 

condition. Comparing these two electrodes, effects of F in the CNWs on their 

electrochemical reactions are discussed. 
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5.3 Electrochemical reactions and morphological 

changes of fluorine (F)-introduced CNWs 

5.3.1 Structural changes of CNWs by H2O2 reductions 

 Figure 5-3-1 shows ((a), (d)) top view and ((b)-(f)) cross-sectional view SEM 

images of Pt-NP/C2F6-CNWs before ((a)-(c)) and after ((d)-(f)) the 3,000 cycles of CV 

measurements in PBS with H2O2 (240 µM). Figures 5-3-1(c) and (f) show magnified 

images of edges of Pt-NP/ C2F6-CNWs shown in Figures 5-3-1(b) and (e), respectively. 

As shown in the figures, it was found that densities and surface morphologies hardly 

changed after the 3,000 cycles of CV measurements, although the height of CNWs after 

the measurements (800 nm) is slightly due to the smaller than that before the 

measurements (900 nm). The CNWs density of Pt-NP/ C2F6-CNWs were before CV 

measurements (37.4 µm/µm2) and after the 3,000 cycles (35.8 µm/µm2), the rate of 

change was smaller than in case of Pt supported CH4-CNWs (before 3.9 and after 

2.5µm/µm2). It should be noted that the density of this C2F6-CNWs is very higher than 

those of the CH4-CNWs discussed in Chapter 4. Therefore, these cannot be simply 

compared. However, this result indicates a possibility of more robust CNWs electrode 

due to any effects of F.  
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Figure 5-3-1 Top view ((a), (d)) and cross-sectional view ((b)-(f)) SEM images of Pt 

nanoparticles-supported C2F6-CNWs before ((a)-(c)) and after ((d)-(f)) the 3,000 cycles 

of CV measurements in PBS with H2O2 (240 µM). Figures (c) and (f) show magnified 

images of edges of Pt nanoparticles-supported CNWs shown in figures (b) and (e), 

respectively. 
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5.3.2 Electrochemical properties  

 Figure 5-3-2 (a) shows cyclic voltammograms using the Pt-NP/C2F6-CNWs 

electrode at the 20th and 3,000th cycles in the PBS solution with 240 µM of H2O2. Figure 

5-3-2 (b) shows peak current value at the potential of -0.1 in CV curves as a function of 

number of cycles. In the CV curve at 20th cycle, the typical peak related to the H2O2 

reduction clearly found in the range of −0.2 to −0.1V. The broad peak related to the 

oxidation was also found in the range of 0.5 to 1 V. In addition, the other reduction and 

oxidation peaks were also found around 0.15 and 0 V, respectively. Although the origin 

of these peaks is not clear at this stage, they may be related to any surface reactions 

peculiar to the C2F6-CNW. It was found that the H2O2 reduction peak at -0.2 V drastically 

decreased at 3,000th cycle, while those at 0.15 V hardly changed. Figure 5-3-2 (b) shows 

peak current values at the potential of -0.1 in the CV curves as a function of number of 

cycles. In this figure, the reduction peaks were found to decrease between 20th and 

1,000th, and between 2,020th and 3,000th, while they increased between 1,020th and 

2,000th. These decreases of the reduction peak currents are attributed to the decrease of 

H2O2 concentration as well as seen in the case using the CH4-CNWs which is discussed 

in Chapter 4. On the other hand, the cause of peak current increase between 1,020th and 

2,000th is not clear unknown at this time. Although several reasons, such as any 

connection problem on the circuit or diffusion problem of H2O2, and so forth, can be 

suggested, a reproduction experiment is necessary. Comparing the results at 20th, 1,020th 

and 2,020th, at which it is considered that most of 240 M of H2O2 has not yet been 

decomposed, the reduction peak currents were almost similar. This result is much 

different from the case using the CH4-CNWs as discussed in Chapter. 4, and consistent to 

the slight morphological changes observed in the SEM images.  
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Figure 5-3-2 (a) Cyclic voltammograms using the Pt-NP/C2F6-CNWs electrode at the 

20th and 3,000th cycles in the PBS solution with 240 µM of H2O2, and (b) peak current 

values at the potential of -0.1 in CV curves as a function of number of cycles. 
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5.3.3 Crystallinity changes of C2F6-CNWs by H2O2 reductions 

 Figure 5-3-3 shows Raman spectra of Pt-NP/C2F6-CNWs before and after the 

3,000 cycles of cyclic test in the PBS solution with 240 µM of H2O2. All spectra were 

indicated normalized the intensities by those of their G-band peak components. ID/IG and 

ID’/IG values obtained in those Raman spectra were shown in Table 5-3-1. In general, the 

C2F6-CNWs show narrower widths of G-band and D-band peaks, which indicates the 

higher crystallinity of C2F6-CNWs [9]. It is found that, in the case of the C2F6-CNWs, full 

width at half maximum vales of G- and D-band peaks were 42.51 and 43.2 cm-1, 

respectively. In the case of CH4-CNWs shown in Chapter 4, those were 45.26 and 53.65 

cm-1, respectively. These narrower peaks indicate the higher crystallinity of the C2F6-

CNWs compared with that of the CH4-CNWs. On the other hand, ID/IG and ID’/IG ratios 

of C2F6-CNWs were larger than those of CH4-CNWs, which were attributed to more 

amounts of edges of C2F6-CNWs with much higher density compared with the CH4-

CNWs [10]. Therefore, according to these results, it was deduced that the six-membered 

ring structure in the C2F6-CNWs synthesized in this experiment had a higher crystallinity, 

although they had a higher density of edges of six-membered ring structures [11-12]. In 

the C2F6-CNWs, it has been suggested that fluorine atoms are extracted by hydrogen 

radicals during the synthesis process. As a result, formation of sp2 bonds are promoted, 

and the higher crystallinity is realized in the C2F6-CNWs. It was found that, after the 

3,000 cycles of cyclic test, the relative intensities of D-band peaks slightly decreased and 

those of D’-band peaks hardly changed. This means the fact that the crystallinity of C2F6-

CNWs hardly changed even after the 3,000 cycles of cyclic test. This result is also 

consistent to the SEM images as well as the CV results. Furthermore, it was much 
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different from ID/IG ratio of the result using the CH4-CNWs as described in Chapter. 4, in 

which the crystallinity of CH4-CNWs was drastically changed 2.12 to 1.8 by the cyclic 

test. On the other hand, the rate of this change is smaller compared with that for the CH4-

CNWs. These results indicate that the C2F6-CNWs have a higher durability than the CH4-

CNWs. 

 

 

Figure 5-3-3 Raman spectra of Pt-NP/ C2F6-CNWs before and after the 3,000 cycles of 

cyclic test in the PBS solution with 240 µM of H2O2. 

 

Table 5-3-1 ID/IG and ID’/IG values in Raman spectra of Pt-NP/ C2F6-CNWs before and 

after the 3,000 cycles of cyclic test in the PBS solution with 240 µM of H2O2. 
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5.4 Electrochemical reactions and morphological 

changes of fluorine (F)-introduced CNWs 

5.4.1 Structural changes of CNWs by H2O2 reductions 

Figure 5-4-1 shows ((a), (d)) top view and ((b)-(f)) cross-sectional view SEM 

images of Pt-NP/F-terminated CNWs before ((a)-(c)) and after ((d)-(f)) the 3,000 cycles 

of CV measurements in the PBS with H2O2 (240 µM). Figures 5-4-1(c) and (f) show 

magnified images of edges of Pt-NP/F-terminated CNWs shown in Figures 5-4-1(b) and 

(e), respectively. As shown in the figures, it was found that densities and surface 

morphologies changed after the 3,000 cycles of CV measurements. The height of CNWs 

before the measurements (1.5 µm) decreased to 1 µm after the measurements. The CNWs 

density of Pt-NP/F-terminated CNWs before and after 3,000 cycles of CV measurements 

were 3.49 and1.74 µm/µm2, respectively. The change rate remarkably smaller compared 

with that in the case of Pt-supported CH4-CNWs. 

This result indicates that the F-termination after the synthesis does not have an 

effect to suppress structural deterioration on the cyclic CV measurements.  
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Figure 5-4-1 Top view ((a), (d)) and cross-sectional view ((b)-(f)) SEM images of Pt 

NP/F-terminated CNWs before ((a)-(c)) and after ((d)-(f)) the 3,000 cycles of CV 

measurements in PBS with H2O2 (240 µM). Figures (c) and (f) show magnified images 

of edges of Pt nanoparticles-supported CNWs shown in figures (b) and (e), respectively.  

 

 

5.4.2 Electrochemical properties  

Figures 5-4-2(a) and 5-4-2(b) show cyclic voltammograms using the Pt-NP/F-

terminated CNWs at the 20th and 3,000th cycles in the PBS solution with 240 µM of 

H2O2, and peak current values at the potential of -0.1 in CV curves as a function of number 

of cycles, respectively. In the CV curve at 20th cycle, the typical peak related to the H2O2 
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reduction clearly found in the range of −0.2 to −0.1V. It shifted to the higher potential 

direction and its intensity decreased after 3,000th cycle. The other reduction and oxidation 

peaks were also found around 0.15 and 0 V, respectively, only after the 3,000th cycles. 

Those peaks only appeared after the 3,000th cycles and sharper compared with those for 

the C2F6-CNWs. In Figure 5-4-2 (b), the reduction peaks were found to decrease between 

every 1,000 cycles. This decrease of reduction peak also indicates the decrease of H2O2 

concentration as discussed in the previous sections. Comparing the results at 20th, 1,020th 

and 2,020th cycles, the reduction peak currents slightly decreased. This result is different 

from the both cases using the CH4-CNWs and C2F6-CNWs, and indicates some 

degradation of CNWs, which is consistent with the morphological changes observed in 

the SEM images. It is also consistent to the morphological changes observed in the SEM 

images. These results indicate the fact that the higher durability of C2F6-CNWs is 

attributed to their higher crystallinity rather than the F-termination of CNWs surfaces. 
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Figure 5-4-2. (a) Cyclic voltammograms using the Pt-NP/F-terminated CNWs at the 20th 

and 3,000th cycles in the PBS solution with 240 µM of H2O2, and (b) peak current values 

at the potential of -0.1 in CV curves as a function of number of cycles. 
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5.4.3 Crystallinity changes of F-terminated CNWs by H2O2 reductions 

Figure 5-4-3 shows Raman spectra of Pt-NP/F-terminated CNWs before and 

after the 3,000 cycles of cyclic test in the PBS solution with 240 µM of H2O2. All spectra 

were indicated normalizing their intensities by those of G-band peak components. ID/IG 

and ID’/IG values obtained in those Raman spectra were shown in Table 5-4-1. It was found 

that, after the 3,000 cycles of cyclic test, the relative intensities of D-band peaks and D’-

band peaks increased. This means that the crystallinity changes of Pt-NP/F-terminated 

CNWs after the 3,000 cycles of cyclic test. However, this result was different from the 

result using the Pt-NP/CH4-CNWs as described in Chapter. 4, in which those ratios of 

CH4-CNWs were drastically decreased after the cyclic test. This result is also different 

from the results using the Pt NP/ C2F6-CNW, in which ID/IG and ID’/IG ratios hardly 

changed even after the 3000 cycles. These results are consistent to the smaller degradation 

of surface morphology compared with that of the CH4-CNWs. 
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Figure 5-4-3 Raman spectra of Pt-NP/F-terminated CNWs before and after the 3,000 

cycles of cyclic test in the PBS solution with 240 µM of H2O2. 

 

 

Table 5-4-1 ID/IG and ID’/IG values in Raman spectra of Pt-NP/F-terminated CNWs before 

and after the 3,000 cycles of cyclic test in the PBS solution with 240 µM  

of H2O2. 
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5.5 Evaluation of surface condition of CNWs on fluorine 

termination 

 

Figure 5-5-1(a) shows X-ray photoelectron spectra of the C 1s of C2F6-CNWs 

and, Pt-NP/C2F6-CNWs before and after the 3000cycles of cyclic test in the PBS solution 

with 240 µM, respectively. That of CH4-CNWs is also shown for comparison. All spectra 

are indicated normalizing their intensities by those of the C-C components. There was no 

significant difference for each condition. The peaks suggesting C-C and C=O bonds were 

observed at 284.7 and 287.6 eV, respectively. Those suggesting C-OH and C-O-C were 

also observed at 286 eV. In not only the C2F6-CNW but also the CH4-CNWs, small and 

broad components were found around 291 eV, which indicate C-F2 bonds. Because the 

CFP was subjected by surface coating of Teflon, the CFP itself includes some amount of 

F. Therefore, it is deduced that no significant difference was found between the C2F6-

CNWs and CH4-CNWs. In other words, this result means that the F content in the C2F6-

CNWs is not significantly larger that that of the CFP.  

Figure 5-5-1(b) shows X-ray photoelectron spectra of the C 1s of F-terminated 

CNWs and, Pt-NP/F-terminated CNWs before and after the 3000cycles of cyclic test in 

the PBS solution with 240 µM, respectively. That of CH4-CNWs is also shown for 

comparison. After the F termination, the peaks suggesting C-F, C-F2, and C-F3 bonds 

were obviously found at 288.5, 291.3 and 292.5 eV, respectively. Furthermore, these 

peaks decreased after the Pt supporting. However, even after the Pt supporting, C-F and 

C-F2 components were still clearly larger than those of the CH4-CNWs. In addition, the 

F atoms existed even after the cycle test.  
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Figure 5-5-1 X-ray photoelectron spectra of the C 1s for (a) C2F6-CNWs and (b) F-

terminated CH4-CNWs 

 

 



150 

 

 

5.6 Summary 

 In this Chapter, two types of CNWs which could include F atoms were compared 

as electrodes in the cyclic CV measurements in order to confirm the effects of F on 

electrochemical reactions on the Pt-NP/CNWs.  

 The CNWs synthesized using the C2F6/H2 gas mixture (C2F6-CNWs) showed 

slight changes in their morphology, crystallinity, and electrochemical reactions. On the 

other hand, the CNWs treated by the F2/NO/Ar gas mixture after the synthesis using the 

CH4/H2 (F-terminated CNWs) did not show such the high durability. These results 

indicate the fact that the higher crystallinity of C2F6-CNWs induced higher durability 

rather than the F-termination of CNWs surfaces. 
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Chapter 6  

Conclusions and future prospective 
 

6.1 Summary of this thesis 

 

In this thesis, from the viewpoint that CNWs synthesized by the plasma CVD method 

are advantageous compared to sensors that are practically used in sensor applications, I 

clarified the application destination of CNWs and showed the process and characterized 

up to the device formation. CNWs synthesized by the plasma CVD has a large surface 

area and strength not to agglomerate even in a liquid. Furthermore, as a result of applying 

CNWs to the electrochemical sensor electrode, it was suggested that the detection 

sensitivity of the problematic sensor could be improved. Furthermore, the findings of the 

application using the surface reaction were shown by constructing a degradation model 

of CNWs surface under electrochemical reactions. 

Chapter 1 explains the structure and properties of carbon nanomaterials. The CNW 

composed of graphene sheets had a characteristic structure and showed unique 

characteristics. Furthermore, we have summarized the detection method and problems of 

conventional biological materials. The authors emphasized the superiority of biosensors. 

Next, the present condition and problems of the biosensor will be described. The author 

describes the advantages and problems of electrochemical sensors. Finally, as a problem 

of the sensor, we will introduce the fact that the detection sensitivity is dominant in the 

reaction field, but the research up to now has been advanced. 
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In chapter 2, a plasma CVD apparatus for synthesizing CNWs was described. The 

hydrophilic treatment of the prepared CNWs and the platinum loading process were 

shown. Various evaluation methods of the fabricated CNWs electrode are also described. , 

Raman spectroscopy, scanning electron microscope (SEM), energy dispersive X-ray 

analysis, X-ray photoelectron spectroscopy (XPS)), and electrochemical measurements, 

Electron Spin Resonance (ESR) and high performance liquid chromatography (HPLC). 

In Chapter 3, CNWs synthesized by plasma CVD showed good characteristics by 

cyclic voltammetry in the application of electrochemical sensors. Specifically, CNWs are 

effective as catalyst carriers, and the surface area of CNWs leads to expansion of the 

reaction field. It also showed the concentration dependence by measuring the change in 

response current of hydrogen peroxide (H2O2). For example, when measured by varying 

the concentration of H2O2, it was suggested to detect in a wide range from 50 nM to 1.5 

mM. In addition, it was also found that the change in detection efficiency in that range is 

the influence of diffusion transport of substances to the CNWs surface. 

In Chapter 4, the influence of detection reaction of H2O2 under electrochemical 

reaction on CNW surface was clarified. Electrochemical sensors using CNWs showed 

good results, but usually H2O2 is used for removing impurities and chemical termination 

of carbon materials. In addition, unevenness of nm order were formed on the surface of 

CNWs by H2O2 treatment. Therefore detailed information on the surface reaction is 

essential. Electrochemical measurements based on the presence or absence of H2O2 and 

potential, solution analysis, and observation of the structure were carried out. Degradation 

model was constructed by component analysis of measurement solution and material 

analysis of CNWs. 

In Chapter 5, two types of CNWs which could include F atoms were compared as 
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electrodes in the cyclic CV measurements in order to confirm the effects of F on 

electrochemical reactions on the Pt-NP/CNWs. The CNWs synthesized using the C2F6/H2 

gas mixture (C2F6-CNWs) showed slight changes in their morphology, crystallinity, and 

electrochemical reactions. On the other hand, the CNWs treated by the F2/NO/Ar gas 

mixture after the synthesis using the CH4/H2 (F-terminated CNWs) did not show such the 

high durability. These results indicate the fact that the higher durability of C2F6-CNWs 

are attributed to their higher crystallinity rather than the F-termination of CNWs surfaces. 

 

 

6.2 Scopes for future prospective 

 

The authors showed the usefulness of plasma in the process from material 

fabrication to application to surface treatment for this application. It was found that 

CNWs having a very large surface area provide an excellent reaction field as electrodes 

of biosensors. Currently, although the sensitivity has been verified up to 50 nM, 

examining how much the detection limit is, it makes the potential of CNWs clearer. 

Further, an operation for improving the sensitivity is possible in the manufacturing 

process of the CNWs. In this paper, CNWs of the same height were used. If the growth 

time of CNWs is lengthened, CNWs having a larger surface area can be fabricated. 

However, in such a case, it is difficult to uniformly support the metal catalyst on the entire 

surface of the CNWs. It is thought that there is a limit to loading in the liquid phase. 

Therefore, we want to carry the catalyst in the gas phase and further improve the 

sensitivity.  

In this study, OH radicals were generated from H2O2 under electrochemical reaction, 
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and it was clarified that CNWs deteriorated. However, I only know that OH radicals are 

generated. In the ESR measurement, it is unclear when the OH radical holding time is 

restricted and when it is generated. Therefore, it is difficult to obtain results closely linked 

to the results of electrochemical measurements. Therefore, we propose measurement 

using chemical probe method. Specifically, terephthalic acid is used as a trapping agent. 

Terephthalic acid has no restriction on trap time and fluoresces in the process of binding. 

By observing the emission, it can be visualized. Results linked with electrochemical 

measurements when observing luminescence are obtained. 

The contents reported are studies on the premise of detection of glutamate. It is 

impossible to directly detect glutamate in a sensor carrying a current metal catalyst. 

Specifically, it detects H2O2 generated by the action of enzyme in liquid. As a result, it is 

possible to indirectly know the concentration of glutamate. If the detection efficiency of 

the sensor is raised, it is ideal to directly detect it. In the future we would like to work on 

making electrodes that directly support enzymes on the surface of CNWs. There are two 

specific methods. One is a method of modifying an amino group or the like so that the 

enzyme is easily added to the CNWs surface. The other is to form a polymer film of 

functional polymer mixed with enzyme on CNWs surface. CNWs synthesized from C2F6 

did not deteriorate even under OH radicals. This suggests the possibility of detection 

under harsh conditions. It is necessary to study the detection of substances with high load 

reaction. 
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