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1.1 Preface 

 

1.1.1 Background 

    In moving into the 21st century, global warming becomes a major issue all over 

the world. To depress the global warming, technological developments for lowering 

fuel consumption and reducing CO2 emission are essential. Solar cells, fuel cells, and 

secondary batteries are devices on green innovation for producing energy required in 

our daily life. These devices have been fabricated by various methods [1]. However, in 

these devices there are many problems on electric generation efficiency, life time, costs 

and so on. To overcome these problems, it is necessary to functionalize highly 

materials used in the devices. Surface modification would be an effective means for 

this purpose. Plasma technology has been used to modify material surfaces [2]. Thus, 

the plasma process would be a key technology for developing the energy materials. 

    Life innovation for healthcare, and decontamination and sterilization of water is 

also one of the most important issues on the environmental and medical fields. Plasma 

healthcare or plasma medicine is an emerging field that has its roots, quite naturally, in 

plasma science [3]. It has grown rapidly and is now the subject of a broad 

interdisciplinary research involving medicine, biology, physics, chemistry and 

engineering. On the other hand, in the field of water treatment plasma technologies 

under atmospheric conditions are emerged as potential alternative methods for the 
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sterilization of the bacteria in water [4-11]. The advantages of the methods have their 

stability to sterilize at relatively low temperatures within a short time and non-toxic 

nature in comparison to more traditional methods. Unlike chemical based biocides 

such as chlorine and ozone, the plasma treatment is a physical method used to kill all 

bacteria without adding any biocidal chemical. 

    As above-mentioned, plasma technology would be a key technology to realize 

green and life innovations, and then it is very important to advance the plasma 

technology. 

 

1.1.2 Plasma technology 

Irving Langmuir first used the term “plasma” in 1926 to describe the inner region 

of an electrical discharge [12]. Later, the definition was broadened to define a state of 

matter in which a significant number of atoms and/or molecules are electrically 

charged or ionized. The components in plasma are ions, free electrons, photons, and 

neutral atoms and molecules in ground and excited states. In order to maintain a steady 

state, it is necessary to apply an electric field to the gas plasma, which is generated in a 

chamber at low pressure. 

Plasma, as a very reactive material, can be used to modify the surface of a certain 

substrate, depositing chemical materials to impart some desired properties, removing 

substances, which were previously deposited on the substrate, and so on. 
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Plasma is any substance (usually a gas) whose atoms have one or more electrons 

detached and therefore become ionized. The detached electrons remain, however, in 

the gas volume that in an overall sense remains electrically neutral. Thus, any ionized 

gas that is composed of nearly equal numbers of negative and positive ions is called 

plasma. The ionization can be effected by the introduction of large concentrations of 

energy, such as bombardment with fast external electrons and irradiation with laser 

light, or by heating the gas to very high temperatures. 

A gas becomes plasma when the kinetic energy of the gas particles rises to equal 

the ionization energy of the gas. When this level is reached, collisions of the gas 

particles cause a rapid cascading ionization, resulting in plasma. If the necessary 

energy is provided by heat, the threshold temperature is from 50,000 to 100,000 K and 

the temperatures for maintaining plasma range up to hundreds of millions of degrees. 

Another way of changing a gas into plasma is to pass high-energy electrons through 

the gas. The individually charged plasma particles respond to electric and magnetic 

fields and can therefore be manipulated and contained. The atmospheres of most stars, 

the gas within the glass tubing of neon advertising signs, and the gases of the upper 

atmosphere of the earth are examples of plasmas. On the earth, plasmas occur naturally 

in the form of lightning bolts and in parts of flames.  

There are many different ways to induce the ionization of gases; (1) glow 

discharge, (2) corona discharge, (3) arc discharge and (4) dielectric barrier discharge 
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(DBD). Generation of plasma can be created by applying an electric field to a 

low-pressure gas, as in neon or fluorescent tubes. Plasma can also be created by 

heating a neutral gas to very high temperatures. Usually the required temperatures are 

too high to be applied externally, and the gas is heated internally by the injection of 

high-speed ions or electrons that collide with the gas particles, increasing their thermal 

energy. The electrons in the gas can also be accelerated by external electric fields. Ions 

from such plasmas are used in the semiconductor industry for etching surfaces and 

otherwise altering the properties of materials. Here, electric current is passed through a 

gas and electrons from the electrical current become part of the gas causing the gas 

atoms and molecules to become ionized, or charged. The degree of ionization, α is 

defined as  

α = ni / (ni + na)                         (1.1) 

Where, ni is the number density of ions and na is the number density of neutral atoms. 

The amount, or degree, of ionization is called the "plasma density".  

Generally, high plasma densities are desirable, because electrons impact gas 

molecules and create the excited-state species used for textile treatment. Having more 

electrons generally equates to faster treatment time. However, very high plasma 

densities (greater than 1017 electrons cm-3) can only exist with very high gas 

temperature. This extremely high level of plasma density is unsuitable for textile 

treatment, because the plasma's energy will burn almost any material. These plasmas, 
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often called thermal plasmas, are used for incineration.  

Plasma properties are dependent on the plasma parameters like degree of 

ionization, the plasma temperature, the density and the magnetic field in the plasma 

region. Different range of plasma depending on density and temperature is shown in 

Fig. 1.1.  

 

1.1.3 Principle of plasma processing 

    Plasma technology is a surface-sensitive method that allows selective 

modification from μm to nm ranges. By introducing energy into a gas, quasi-neutral 

plasma can be generated consisting of neutral particles, electrically charged particles 

and highly reactive radicals. If a material to be functionalized is placed in a reaction 

chamber with any gas and the plasma is then ignited, the generated particles interact 

with the surface of the material. In this way, the surface is specifically structured, 

chemically functionalized or even coated with thin film depending on the type of gas 

and control of the process.  

The plasma consists of free electrons, radicals, ions, UV-radiation and a lot of 

different excited particles in dependence upon the used gas. Different reactive species 

in the plasma chamber interact with the substrate surface. Cleaning, modification or 

coating is dependent on the used parameters. Plasma treatments have been used to 

induce both surface modifications and bulk property enhancements of materials,  
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Fig. 1.1 Relationship among plasma, electron temperature and plasma density. 
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resulting in improvements to products ranging from conventional materials to 

advanced composites. These treatments have been shown to enhance dyeing rates of 

polymers, to increase adhesion of coatings, and to modify the wettability of materials. 

Research has shown that improvements in toughness and tenacity can be achieved by 

subjecting various materials to plasma. Recently, plasma treatments have produced 

increased moisture absorption in fibers, altered degradation rates of biomedical 

materials (such as sutures), and deposition of low friction coatings. 

 

1.1.4 Various plasmas 

There are many different ways to induce the ionization of gases; (1) glow 

discharge, (2) corona discharge, (3) arc discharge, (4) dielectric barrier discharge 

(DBD) and (5) solution plasma. The details of these plasmas are described below. 

 

1.1.4.1 Glow discharge 

    It is the oldest type of plasma technique. It is produced at reduced pressure 

(low-pressure plasma technique) and provides the highest possible uniformity and 

flexibility of any plasma treatment. The plasma is formed by applying a DC, low 

frequency (50 Hz) or radio frequency (40 kHz, 13.56 MHz) voltage over a pair or a 

series of electrodes. Alternatively, a vacuum glow discharge can be made by using 

microwave (GHz) power supply. 
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1.1.4.2 Corona discharge 

    It is formed at atmospheric pressure by applying a low frequency or pulsed high 

voltage over an electrode pair, the configuration of which can be one of many types. 

Typically, both electrodes have a large difference in size. The corona consists of a 

series of small lightning-type discharges; the high local energy levels make the 

classical corona treatment of materials problematic in many cases. 

 

1.1.4.3 Arc discharge 

It is formed at atmospheric pressure or higher pressures by applying a DC, AC 

low frequency or radio frequency voltage over electrodes. It is thermal plasma or high 

temperature plasma, and in an equilibrium state. It is applied to melting, welding, 

material syntheses and so on. 

As discussed earlier, there are various forms of plasma depending on the range of 

temperature and electron density. Generally, high plasma densities are desirable, 

because electrons impact gas molecules and create the excited-state species used for 

surface treatments of materials. Having more electrons generally equates to faster 

treatment time. However, very high plasma densities (greater than 1017 electrons cm-3) 

can only exist with very high gas temperature (“thermal plasma”). This extremely high 

level of plasma density is unsuitable for polymer treatment, because the plasma's 

energy will burn almost any organic material. Hence for polymer material processing, 
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the plasma needs to do its job at room temperature, thus the name “cold plasma”. This 

is due to the fact that the energy of the plasma is mainly confined to the energy of low 

mass electrons. Nonthermal plasma or cold plasma is characterized by a large 

difference in the temperature of the electrons relative to the ions and neutrals. Thus, Te 

>> Ti ≈ Tn. As the electrons are extremely light, they move quickly and have almost no 

heat capacity. Ionization is maintained by the impact of electrons with neutral species. 

These plasmas are maintained by passing electrical current through a gas. The low 

temperature makes them suitable for textile processing. However, nonthermal plasmas 

generally require low-pressure or vacuum conditions. 

 

1.1.4.4 Dielectric barrier discharge (DBD) 

DBD is formed by applying a pulsed voltage over an electrode pair of which at 

least one is covered by a dielectric material. Though also here lightning-type 

discharges are created, a major advantage over corona discharges is the improved 

textile treatment uniformity. 

 

1.1.4.5 Solution plasma 

    Solution plasma means discharge in liquid phase and has been developed by our 

laboratory. This solution plasma would be reasonable to expect a higher reaction rate 

under lower-temperature conditions with greater chemical reaction variability because 
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the molecular density of the liquid phase is much higher than that of the gas phase. We 

can generate a variety of plasmas by choosing the combinations of solvents and solutes 

in solutions. This approach would allow us to functionalize various materials in liquids 

within a short time. 

     Fig. 1.2 shows three categories of plasma corresponding to the 

pressure–temperature relationship of three phases. This figure summarizes the present 

status of plasma research too. 

 

1.2 Objectives 

 

     The aim of this doctoral dissertation is to establish the basic process conditions 

for high functionalization of biomaterial, sensor device, energy material, and 

sterilization treatment using plasma chemical process and to investigate their 

characteristics. 

     The details of the objectives are shown as follows: 

(a) Investigation of hydrophilicity and bioactivity of polymer surfaces modified by 

plasma-initiated graft polymerization. 

(b) Investigation of sensitive detection of volatile organic compounds on quartz crystal 

microbalance coated with superhydrophobic film prepared by plasma enhanced 

chemical vapor deposition method. 
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Fig. 1.2 Three categories of plasma corresponding to the pressure-temperature relation 

of three phases. 
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(c) Establishment of synthesis process of carbon nanoballs and investigation of surface 

states of carbon nanoballs modified by solution plasma. 

(d) Characterization of platinum catalyst supported on carbon nanoballs prepared by 

solution plasma processing. 

(e) Development of rapid sterilization process of Escherichia coli by solution plasma. 

 

1.3 Outlines 

 

     In this Chapter 1 entitled “Introduction”, the background of the present study, 

and the necessity and category of plasma processes are described. The motivation, the 

objectives and the outlines of this research work are also stated. 

     In Chapter 2 entitled “Hydrophilicity and bioactivity of polymer surfaces 

modified by plasma-initiated graft polymerization”, mouse 3T3 fibroblast cell 

adhesion behaviors on various polymer surfaces modified by plasma treatment have 

been investigated in terms of the plasma process conditions. By controlling the plasma 

process conditions, the polymer surface became hydrophilic and the hydrophilicity was 

maintained for a long time. On the modified polyethylene terephthalate (PET) surfaces 

the 3T3 fibroblast cells were cultured for the evaluation of cell adhesion behaviors. 

     In Chapter 3 entitled “High sensitive detection of volatile organic compounds 

using superhydrophobic quartz crystal microbalance”, the correlation between 
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detection sensitivities of quartz crystal microbalance (QCM) for volatile organic 

compounds (VOCs) and wettability of QCM surface has been studied by changing the 

preparation conditions of hydrophobic or superhydrophobic surface. It has been 

revealed that the QCM sensor coated with the superhydrophobic film were more 

sensitive to the VOCs than the conventional QCM sensor. In addition, the adsorption 

mechanisms of VOCs on the superhydrophobic film were suggested. 

     In Chapter 4 entitled “Synthesis and surface modification of carbon nanoballs 

(CNBs)”, the synthesis conditions of CNBs have been investigated in terms of the gas 

flow rate for raw material and reaction temperature. In addition, the plasma conditions 

in liquid phase for surface modification of the CNBs have been established. It has been 

revealed that the CNBs could be synthesized at the temperature of more than 850oC 

and the C2H4 gas flow rate of more than 175 sccm. The carboxyl acid groups were 

successfully introduced to the CNB surface by the plasma treatment in liquid phase. 

The COOH-terminated CNBs were uniformly dispersed in water, ethanol, acetone, and 

toluene. 

     In Chapter 5 entitled “Characterization of platinum catalyst supported on carbon 

nanoballs prepared by solution plasma processing”, the fabrication conditions of Pt 

nanoparticles supported on CNBs by solution plasma processing has been studied by 

changing plasma process conditions and protection agents. In addition, catalytic 

activities of the Pt/CNB covered with different protection agents have been examined 
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using cyclic voltammetry. It has been revealed that the sodium dodecyl sulfate 

(SDS)-containing Pt/CNB showed the higher activity than the carbon material used 

conventionally. 

     In Chapter 6 entitled “Rapid sterilization of Escherichia coli by solution plasma 

process”, the sterilization performances of the solution plasma have been investigated 

by changing the distance between electrodes and applied voltage. It has been revealed 

that the decimal reduction time of Escherichia coli (E.coli) (D value) of this system set 

at electrode distance of 1.0 mm were estimated to be approximately 1.0 min. In 

addition, it has been clarified that the UV light generated by the discharge was an 

important factor for sterilization of the E.coli. 

     In Chapter 7 entitled “Conclusions”, the conclusions of the research achieved for 

this dissertation are described. 

     Fig. 1.3 summarizes the plasma chemical process studied in this dissertation. 
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Fig. 1.3 Plasma chemical process studied. 
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2.1 Introduction 

 

     As stated previous Chapter 1, one of my research targets is to establish the basic 

process conditions for high functionalization of biomaterial using plasma process and 

to investigate their characteristics. In this chapter, surface modification of polyethylene 

terephthalate (PET) was performed using plasma process. In addition, the bioactivity 

of the PET modified by plasma-initiated graft polymerization was also investigated. 

Because of its biocompatibility and good mechanical properties, PET has found new 

developments in the field of medical devices, such as surgical suture material, tendon 

and ligament replacement material, drug/cell delivery system, and cell culturing 

support. However, one main issue for biomedical applications of PET concerns low 

surface hydrophilicity. For better performance in biomedical applications, the PET 

surface still needs to be improved by functionalization, particularly controlling the 

hydrophilicity. Thus, it is necessary to establish the surface modification process to 

impart the hydrophilicity to the PET surface. 

     The PET film is widely used in a variety of applications because it has some 

excellent material properties, such as a high melting point and high tensile strength; 

other characteristics include very good barrier properties, crease resistance, solvent 

resistance, and resistance to fatigue. However, bonding and finishing of the PET film 

presents a problem due to low surface hydrophilicity. For example, this affects 
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wettability, biocompatibility, adhesion and various other surface treatments. Among 

them, biocompatibility is very important for biomedical applications of the PET film, 

since it greatly affects on protein adsorption and cell cultures. Thus, controlling the 

hydrophilicity of the PET surface is crucial for the biomedical applications. In order to 

impart hydrophilicity to the PET surface, many methods have been devised and used 

commercially. Among them, plasma treatment is a promising means of enhancing the 

hydrophilicity of the polymer surface [1–4]. For example, surface oxidation by plasma 

treatment (e.g., O2 and H2O) improves the wettability of polymers such as 

polyethylene (PE) and poly(methyl methacrylate) (PMMA) [5]. However, these 

treatments lack permanence because of surface rearrangement. Indeed, previous 

attempts to make polysulfone membranes hydrophilic by plasma treatment, primarily 

with O2 plasma, resulted in only transient hydrophilicity, as demonstrated by contact 

angle changed within 24 h after plasma treatment. 

     Plasma is a complex mixture of charged (electrons and ions) and neutral (atoms, 

molecules and radicals) species. The excited molecular and atomic species in the 

plasma, in turn, can emit photons over a very broad span of the electromagnetic 

spectrum, ranging from X-rays to the infrared. The radiation in the vacuum ultraviolet 

or ultraviolet region is sufficiently energetic to cause modification of surface layers by 

breaking bonds or initiating photochemical reactions in the polymer [6]. Many 

researchers have explained that improvement in surface hydrophilicity was generated 
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by introducing new oxygen-containing functional groups, such as –OH and –COOH, to 

the surface. These functional groups are hydrophilic [3,4,7–9], so the plasma surface 

modification should be able to increase the hydrophilicity of the PET surface. However, 

surface modification by the plasma process introduces two complications. First, 

polymers are damaged by plasma irradiation [10]; this induces polymer chain scission, 

thereby contaminating the polymer surfaces. Second, surface hydrophilicity decreases 

over time due to surface reorientation [11]. In order to overcome these problems when 

using plasma treatments, it is necessary to introduce organic molecules with 

hydrophilic functional groups without causing surface damage. Surface-wave plasma 

(SWP) is a promising method for this purpose, because it allows treatment of polymer 

surfaces on a large scale at a low electron temperature [12]. In addition, 

plasma-initiated graft polymerization can attach functional groups or long alkyl chains 

to the polymer surfaces. 

     In this study, we demonstrate surface modification of the PET film to provide 

hydrophilicity through plasma-initiated graft polymerization using surface-wave 

plasma. The wettability of the modified PET surface was estimated using contact angle 

measurements. The surface composition was analyzed using X-ray photoelectron 

spectroscopy (XPS). The roughness of the polymer surface was observed with atomic 

force microscopy (AFM). Bioactivity was investigated by culturing mouse fibroblast 

cells on the modified PET film. 
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2.2 Experimental procedures 

 

2.2.1 Materials 

     PET films were purchased from Tsutsunaka Plastic Industry Co., Ltd., Japan. 

The surface of the film was cleaned with ethanol and subsequently rinsed with 

ultrapure water for 5 min before use. Acrylic acid (AA), (2-hydroxyethyl) methacrylate 

(HEMA), and styrene (St) monomers were purchased from WAKO Pure Chemical 

Industries, Ltd., Japan. 

 

2.2.2 Surface modification 

     The PET surface was modified by SWP excited by microwave radiation. The 

schematic diagram of the SWP system is shown in Fig. 2.1. The SWP system consisted 

of a waveguide attached to a microwave generator, a coaxial waveguide, and a 

stainless steel chamber. A curved reflective plate was attached to the waveguide to 

efficiently introduce microwaves to the coaxial waveguide. The top of the chamber 

was sealed with a quartz plate 12 mm in thickness and 140 mm in diameter. The 

coaxial waveguide was connected vertically to the quartz plate as the dielectric. The 

generated microwave passed through the waveguide and reached the quartz plate, 

leading to the formation of the plasma. The cleaned PET substrates were placed at the 

center of the substrate stage in the chamber. The distance between the quartz plate and 
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Fig. 2.1 Schematic diagram of the SWP system. 
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substrate stage was kept constant at 50 mm. The chamber was evacuated to 0.5 Pa with 

a rotary pump prior to surface modification and Ar gas was subsequently introduced. 

The total pressure in the chamber varied from 20 to 100 Pa. A microwave power of 

200 W was applied to generate plasma for 5 min using a 2.45 GHz generator. The PET 

surface was irradiated with Ar plasma that generated radicals on the polymer surface 

[13]. The polymer films were then exposed to AA, HEMA, or St monomer in the 

vapor phase. The gas pressures for AA, HEMA, and St monomer were 2000, 80, and 

400 Pa, respectively. Each gas pressure was kept constant for 60 min, leading to the 

graft polymerization of the monomer. After exposure to the gas, the polymer films 

were ultrasonically cleaned in ultrapure water or ethanol for 10 min. 

 

2.2.3 Surface characterization 

     Topographic images of PET surfaces before and after plasma irradiation were 

acquired with AFM in the tapping mode; a micro cantilever type SI-DF3 with a spring 

constant of 1.1 N/m and a resonance frequency of 24 kHz were used for all 

measurements. The scanning area was a square 10 μm on one side. The hydrophilicity 

of the polymer surface was characterized using a static water contact angle 

measurement. A 2 μL water droplet was placed on the sample surface. The chemical 

bonding states and chemical composition of the polymer surfaces were analyzed using 

XPS. The MgKα X-ray source was operated at 10 mA and 12 kV. 
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2.2.4 Cell culture 

     In order to characterize the bioactivity of the modified PET surface, mouse 

fibroblast cells (NIH-3T3) were cultured onto both untreated and modified PET 

surfaces by immersing them into the culture medium (DMEM, pH: 7.0) in a 

humidified atmosphere containing 5.0 % CO2 at 37.0°C for 72 h. The initial cell 

seeding number was 5000 cells/cm2. The cultured cells were observed with optical and 

phase-contrast microscopes at intervals of 12 h and were counted using a blood cell 

counting chamber. 

 

2.3 Results and discussion 

 

     In order to provide hydrophilicity to the PET surface without incurring damage, 

surface modification of the PET film was conducted using varied gas pressures and 

treatment times. Fig. 2.2 (a) shows the water contact angles of the PET surface 

modified at different Ar gas pressures. The water contact angle of the untreated PET 

surface was estimated to be 76.9°, while those modified by Ar gas pressures from 20 to 

100 Pa ranged from 34° to 37°. The Ar plasma treatments greatly improved the 

hydrophilicity of the PET surface. However, the hydrophilicity of the modified PET 

surface decreased over a period of 70 h after the plasma treatment, which could have 

been caused by surface reorientation of the PET film. It should be noted that Ar gas 
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Fig. 2.2 (a) Water contact angles of the PET surface modified at different Ar gas 

pressures. (b) Effect of plasma irradiation time on water contact angles of the PET 

surface modified by Ar plasma at 20 Pa. 
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pressures had no effect on the chemical properties of the modified PET film surface. 

Fig. 2.2 (b) shows the effects of the plasma irradiation time on the water contact angles 

of the PET surface modified by Ar plasma at 20 Pa. The hydrophilicity of the PET 

surface was greatly improved by the Ar plasma treatment for 60 s. The hydrophilicity 

of the modified PET film remained almost constant with treatment times longer than 

60 s. The decrease in the degree of hydrophilicity with time after the treatment of the 

modified PET surfaces remained almost the same, independent of the plasma treatment 

time. 

     Fig. 2.3 shows topographic images of (a) the untreated PET surface, (b) the PET 

surface modified by Ar plasma at 20 Pa, and (c) the PET surface modified by Ar 

plasma at 100 Pa. The surface of the untreated PET film appeared to be comparatively 

smooth with a root-mean-square roughness (Rrms) of 1.2 nm (Fig. 2.3(a)). No change in 

the topography was observed on the PET surface treated by Ar plasma at 20 and 100 

Pa, and the Rrms were estimated to be 1.0 and 0.7 nm, respectively. This indicated that 

Ar plasma treatments using SWP did not etch the PET surface. Thus, we were 

successful in altering the hydrophilicity of the PET surface without any physical 

damage. However, there was still a lack of permanence of the hydrophilicity of the 

PET surface modified by Ar plasma. 

     Plasma-initiated graft polymerization was carried out to enhance the permanence 

of the hydrophilicity on the PET surface. Fig. 2.4 shows a time course of the water 
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Fig. 2.3 Topographic images of (a) the untreated PET surface, (b) the PET surface 

modified by Ar plasma at 20 Pa, and (c) the PET surface modified by Ar plasma at 100 

Pa. 
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Fig. 2.4 Time course of water contact angles of the PET surface modified by Ar 

plasma treatment and plasma-initiated graft polymerization using hydrophilic AA 

monomer. 
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contact angles of the PET surface modified by (i) Ar plasma treatment and (ii) 

plasma-initiated graft polymerization using hydrophilic AA monomer. The water 

contact angles of the PET surface after Ar plasma treatment and Ar plasma followed 

by hydrophilic AA modification were 35° and 23°, respectively, indicating that 

plasma-initiated graft polymerization slightly improved the hydrophilicity. In addition, 

there was a noticeable difference between the treatments in the permanence of the 

hydrophilicity. The water contact angles of the Ar plasma-treated PET surface 

increased over time as a result of the instability of hydrophilic groups, such as –OH 

and –COOH groups, on the polymer surface. In contrast, those on the PET surface 

after Ar plasma followed by hydrophilic AA modification remained constant at 

approximately 20°, thereby showing stable hydrophilicity. 

     In order to test the chemical bonding state of the PET surface, XPS 

measurements were performed. Fig. 2.5 shows XPS C 1s spectra obtained from (a) the 

untreated PET surface, (b) the PET surface after Ar plasma treatment, and (c) the PET 

surface after Ar plasma followed by hydrophilic AA modification. The C 1s spectrum 

of the untreated PET surface (Fig. 2.5 (a)) was deconvoluted into three peaks 

corresponding to carbon atoms of the benzene rings unbonded to the ester group (peak 

C1 at 284.7 eV), carbon atoms singly bonded to oxygen (peak C2 at 286.5 eV), and 

ester carbon atoms (peak C3 at 289.1 eV) [13–23]. The relative component 

concentrations determined from these peak areas were 58.9 % for C1, 21.9 % for C2, 
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Fig. 2.5 XPS C 1s spectra obtained from (a) the untreated PET surface, (b) the PET 

surface after Ar plasma, and (c) the PET surface after Ar plasma followed by 

hydrophilic AA modification. 
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and 19.2 % for C3. However, the C 1s spectrum (Fig. 2.5 (b)) reveals that the PET 

surface was chemically altered by the Ar plasma treatment. The relative component 

concentrations determined from these peak areas were 54.8 % for C1, 34.1 % for C2, 

and 11.1 % for C3. The C1–C3 peaks of the untreated PET were broadened by the Ar 

plasma treatment, indicating that each peak included more than one unique species. 

These species are ascribed to be formed through a chemical reaction of the polymer 

chains with activated ion species and radicals. The broadening of C1 and C2 peaks has 

been associated with the destruction of aromatic rings in PET [19,20,24]. These peaks 

are assumed to include signals from polar groups such as –C–C=O, –C–COO, or 

–C–C–O [17,19]. The C 1s spectrum (Fig. 2.5 (c)) reveals that the intensities of the C2 

and C3 peaks originating from polyacrylic acid have become stronger than those of the 

plasma-treated PET surface. This indicates that many AA monomers were adsorbed 

onto the PET surface and then polymerized by plasma-initiated radicals. Thus, 

polyacrylic acid was successfully grafted onto the PET surface, resulting in increased 

hydrophilicity. The modified PET surfaces maintained stable hydrophilicity for 70 h 

because two functional groups in polyacrylic acid (the –COOH group and the 

hydrocarbon chain) strongly affect the surface properties. 

     Thus, we successfully provided a PET surface with stable hydrophilicity using 

plasma-initiated graft polymerization. However, to control the bioactivity of the PET 

surface, it is necessary to produce PET surfaces with various other physicochemical 
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properties. Hence, we performed additional surface modifications of the PET film 

through the plasma-initiated graft polymerization using two different monomers, i.e., 

HEMA and St. 

     Fig. 2.6 (a) shows a time course of the water contact angles of the PET surface 

modified by Ar plasma treatment and plasma-initiated graft polymerization using 

hydrophilic HEMA monomer. The water contact angles of the PET surface after Ar 

plasma treatment and Ar plasma followed by hydrophilic HEMA modification were 

35° and 29°, respectively. The plasma-initiated graft polymerization of HEMA also 

slightly improved the hydrophilicity of the PET surface. We observed a noticeable 

difference between the treatments in the permanence of the hydrophilicity. The water 

contact angles of the Ar plasma-treated PET surface increased over time, while those 

on the PET surface after Ar plasma followed by hydrophilic HEMA modification 

remained almost constant, ranging from 30° to 35°. The XPS C 1s spectrum of the 

PET surface after Ar plasma followed by hydrophilic HEMA modification (Fig. 2.6 

(d)) is deconvoluted into three peaks corresponding to the carbon atoms of the benzene 

rings unbonded to the ester group (peak C1 at 284.7 eV), carbon atoms singly bonded 

to oxygen (peak C2 at 286.5 eV), and ester carbon atoms (peak C3 at 289.1 eV), as 

well as the untreated PET surface (Fig. 2.6 (c)). The relative component concentrations 

determined from these peak areas were 47.3 % for C1, 31.4 % for C2, and 21.3 % for 

C3. The intensity of the C2 peak attributed to HEMA increased compared to that of the 
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Fig. 2.6 (a) Time course of water contact angles of the PET surface modified by Ar 

plasma treatment and plasma-initiated graft polymerization using hydrophilic HEMA 

monomer. (b) Chemical composition and area rates of C1, C2, and C3 peaks obtained 

from C 1s peak fitting. (c) XPS C 1s spectrum of the untreated PET surface. (d) XPS C 

1s spectrum of the PET surface after Ar plasma followed by hydrophilic HEMA 

modification. 
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untreated PET surface. This indicates that many HEMA monomers were grafted and 

polymerized on the PET surface, leading to the formation of a stable hydrophilic 

surface. Fig. 2.7 (a) shows a time course of the water contact angles of the PET surface 

modified by Ar plasma treatment and plasma-initiated graft polymerization using the 

hydrophobic St monomer. The water contact angle of the PET surface after Ar plasma 

followed by hydrophobic St modification was 53° and increased up to more than 60° 

over time. The St-modified PET surface was hydrophilic even though the St monomer 

is hydrophobic. This indicates that the St monomers might not have been sufficiently 

adsorbed at the reaction sites on the PET surface because of the steric hindrance 

between the St monomers. Based on the Cassie–Baxter equation, the ideal water 

contact angles of a surface covered by St polymers and the Ar plasma-treated PET 

surface should be 90° and 37°, respectively; the St surface coverage was estimated to 

be about 20 %. This surface coverage might be insufficient to provide the chemical 

properties of the St polymer. Thus, the water contact angle of the St-modified PET 

surface was lower than the expected value and increased greatly over time. Figs.  2.7 

(c) and (d) show the XPS C 1s spectra of the untreated PET surface and the PET 

surface after Ar plasma followed by hydrophobic St modification, respectively. The 

XPS C 1s spectrum after St modification is deconvoluted into three peaks 

corresponding to the carbon atoms of the benzene rings unbonded to the ester group 

(peak C1 at 284.7 eV), carbon atoms singly bonded to oxygen (peak C2 at 286.5 eV), 
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Fig. 2.7 (a) Time course of water contact angles of the PET surface modified by Ar 

plasma treatment and plasma-initiated graft polymerization using hydrophobic St 

monomer. (b) Chemical composition and area rates of C1, C2, and C3 peaks obtained 

from C 1s peak fitting. (c) XPS C 1s spectrum of the untreated PET surface. (d) XPS C 

1s spectrum of the PET surface after Ar plasma followed by hydrophobic St 

modification. 
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and ester carbon atoms (peak C3 at 289.1 eV), as well as a weak peak at around 294.0 

eV resulting from a π →π* shake-up process. The peak resulting from the π →π* 

transition, attributable to the phenyl groups, appeared as a result of the reaction of St 

monomers on the PET surface. Thus, three types of monomers with hydrophilic or 

hydrophobic functional groups were polymerized on the PET surface. The water 

contact angle of the PET surface modified with hydrophilic AA and HEMA monomers 

decreased from approximately 80° before treatment to less than 35°. The 

hydrophilicity of the PET surface modified with hydrophilic AA and HEMA 

monomers was maintained for 70 h. 

     Finally, 3T3 fibroblast cells were cultured on the untreated and modified PET 

surface to investigate bioactivity. Fig. 2.8 shows the number of cells cultured on the Ar 

plasma or AA-modified PET surface and the phase-contrast microscopic images for the 

cell growth behavior at 12 and 48 h after the cell culture. Initial cell growth was 

depressed on the AA-modified PET surface compared with the untreated and Ar 

plasma-treated PET surfaces. Phase-contrast microscopic images showed that the 

3T3-fibroblast cells did not adhere well to the AA-modified surface. The number of 

cells cultured for 12 h correlated to some extent with the hydrophilicity of the PET 

surface. The cells increased as the water contact angles of the PET surface increased. 

After the cells were cultured for 48 h, the cell numbers increased on all PET surfaces, 

i.e., untreated, Ar plasma-treated, and AA-treated PET surfaces. The growth rate 
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Fig. 2.8 Numbers of cells cultured on the Ar plasma or AA-modified PET surface and 

the phase-contrast microscopic images for the behaviors of the cell growth at 12 and 

48 h after the cell culture. (i) Untreated PET surface. (ii) Ar plasma-treated PET 

surface. (iii) AA-modified PET surface. 
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remained almost constant on all PET surfaces. This indicates that the number of 

cultured cells might depend on the cell adhesion behavior after cell seeding. Fig. 2.9 

shows the number of 3T3 fibroblast cells cultured for 24 h on the untreated, Ar 

plasma-treated, AA-modified, HEMA-modified, and St-modified PET surfaces. On the 

untreated and St-modified PET surfaces, the number of cultured cells was higher than 

the initial number of seeded cells. Despite the low coverage of the St monomer, the 

number of cultured cells increased on the St-modified PET surface. This indicates that 

hydrophobic functional groups in the polystyrene could affect adsorption of proteins 

that are necessary for cell adhesion. These proteins have hydrophobic functional 

groups in their molecular structure, so hydrophobic interaction between grafted 

polystyrene and proteins must have occurred, resulting in an increase in the number of 

cultured cells. In contrast, the number of cells cultured on the AA-modified and 

HEMA-modified surfaces was much lower than the initial number of seeded cells. It 

should be noted that the AA-modified and HEMA-modified surfaces had polar groups 

(–C–C=O, –C–COO, or –C–C–O) and maintained stable hydrophilicity. These results 

suggest that these negative polar groups might suppress adsorption of proteins 

resulting from repulsive electrostatic interaction. 

 

2.4 Summary 
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Fig. 2.9 Numbers of the 3T3 fibroblast cells cultured for 24 h on the untreated, Ar 

plasma-treated, AA-modified, HEMA-modified, and St-modified PET surfaces. 
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     In this study, we successfully realized stable hydrophilicity on the PET surface 

through plasma-initiated graft polymerization using a SWP process. The water contact 

angles of the PET surfaces modified with hydrophilic AA and HEMA monomers 

decreased from approximately 80° before treatment to less than 35°. The 

hydrophilicity of the PET surface modified with hydrophilic AA and HEMA 

monomers was maintained for 70 h. In contrast, the water contact angle of the PET 

surface after Ar plasma treatment followed by hydrophobic St modification was 53° 

and increased up to more than 60° over time. 3T3 fibroblast cells were cultured on the 

modified PET surface. After the cells were cultured for 24 h, on the untreated and 

St-modified PET surfaces, the number of cultured cells was higher than the initial 

number of seeded cells. In contrast, the number of cells cultured on AA-modified and 

HEMA-modified surfaces was much lower than the initial number of seeded cells. The 

developed surface modification method can provide a way to control hydrophilicity 

and bioactivity of various polymer surfaces. 
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3.1 Introduction 

 

In previous Chapter 2, using plasma-initiated graft polymerization, the 

hydrophilicity was imparted to the PET surface. The PET surface modified by plasma 

process showed different bioactivity to 3T3 fibroblast cells, evidencing that the plasma 

process was effective for improving the functional capability of biomaterials. 

In this Chapter 3, high functionalization of a quartz crystal microbalance (QCM) 

sensor was performed by plasma enhanced chemical vapor deposition (PECVD). The 

QCM sensor surface modified by PECVD showed superhydrophobicity. The detection 

sensitivity of superhydrophobic QCM sensor to volatile organic compounds (VOCs) 

such as formaldehyde and toluene were examined. In addition, the adsorption 

mechanism of the VOCs to the superhydrophobic QCM sensor was discussed. 

     Solid-state chemical sensors play a major role in medical diagnosis, 

environmental sensing, personal safety, automotive applications, and air conditions in 

airplanes and houses [1-3]. A current major goal in the evolving field of chemical 

sensors is to improve its sensitivity, so that they can detect very low concentrations of 

biomolecules and pollutants [4]. To realize this goal, many methods to increase the 

specific surface have been developed [5-7]. Many sensors have been operated under 

ambient conditions on the basis of changes in the electric properties of an active 

element brought about by the adsorption of an analyte on the sensor surface. The 
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ambient conditions thus provide moisture to the sensor surface. Here, conventional 

chemical sensors face their sensitivity limits due to the adsorption of the ambient 

moisture. Therefore, it is crucial to control wettability of the sensor surface without 

losing the sensitivity, because the adsorption of moisture originating from ambient 

conditions lowers the sensitivity. Promising strategies for achieving the above goal 

will likely come out of nanoscience technologies. Superhydrophobicity is based on the 

nanoscience technologies in terms of controlling the surface structures in nano-meter 

scale [8]. Currently, superhydrophobic surfaces with water contact angle greater than 

150o are attracting much attention because they will bring great convenience in daily 

life as well as in many industrial processes [9,10]. The superhydrophobic surfaces are 

controlled by two factors, i.e., the surface energy and the three-dimensional 

microgeometry, i.e., rough surface, of the solid surface [11,12]. The rough surface 

leads to the enhancement of specific surface area. This characteristic is important to 

effectively improve their performances not only for chemical sensors but also for 

another type of sensor.  

     QCM is one of the promising sensor devices, because the QCM sensor can 

precisely measure substance amounts adsorbed on the sensor in real time due to 

changes in resonance frequency of microbalance. The QCM sensors coated with film 

have enabled the detection of various individual pollutants [13-15] and are used for the 

online detection system of organic compounds [16]. In addition, the QCM sensor has 
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high detection sensitivity, so the application researches of the QCM sensors to 

chemical- and bio-sensors have been actively studied [17-20]. Therefore, the QCM 

sensor coated with superhydrophobic film would allow us to effectively operate as 

chemical sensor with high sensitivity under ambient conditions. 

    In this chapter, we aimed to fabricate a superhydrophobic film with water contact 

angle more than 150o on the gold electrode of the conventional QCM sensor with by 

means of microwave plasma-enhanced chemical vapor deposition (MPECVD). In 

addition, the sensitivities of the QCM sensor coated and uncoated with the 

superhydrophobic film to VOCs such as formaldehyde and toluene were also 

investigated. The detection sensitivity of the QCM sensor was improved due to the 

superhydrophobicity and was maintained after the sensing examinations was repeated 

at more than 30 times. The nanostructured morphology combined with the chemical 

composition strongly contributes to high sensitivity of the QCM chemical sensor under 

ambient conditions. 

 

3.2 Experimental procedures 

 

3.2.1 Materials 

    Formaldehyde and toluene were purchased from Wako Pure Chemical Industries. 

Trimethylmethoxysilane (TMMOS) was purchased from Gelest Inc. All the chemicals 
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used in this study were of analytical reagent grade and used as received. AT-cut 9MHz 

quartz crystals with gold as electrodes of the QCM were purchased from Hertz. 

 

3.2.2 Preparation of superhydrophobic film 

    A superhydrophobic film was deposited on a gold-covered QCM sensor head by 

the MPECVD method. The MPECVD system consisted of a Vycor glass discharge 

tube with an attached microwave cavity and a stainless steel deposition chamber, 

which was evacuated down to 6.7 Pa prior to the deposition. A 2.45 GHz generator 

supplied a microwave power of 300 W. A gas mixture of TMMOS and Ar was used as 

raw materials. Ar was needed to stabilize the microwave discharge. The partial 

pressures of TMMOS and Ar were changed from 10 to 93 Pa and from 40 to 50 Pa, 

respectively, and the total pressures were changed from 50 to 133 Pa to fabricate the 

superhydrophobic film. A gold electrode of the QCM sensor was used as the substrate 

for the film deposition. The substrate temperature did not exceed above 333 K during 

the film preparation. The deposition time was 5 min. 

 

3.2.3 Preparation of flat hydrophobic surface 

First, the bare gold electrode was ultrasonically cleaned for 10 min in toluene, 

acetone, and ultrapure water in that order to remove physical contaminations. After the 

cleaning, the substrates were dried with inert N2 gas. Next, UV/O3 cleaning was 
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performed on the cleaned substrate for 10 min at atmospheric pressure using vacuum 

ultraviolet (VUV) light of a wavelength of 172 nm. After the UV/O3 cleaning, the 

substrate surface showed a water contact angle of less than 5o. A self-assembled 

monolayer (SAM) was prepared on the cleaned gold electrode from 

n-octadecyltrimethoxysilane (ODS: C18H37Si(OCH3)3) molecules by a chemical vapor 

deposition (CVD) method. The cleaned substrate and the molecules were placed in a 

Teflon vessel with a volume of 60 cm3. The vessel was maintained at 423 K in an 

electric oven for 3 h. After the SAM preparation, the samples were ultrasonically 

cleaned for 10 min in toluene, ethanol, ultrapure water and were dried with inert N2 

gas. 

 

3.2.4 Film characterization 

    The water contact angles on the sample surface were estimated with a contact 

angle meter (Kyowa Interface Science, CA-D), which is based on a sessile drop 

measurement method. The diameter of the water droplet was 2 mm. The measurements 

were conducted in air at 298 K. The surface morphologies of ultra water repellent 

films were observed using a field-emission scanning electron microscope (FE-SEM; 

JEOL, JSM-6330F) at an accelerating voltage of 5 to 10 keV. Prior to the SEM 

imaging, the sample surface was coated with Pt layer with a thickness of ca. 5 nm 

using an ion sputter coater (Hitachi Ltd., E-1030). The film thickness was measured 
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using cross-sectional FE-SEM images. An atomic force microscope (AFM; Models 

SPA300HV & SPI-3800N, Seiko Instruments, Inc.) equipped with a silicon probe 

(NANOSENSORS; the force constant 42 N/m) was used in a dynamic mode at a 

scanning rate of 0.5 Hz to determine the root mean square roughness (Rrms) of the films. 

Specific surface area was calculated by the Brunauer-Emmett-Teller (BET) method 

using nitrogen adsorption isotherms (Gas Absorption Analyzer; Shimadzu, Tristar 

3000).  

 

3.2.5 Detection of volatile organic compounds (VOCs) 

    Formaldehyde and toluene were used as sensing substances. For all QCM 

measurements, changes in resonance frequency, that is, mass change, due to adsorption 

of organic substances were measured using the QCM sensor uncoated and coated with 

the superhydrophobic film. According to Sauerbrey [21], the deposition of a coating 

layer promotes the frequency shift of the crystal, which is described by the following 

linear relationship:  

Δf = (f0 / Aρqdq) Δm                            (3.1) 

Here, Δf is the frequency shift, f0 the fundamental oscillation frequency of the crystal, 

A the area of the electrode on the crystal, ρq the density of the crystal, dq the thickness 

of the crystal, and Δm the mass change due to the deposition. 

The QCM sensor, a syringe and a hygrometer were attached into a Teflon vessel 
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Fig. 3.1. Schematic diagram of the lab-made evaluation system using QCM chemical 

sensor for volatile organic compounds. 
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with a volume of 500 ml. Fig. 3.1 illustrates the schematic diagram of the lab-made 

evaluation system using QCM chemical sensor for VOCs. Three types of solutions 

were used as analytes. The solution (i) was only distilled water. The solution (ii) 

consisted of distilled water and formaldehyde, and the formaldehyde concentration 

was 10 vol% (2.5 x 10-2 mol/l). The solution (iii) consisted of distilled water and 

toluene, and the toluene concentration was 10 vol% (1.9 x 10-2 mol/l). The syringe was 

used to introduce 1 ml of the above-mentioned solutions into the vessel. After the 

introduction of each solution, it was vaporized, and the Teflon vessel was filled with 

the organic and/or water molecules. The vessel was located in thermostatic chamber 

controlled at a temperature of 24oC. The humidity in the vessel was measured using 

the hygrometer. Although the humidity before the introduction of each solution was ca. 

13 %, it increased with time evolution after introduction of each solution and was 

reached at 90 %. Nitrogen gas was used to remove adsorbed organic and water 

molecules to the sensor surface. The nitrogen gas was introduced in the vessel after the 

adsorption measurements for 20 min. 

 

3.3 Results and discussion 

 

    Fig. 3.2 shows FE-SEM images (a) before and after the film deposition at (b) 50 

and (c) 133 Pa on the Au electrode of the QCM, respectively. Before the film  
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Fig. 3.2. FE-SEM images (a) before and after the film deposition at (b) 50 and (c) 133 

Pa on the Au electrode of the QCM. 

54 
 



deposition, the Au electrode had compact surface and was relatively smooth. The AFM 

observation revealed that the Rrms value was less than 10 nm. After the film deposition 

at 50 Pa, the surface was covered with the film composed of minute particles with 

diameter of 30 to 150 nm. The Rrms value and film thickness were ca. 20 nm and ca. 

110 nm, respectively. When the total pressure was 133 Pa, the surface had rough 

microstructures comprised of fine granular particles with sizes of several ten 

nanometers. The film thickness was estimated to be ca. 550 nm. The film had many 

pores of approximately 50 to 100 nm, as shown in Fig. 3.2 (c). Most of these particles 

would be prepared in a clustering process in the gas phase and condensed on the 

substrate. The clusters led to the irregular surface topography composed of granular 

particles and nanoscale pores with a few hundred nanometers in diameter, as estimated 

by AFM. The Rrms value of the QCM coated with the film was estimated to be ca. 70 

nm. The increase of the surface roughness also lowers film density. Such surface 

roughness results in numerous asperities which lead to a highly reduced true contact 

area when the surface is brought into contact with water. Such topography can impart 

superhydrophobicity to the surface and leads to the increase of the specific surface area. 

The changes in the surface wettability before and after the deposition of the film were 

investigated using water contact angle measurements. Fig. 3.3 shows photographs of 

water droplet behaviors on QCM chemical sensor (a) uncoated and (b) coated with the 

f i lm prepared a t  133 Pa .  The QCM surface  before  the  deposi t ion  of  the 
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Fig. 3.3. Photographs of water droplet behaviors on QCM chemical sensor (a) 

uncoated and (b) coated with the film prepared by MPECVD at 133 Pa. Each inset 

shows the images of water drop on the respective surface. 
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superhydrophobic film showed a water contact angle of ca. 72o , while the water 

contact angle of the QCM surface coated with the film prepared at 50 Pa was estimated 

to be ca. 92o. The water contact angle of the film deposited QCM surface increased 

and the surface showed a hydrophobic property. With an increase in the total pressure, 

the surface had a water contact angle more than 150o, that is, superhydrophobicity, as 

clearly shown by the water drop on the QCM sensor in Fig. 3.3 (b). The advancing and 

receding contact angles of the superhydrophobic surface were measured to be c.a. 157 

and 153o, respectively. This indicates that the contact angle hysteresis is less than 5o. 

These values are in good agreement with those reported for various superhydrophobic 

surfaces [22-24]. The water contact angles increased with an increase in the total 

pressures during the film deposition because of the enhancement of the surface 

roughness. This agrees well with our previous results [25,26]. In previous study, the 

analyses using Fourier transform infrared spectroscopy (FT-IR) provided information 

that all the films fabricated by MPECVD using TMMOS and Ar mainly consisted of 

SiOx and –CH3, indicating that the surfaces were covered with hydrophobic –CH3 

groups. Thus, the superhydrophobic film also consists of SiOx and –CH3 groups. From 

these results, it was concluded that the total pressure of 133 Pa was suitable for 

fabricating the superhydrophobic silica film on the gold electrode of the QCM. 

The specific surface areas of the QCM sensor coated and uncoated with the 

superhydrophobic film were calculated based on BET method using nitrogen gas 
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adsorption. The specific surface area for the QCM sensor coated with the 

superhydrophobic film, which was 440 cm2/g, was thirteen times larger than that of a 

bare Au electrode surface of a QCM one (33 cm2/g). Due to the larger specific surface 

area, it would be expected that the QCM sensor coated with the superhydrophobic film 

has much more active sites operating as adsorption sites than the sensor without the 

coating. From these results, it would be expected that the QCM sensor coated with the 

superhydrophobic film can detect VOCs high-sensitively with depressing any effect of 

water molecule adsorption from ambient conditions because of the large specific 

surface area and superhydrophobicity. In order to confirm this, we firstly measured an 

adsorption amount of water molecules and compared the sensitivity for the QCM 

sensor coated with the superhydrophobic film to that of a bare gold electrode surface 

of a QCM one by using lab-made evaluation system as shown in Fig. 3.1. The 

humidity in the evaluation system was changed from 14 % to 90 % by introducing 

water of 1 ml. After the 20 min, the frequency shift for the QCM sensor coated with 

the superhydrophobic film was c.a. 120 Hz, while that of a bare gold electrode surface 

was 85 Hz. Although the increase in frequency shifts of the QCM sensor coated with 

the superhydrophobic film is higher than that of a bare gold electrode surface, it should 

be noted that the specific surfaces of the both sensors are remarkably different. The 

adsorption amounts per unit area of the water molecules for the QCM sensor coated 

and uncoated with the superhydrophobic film were 0.19 and 1.34 g/m2, respectively, 
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indicating that an adsorption amount of water molecules for the QCM sensor coated 

with the superhydrophobic film is much lower than that of a bare gold surface although 

the surface area is remarkably large. Accordingly, the QCM sensor coated with the 

superhydrophobic film would allow us to highly detect VOCs with reducing any effect 

of the water molecule adsorption from ambient conditions.  

Next, we investigated the effect of surface chemistry and surface roughness on 

the water molecule adsorption using QCM sensor coated with ODS because the 

functional groups on the superhydrophobic and ODS surfaces are same. By using this 

molecule, flat hydrophobic surface with methyl groups was prepared on the gold 

electrode. The Rrms value of the hydrophobic surface was less than 10 nm and the 

specific surface area of the hydrophobic surface was estimated to be ca. 35 cm2/g. 

These values were comparable to those of the bare gold electrode. The surface water 

contact angle of ODS surface was ca. 105o. After 20 min from introducing water of 1 

ml in the vessel, the frequency shift for the QCM sensor coated with the ODS film 

showed c.a. 45 Hz. The increase in the frequency shifts of the QCM sensor coated with 

ODS molecules was much lower than that of the bare gold electrode although the 

surface specific area of the QCM sensor coated with ODS molecules was comparable 

to that of the bare gold electrode. This indicates that the water adsorption to the QCM 

sensor coated with ODS molecules is suppressed due to the hydrophobicity of the 

sensor surface. On the other hand, the increase in the frequency shift of the QCM 
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sensor coated with superhydrophobic film was much higher than that of the QCM 

sensor coated with ODS molecules in spite of having same functional groups and high 

hydrophobicity. This means that the superhydrophobic surface have more active sites 

operating as adsorption sites than ODS surface due to the large specific surface area. 

Thus, it would be expected that the QCM sensor coated with the superhydrophobic 

film could detect highly VOCs. 

    Formaldehyde and toluene are extremely harmful to human organism, so it is vital 

to develop high sensitive chemical sensors for detecting a slight amount of 

formaldehyde and toluene. Therefore, we measured adsorption amounts of 

formaldehyde and toluene to QCM sensors coated with and without the 

superhydrophobic film. 1 ml of formaldehyde or toluene was separately diluted with 9 

ml of distilled water. Each diluted solution was introduced separately into the 

evaluation system through the syringe. Fig. 3.4 shows the sensitivity of the QCM 

sensors coated and uncoated with the superhydrophobic film. The sensitivity was 

determined using the maximum frequency shift. It is clear that the sensitivity of the 

QCM coated with the superhydrophobic film is significantly higher than that of the 

QCM uncoated with the superhydrophobic film. It should be noted that in case of the 

water molecule adsorption the frequency shift for the QCM coated with the 

superhydrophobic film is larger than that of the QCM uncoated with the 

superhydrophobic film. As above mentioned, this is due to that the specific surface 
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Fig. 3.4. Sensitivity of the QCM sensors coated and uncoated with the 

superhydrophobic film to water, formaldehyde-water, and toluene-water. 
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area of the QCM coated with the superhydrophobic film is much higher than that of 

the uncoated QCM. Fig. 3.5 (a) shows the frequency shifts of the QCM sensors coated 

(i) without and (ii) with the superhydrophobic film to formaldehyde-water and (iii) 

humidity changes as a function of measurement times. The oscillating frequency 

lowers due to an adsorption of formaldehyde and/or water molecules vaporized. The 

frequency shifts of the both QCM sensors decreases gradually with an elapse time. In 

case of using QCM sensor coated with the superhydrophobic film, the frequency shift 

decreased progressively with increasing measurement time from 3 to 5 min. The 

maximum frequency shift of the QCM sensor coated with superhydrophobic film is 

441 Hz, while that of a naked Au electrode is less than 30 Hz. In addition, we 

investigated the frequency shift of the QCM sensor coated with ODS molecules to 

formaldehyde-water. The maximum frequency shift of the QCM sensor coated with 

ODS molecules is estimated to be 44 Hz. These results indicate that the sensitivity for 

the QCM sensor coated with the superhydrophobic film shows higher sensitivity 

compared to those of bare and ODS coated Au electrodes. Thus, it could be concluded 

that the surface chemistry could affect the adsorption of formaldehyde and toluene due 

to the hydrophobic interaction and the surface roughness could be closely related to the 

increase of active sites operating as adsorption sites. Fig. 3.5 (b) shows the frequency 

shifts of the QCM sensors coated with the superhydrophobic film to (i) 

formaldehyde-water and (ii) toluene-water as a function of measurement times. The 
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Fig. 3.5. (a) Frequency shifts of the QCM sensors coated (i) without and (ii) with the 

superhydrophobic film to formaldehyde-water and (iii) humidity changes as a function 

of measurement times. (b) Frequency shifts of the QCM sensors coated with the 

superhydrophobic film to (i) formaldehyde-water and (ii) toluene-water as a function 

of measurement times. 
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frequency shift of the toluene-water decreased markedly with increasing measurement 

time and was stable with increasing measurement times from 10 to 20 min. The 

frequency shift of the QCM sensor coated with superhydrophobic film for 

toluene-water was 1114 Hz. From these results, in the case of using the QCM sensor 

coated with the superhydrophobic film, it is concluded that the detection sensitivity for 

toluene molecules is much higher than that of formaldehyde molecules. The difference 

in the detection sensitivity could be caused by difference in electric charges and 

molecular structures of the formaldehyde and toluene molecules. The adsorption 

mechanisms of formaldehyde and toluene molecules to the superhydrophobic surface 

are considered to be as follows; Formaldehyde and toluene molecules have methylene 

and methyl groups in the molecular frameworks, respectively, as shown in Fig. 3.6. 

The superhydrophobic film also has methyl groups on the surface. The attractive 

forces would occur between methyl-methyl groups and methylene-methyl groups, 

respectively, due to hydrophobic interaction because the methylene and methyl groups 

are hydrophobic. In addition, the superhydrophobic film can depress the adsorption of 

water molecules on the superhydrophobic film. Thus, formaldehyde and toluene 

molecules are easily attached to the adsorption sites of the superhydrophobic film. The 

electric charges of formaldehyde, toluene, and water could be related to the adsorption 

of formaldehyde or toluene to the superhydrophobic surface. In the case of adsorption 

of formaldehyde-water, hydrophilic coating might be formed on the superhydrophobic  
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Fig. 3.6. Adsorption and bonding models of (a) water and formaldehyde molecules, 

and (b) water and toluene molecules to superhydrophobic surfaces. 
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film because the methylene units would attach to the methyl groups of the 

superhydrophobic film due to the hydrophobic interaction. Due to the formation of the 

hydrophilic coating, water molecules can attach to the formaldehyde molecules. This 

could induce the gradual decrease with time evolution in the frequency shift. On the 

other hand, in the case of adsorption of toluene-water, hydrogen atoms of toluene and 

water molecules have minute positive electric charges as shown in Fig. 3.6 (b). Due to 

the electrostatic repulsive force, water molecules could not attach to the toluene 

molecules and toluene molecules are in adsorption equilibrium when the frequency 

shift of the toluene-water is stable from 10 to 20 min. 

From these results, we find that the QCM sensor coated with the 

superhydrophobic film effectively suppresses the adsorption of water molecules 

because of the superhydrophobicity and selectively responds to the formaldehyde and 

toluene, that is, VOCs, so it can act as a high sensitive chemical sensor for detecting 

formaldehyde and toluene. After the adsorption test, we confirmed that the frequency 

shifts of the QCM sensor coated with the superhydrophobic film were recovered to 

become an initial frequent value immediately after introducing a nitrogen gas into the 

evaluation system. This suggests that the adsorption of formaldehyde and toluene on 

the QCM sensor coated with the superhydrophobic film would be not chemical 

adsorption but physical one. Moreover, we confirmed that the adsorption/desorption 

tests of formaldehyde and toluene molecules could be performed repeatedly at more 
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than 30 times without lowering the detection sensitivity. 

 

3.4 Summary 

 

    In this study, a superhydrophobic film with a water contact angle more than 150o 

was successfully fabricated on the gold electrode of the QCM by MPECVD method. 

The specific surface area after the deposition of the superhydrophobic film was 

thirteen times larger than that of uncoated gold electrode. The QCM sensor coated with 

the superhydrophobic film were more sensitive to VOCs than the conventional QCM 

sensor. Moreover, the adsorption mechanisms of formaldehyde-water and 

toluene-water molecules to the superhydrophobic film were discussed. For the sensors 

described here, the high sensitivity and reversibility of the QCM sensor coated with 

the superhydrophobic film under ambient conditions can be attributed to the 

intrinsically small grain size and high specific surface associated with 

superhydrophobicity. The QCM sensor coated with the superhydrophobic film can be 

portable and sensitive sensor for detecting VOCs such as formaldehyde and toluene in 

ng-level at room temperature under ambient conditions. With the advantage of the 

superhydrophobicity the QCM chemical sensor becomes a good candidate for 

miniaturized, high sensitive chemical sensors in many applications. Further 

improvement in detection sensitivity for VOCs should be achievable by increasing the 
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specific surface, controlling the pore size and decorating these surfaces with catalysts. 

With such innovations, the chemical detection of single molecule on chemical sensors 

may soon be within reach. 
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4.1 Introduction 

 

In previous Chapters 2 and 3, plasma processes in gas phase has been established 

to functionalize bio- and environmental materials highly. In this chapter, the synthesis 

of carbon nanoballs (CNBs) was performed by thermal CVD. Next the surfaces of the 

synthesized CNBs were modified by plasma in liquid phase, or solution plasma. 

Carbon materials have attracted much attention all over the world since the 

discovery of fullerenes [1]. This has led to the discovery of a number of novel carbon 

materials with unique structures such as carbon nanotubes (CNTs) [2], carbon onions 

[3], cone-shaped graphitic structures [4], carbon nanowalls [5], and carbon micro-trees 

[6], depending on the techniques and the carbon precursors used. Among the various 

carbon materials with unique structures, CNTs are potential candidates for use in many 

fields such as catalysis [7], storage of hydrogen and other gases [8], biological cell 

electrodes [9], nanoscale electronic and mechanical devices [10], and electron field 

emission tips [11]. Thus, the CNTs have been synthesized by many techniques such as 

arc discharge [12], laser ablation [13], and catalytic methods [14]. Synthesis of the 

carbon by chemical vapor deposition (CVD) from molecular precursors, assisted by 

the catalytic activity of transition metal particles, has been considered as one of 

synthesis methods toward mass production. 

    Carbon nanoballs (CNBs) can be also synthesized by the techniques that are 
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normally used to produce CNTs [15-20]. CNBs are becoming increasingly important 

as catalyst or as an anode material in secondary lithium battery. He et al [21] reported 

that the charge-discharge curves of CNBs produced by arc discharge showed that the 

cell electrode had a high reversible capacity and the capacity retention could reach 

73.7 %. In addition, the CNBs have been expected to apply polymer composites and 

biological systems. In the case of the application to the polymer composites, it is 

necessary to tailor the chemical property of the CNB walls. Using the CNBs as a 

reinforcing component in polymer composites requires the ability to tailor the property 

of the CNB walls in order to control the interfacial interactions between the CNBs and 

the polymer chains. Several studies have reported on the mechanical properties of the 

CNTs-polymer composites where the CNTs were used without surface modification 

[22-24]. These results showed the increase in the elastic modulus of the composite. 

This indicates the potential of the CNTs as reinforcing components, so the CNBs 

would also work as reinforcing components of the polymer composites materials. In 

order to fabricate the CNBs-polymer composites, it is crucial to modify the CNBs 

surface in order to covalently bind the polymer to the CNBs surface. This can lead to 

the improvement of the efficiency of load transfer. However, there are few reports on 

the surface modification of the CNBs. 

    In this study, we aimed to synthesize the CNBs by thermal CVD method and to 

modify the CNBs surfaces to carboxylic acid groups using plasma treatment in liquid 
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phase. The presence of the carboxylic acid groups on the CNB surfaces would be 

convenient for applications to biomaterials and energy materials because the 

carboxylic acid can be utilized in a variety of chemical reactions. 

 

4.2 Experimental procedures 

 

    n-type Si (100) wafers with a resistivity of 30 to 40 Ωcm were used as substrates. 

The substrates were sonically cleaned for 10 min with acetone, ethanol, and ultra pure 

water in that order. Prior to synthesis of CNTs and CNBs, Fe was deposited on the 

cleaned substrates with a radio-frequency magnetron sputtering apparatus (JEOL: 

JEH-430RS). A tubular quartz reactor with a 32 mm in diameter and a 450 mm long 

was placed horizontally in an electric furnace as shown in Fig. 4.1. The furnace 

temperature was under electronic control. The CVD synthesis was carried out at 

atmospheric pressure in the quartz reactor. The sputtered substrates were put in the 

middle of the quartz reactor. The reactor was heated at the temperature of 750 to 990 

oC with an Ar gas flow of 150 sccm. Controlled amount of water vapor was also 

introduced to the reactor by bubbling Ar gas in order to promote and preserve the 

catalytic activity [25]. After the tube reached at the growth temperature, H2 gas was 

introduced at the flow rate of 100 sccm. The C2H4 gas was then introduced at the flow 

rate of 25 to 175 sccm in order to synthesis CNTs and CNBs. The reaction time was 30 
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Fig. 4.1 A schematic illustration of apparatus for thermal CVD. 
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min. After the synthesis, the furnace was cooled down under the Ar gas flow of 150 

sccm to room temperature. 

    To introduce carboxylic acid groups to the CNB surfaces, a carboxylation 

procedure was performed using plasma in liquid phase as follows: the as-prepared 

CNBs were added to 150 ml of ultrapure water with a resistivity of 18.2 MΩ. The 

conductivity of the solution was adjusted to be 500 μS/cm using KCl. Two tungsten 

electrodes with a diameter of 1.0 mm were set in the aqueous solution as shown in Fig. 

4.2. The gap between electrodes was 0.5 mm. The bipolar-pulsed voltages were 

applied between the electrodes by pulsed power supply (Kurita Seisakusho Co. Ltd., 

MPS-06K-01C). The applied voltage was 2.4 kV. The pulse width and frequency were 

2 μs and 15 kHz, respectively. After 2.4 kV of the voltage was applied between the 

electrodes, the discharge occurred. The discharge was kept for 60 min. After the 

carboxylation procedure, the CNBs were characterized by Fourier transform infrared 

spectroscopy (FT-IR). 

    The morphology of the resulting samples were observed with a field emission 

scanning electron microscope (FE-SEM, JEOL: JSM-6330F), operating at accelerating 

voltage of 5 kV and an emission current of 12 mA. The microstructures of the samples 

were observed with a transmission electron microscope (TEM, JEOL: JEM-2500TS) 

operated at an accelerating voltage of 200 kV. The crystal structures of the samples 

were examined by X-ray diffraction (XRD) (Rigaku, RINT2200V). The XRD data 
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Fig. 4.2 A schematic illustration of apparatus for plasma in liquid phase. 
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were recorded on a powder diffractometer with CuKα radiation (40 kV, 40 mA) within 

the range of 10° and 90° at a scanning rate of 2θ = 4° (min–1). The XRD peaks were 

assigned to the appropriate phases on the basis of the JCPDS data. Raman 

spectroscopy was performed using Tokyo Instruments Nanofinder with 514.5 nm Ar 

laser excitation. 

 

4.3 Results and discussion 

 

4.3.1 Synthesis and characterization of CNBs 

    Table 4.1 lists CVD reaction conditions and resulting carbon products. Most of 

CNTs were synthesized below the temperature of 850 oC. On the other hand, CNBs 

were produced at 990 oC. This indicates that the morphologies of carbon products 

strongly depend on the reaction temperature. In addition, the flow rate of the C2H4 gas 

could affect the shapes of the resulting carbon products. When the flow rate was more 

than 175 sccm, the resulting carbon products were CNBs in spite of the reactor 

temperature. Figs. 4.1 (a)-(d) show FE-SEM images of CNTs and CNBs synthesized 

under the C2H4 gas flow rate of 75 sccm at 750, 800, 850, and 990 oC, respectively. 

The diameters of CNTs at 750 oC were ca. 100 nm, whereas those at 800 and 850 oC 

were ca. 70 to 80 nm. These CNTs are slightly curved in shape. On the other hand, the 

carbon products at 990 oC were CNBs. The diameters of the CNBs range from 800 to 
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Table 4.1 Summary of the carbon products and reaction conditions. 
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Fig. 4.3. FE-SEM images of CNTs and CNBs synthesized under the C2H4 gas flow rate 

of 75 sccm at various temperatures. (a) 750, (b) 800, (c) 850, and (d) 990 oC. 
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900 nm. Fig. 4.4 (a) shows a TEM image of CNTs at 850 oC. The CNTs have a hollow 

structure inside. The outside and inside diameters of the CNTs were ca. 80 nm and 15 

to 20 nm, respectively. Fig. 4.4 (b) shows a high-resolution TEM (HRTEM) image of 

the wall of the CNTs. The wall was composed of multi graphite sheets, that is, 

multiwalled carbon nanotubes (MWNTs). The interplaner spacing of the graphite sheet 

was 0.34 nm, which agreed with the spacing of the 002 plane in graphite [26]. Fig. 4.4 

(c) shows a TEM image of the CNTs with nanoparticle encapsulated. The TEM-EDX 

(energy dispersive X-ray spectroscopy) revealed that the nanoparticle was Fe. This 

indicates that the Fe particle plays a key role in the nucleation and growth of graphite 

layer. The presence of the Fe particle at the end of the CNT shows that the CNTs 

formation is originated from the Fe working catalyst. Indeed, Fe has been shown to be 

a catalyst for CNTs formation and growth. Thus, our CVD synthesis of CNTs could 

involve transport of C atoms toward and Fe atoms away from the graphite-Fe interface 

[26]. 

    Figs. 4.5 (a)-(d) show FE-SEM images of CNTs and CNBs synthesized under the 

C2H4 flow rate of 175 sccm at 750, 800, 850, and 990 oC. The CNTs with a diameter of 

30 to 40 nm were synthesized at 800 oC, while the CNBs were produced at the 

temperature of 850 and 990 oC. The diameters of the CNBs at 850 and 990 oC were 

800 to 900 nm and 300 to 400 nm, respectively. This means that the diameter of the 

CNBs increases with the decrease of the reaction temperature. Comparing Fig. 4.3 
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Fig. 4.4. (a) TEM image of CNTs at 850 oC. (b) HRTEM image of the wall of the CNTs 

at 850 oC. (c) TEM image of the CNTs containing catalytic Fe particle. 
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Fig. 4.5. FE-SEM images of CNTs and CNBs synthesized under the C2H4 flow rate of 

175 sccm at various temperatures. (a) 750, (b) 800, (c) 850, and (d) 990 oC. 
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(d) and Fig. 4.5 (d), the diameters of the CNBs decrease with the increase of the C2H4 

gas flow rate. The SEM images revealed that the CNBs were present in a large quantity 

in the carbon products. Fig. 4.6 (a) shows a TEM image of the CNBs at 850 oC. Figs. 

4.6 (b) and (c) are the high magnification TEM images of the Fig. 4.6 (a) and a XRD 

pattern of the CNBs. As clearly seen in Fig. 4.6 (b), the interlayer spacing is found to 

be 0.34 nm, which corresponds to the 002 lattice distance in hexagonal graphite. A 

clear peak at around 26o can be clearly observed in the XRD pattern. The peak is 

assigned to 002 diffraction peak of hexagonal graphite, indicating that the CNBs are 

composed of the graphite layers. This agrees well with the result of the TEM image. 

Zhong et al reported that the catalyst particles were trapped in the center of the CNBs 

[27]. However, there is no hollow structure in our CNBs as in the case of MWNTs. No 

Fe particle can be seen in the CNBs. This indicates that the formation mechanism of 

the CNBs with Fe catalyst by CVD synthesis from C2H4 gas as a raw material is 

different from that by the decomposition of CH4 gas with Co as a catalyst. 

    It has been reported that carbonaceous balls or mesocarbon microbeads can be 

produced from pitch or polymeric materials from carbonization of pitches and 

dispersion of mesophase pitches in proper media [28-30]. These processes require the 

mesophase or liquid-like phase for synthesizing the carbon materials. In our process, 

the CNBs are synthesized by thermal CVD from C2H4 gas. This means that the CNBs 

form follows a kind of gas-solid procedure. In our process, the role of Fe particles as  
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Fig. 4.6. (a) TEM images of the CNBs obtained at 850 oC. (b) HRTEM image of the 

CNBs obtained at 850 oC. (c) XRD pattern of the CNBs obtained at 850 oC. 
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catalyst is also crucial because the CNBs are not synthesized on the Si substrate 

uncovered with Fe. Further study would be required to reveal the formation 

mechanism of the CNBs in our CVD process. 

    Figs. 4.7 (a), (b), (c), and (d) show Raman spectra of carbon products at 750, 800, 

850, and 990 oC, respectively. Two peaks around 1590 and 1350 cm-1 can be clearly 

seen in all the spectra. The peak at around 1590 cm-1 (G band) is attributed to the 

stretching modes of C-C bonds of typical graphite [31], whereas the peak at around 

1350 cm-1 (D band) is related to the defects and disorders in structures in carbonaceous 

solid [32]. The value of the intensity ratio ID/IG is indicative of the graphitization 

degree of carbon materials. The larger the value of ID/IG is, the lower the disorder 

would be [33]. Fig. 4.8 shows the values of ID/IG as two functions of the reaction 

temperature and C2H4 gas flow rate. The values of ID/IG increase with the increase of 

the reaction temperature and/or the C2H4 gas flow rate. When the values of ID/IG are 

more than ca. 0.75, implying the graphitization degree of the CNBs is not high, the 

CNBs were successfully synthesized. On the other hand, the CNTs were produced with 

the ID/IG values of less than 0.7. 

 

4.3.2 Surface modification of CNBs by plasma in liquid phase 

    The CNBs after surface modification treatment were analyzed by FT-IR 

spectroscopy and compared to the as-prepared CNBs. Fig. 4.9 shows FT-IR spectra of 
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Fig. 4.7. Raman spectra of carbon products at various temperatures. (a) 750, (b) 800, 

(c) 850, and (d) 990 oC. 
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Fig. 4.8. Values of ID/IG as two functions of the reaction temperature and C2H4 gas flow 

rate. 
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Fig. 4.9. FT-IR spectra of the CNBs before and after surface modification treatments 

using plasma in liquid phase. 
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the CNBs after surface modification treatments. In the FT-IR spectra, the absorption 

bands at around 3500 cm-1 (band A), 2900 cm-1 (band B), 1450 cm-1 (band E) are 

assigned to the OH stretching, the C-H stretching, and C-H bending vibrations, 

respectively. The intensity of the absorption bands D and E were decreased by the 

plasma treatment. In addition, the absorption band B was increased by the plasma 

treatment, indicating that a part of graphite structure in the CNBs was changed by the 

scission of the C-C bonds. Moreover, it is confirmed that there is a peak at around 

1730 cm-1 only on the spectrum of the CNBs treated by plasma in liquid phase, which 

is originated from the carboxyl group of the carboxylic acid [34]. The carboxyl groups 

could be produced by the attack of OH radical produced by the plasma in liquid phase. 

Furthermore, the TEM image (Fig. 4.10 (a)) and Raman spectrum (Fig. 4.10 (b)) 

before and after plasma treatment revealed that although the CNBs surfaces were 

etched slightly by the plasma treatment, no change in interlayer structures and Raman 

spectra before and after the plasma treatment could be observed. These results prove 

that carboxyl groups modify the CNBs surfaces. Fig. 4.9 (a) shows the photographs of 

agglomerate of the CNBs before surface modification in water. Figs. 4.9 (b)-(e) show 

the photographs of dispersion of the COOH-modified CNBs in water, ethanol, acetone, 

and toluene, respectively. The as-prepared CNBs are not dispersed in water at all. On 

the other hand, the carboxylated CNBs are uniformly dispersed in water and these 

organic solvents for more than 168 h. This indicates that the surface modification of 
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Fig. 4.10. (a) TEM image of the CNBs after plasma treatment in liquid phase. (b) 

Raman spectra of the CNBs before and after plasma treatment in liquid phase. 
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Fig. 4.11. Dispersion of the CNBs before and after treatment by the mixture of sulfuric 

acid/nitric acid in each solvent. (a) and (b) water, (c) ethanol, (d) acetone, and (e) 

toluene. 
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carboxyl groups to the CNBs by the plasma treatment in liquid phase leads to the 

improvement of dispersion property in the water, ethanol, acetone, and toluene. 

 

4.4 Summary 

 

    In this study, the CNBs were successfully synthesized on Fe coated Si substrates 

using Ar and H2 gases as carriers, and C2H4 gas as raw material by CVD method. The 

diameters and shapes of the resulting samples depended on the synthesis conditions 

such as reactor temperature and the flow rate of C2H4 gas. Most of CNTs were 

synthesized below 850 oC, while CNBs were produced at 990 oC. The diameters of the 

CNTs and CNBs were in the ranges of 30 to 100 nm and 300 to 900 nm, respectively. 

TEM and HRTEM images showed that the CNTs had a hollow structure inside and the 

wall was composed of multi graphite sheets, that is, multiwalled carbon nanotubes 

(MWNTs). On the other hand, the CNBs had no hollow structure inside. The interlayer 

spacing of the CNBs was found to be 0.34 nm. Raman spectra showed that the CNTs 

and CNBs had two peaks at around 1350 and 1590 cm-1, which correspond to D band 

and G band, respectively. When the values of ID/IG were more than ca. 0.75, the CNBs 

were successfully synthesized. The carboxyl acid groups were successfully introduced 

to the CNBs surface by the plasma treatment in liquid phase. The COOH-terminated 

CNBs were uniformly dispersed in water, ethanol, acetone, and toluene. The CVD 
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process for the CNBs synthesis is suitable for the mass production and the plasma 

treatment in liquid phase is useful for the carboxylation of the CNB surface. This 

carboxylation process will contribute significantly to covalent attachment of the CNBs 

to polymer matrix. 
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5.1 Introduction 

 

In previous Chapter 4, synthesis and surface modification methods of 

the carbon nanoballs (CNBs) have been established. In this chapter, the 

fabrication of a catalytic material for fuel cells was performed by solution 

plasma. The catalytic activities of the hybrid materials of Pt/CNBs, Pt 

nanoparticles on CNBs, were investigated using cyclic voltammetry. 

Carbon nano-materials (CNMs) such as carbon nanotubes (CNTs), 

fullerenes and carbon fibers have been focused as attractive materials since 

1980s. The CNMs have been utilized in interconnection of electronic 

devices [1], electron emitter [2], fuel cells [3,4] and so on. Among them, 

CNMs combined with Pt nanoparticles are employed in fuel cells so that 

fuel cells offer one of solutions for the depletion of fossil fuel. In the fuel 

cell systems involving CNMs, the advantages of using CNMs are their high 

conductivity and surface areas. On the other hand, when Pt nanoparticles as 

catalyst are supported on CNMs, the size decrease of Pt nanoparticles is 

required for the realization of high efficient electrode catalyst with low-cost 

performance. At the present point, conventional methods for loading of Pt 

nanoparticles on CNMs consists of (1) adsorption of Pt ions and (2) 

reduction of the ions at high temperature (>500 oC), which can obtain Pt 
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nanoparticles with diameter 1-10 nm on CNMs [5,6]. The conventional 

methods are not necessarily efficient because of the use of excess heat and 

processing steps. 

As an improvement for the efficiency in the adsorption and reduction 

processes, we cast a spotlight on a technique “Solution Plasma Processing 

(SPP)”.  Solution plasma (SP) is a discharge phenomenon in a liquid such 

as water or its solution. The SP provides large amount of active species such 

as hydrogen and hydroxyl radicals, and ions into a water medium. Using the 

active species, the material processing has been successfully carried out. 

For instance, gold nanoparticles (diameter ~ 10 nm) have been synthesized 

by solution plasma [7,8]. The SPP is expected for the novel loading method 

of Pt metal on CNMs since the high activation of CNMs and reduction of 

metal ions should be possible in this system.  

In this study, we carried out the SPP for loading of Pt nanoparticles on 

CNBs, which were synthesized by thermal decomposition of ethylene [9,10]. 

The CNB has high surface area and high conductivity similar to CNTs. We 

aimed to potentiate the coinstantaneous reduction and loading of metal ions 

by the SP. Here, we conducted the loading of Pt nanoparticles on CNB 

(Pt/CNB) and investigated on an effect of additives such protective agents 

on Pt nanoparticles. 
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5.2 Experimental procedures 

 

5.2.1 Preparation of CNBs 

CNBs were synthesized by thermal decomposition of ethylene (C2H4) 

and hydrogen (H2) gases under argon (Ar) stream [9,10]. The Ar gases were 

previously bubbled in water at 150 sccm. The ethylene and hydrogen gases 

(175 and 100 sccm, respectively) were directly introduced into a quartz tube 

(φ = 32 mm) heated up to 1100 oC and reacted for 30 min along with the 

moisten Ar gas as shown in Fig. 5.1. After the thermal decomposition of the 

gases, black powder was obtained on the wall of the quartz tube. The 

powder was collected and milled until the particles passed through a mesh 

(mesh size: 0.5 mm x 0.5 mm). 

 

5.2.2 Preparation of Pt/CNBs 

Pt/CNB hybrids were prepared from an aqueous solution containing 

hexachloro platinum (IV) acid [H2PtCl6] (Wako Chemical Co. Ltd.) and 

CNBs with poly-(vinylpyrrolidone) (PVP) (Wako Chemical Co. Ltd.) or 

sodium dodecyl sulfate (SDS) (Sigma-Aldrich) as a protective agent. An 

aqueous solution (150 cm3) of 1.44 mM H2PtCl6 and PVP (3.0, 12.0, 30.0, 

and 60.0 mM as repeated unit) or SDS (3.0, 10.0, and 30.0 mM) were mixed 
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Fig. 5.1 A schematic illustration of apparatus for preparation of CNBs. 

 

 

 

 

 

 

 

 

 

102 
 



with powder of CNBs (50 mg) under vigorous stirring. Fig. 5.2 shows a 

schematic of the experimental apparatus for the SPP. The apparatus consists 

of a glass vessel (300 cm3) filled with the mixture and two tungsten 

electrode (φ = 1.0 mm) with 0.5 mm gap. The bipolar-pulsed voltages were 

applied between the electrodes by pulsed power supply (Kurita Seisakusho 

Co. Ltd., MPS－06K－01C). The applied voltage was 2.4 kV. The pulse 

width and frequency were 2 μs and 15 kHz, respectively. The discharge was 

kept for 60 min. During the plasma, the mixture was stirred by magnetic 

stirrer and kept at 50 oC by a cooling chiller. The as-obtained samples were 

filtered with filter paper (Whatman Japan, 540) and rinsed with pure water. 

After the filtration, black powers were redispersed in pure water under an 

ultrasonic so that the final concentration of Pt/ CNB should be 0.025 mg/l. 

The samples were observed with a scanning electron microscope (SEM) 

(JEOL, JSM-6330F), a transmission electron microscope (TEM) (JEOL, 

JEM-2500TS) and energy dispersive spectroscopy (EDS) mapping (JEOL, 

EX-24055JGT). 

 

5.2.3 Electrochemical evaluation of Pt/CNBs 

     For the electrochemical evaluation of catalytic activity of Pt 

nanopart ic les ,  cycl ic  vol tammetry (CV) (ALS Co.  Ltd. ,  CH Instruments 
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Fig. 5.2 A schematic image of an apparatus for solution plasma processing. 
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Electrochemical Analyzer Model 600A) was carried out [11,12]. Here, a 

Ag/AgCl electrode (saturated KCl aq.) and a platinum wire (φ = 0.1 mm) 

were used as a reference and a counter electrode, respectively. The working 

electrode was fabricated on a glassy carbon (GCE glassy carbon) (φ = 3 

mm). A droplet (5 μl) of the aqueous dispersion of a sample (0.025 mg/l) 

was placed on the glassy carbon and kept until dry at ambient condition. 

Subsequently, the Pt/CNB on a glassy carbon was covered with Nafion by a 

drop and drying of 20μl of 5 % Nafion aqueous dispersion (Wako Chemical 

Co. Ltd.). Sulfuric acid (0.5 M) was used as an electrolyte solution, which 

was previously bubbled by N2 gas for 30 min. Measurements were done 

under a nitrogen blanket, at a sweep rate 500 mV/s in a range between -0.2 

and +1.6 V. 

 

5.3 Results and discussion 

 

   Figs. 5.3 (a) and (b) represent SEM images of as-prepared CNBs and 

CNBs treated by SPP with Pt ions and PVP (12 mM), respectively. The 

as-prepared CNB had a spherical shape with its size distribution 200-1000 

nm. In any condition, the solution before the SPP displayed yellow (color of 

P t  i ons ) ,  a l t hough  the  CNBs  were  f loa t ed  on  wa te r  su r f ace  and  ne ve r 
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Fig. 5.3 SEM images of (a) bare CNB and (b) Pt/CNB prepared with PVP at 

3.0 mM. 
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dispersed in water. However, after the SPP, we observed a change in the 

solution color to black brown, indicating the SP improved the dispersibility 

of CNBs in water. In microscopic observations, we could also see a 

morphological change on the CNB surface in the SEM images. The surface 

of CNBs became more roughen after the SPP, which could be resulted from 

the adhesion of Pt nanoparticles. Indeed, TEM images and EDS elemental 

mappings confirm the adhesion of Pt nanoparticles as seen in Figs. 5.4 

(a)-(c). The TEM image shows black spots on the spherical CNB and the 

coinstantaneous elemental mapping of C and Pt reveals the presence of 

platinum atom on carbon spheres. This Pt/CNB electrode showed the 

electrochemical activity as seen in Fig. 5.4 (d). Hydrogen adsorption and 

desorption characteristics of Pt metal (-0.2 - 0V) were observed. It indicates 

the catalytic capability of the Pt nanoparticles in fuel cells. 

  In the present method, the loading of Pt was achieved in one pot, at 

single step and under ambient condition by SPP. Conventional methods 

contain two processes i.e. the loading and reduction processes of Pt ions 

[13]. Furthermore, the reduction process required extreme heating in the 

conventional methods. In comparison with the general processes, the 

present method using SPP have several advantages in simplification and 

high efficiency of the Pt-loading process. 
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Fig. 5.4 (a) TEM image and EDS elemental mappings of (b) carbon and (c) 

platinum of Pt/CNB prepared with PVP at 60 mM. (d) CV curve of Pt/CNBs. 
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     In order to find out the optimum condition for obtaining better Pt 

catalytic activity, we examined the preparation of Pt/CNBs with different 

protective agents at several concentrations. Here we employed PVP and 

SDS as protective agents. Furthermore we varied the concentrations 3.0, 

12.0, 30.0, and 60.0 mM for PVP, and 3.0, 10.0, and 30.0 mM for SDS. Fig. 

5.5 shows TEM images of Pt/CNBs prepared with PVP at the several 

concentrations. The images indicate the loading of Pt on CNBs at each 

concentration. Similarly, in the cases of the use of SDS, the Pt-loadings 

were also verified by the TEM observation as seen in Fig. 5.6. Fig. 5.7 

represents the relationships between concentration and average diameter in 

both the PVP and SDS systems. In these systems, we can see the tendency 

that the diameter of Pt nanoparticles was reduced with increment of the 

concentrations. 

     The obtained Pt/CNBs displayed the characteristic catalytic activities 

evaluated by CV [11,12], which were diagrammatically shown in Figs. 5.8 

(a) and (b) for PVP and SDS systems, respectively. The catalytic activity 

was represented by an electrochemical surface area per unit mass [cm2/μg] 

calculated from the hydrogen ad-/ desorption waves. The relationships of 

catalytic activity with concentration were shown in Fig. 5.8 (c) in both the 

PVP and SDS systems. The activity was diminished as the concentration of 
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Fig. 5.5 TEM images of Pt/CNB prepared with PVP at (a)3 mM, (b)12 mM, 

(c)30 mM and (d)60 mM. 
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Fig. 5.6 TEM images of Pt/CNB prepared with SDS at (a)3 mM, (b)10 mM 

and (c)30 mM. 
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Fig. 5.7 Relationship of average diameter with concentration of PVP (red 

square) and SDS (black circle). 
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                          (c) 

Fig. 5.8 CV curves of Pt/CNBs prepared in (a) the PVP systems and (b) SDS 

systems besides that of a conventional product (black line). (c) Relationship 

of electrochemical active surface area with concentration in PVP and SDS 

systems (a dot line represent the active surface area of a conventional 

product). 
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the protective agents was increased. The best catalytic activities were 

obtained at the 3.0 mM in both systems (0.082 cm2/μg and 0.263 cm2/μg, 

respectively). Fig. 5.8 (c) also indicates the catalytic activity in the SDS 

system exceeded that in the PVP system. 

     In order to clarify reasons for the preference of catalytic activity in 

the SDS system, we compared the loaded amount of Pt nanoparticles 

between the PVP and SDS systems. The estimation was performed by 

inductively coupled plasma optical emission spectroscopy (ICP-OES) in the 

conditions: [PVP] and [SDS] = 3.0 mM. The loaded amounts of Pt in PVP 

and SDS system were evaluated as 1.58 wt% and 0.94 wt%, respectively. 

Although the loaded amount in use of SDS (0.94 wt%) was smaller than that 

prepared with PVP (1.58 wt%), the SDS-containing Pt/CNBs granted a 

higher catalytic activity than the PVP-containing ones. The fact indicates 

that the catalytic activity was not closely related to the loaded amount of Pt 

nanoparticles. On the other hand, since the catalytic activity of Pt 

nanoparticles is generally proportional to their effective surface area 

[11,12], from the result of Fig. 5.8, the activity in the PVP system was 

expected to be larger than that using SDS, where the diameter of Pt 

nanoparticle in PVP system (17.5 nm at 3.0 mM) was smaller than that of 

the correspondent SDS system (23.0 nm at 3.0 mM). However, the result of 
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electrochemical estimation (see Fig. 5.8 (c) at 3.0 mM) was conflict with 

this expectation. The activity of catalyst in these SPP systems was more 

dominantly dependent on chemical or physical characters of protective 

agents rather than the dimension and loaded amount of Pt nanoparticles. For 

instance, we can assume differences of chemical affinity to the nanoparticle 

surface among protective agents (PVP or SDS), which affects on coverage 

on Pt nanoparticles. Indeed, a PVP molecule is used as a good protective 

agent in preparation of metal nanoparticles due to the strong adsorption at 

the multi-point on a nanoparticle [14].  Therefore the electrochemically 

effective surface area in use of SDS might be larger than the PVP system. 

     Finally, we compared the electrochemical activity of Pt/CNBs with a 

conventional Pt nanoparticles supported on activated charcoal (Pt/C, Pt = 10 

wt%, [Sigma-Aldrich]). The electrochemical activity of conventional Pt/C 

was evaluated at 0.0016 cm2/μg (represented by a dot line in Fig. 5.8 (c)). 

The activity of Pt/CNBs prepared with SDS at 3.0 mM exceeded it. 

Although the loaded amount of Pt in the conventional product was higher 

than that in the SDS system, the electrochemical efficiency of Pt/CNBs in 

the SDS system was dominant in comparison with the conventional product. 

The result shows that SPP can offer a novel process obtaining Pt/CNBs with 

higher electrochemical activity. 
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5.4 Summary 

 

     In this study, we demonstrated a novel process for loading of Pt 

nanoparticles on CNBs using SPP. The SPP realized a one-pot synthesis of 

Pt/CNB at an ambient temperature. The SDS system obtained better 

electrochemical activity than the PVP system, which could be resulted from 

a less coverage of SDS molecules on a Pt nanoparticle. Furthermore, the 

obtained Pt/CNB displayed more excellent catalytic activity than a 

conventional product. 

     The solution plasma provides new possibilities for nano-material 

synthesis and surface arrangement as shown in this study. In future, the fuel 

cell with higher energy-conversion efficiency can be realized by using the 

obtained Pt/CNB. 
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6 . 1  I n t ro d u c t i o n  

 

I n  p r e v i o u s  C h a p t e r s  4  a n d  5 ,  p l a s m a  p r o c e s s  i n  l i q u i d  p h a s e ,  

t h a t  i s ,  s o l u t i o n  p l a s m a  p r o c e s s i n g  h a s  b e e n  u t i l i z e d  t o  m o d i f y  

t h e  C N B s  s u r f a c e s .  I n  t h i s  c h a p t e r ,  t o  e x p l o r e  t h e  d i v e r s i t y  o f  t h e  

s o l u t i o n  p l a s m a ,  s t e r i l i z a t i o n  o f  E s c h e r i c h i a  c o l i  ( E . c o l i )  i n  

w a t e r  w a s  p e r f o r m e d  u s i n g  s o l u t i o n  p l a s m a .  

D e c o n t a m i n a t i o n  a n d  s t e r i l i z a t i o n  o f  w a t e r  a r e  o n e  o f  t h e  

m o s t  i m p o r t a n t  i s s u e s  o n  t h e  e n v i r o n m e n t a l  a n d  m e d i c a l  f i e l d s  

[ 1 , 2 ] .  C o n v e n t i o n a l  a p p r o a c h e s  e m p l o y e d  f o r  s t e r i l i z a t i o n  o f  

v i r u s  a n d  b a c t e r i a  i n  w a t e r  s u c h  a s  c h e m i c a l  ( c h l o r i n a t i o n  b y  

c h l o r i n e ,  c h l o r i n e  d i o x i d e ,  o r  c h l o r a m i n e s ,  o z o n i z a t i o n  a n d  s o  o n )  

a n d  p h y s i c a l  ( u l t r a v i o l e t  ( U V )  r a d i a t i o n  i n c l u d i n g  s o l a r  r a d i a t i o n ,  

h i g h  e n e rg y  p a r t i c l e  i r r a d i a t i o n ,  u l t r a s o u n d  t r e a t m e n t ,  

u l t r a f i l t r a t i o n ,  h e a t i n g ,  f r e e z i n g ,  r e v e r s e  o s m o s i s  a n d  s o  o n )  

m e t h o d s  a n d  t h e i r  c o m b i n a t i o n s  h a v e  b e e n  d e v e l o p e d  a n d  u t i l i z e d  

[ 3 ] .  H o w e v e r,  t h e y  a r e  c o m p l e x  p r o c e s s e s  w i t h  s i g n i f i c a n t  

l i m i t a t i o n s  r e l a t e d  t o  t h e  g e n e r a t i o n  o f  t o x i c  s i d e - p r o d u c t  ( e . g .  

c h l o r i n a t e d  h y d r o c a r b o n s  k n o w n  a s  t r i h a l o m e t h a n e s  w h i c h  a r e  

s u s p e c t e d  c a r c i n o g e n s )  o r  l o w  e f f i c i e n c i e s  f o r  l a rg e  s c a l e  
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a p p l i c a t i o n s .  M o r e o v e r,  m o s t  o f  t h e s e  t e c h n i q u e s  c a n  c a u s e  

d a m a g e  t o  t h e  t r e a t e d  s u b s t r a t e .  T h e s e  d r a w b a c k s  e s p e c i a l l y  

r e n d e r  s u c h  a p p r o a c h e s  c o u n t e r p r o d u c t i v e  t o  t h e  e n v i r o n m e n t a l  

f i e l d ,  w h i c h  s e e k s  t o  r e d u c e  h a z a r d o u s  c o m p o u n d  u s e  a n d  

p r o d u c t i o n ,  a n d  e l i m i na t e  r i s k  t o  h u m a n s .  R e c e n t l y,  p l a s m a  

t e c h n o l o g i e s  u n d e r  a t m o s p h e r i c  c o n d i t i o n s  a r e  e m e rg e d  a s  

p o t e n t i a l  a l t e r n a t i v e  m e t h o d s  f o r  t h e  s t e r i l i z a t i o n  o f  t h e  b a c t e r i a  

i n  w a t e r  [ 4 - 11 ] .  T h e  a d v a n t a g e s  o f  t h e  m e t h o d s  h a v e  t h e i r  

s t a b i l i t y  t o  s t e r i l i z e  a t  r e l a t i v e l y  l o w  t e m p e r a t u r e s  w i t h i n  a  s h o r t  

t i m e  a n d  n o n - t o x i c  n a t u r e  i n  c o m p a r i s o n  t o  m o r e  t r a d i t i o n a l  

m e t h o d s  b e c a u s e ,  u n l i k e  c h e m i c a l  b a s e d  b i o c i d e s  s u c h  a s  c h l o r i n e  

a n d  o z o n e ,  t h e  p l a s m a  t r e a t m e n t s  a r e  a  p h y s i c a l  m e t h o d  u s e d  t o  

k i l l  a l l  b a c t e r i a  w i t h o u t  a d d i n g  a n y  b i o c i d a l  c h e m i c a l .  

D i s c h a rg e  i n  l i q u i d  p h a s e  a l s o  h a s  a  p o t e n t i a l  o f  r a p i d  

p h y s i c a l  s t e r i l i z a t i o n  i n  w a t e r  w i t h o u t  u s i n g  a n y  c h e m i c a l  a g e n t  

[ 1 2 ]  b e c a u s e  i t  c a n  g e n e r a t e  h i g h l y  c h e m i c a l  r e a c t i v e  s p e c i e s  

s u c h  a s  O H  a n d  H  r a d i c a l s ,  s h o c k  w a v e ,  a n d  U V l i g h t .  

F u r t h e r m o r e ,  i t  w o u l d  b e  r e a s o n a b l e  t o  e x p e c t  a  h i g h e r  r e a c t i o n  

r a t e  u n d e r  l o w e r - t e m p e r a t u r e  c o n d i t i o n s  w i t h  g r e a t e r  c h e m i c a l  

r e a c t i o n  v a r i a b i l i t y  b e c a u s e  t h e  m o l e c u l a r  d e n s i t y  o f  t h e  l i q u i d  
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p h a s e  i s  m u c h  h i g h e r  t h a n  t h a t  o f  t h e  g a s  p h a s e .  T h e  c o l d  p l a s m a  

i n  l i q u i d - p h a s e  h a s  b e e n  n a m e d  a s  “ S o l u t i o n  P l a s m a  ( S P ) ”  [ 1 3 ]  

b e c a u s e  w e  c a n  g e n e r a t e  a  v a r i e t y  o f  p l a s m a s  b y  c h o o s i n g  t h e  

c o m b i n a t i o n s  o f  s o l v e n t s  a n d  s o l u t e s  i n  s o l u t i o n s .  T h i s  a p p r o a c h  

w o u l d  a l l o w  u s  t o  i n a c t i v a t e  t h e  b a c t e r i a  i n  l i q u i d s  w i t h i n  a  s h o r t  

t i m e .  

I n  t h i s  s t u d y,  w e  a i m e d  t o  s t e r i l i z e  e f f i c i e n t l y  a n d  r a p i d l y  

E s c h e r i c h i a  c o l i  ( E . c o l i )  w h i c h  i s  k n o w n  a s  o n e  o f  t h e  m o s t  

r e p r e s e n t a t i v e  b a c t e r i a  i n  a q u e o u s  s o l u t i o n  b y  S P.  I n  a d d i t i o n ,  t h e  

c h e m i c a l l y  a c t i v e  s p e c i e s  i n  w a t e r  g e n e r a t e d  b y  t h e  S P,  a n d  t h e  

p l a s m a  p a r a m e t e r s  s u c h  a s  e l e c t r o n  d e n s i t y,  p l a s m a  d e n s i t y  a n d  

t e m p e r a t u r e  w e r e  c h a r a c t e r i z e d  b y  o p t i c a l  e m i s s i o n  s p e c t r o s c o p y.  

 

6 . 2  E x p e r i m e n t a l  p ro c e d u re s  

 

F i g .  6 . 1  s h o w s  a  s c h e m a t i c  d i a g r a m  o f  d i s c h a rg e  s y s t e m  u s e d  

i n  t h i s  s t u d y.  T h i s  s y s t e m  c o n s i s t e d  o f  t w o  w i r e - t y p e  m e t a l  

e l e c t r o d e s  p l a c e d  i n  a n  a c r y l i c  v e s s e l  a n d  d r i v e n  b y  b i p o l a r  D C  

p u l s e d  p o w e r  s u p p l y  ( K u r i t a - N a g o y a  M P S - 0 6 K 0 6 C ;  K u r i t a  C o .  

L t d . ) .  T h e  a p p l i e d  v o l t a g e s  w e r e  v a r i e d  f r o m  2 . 0  t o  2 . 4  k V .  T h e  
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F i g .  6 . 1  S c h e m a t i c  i l l u s t r a t i o n  o f  t h e  e x p e r i m e n t a l  s y s t e m  w i t h  

t h e  w i r e - t o - w i r e  e l e c t r o d e  c o n f i g u r a t i o n .  
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p u l s e  f r e q u e n c y  a n d  p u l s e  w i d t h  e m p l o y e d  w e r e  1 5  k H z  a n d  2  μ s ,  

r e s p e c t i v e l y.  Tu n g s t e n  w i r e ,  w i t h  a  d i a m e t e r  o f  1  m m ,  w a s  u s e d  

a s  t h e  e l e c t r o d e  m a t e r i a l .  T h e  d i s t a n c e  b e t w e e n  t h e  t i p s  o f  t h e  

e l e c t r o d e s  w a s  s e t  a t  1 . 0  o r  3 . 0  m m .  T h e  t e m p e r a t u r e  d u r i n g  t h e  

d i s c h a rg e  w a s  m e a s u r e d  b y  a  d i g i t a l  m u l t i m e t e r  e q u i p p e d  w i t h  a  

t h e r m o c o u p l e .  T h e  e l e c t r i c a l  c o n d u c t i v i t y  w a s  a d j u s t e d  t o  5 0 0  

μS / c m  b y  N a 2 S O 4  s o l u t i o n .  T h e  c o n d u c t i v i t y  o f  t h e  s o l u t i o n  w a s  

m e a s u r e d  b y  E C  m e t e r  ( H a n n a  H I 9 9 1 3 0 0 ) .  We  s e l e c t e d  t h e  

N a 2 S O 4  a s  a  s u p p o r t i n g  e l e c t r o l y t e ,  b e c a u s e  t h e  e l e c t r o l y t e  d o e s  

n o t  a f f e c t  t h e  s t e r i l i z a t i o n .  O p t i c a l  p r o p e r t i e s  o f  g e n e r a t e d  

p l a s m a  w e r e  o b s e r v e d  b y  s p e c t r o s c o p e  ( P h o t o Te c h n i c a  Av a S p e c -

3 6 4 8 )  o p e r a t e d  a t  t h e  w a v e l e n g t h  r a n g e  o f  2 0 0  t o  1 0 0 0  n m .  U V-

v i s  s p e c t r a  w a s  m e a s u r e d  i n  w a v e l e n g t h  r a n g e  o f  2 0 0  t o  8 0 0  n m  a t  

t h e  s c a n  s p e e d  o f  4  c m - 1 .  

E . c o l i  w a s  c u l t i v a t e d  i n  a  l i q u i d  c u l t u r e  m e d i u m  f o r  2 4  h .  

T h e  m e d i u m  w a s  p r e p a r e d  f r o m  B a c t o - t r y p t o n e  1 0  g / l ,  B a c t o -

y e a s t  e x t r a c t  5  g / l ,  a n d  N a 2 S O 4  5  g / l .  T h e  c u l t u r e  m e d i u m  

c o n t a i n i n g  E . c o l i  w a s  a d d e d  t o  4 0 0 m l  o f  t h e  a q u e o u s  s o l u t i o n .  

D i s c h a rg e  i n  t h e  a q u e o u s  s o l u t i o n  w a s  t h e n  c a r r i e d  o u t  f o r  3 0 0  s .  

T h e  s o l u t i o n  w a s  a g i t a t e d  b y  a  m a g n e t i c  s t i r r e r  a t  a  b o t t o m  o f  t h e  
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a c r y l i c  v e s s e l .  D u r i n g  t h e  d i s c h a rg e  p r o c e s s ,  t h e  s a m p l e s  w e r e  

t a k e n  o u t  i n  a n  i n t e r v a l  o f  1  m i n .  E a c h  s a m p l e  o f  1 0 0  μ l  i n  

v o l u m e  w a s  d i l u t e d  i n t o  1  m l  o f  u l t r a p u r e  w a t e r  a n d  c o a t e d  o n t o  a  

c u l t i v a t i o n  d i s h .  T h e  c u l t i v a t i o n  d i s h  w a s  m a d e  f r o m  B a c t o -

t r y p t o n e  1 0  g / l ,  B a c t o - y e a s t  e x t r a c t  5  g / l ,  a n d  N a C l  5  g / l ,  a n d  

a g a r  1 4 g / l .  A f t e r  c u l t i v a t i o n  p r o c e s s  f o r  2 4  h  a t  t h e  t e m p e r a t u r e  

o f  3 7 ° C ,  t h e  n u m b e r  o f  s u r v i v i n g  b a c t e r i a  w a s  d e t e r m i n e d  b y  

c o u n t i n g  c o l o n y  f o r m i n g  u n i t s  ( C F U s ) .  T h e  s h a p e s  o f  E . c o l i  

b e f o r e  a n d  a f t e r  t h e  d i s c h a rg e  w e r e  o b s e r v e d  w i t h  a  s c a n n i n g  

e l e c t r o n  m i c r o s c o p e  ( S E M ) .  E . c o l i  i n  t h e  a q u e o u s  s o l u t i o n  w a s  

c a u g h t  b y  a  f i l t e r  w i t h  s m a l l  h o l e s  a n d  w a s  f i x e d  o n  t h e  f i l t e r  

w i t h  g l u t a r i c  a l d e h y d e  a n d  o s m i u m  t e t r o x i d e  s o l u t i o n .  T h e  w a t e r  

i n  t h e  b a c t e r i a  w a s  r e p l a c e d  b y  t - b u t a n o l .  T h e  f i l t e r  w a s  c o a t e d  

w i t h  P t  a n d  P d .  To  i n v e s t i g a t e  a n  e f f e c t  o f  U V l i g h t  o r i g i n a t e d  

f r o m  d i s c h a rg e  o n  t h e  s t e r i l i z a t i o n ,  s m a l l  q u a r t z  a n d  a c r y l i c  c e l l s  

w e r e  u s e d .  T h e  b o t h  c e l l s  w e r e  s e t  i n  t h e  a c r y l i c  v e s s e l .  T h e  

a q u e o u s  s o l u t i o n  c o n t a i n i n g  E . c o l i  w a s  t h e n  a d d e d  t o  t h e  c e l l s .  

 

6 . 3  R e s u l t s  a n d  d i s c u s s i o n  
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W h e n  t h e  h i g h  v o l t a g e  w a s  a p p l i e d  b e t w e e n  t h e  e l e c t r o d e s ,  

t h e  b u b b l e s  o r i g i n a t e d  f r o m  w a t e r  v a p o r i z a t i o n  w e r e  f i r s t  

g e n e r a t e d  a t  t h e  v i c i n i t y  o f  t h e  e l e c t r o d e s .  T h e  d i s c h a rg e  w a s  

t h e n  s t a r t e d  i n  t h e  g a s  p h a s e .  T h e  d i s c h a rg e  s t a b l y  c o n t i n u e d  

d u r i n g  t h e  a p p l i c a t i o n  o f  t h e  h i g h  v o l t a g e .  

T h e  s t e r i l i z a t i o n  p e r f o r m a n c e  o f  t h e  d i s c h a rg e  i n  a q u e o u s  

s o l u t i o n  t o  E . c o l i  w a s  e s t i m a t e d  b y  c o u n t i n g  t h e  C F U s  a f t e r  t h e  

d i s c h a rg e .  T h e  r e l a t i o n  b e t w e e n  t h e  n u m b e r s  o f  s u r v i v o r s  a n d  

d i s c h a rg e  t i m e  w a s  s h o w n  i n  F i g .  6 . 2  ( a ) .  T h e  d e c i m a l  r e d u c t i o n  

t i m e  o f  E . c o l i  ( D  v a l u e )  o f  t h i s  s y s t e m  w a s  e s t i m a t e d  t o  b e  

a p p r o x i m a t e l y  1 . 0  m i n .  T h e  D  v a l u e  o f  1 . 0  m i n  i s  f a s t e r  t h a n  

o t h e r  m i c r o o rg a n i s m  s t e r i l i z a t i o n  p r o c e d u r e s ,  e v i d e n c i n g  t h a t  o u r  

S P p r o c e s s  h a s  a  h i g h  p o t e n t i a l  f o r  i n a c t i v a t i o n  o f  E . c o l i .  

To  i n v e s t i g a t e  t h e  e f f e c t s  o f  t h e  p h y s i c a l  d a m a g e s  b y  t h e  

d i s c h a rg e  t o  t h e  E . c o l i ,  t h e  s h a p e  c h a n g e s  w e r e  o b s e r v e d  u s i n g  

S E M .  F i g .  6 . 2  s h o w s  S E M  i m a g e s  o f  E . c o l i  ( b )  b e f o r e  a n d  ( d )  

a f t e r  d i s c h a rg e  t r e a t m e n t .  G r a n u l a r  o r  r e c t a n g u l a r  E . c o l i  w i t h  

s e v e r a l  h u n d r e d  n m  i n  d i a m e t e r  w a s  c l e a r l y  o b s e r v e d  o n  b o t h  

i m a g e s .  N o  c h a n g e  i n  s h a p e  c a n  b e  s e e n  b e f o r e  a n d  a f t e r  t h e  

d i s c h a r g e .  F i g s .  6 . 2  ( c )  a n d  ( e )  s h o w  e n l a r g e d  S E M  i m a g e s  o f  t h e 
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F i g .  6 . 2  ( a )  N u m b e r s  o f  s u r v i v i n g  E . c o l i  a s  a  f u n c t i o n  o f  

d i s c h a rg e  t i m e .  S E M  i m a g e s  o f  E . c o l i  ( b )  b e f o r e  a n d  ( d )  a f t e r  

d i s c h a rg e  i n  a q u e o u s  s o l u t i o n .  E n l a rg e d  S E M  i m a g e s  o f  E . c o l i  ( c )  

b e f o r e  a n d  ( e )  a f t e r  d i s c h a rg e  i n  a q u e o u s  s o l u t i o n .  
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E . c o l i  b e f o r e  a n d  a f t e r  d i s c h a rg e ,  r e s p e c t i v e l y.  T h e  s h a p e s  o f  

m o s t  E . c o l i  b e f o r e  a n d  a f t e r  t h e  d i s c h a rg e  t r e a t m e n t  r e m a i n e d  

i n t a c t .  T h i s  i n d i c a t e s  t h a t  t h e  d i s c h a rg e  i n  t h e  a q u e o u s  s o l u t i o n  

p r o v i d e s  n o  p h y s i c a l  d a m a g e  t o  t h e  E . c o l i  a n d  c o u l d  i n a c t i v a t e  

t h e  b a c t e r i a  c h e m i c a l l y  o r  t h e r m a l l y.  To  r e v e a l  t h e  c h e m i c a l  

a c t i v e  s p e c i e s  g e n e r a t e d  b y  t h e  d i s c h a rg e  i n  t h e  a q u e o u s  s o l u t i o n ,  

t h e  o p t i c a l  e m i s s i o n  s p e c t r o s c o p y  w a s  c a r r i e d  o u t .  F i g .  6 . 3  ( a )  

s h o w s  t h e  o p t i c a l  e m i s s i o n  s p e c t r u m .  S o m e  c l e a r  p e a k s  c a n  b e  

o b s e r v e d ,  o r i g i n a t i n g  f r o m  a t o m i c  h y d r o g e n ,  t h e  h y d r o x y l  r a d i c a l  

( O H  b a n d  a t  3 0 6 . 4  n m ) ,  a t o m i c  o x y g e n  ( O  l i n e s  a t  7 7 7 . 9  n m ,  

8 4 4 . 6  n m  a n d  9 2 6 . 2 n m ) .  T h e s e  l i n e s  c o m e  f r o m  t h e  w a t e r  

m o l e c u l e  d i s s o c i a t i o n  i n  t h e  e l e c t r i c a l  d i s c h a rg e  p r o c e s s .  T h e  t w o  

d o m i n a n t  l i n e s  o b s e r v e d  a t  6 5 6  n m  a n d  4 8 6  n m  a r e  a s s i g n e d  t o  Hα  

a n d  H β ,  r e s p e c t i v e l y.  I n  a d d i t i o n ,  a  l i n e  a t t r i b u t a b l e  t o  a t o m i c  

s o d i u m  w a s  a l s o  c l e a r l y  o b s e r v e d  a t  5 8 9  n m .  B a s e d  o n  t h e  o p t i c a l  

e m i s s i o n  s p e c t r a  w e  e s t i m a t e d  t h e  e l e c t r o n  d e n s i t y,  t e m p e r a t u r e  

a n d  p l a s m a  d e n s i t y  o f  t h e  S P.  F o c u s i n g  o n  t h e  H a  l i n e  a n d  

a s s u m i n g  t h a t  b r o a d e n i n g  o f  t h i s  l i n e  w a s  g i v e  b y  d y n a m i c  S t a r k  

e f f e c t  [ 1 4 ] ,  t h e  e l e c t r o n  d e n s i t y  i n  p l a s m a  d i s c h a rg e  c o u l d  b e  

e s t i m a t e d  t o  b e  t h e  o r d e r s  o f  1 0 1 5  c m - 3 .  A c c o r d i n g  t o  L i e b e r m a n 
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F i g .  6 . 3  ( a )  O p t i c a l  e m i s s i o n  s p e c t r u m  o f  t h e  d i s c h a rg e  i n  

a q u e o u s  s o l u t i o n  a t  w a v e l e n g t h  o f  2 0 0  t o  1 0 0 0  n m .  ( b )  O p t i c a l  

e m i s s i o n  s p e c t r u m  o f  t h e  d i s c h a rg e  i n  a q u e o u s  s o l u t i o n  a t  

w a v e l e n g t h  o f  2 0 0  t o  3 0 0  n m .  ( c )  Te m p e r a t u r e  i n  w a t e r  a s  a  

f u n c t i o n  o f  d i s c h a rg e  t i m e .  
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e t  a l  [ 1 5 ] ,  w e  c o u l d  a l s o  e s t i m a t e  t h e  t e m p e r a t u r e  a n d  p l a s m a  

d e n s i t y  o f  t h e  d i s c h a rg e  t o  b e  i n  r a n g e s  o f  T  =  5 0 0 0 - 7 0 0 0  K  a n d  n  

=  1 0 1 4 - 1 0 1 5  c m - 3 ,  r e s p e c t i v e l y.  F i g .  6 . 3  ( b )  s h o w s  t h e  e n l a rg e d  

o p t i c a l  e m i s s i o n  s p e c t r u m  r a n g i n g  f r o m  2 0 0  t o  3 0 0  n m  i n  

w a v e l e n g t h .  S e v e r a l  b r o a d  b a n d s  o r i g i n a t i n g  f r o m  U V l i g h t  a r e  

c l e a r l y  d e t e c t e d .  I t  i s  k n o w n  t h a t  o z o n e  h a s  i t s  m a x i m u m  

a b s o r p t i o n  c r o s s - s e c t i o n  o f  1 . 1 5  x  1 0 − 1 7  c m 2  a t  a  w a v e l e n g t h  o f  

2 5 4  n m  [ 1 6 ] .  T h e  o z o n e  i s  p r o d u c e d  f r o m  o x y g e n  i o n  s p e c i e s  

t h r o u g h  t h e  d i s s o c i a t i o n  o f  o x y g e n  m o l e c u l e s  b y  e l e c t r o n  i m p a c t .  

T h e  r e c o m b i n a t i o n  o f  o x y g e n  m o l e c u l e s  a n d  o x y g e n  r a d i c a l s  v i a  

t h r e e - b o d y  c o l l i s i o n s  b y  t h e  f o l l o w i n g  r e a c t i o n s :  

         e -  +  O 2  →  O 2 -  →  O ·  +  O ·  +  e -  ,  O 2  +  O ·  →  O 3                  ( 6 . 1 )  

T h e  r e s u l t i n g  o z o n e  m o l e c u l e s  d i f f u s e  a n d  c o u l d  s t e r i l i z e  t h e  

E . c o l i  i n  a q u e o u s  s o l u t i o n  b y  p o s s i b l e  o x i d a t i o n  a n d  m o d i f i c a t i o n  

o f  t h e  c e l l  m e m b r a n e .  F i g .  6 . 3  ( c )  s h o w s  t h e  t e m p e r a t u r e  i n  t h e  

a q u e o u s  s o l u t i o n  a s  a  f u n c t i o n  o f  d i s c h a rg e  t i m e .  A s  c l e a r l y  s e e n  

i n  F i g .  6 . 3  ( c ) ,  t h e  c h a n g e  i n  t e m p e r a t u r e  i s  v e r y  l o w.  T h i s  

s u p p o r t s  t h a t  t h e  s t e r i l i z a t i o n  o f  t h e  E . c o l i  i s  h a r d l y  a f f e c t e d  b y  

t h e  t h e r m a l  e f f e c t  g e n e r a t e d  b y  t h e  d i s c h a rg e  i n  t h e  a q u e o u s  

s o l u t i o n .  T h u s ,  U V l i g h t  m i g h t  b e  a n  i m p o r t a n t  f a c t o r  f o r  t h e  
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s t e r i l i z a t i o n  m e c h a n i s m ,  s o  i t  i s  n e c e s s a r y  t o  c l a r i f y  t h e  e f f e c t  o f  

t h e  U V l i g h t  o n  t h e  s t e r i l i z a t i o n .  

     To  f u r t h e r  i n v e s t i g a t e  t h e  e f f e c t  o f  U V l i g h t  a t t r i b u t a b l e  t o  

t h e  d i s c h a rg e  i n  a n  a q u e o u s  s o l u t i o n  o n  t h e  s t e r i l i z a t i o n ,  q u a r t z  

a n d  a c r y l i c  c e l l s  w e r e  u s e d .  T h e  b o t h  c e l l s  w e r e  s e t  i n  t h e  a c r y l i c  

v e s s e l ,  a s  s h o w n  i n  F i g .  6 . 4  ( a ) .  T h e  d i s t a n c e  f r o m  t h e  d i s c h a rg e  

z o n e  t o  t h e  c e l l s  w a s  s e t  a t  a p p r o x i m a t e l y  5 c m  a n d  t h e  d i s t a n c e  

b e t w e e n  e l e c t r o d e s  w a s  s e t  a t  3 . 0  m m .  M o s t  U V l i g h t  c a n  p a s s  n o t  

t h e  a c r y l i c  c e l l  b u t  t h e  q u a r t z  c e l l  a s  s h o w n  i n  t h e  U V- v i s  s p e c t r a  

( F i g .  6 . 4  ( b ) ) .  T h u s ,  w e  c a n  e s t i m a t e  t h e  e f f e c t s  o f  U V e m i s s i o n  

o n  t h e  s t e r i l i z a t i o n  o f  t h e  E . c o l i .  M o r e o v e r ,  t h e  q u a r t z  p r e v e n t s  

a c t i v e  s p e c i e s  s u c h  a s  o z o n e  a n d  r a d i c a l s  f r o m  a t t a c k i n g  t h e  

s a m p l e s  b e c a u s e  i t  a l l o w s  o n l y  U V l i g h t  t o  r e a c h  t h e  s a m p l e s .  

T h e  n u m b e r  o f  s u r v i v i n g  b a c t e r i a  f o r  t h e  i n s i d e  a n d  o u t s i d e  o f  t h e  

b o t h  c e l l s  a f t e r  t h e  d i s c h a rg e  w a s  e s t i m a t e d  a s  s h o w n  i n  F i g .  6 . 4  

( c ) .  T h e  b a c t e r i a  i n  t h e  q u a r t z  c e l l  w e r e  s t e r i l i z e d  a s  w e l l  a s  

b a c t e r i a  i n  t h e  a c r y l i c  v e s s e l .  T h e  D  v a l u e s  f o r  q u a r t z  c e l l  a n d  

a c r y l i c  v e s s e l  w e r e  e s t i m a t e d  t o  b e  3 . 0  a n d  3 . 1  m i n ,  r e s p e c t i v e l y.  

O n  t h e  o t h e r  h a n d ,  n o  c h a n g e  i n  t h e  n u m b e r s  o f  s u r v i v i n g  b a c t e r i a  

i n  t h e  a c r y l i c  c e l l  w a s  c l e a r l y  o b s e r v e d .  T h i s  p r o v i d e s  d i r e c t 
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F i g .  6 . 4  ( a )  S c h e m a t i c  i l l u s t r a t i o n  o f  t h e  e x p e r i m e n t a l  s y s t e m  

u s i n g  q u a r t z  a n d  a c r y l i c  c e l l s .  ( b )  U V- v i s  s p e c t r u m  o f  q u a r t z  a n d  

a c r y l i c  c e l l s .  ( c )  N u m b e r s  o f  s u r v i v i n g  E . c o l i  i n  q u a r t z ,  a c r y l i c  

c e l l s ,  a n d  a c r y l i c  v e s s e l  a s  a  f u n c t i o n  o f  d i s c h a rg e  t i m e .  
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e v i d e n c e  t h a t  n o t  m e c h a n i c a l / t h e r m a l  d a m a g e  a n d  r a d i c a l  a t t a c k  

b u t  U V l i g h t  s i g n i f i c a n t l y  c o n t r i b u t e s  t o  t h e  s t e r i l i z a t i o n .  

 

6 . 4  S u m m a r y  

 

I n  t h i s  s t u d y,  w e  r e v e a l e d  t h a t  t h e  E . c o l i  w a s  s u c c e s s f u l l y  

s t e r i l i z e d  b y  t h e  d i s c h a rg e  i n  t h e  a q u e o u s  s o l u t i o n ,  t h a t  i s ,  S P.  

T h e  D  v a l u e  o f  t h i s  s y s t e m  s e t  a t  t h e  e l e c t r o d e  d i s t a n c e  o f  1 . 0  

m m  w a s  e s t i m a t e d  t o  b e  a p p r o x i m a t e l y  1 . 0  m i n .  B a s e d  o n  t h e  

o p t i c a l  e m i s s i o n  s p e c t r a ,  w e  e s t i m a t e d  p l a s m a  p a r a m e t e r s  f o r  S P 

s u c h  a s  e l e c t r o n  d e n s i t y,  p l a s m a  d e n s i t y,  a n d  t e m p e r a t u r e .  T h i s  

d i s c h a rg e  s y s t e m  i n  t h e  a q u e o u s  s o l u t i o n  p r o v i d e s  n o  p h y s i c a l  

d a m a g e  t o  t h e  E . c o l i  a n d  h a r d l y  a l l o w s  t h e  t e m p e r a t u r e  i n c r e a s e  

i n  t h e  a q u e o u s  s o l u t i o n .  T h e  i m p o r t a n t  f a c t o r  f o r  t h e  s t e r i l i z a t i o n  

o f  t h e  E . c o l i  w a s  U V l i g h t  g e n e r a t e d  f r o m  t h e  S P.  T h i s  d e v e l o p e d  

d i s c h a rg e  s y s t e m  i n  a n  a q u e o u s  s o l u t i o n  o p e n s  a  d o o r  t o  t h e  

d e v e l o p m e n t s  o f  t r e a t m e n t  s y s t e m s  o f  w a t e r  c o n t a i n i n g  v a r i o u s  

t y p e s  o f  b a c t e r i a  w i t h  h i g h  t h r o u g h p u t  a n d  l o w  t e m p e r a t u r e .  
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Conclusions 

 

The aim of this study described in this doctoral dissertation is to establish the 

basic process conditions for high functionalization of biomaterial, sensor device, 

energy material, and sterilization treatment using plasma chemical process and to 

investigate their characteristics. In this dissertation, “plasma in gas phase” and “plasma 

in liquid phase” have been treated in Chapters 2-3 and 4-6, respectively. 

The topic of “plasma in gas phase” in this dissertation was to perform surface 

modification of organic and inorganic materials to impart high functionalization to 

their materials and to estimate their highly functionalized materials surface in terms of 

bioactivity and detection sensitivity.  That of “plasma in liquid phase” in this 

dissertation was to modify the CNBs surface and improve the functionalization of the 

CNBs. In addition, a novel functional material, i.e., Pt/CNBs hybrid material, was 

successfully fabricated and the catalytic activity of the Pt/CNBs hybrid material was 

estimated using cyclic voltammetry. Moreover, sterilization technology of Escherichia 

coli using the plasma in liquid phase was developed. 

The conclusions of respective studies are as follows: 

 

(1) The study of “Hydrophilicity and bioactivity of a polyethylene terephthalate 

surface modified by plasma-initiated graft polymerization” in Chapter 2 can be 
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summarized and concluded as follows: 

 

Hydrophilic modification of polyethylene terephthalate (PET) was successfully 

achieved by surface wave plasma treatment followed by graft polymerization with 

monomers such as acrylic acid (AA) and (2-hydroxyethyl) methacrylate (HEMA) in 

the vapor phase. The surface morphology of the PET film after Ar plasma treatment 

was observed using atomic force microscopy (AFM). The plasma treatment did not 

physically damage the PET surface. The graft reaction was confirmed by water contact 

angle measurements and X-ray photoelectron spectroscopy (XPS). The water contact 

angles of the PET surface modified with hydrophilic AA and HEMA monomers 

decreased from approximately 80° before treatment to less than 35°, and the 

hydrophilicity of the PET surface modified by hydrophilic AA and HEMA monomers 

was maintained for 70 h. XPS C 1s spectra revealed that the modified PET surface had 

three chemical bond states corresponding to carbon atoms of the benzene rings 

unbonded to the ester group, carbon atoms singly bonded to oxygen, and ester carbon 

atoms. 3T3 fibroblast cells were cultured on the modified PET surface. After the cells 

were cultured for 24 h on the untreated and styrene (St)-modified PET surfaces, the 

number of cultured cells was higher than the initial number of seeded cells. In contrast, 

the number of cultured cells on AA-modified and HEMA-modified surfaces was much 

lower than the initial number of seeded cells. The developed method is useful for the 

 138



surface modification of biopolymers for advanced functionalization. 

 

(2) The study of “High sensitive detection of volatile organic compounds using 

superhydrophobic quartz crystal microbalance” in Chapter 3 can be summarized and 

concluded as follows: 

 

A quartz crystal microbalance (QCM) chemical sensor coated with 

superhydrophobic film for detecting volatile organic compounds (VOCs) such as 

formaldehyde and toluene under ambient conditions was developed. The 

superhydrophobic film was deposited by means of microwave plasma enhanced 

chemical vapor deposition (MPECVD). The sensitivities of QCM sensor coated with 

superhydrophobic film to VOCs such as formaldehyde and toluene were investigated 

under ambient conditions. The sensitivity of the sensor to formaldehyde and toluene 

was considerably improved by the superhydrophobic surface modification. The surface 

modification promoted microscopic texturing to the film surface and thus increased the 

effective specific surface area of the sensor for the adsorption of formaldehyde and 

toluene. In addition, the adsorption of water molecules was minimized due to the 

superhydrophobic film deposited on the sensor surface, thus promoting the preferential 

adsorption of formaldehyde and toluene molecules on the QCM sensor coated with 

superhydrophobic film, compared to the conventional QCM sensor. Moreover, the 
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adsorption mechanisms of formaldehyde-water and toluene-water molecules to the 

superhydrophobic film were discussed. The developed surface modification method 

with superhydrophobic films for the QCM chemical sensor contributes to the 

highly-sensitive detection of VOCs under ambient conditions. 

 

(3) The study of “Synthesis and surface modification of carbon nanoballs (CNBs)” in 

Chapter 4 can be summarized and concluded as follows: 

 

The CNBs were successfully synthesized on Fe coated Si substrates using Ar and 

H2 gases as carriers, and C2H4 gas as raw material by thermal chemical vapor 

deposition (CVD) method at the temperature of 850 to 990 oC. The diameters of the 

CNTs and CNBs were in the range of 30 to 100 nm and 300 to 900 nm, respectively. 

TEM and HRTEM images showed that the CNTs had a hollow structure inside and the 

wall was composed of multi graphite sheets, that is, multiwalled carbon nanotubes 

(MWNTs). On the other hand, the CNBs had no hollow structure inside. Raman 

spectra showed that the CNTs and CNBs had two peaks at around 1350 and 1590 cm-1, 

which correspond to D band and G band, respectively. When the values of intensity 

ratio ID/IG were more than ca. 0.75, the CNBs were successfully synthesized. The 

carboxyl groups were successfully introduced to the CNBs surface by the plasma 

treatment in liquid phase. The COOH-terminated CNBs were uniformly dispersed in 
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water, ethanol, acetone, and toluene for long time. The plasma in liquid phase, that is, 

solution plasma, is a promising method to control the dispersibility of carbon 

nano-materials (CNMs) in liquid. 

 

(4) The study of “Characterization of platinum catalyst supported on carbon nanoballs 

prepared by solution plasma processing” in Chapter 5 can be summarized and 

concluded as follows: 

 

In order to improve the energy-conversion efficiency of fuel cells, we loaded Pt 

nanoparticles on carbon nanoballs (CNBs) by using solution plasma processing (SPP) 

involving CNB and Pt ion with a protection group. In this study, we employed poly 

(vinylpyrrolidone) (PVP) or sodium dodecyl sulfate (SDS) to prepare Pt nanoparticles 

supported on CNB (Pt/CNB) by the SPP, and the electrochemical properties as a 

catalyst was evaluated by cyclic voltammetry. 

The CNBs were prepared by thermal decomposition process of ethylene and 

hydrogen gases. Color of the solution changed from yellow to dark brown as synthesis 

time. This change indicates the improvement of dispersibility of CNB. Moreover, TEM 

images and elemental mapping images showed the Pt nanoparticles supported on 

CNBs. The catalytic activity of the Pt/CNB in use of SDS was shown to be higher than 

the Pt/CNB prepared with PVP. The SDS-containing Pt/CNB also showed the higher 
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activity than a conventional product. The SPP provides a new possibility to develop a 

highly-efficient catalyst for fuel cells. 

 

(5) The study of “Rapid sterilization of Escherichia coli by solution plasma process” in 

Chapter 6 can be summarized and concluded as follows: 

 

Solution plasma (SP) which is a discharge in an aqueous solution has a potential 

of rapid sterilization for water without chemical agents. The discharge had the strong 

sterilization performance for Escherichia coli (E.coli). The decimal reduction time of 

E.coli (D value) of this system set at electrode distance of 1.0 mm was estimated to be 

approximately 1.0 min. Our discharge system in the aqueous solution provides no 

physical damage to the E.coli and allows the little increase in temperature of the 

aqueous solution. The UV light generated by the discharge was an important factor for 

sterilization of the E.coli. The SP process is promising to develop a rapid sterilization 

method with high safety for various bacteria in water. 

 

This doctoral dissertation has described materials and bio-chem innovations using 

plasma technologies in gas phase and in liquid phase. The plasma chemical process 

developed in this dissertation will contribute advances in the fields of green and life 

innovations. 
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