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Chapter 1 

Introduction 
 

1.1. Plasma 

Nowadays, the term “plasma” have been frequently referred to in not only the 

research field but also the daily life. Then what is the plasma? The definition of plasma 

is “gaseous state which consists of electrons, ions and neutral species” [1]. Although a 

plasma is definitely a kind of the gaseous state, someone used to mention plasma as the 

fourth state of matter followed by solid, liquid and gas since transitions from solid to 

liquid, from liquid to gas, from gas require commonly transition energy. 

The plasma is easily observed in nature. One of those may be the Sun which mostly 

consists of the ionized hydrogen and the ionized helium. The lightning, the aurora and the 

universe are also in the plasma state. There are the numerous applications of the plasma 

even in the industrial field such as etching processing, display and welding [2-4].  

In contrast to an ordinary gas, plasma has some unique features. First, plasma is 

electrically conducting due to electrons and ions. However, plasma is still electrically 

neutral because of balance between overall negative and positive charges called as quasi-

neutrality. Second, plasmas offer very high energy density. Third, plasma can generate 

the highly reactive chemical species such as radicals, excited species as well as electrons 

and ions. The application of these properties enables to perform the distinct process from 

the traditional process. 

Electron density, electron temperature and pressure are an important factor to 

determine the properties of the plasma. The classification of plasmas as a function of 
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electron density and electron temperature is shown in Fig. 1.1 [1]. The electron density is 

related to the ionization degree which is a ratio of density of charged species to that of 

neutral gas. The plasma with the ionization degree close to unity is called completely 

ionized plasma such as the Sun and nuclear fusion plasma. The plasma with the low 

ionization degree called weakly ionized plasma is focused on the industrial application.  

 

 

Fig. 1.1. Classification of plasmas 
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1.2. Plasma in local thermodynamic equilibrium 

The temperature in the plasma bulk is determined by the temperature of the neutral 

species and ions called as the heavy particles because the masses of these are much higher 

than the mass of the electron. In the initial stage of the plasma generation, the electron is 

excited in the electric field. Therefore the energy transfer from the electron to the heavy 

particle directly relates to the plasma temperature. Local Thermodynamic Equilibrium 

(LTE) in plasma means kinetic equilibrium in which the heavy particle temperature 

approaches the electron temperature. 

The difference of the temperature between the electron and the heavy particle is 

expressed by  

 

𝑇𝑒−𝑇ℎ

𝑇𝑒
=

3𝜋𝑚ℎ

32𝑚𝑒
(

𝑒𝑙𝑒𝐸

3𝑘𝑇𝑒/2
)2

    (1.1) 

 

where Te and Th are the temperature of the electron and the heavy particle, me and mh are 

the mass of the electron and the heavy particle, e is the electric charge of the electron (-

1.602×10-19C), le is the mean free path of the electron, E is the electric field and k is the 

Boltzmann constant. Since Te = Th is required for LTE, the energy acquired by the electron 

in an electric field between collisions (eleE) must be much smaller than the average kinetic 

energy of the electron (3kTe/2). Because of le ~ (1/p) where p is pressure, transformation 

of Eq. (1.1) permits to consider the relationship between LTE and pressure as follows; 

 

𝑇𝑒−𝑇ℎ

𝑇𝑒
 ~ (

𝐸

𝑝
)

2
        (1.2) 

 



Chapter 1. Introduction 

 

4 

 

, indicating high pressure and/or small values of E is required for LTE. The behavior of 

the electron temperature (Te) and the heavy particle temperature (Th) in arc plasma is 

shown in Fig. 1.2 where the temperature of the kinetic equilibrium is accomplished near 

atmospheric pressure (≈10 kPa) [1].  

 

 

Fig. 1.2. Behavior of electron temperature (Te) and  

heavy particle temperature (Th) in arc plasma 

 

1.3. Atmospheric microwave plasma 

The plasma sustained by the centimeter-range electromagnetic waves is called 

microwave plasma. Fig. 1.3 shows pictures of the atmospheric microwave air plasma. 

After the breakdown of the initial gas flowing in the dielectric discharge tube, the 

microwave travels the tube as the energy transfer medium to sustain the discharge [5]. As 

the microwave travels along the tube, the microwave losses energy to induce the non-

uniformity of the plasma properties along the tube-axis direction. Finally the plasma 

terminates at which the microwave does not have enough energy to sustain discharge or 
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the dielectric tube is no longer present. The researches have reported that the microwave 

plasma can be generated and sustained with various frequencies from 1 MHz to 10 GHz 

and at various pressures from 10-3 Pa to several hundred kPa. The pressure is an important 

factor to determine the temperature of the microwave plasma. The microwave plasma 

generated at low pressure generally below 10 kPa becomes far from LTE resulting in 

Te>>Th because of the poor collisional coupling between electrons and heavy particles. 

As the pressure increases, the plasma approaches to LTE resulting in the increase of the 

plasma temperature. However, the microwave reflection becomes very high as the 

temperature increases (81% at 6,000K), limiting to the increase of the temperature over 

5,000~6,000K [6]. It is reported that the maximum temperature of the atmospheric 

pressure microwave plasma is from 2,000K to 6,000K [7-11]. Therefore the atmospheric 

pressure microwave plasma provides reactive field having high temperature as well as 

reactive species. 

 

 

 

Fig. 1.3. Atmospheric microwave air plasma operated with various power 
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1.4. Thermal plasma 

Thermal plasma is plasma that approaches to LTE, so that has the maximum 

temperature around or over 10,000 K and electron density ranging from 1021 to 1026 m-3 

[12-14]. From Fig. 1.2, it is not difficult to recognize that pressure near or over 

atmospheric pressure is required for thermal plasma. The types of thermal plasma are 

classified by the types of power source as shown in Fig. 1.4. 

 

 

Fig. 1.4. Classification of thermal plasma 

 

Direct current (DC) thermal plasma also called arc plasma is operated at current over 

50 A and pressure over 10 kPa. Because of using DC power supply, DC thermal plasma 

requires two electrodes, those of which are anode and cathode. The plasma arc is 

generated between the anode and the cathode. The flow velocity of the order of 100 m/s 

produced in the DC thermal plasma torch makes large gradient of the plasma properties 

such as temperature, electron density along the plasma flow [15]. The DC thermal plasma 

can be classified by the arrangement of the electrodes as shown in Fig. 1.5. Non-

transferred arc plasma torch has both anode and cathode. The plasma arc generated 
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between the electrodes is transferred to the torch exit nozzle by the gas flow. Transferred 

arc plasma torch only has an anode itself but the conductive raw material works as cathode. 

The plasma arc is generated between the torch and the raw material.  

 

 

Fig. 1.5. Types of DC thermal plasma;  

(a) non-transferred plasma, (b) transferred plasma 

 

Radiofrequency (RF) thermal plasma also called inductively coupled plasma (ICP) 

is generated by high frequency electric current which passes through a solenoid coil 

providing an axial magnetic field. Generally RF ranged from 0.1 MHz to 100 MHz is 

required to sustain the plasma. Since RF plasma torch does not have electrodes, the 

contamination from the electrode corrosion which is one of the problems in the DC 

thermal plasma processing [16] do not have to be considered. The flow velocity of the RF 

plasma is lower than that of the DC thermal plasma so that the gradient of the plasma 

properties is small and the residence time of the flow becomes longer than that in the DC 

thermal plasma. Because of these properties, the RF plasma is frequently used for material 

processing. 

Microwave plasma explained in the previous section is sometimes classified to 

thermal plasma because it becomes close to LTE under atmospheric pressure. The 
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microwave plasma has similar properties (e.g. the electrodeless discharge, the low flow 

velocity) with the RF plasma but except temperature.  

The temperatures and the flow velocities of the DC thermal plasma, the RF thermal 

plasma and microwave plasma are compared in Fig. 1.6. 

 

 

Fig. 1.6. Comparison of thermal plasmas 

(DCP: DC thermal plasma, RFP: RF thermal plasma, MWP: microwave plasma) 
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1.5. Particle preparation using the plasma 

The role of the ultrafine particle in the material processing has grown as raw material 

due to miniaturization of product [17-19]. Therefore the particle preparation technique 

has also become more important for the industrial application. The traditional particle 

preparation techniques such as hydrothermal synthesis [20], sol-gel process [21], and 

precipitation method [22] have been researched for a long time and have shown that it is 

proper to produce novel particles and to control those formation mechanisms. However 

the organic solvent used in those techniques makes environmental problems in mass 

production and reduces the purity of the product. Among the problems, application of the 

plasma to the particle preparation is expected as a promising field. Especially the particle 

preparation using the thermal plasma is one of the valuable field having the possibility 

for mass production and production of novel material. The thermal plasma which is in 

LTE or close to LTE provides very high temperature close to or over 10,000 K which 

can’t be obtained by conventional energy source and gaseous reactive species, inducing 

the unique processing. When the processing using the non-equilibrium plasma is referred, 

the effect of the reactive species such as radicals, ions and electrons is mainly focused. 

However the contribution of the temperature is mainly considered in the thermal plasma. 

The high temperature of the thermal plasma may induce the phase transfer or the 

decomposition of the material and may promote the reaction. 

The most famous particle preparation using the thermal plasma may be the 

preparation of the ultrafine particle performed by vapor phase synthesis in which the raw 

material is vaporized or decomposed to the gaseous phase [23-29]. After that, the product 

is condensed as the temperature of the product flow is decreased. Here the introduction 

of the rapid cooling also called quenching enable to obtain the ultrafine particle because 
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the quenching limits the particle growth [30-31]. The size of the obtained ultrafine particle 

is generally distributed from some nanometer to some hundreds nanometer although it 

differs by the experimental condition. The vapor phase synthesis by the thermal plasma 

has the following advantages. 

1) Various raw material such as solid particle, bulk ingot as well as gas, liquid can be 

used. The vapor phase synthesis using the flame or the furnace generally uses the vapor 

or liquid precursor which is easily decomposed. However the plasma temperature over 

the boiling temperature of most of the solid material enables to apply solid precursor to 

the vapor phase synthesis. Introducing the solid precursor permits the mass production of 

the ultrafine particle as well as broaden the selection of the reaction. 

2) Various reactive fields are easily generated. In the vapor phase synthesis, the 

gaseous condition determines the reaction. For example, the oxidation of the vaporized 

precursor can be performed in the oxygen atmosphere. Furthermore, the reactive species 

such as radicals, ions and excited gas atoms promotes the reaction which may be slow 

without plasma. For example, a metal vapor easily transforms to a metal nitride in the 

nitrogen atmosphere with the plasma, while its conversion is low without the plasma.  

3) Metastable phase can be obtained by quenching. When the cooling rate is much 

faster than the transition rate to the thermodynamic equilibrium phase, the phase at the 

high temperature region freezes. From this principle, the novel metastable phase which is 

thermodynamically unstable at the room temperature but stable in the high temperature 

region such as most of spinel, solid-solution can be obtained. 

4) The process is simple and continuous. The vapor phase synthesis generally does 

not require the pre-treatment or the after-treatment. Therefore the entire process from the 

raw material to the product occurs only in the plasma system. Furthermore semi-batch or 
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continuous process can be used for the plasma system. Due to these features, the plasma 

processing is considered to be desirable for the industrial application. 

The vapor phase synthesis also has some problems. The frequently mentioned 

problems are broad particle size distribution. As mentioned above, the ultrafine particle 

is easily synthesized by the vapor phase synthesis, however the problem is the particle 

size distribution, that is, the particle with the size of some nanometer and some hundreds 

nanometer may co-exist. Therefore the control of the particle size distribution is one of 

the most important topics in the vapor phase synthesis. Another issue may be how to 

control the particle composition. This is not so significant problem in the single-

component system but not in the multi-component system. Due to difficulty to control the 

diffusion and the collision of each component in the plasma region, the products with the 

various phases or the different composition used to be obtained. This problem still 

remains to be solved. 

Another famous particle processing is spheroidization of the particle [32-34]. When 

the particle melts in the plasma, it forms the spherical liquid drop. It is similar to the 

plasma spray coating but the difference is the presence of the substrate. For 

spheroidization, the ceramic material having high boiling point is frequently referred 

because the particle shouldn’t be vaporized. 
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1.6. Previous researches 

The previous researches have shown that the particle preparation by the microwave 

plasma seems not so far from that by the thermal plasma, reporting that the vapor phase 

synthesis also can be performed by the microwave plasma [35-38]. Since those results 

didn’t focus on the specific feature of the microwave plasma as well as the comparison 

between using the microwave plasma and the thermal plasma, it is difficult to consider 

similarity or difference caused by using those plasmas from the results. However it is 

obvious that the solid precursor is hardly used in the microwave plasma processing 

although some researches introduced the solid precursors having a low boiling point such 

as zinc (b.p.1,180K) [39]. The most frequently used precursors in the previous researches 

are organic metallic compounds or metal chloride which have relatively low boiling point 

and is easily decomposed [40-43]. It may be due to the relatively lower temperature of 

the microwave plasma than the thermal plasma. We expect that the specific properties of 

the microwave plasma including the moderate temperature distinguished from the thermal 

plasma enable to achieve the different processing or the different results.  

 

 

 

 

 

 

 

 

 



Chapter 1. Introduction 

 

13 

 

1.7. Objectives of this thesis 

The main purpose of this thesis is to investigate the specific features of the 

microwave plasma for the particle preparation and to find out the particle formation 

phenomena. In this thesis, the two types of the particle preparation were investigated. The 

former is the dehydration of indium hydroxide to investigate the particle preparation from 

the solid precursor. The latter is the synthesis of the ultrafine particle in Fe-Si-O system 

to investigate the particle preparation from the vapor precursor. In order to find out the 

specific features, the results were compared with those by thermal plasma which has 

much higher temperature than the microwave plasma as well as those by conventional 

electrical furnace. 
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1.8. Structure of this thesis 

This thesis is composed of five chapters as follows. 

Chapter 1 introduces the principle of the particle preparation by the plasma, the 

existing research and the objectives. 

Chapter 2 describes the preparation of indium oxide from dehydration of indium 

hydroxide. The reaction mechanism by which the indium hydroxide, the solid precursor 

transforms to the indium oxide are focused. 

Chapter 3 describes the synthesis of ultrafine particle from decomposition of iron 

pentacarbonyl [Fe(CO)5] and tetraethyl orthosilicate [(C2H5O)4Si)]. The behavior of Fe-

Si-O system which is expected to determine the final products is discussed. 

Chapter 4 deals with the effect of the microwave plasma on the particle processing. 

The factors of the microwave plasma to affect the particle behavior are investigated. 

Chapter 5 remarks conclusions obtained from discussion and proposes the future 

research for the next step. 

The structure of this thesis is shown in Fig. 1.7. 
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Fig. 1.7. Flow chart displaying structure of this thesis 
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Chapter 2 

Dehydration of indium hydroxide 
 

2.1. Introduction 

2.1.1. Indium oxide and dehydration of indium hydroxide 

Indium oxide (In2O3) is an n-type semiconductor with band-gap energy of 3.6 eV. It 

is optically transparent and has a high electric conductivity by doping its impurities [44]. 

Tin-doped indium oxide (ITO) is the most widely used transparent conductive oxide 

(TCO) in the display field [45]. As In2O3 is the base material of TCO, techniques related 

to In2O3 have attracted much attention. The melting temperature of In2O3 is 2,183K, and 

its vaporization temperature is about 2,800K.  

Dehydration of indium hydroxide [2In(OH)3→In2O3+3H2O] is a favorable method 

to obtain In2O3 because of some of its advantages [46-48]. First, In(OH)3 can be simply 

synthesized with a desirable morphology. Second, the macro-morphology of the as-

prepared In(OH)3 is maintained during the dehydration to convert it into In2O3. As a result, 

morphology-controlled In2O3 can be obtained. Similar results have been reported for 

other hydrates [49-51]. This process generally includes not only the dehydration but also 

the crystallization of the product. Therefore, the actual process is performed at a higher 

temperature for some hours in an electric furnace to obtain a high-crystalline product, 

although the dehydration of In(OH)3 starts at nearly 480 K. 
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2.1.2. Purpose of this chapter 

The main purpose of this chapter is to investigate the behavior of the solid particle 

precursor injected into the atmospheric microwave plasma region, for which In(OH)3 is 

chosen as the solid particle precursor. The melting point and the boiling point of In(OH)3 

is unknown because it transforms to In2O3 by dehydration reaction at about 500 K. If the 

injected In(OH)3 is dehydrated in the plasma flow, the melting point and the boiling point 

of In2O3 becomes important. Since the temperature of the microwave plasma used in this 

thesis (≈3,000 K) is not so far from the boiling point of In2O3, In2O3 obtained from the 

dehydration is expected to remain without evaporation. Furthermore, the additional 

energy supply followed by the dehydration is expected to promote the crystallization of 

the obtained In2O3 like as heat treatment in the furnace. For the investigation of the 

specific reaction by the microwave plasma, the results are compared with those by the 

DC thermal plasma expected to evaporate In2O3 and the conventional electric furnace 

generally used for the dehydration of In2O3. From the comparison, it is discussed that 

which reaction step induces the specific reaction by the microwave plasma. 

 

 

 

 

 

 

 

 

 



Chapter 2. Dehydration of indium hydroxide 
 

18 

 

2.2. Experiments 

2.2.1. Preparation of In2O3 using microwave plasma 

The experiment setup is shown in Fig. 2.1. The following is the detailed explanation 

of the apparatus. The microwave generator (MG-213V-2P, Micro-densi) can produce 

2.45GHz microwave through continuous wave (CW) mode with the maximum power of 

1.3 kW or pulse wave (PW) mode with the maximum power of 2.0 kW. In this thesis, the 

microwave generator was operated in CW mode with variable power. The produced 

microwave from the microwave generator passed through the isolator (MDI-2H, Micro-

densi), the power monitor (MMO-2H, Micro-densi) and the three stab tuner (MTS-2H, 

Micro-densi) and then was transmitted the resonance cavity (WR284, IDX Company, 

Ltd.) by TE10 mode waveguide which is made from aluminum. The isolator protects the 

microwave generator by separating the reflected microwave. The power monitor was 

connected with the power supply and then enabled to indicate the power generated from 

the magnetron. The three stab tuner enabled to control the reflected wave from the end of 

the waveguide. During the experiments, the reflected wave was kept to be the minimum 

value by controlling the valve at the tuner. The resonance cavity called as “surfaguide” 

has a tapered morphology and enabled to form the concentrated microwave electric field 

in the dielectric material that was the quartz tube in this thesis. For the first ignition of the 

plasma, a high voltage spark generated by vacuum leak detector was applied from the 

outlet of the quartz tube. Once the spark is generated in the quartz tube and then plasma 

is sustained without a further supply of the frequency source. This plasma called as 

surface wave sustained discharge grows in the direction parallel to the tube axis. 
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Fig. 2.1. Experimental apparatus of microwave plasma 

 

 

 

Fig. 2.2. Detailed structure of injection block 
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The reactor was composed of an injection block, the quartz tube, the cooling pipe, 

the filter and the pump. Fig. 2.2 shows the detailed structure of the injection block. The 

injection block has three nozzles. The two nozzles perpendicular to the tube were 

positioned tangentially to inlet the swirl gas. Introducing the swirl gas prevented the 

quartz tube to melt during the plasma generation as well as to stabilize the plasma 

generation by reducing the pressure a little in the central region of the tube. The nozzle 

parallel to the tube was to inject the powder with carrier gas. The quartz tube was chosen 

as the reaction tube due to the following advantages. First, the quartz reduces the 

dielectric loss of the microwave, leading to the efficient generation of the plasma. Second, 

high melting point (1,950K) and low thermal expansion coefficient permit to apply at the 

high temperature processing. Third, the high optical transmittance to broad wavelength 

range enables to measure the plasma condition. The quartz tube was fixed to the injection 

block with the polytetrafluoroethylene (PTFE) sealing. The cooling gas was introduced 

to quench the product flow and to prevent the filter to burn. The filter was composed of 

stainless steel holder and PTFE filter film with a pore size of 1 µm. The filter film was 

exchangeable and was fixed in the holder. The pump was operated to control the pressure 

in the reactor. The pump was set up to maintain 700~750 torr, the slightly lower pressure 

than the atmospheric pressure which prevented the back flow of the prepared particle. 

The procedure to generate the atmospheric air plasma is following. First, argon was 

tangentially introduced in a quartz tube (I.D. : 9 mm). Second, the microwave generator 

was turned on. Third, the high frequency generator (BD-10A, Electro-technic products, 

Inc.) was operated to generate a spark. Then the argon filament discharge was generated. 

Next, the argon was gradually substituted to the air. Finally the atmospheric pure air 

plasma jet was formed.  
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In(OH)3 (99.99% purity, Aldrich Co.) as the raw material was fed to the plasma jet 

through the powder injection nozzle with the air carrier gas using a powder feeder (type: 

MF, Technoserve Co., Ltd.). The feeding rate was determined by the combination 

between the carrier gas flow rate and the rotation rate of the stirrer and was estimated by 

measuring the weight of the remained powder after the experiments. In all experiments, 

the feeding rate was maintained as 0.1 g/min with the carrier gas flow rate of 1 L/min and 

the rotation rate of 250 rpm (rotations per minute). The fed particles passed through the 

quartz tube and then were collected in the filter. The detailed experimental conditions for 

the microwave plasma are summarized in Table 2.1. The experiments were performed 

with the different microwave power; 750W, 1,000W and 1,250W. The increase of the 

microwave power led to the increase of the gas temperature and the extension of the 

discharge region. 

 

Table 2.1. Detailed experimental conditions for microwave plasma 

Power 750W 1000W 1250W 

Pressure 700~750 torr 

Discharge gas Air : 10 L/min 

Carrier gas Air : 1 L/min 

Cooling gas Air : 5 L/min 

Feeding rate 0.1 g/min 

Quartz tube 

Outer diameter : 11 mm 

Inner diameter : 9 mm 

Length : 350 mm 
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2.2.2. Preparation of In2O3 using DC thermal plasma 

The experimental setup of thermal plasma shown in Fig. 2.3 is composed of a DC 

power supply, a plasma torch and a reactor. The DC power supply with the maximum 

power of 20kW was connected to a cathode and an anode of the plasma torch and enabled 

to control the discharge current. The discharge voltage changed with the variation of the 

discharge current to maintain the constant power according to equation P = VI (P is power, 

V is voltage and I is current). In addition, the DC power supply controlled the cooling 

water flow in the plasma torch. The plasma torch was the non-transferred type which was 

composed of a tungsten anode, a copper cathode and a polyimide insulation block. The 

plasma torch had the cooling path where the cooling water flowed to cool the electrodes. 

The polyimide insulation block fixed the anode and prevents the contact between the 

electrodes. The reactor made from stainless steel had a double walled water-cooling 

system for the rapid quenching of the product flow. The pressure controller attached to 

the reactor enabled to control the reactor pressure. Similarly to the case using the 

microwave plasma, the reactor pressure was maintained close to 700~750 torr under the 

experimental conditions. The detailed experimental conditions for the DC thermal plasma 

are summarized in Table 2.2. 
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Fig. 2.3. Experimental apparatus of DC thermal plasma 

 

Table 2.2. Detailed experimental conditions for thermal plasma 

Power (kW) 6 kW 9 kW 

Pressure (torr) 700~750 torr 

Discharge gas (L/min) Ar : 10 
Ar : 8 

N2 : 2 

Additional gas (3 L/min) O2 : 3 

Carrier gas (L/min) Ar : 1 

Feeding rate (g/min) 0.1 

 

In the non-transferred plasma torch, the electric field is formed at the gap between 

the anode and the cathode. When the high voltage was applied with discharge gas flow, 

the plasma was generated at this gap and simultaneously flows to the torch exit. The 
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powder was injected perpendicularly to the plasma jet flow through the nozzle positioned 

at the upper part of the reactor with the feeding rate of 0.1 g/min. As the experimental 

variables, the experiments were performed under the discharge power of 6 kW and 9 kW, 

respectively. Here, nitrogen was mixed with the discharge gas to increase the power.  

 

2.2.3. Preparation of In2O3 using an electric furnace 

Ceramic tube furnace (ARF-30KC, Asahi Rika Seisakusho) with the maximum 

power of 500W was used for the dehydration of In(OH)3 as the conventional method. The 

furnace was insulated with ceramic foam. The temperature of the furnace was measured 

by K-type thermocouple located on top of the alumina tube. 0.5 g of In(OH)3 put in the 

alumina tube was heated by the furnace with natural convection at 773 K, 1,023 K and 

1,273 K for 90 minutes, respectively. 

Finally the samples prepared from the experiments were named as in Table 2.3 for 

convenience. 

 

 

 

 

 

 

 

 

 

 



Chapter 2. Dehydration of indium hydroxide 
 

25 

 

Table 2.3. List of the samples 

Classification 
Sample 

name 

Experimental conditions 

Method Operating variables 

MWPs 

MWP750 

Microwave plasma Power 

750W 

MWP1000 1,000W 

MWP1250 1,250W 

EFs 

EF773 

Electric furnace Temperature 

773K 

EF1023 1,023K 

EF1273 1,273K 

TPs 

TP6 

Thermal plasma Power 

6kW 

TP9 9kW 

 

 

2.2.4. Characterization 

The phase composition of the obtained particles was analyzed with an X-ray 

diffractometer (XRD, X’Pert-MPD-OEC, Philips) utilizing Cu Kα radiation with a 

wavelength of 1.540598Å. All samples were measured twice. For the first measurement, 

the scanned range of 2θ was from 20° to 80° with step size of 0.02° and time per step of 

0.4 s/step. This measurement aimed to confirm the change of the phase composition. For 

the second time, the scanned range of 2θ was from 85° to 86.5° with step size of 0.01° 

and time per step of 20 s/step. The second measurement was to calculate the crystallite 
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size from Schrerr equation as follows;  

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
  (2.1) 

 

where D is crystallite size, K is shape factor which varies with the actual crystalline 

shape but is determined as 0.9 here, λ is X-ray wavelength (1.540598Å), β is full width at 

half maximum (FWHM) of a peak and θ is half of 2θ at the peak. 

The morphology and surface of the obtained particles were observed with a scanning 

electron microscope (SEM, VE-7800, Kyence) for low magnification and a field 

emission-scanning electron microscope (FE-SEM, S4500, Hitachi) for high 

magnification. Gold for SEM or Platinum-Palladium for FE-SEM was coated on the 

surface of the samples by sputter to reduce charging effect. 

The conversion of the reaction was confirmed via a thermogravimetry/differential 

thermal analysis (TG, TP2, Rigaku). Above all, 15 mg of each sample put in an alumina 

pan was placed on the scale of TG and then 50 ml/min of nitrogen purge gas was 

introduced to make inert condition. The heating rate was set up as 10K /min and the target 

temperature was 673 K. When the temperature arrived at the target temperature, the 

operation stopped without holding time.  

The state of the chemical bonding was investigated via an X-ray photoelectron 

spectroscopy (XPS, PHI 5000 Versa Probe, ULVAC-PHI Inc.). The X-ray of mono Al-

Kα was used for the measurement. Each sample was stuck on a copper tape. The ranges 

of the measurement were from 440 to 460 eV for In3d3/2 peak and In3d5/2 peak and from 

523 eV to 543 eV for O1s peak. It is noted that XPS can analysis on the 10 nm depth of 

the sample surface. 
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2.3. Results and discussion 

2.3.1. Phase composition of the prepared powder 

XRD 

Fig. 2.4 shows the XRD patterns of the raw material and the products. The peaks of 

the cubic In2O3 (PDF #01-071-2195) appeared, and most of the peaks that indicated the 

cubic In(OH)3 (PDF #01-073-1810) disappeared in all the products. Only the weak peak 

that indicated the In(OH)3 at 22 degrees remained in the XRD patterns of the MWPs and 

the TPs. This might be because In(OH)3 was sensitive to the X-ray at 22 degrees, at which 

the strongest peak of the In(OH)3 appeared, although the products included only a small 

amount of crystalline In(OH)3.  
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Fig. 2.4. XRD patterns of In(OH)3 and the products 
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Fig. 2.5. Crystallite sizes calculated by Scherrer equation 

 

The crystalline sizes of the prepared In2O3 were calculated using Scherrer equation. 

The results are shown in Fig. 2.5. In both the cases of the microwave plasma and the 

electric furnace, the crystalline size increased as the microwave power and the furnace 

temperature increased, respectively. The crystalline sizes of the TPs were relatively small 

because the fast cooling controlled the particle growth. 

 

TG/DTA 

To estimate the conversion quantitatively, TG analysis was performed. General 

TG/DTA curve of In(OH)3 in Fig. 2.6 shows a sharp endothermic peak around 550K 

indicating the dehydration of In(OH)3. The following broad endothermic peak indicates 

that the crystallization of the obtained In2O3. Fig. 2.7 shows TG curve of the MWP750, 

MWP1250 and raw material from 373 K to 773 K. The weight decreases of the MWP750, 

MWP1250 and raw material were about 1%, 0.4% and 15.9%, respectively, for the 
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dehydration. The raw material had been completely dehydrated during the TG analysis, 

the conversions of the dehydration for the MWP750 and MWP1250 would have been 

93.7% and 97.5%, respectively. When the microwave power was 750 W, the conversion 

was relatively low because there was less microwave power. 

 

Fig. 2.6. General TG/DTA curve of In(OH)3 

 

 

Fig. 2.7. TG curves of raw material, MWP750 and MWP1250 
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XPS 

XPS analysis was performed to investigate the difference in the chemical bonding 

states for the O1s, In3d3/2 and In3d5/2 bonds which vary with the state of the bonded 

atom.  

First, the peaks indicating O1s were observed. Each peak was split into two or three 

symmetric peaks. The ratio of each oxygen component to the O1s bond was calculated 

from the ratio of the area under each fitted curve to the area of all O1s related peak. Fig. 

2.8 shows that the peaks can be classified into three types; MWP750 composed of O2-

(In2O3), O
2-(In(OH)3) and O-/OH-, the group of MWP1250, EF773 and EF1273 composed 

of O2-(In2O3) and O-/OH-, the group of TP6 and TP9 composed of O2-(In2O3), O
2-(H2O) 

and O-/OH-. Here O2-(In2O3) indicates the O2- in the bulk In2O3 lattice [52-55]; O-/OH-, 

the oxygen components with an additional charge; O2-(In(OH)3), the remaining In(OH)3; 

and O2-(H2O), the oxygen in the water molecule. 

 

Fig. 2.8. The fitted peaks of O1s curves 
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From the curves fitted in Fig. 2.8, the relative ratio of each oxygen component was 

calculated as shown in Fig. 2.9.  

 

 

Fig. 2.9. Composition of oxygen atoms in each product calculated from O1s peaks 

 

The O2-(In(OH)3) was only observed at MWP750. It suggests that some In(OH)3 still 

remained without the destruction of their lattice structure in MWP750. Next the O-/OH- 

is focused. That is regarded as the oxygen with an additional charge in the transition state 

and at the surface layer of the In2O3 lattice [56]. MWP1250, EF773 and EF1273 had 

similar O-/OH- ratios, close to 0.3. If the EF samples were assumed to be dehydrated 

completely, the O-/OH- values of the samples might be of the oxygen at the surface layer 

shown in Fig. 2.10. Therefore, the ratios of MWP1250, EF773 and EF1273 in Fig. 2.9 

implies two things; one is that MWP1250 was completely dehydrated as like as EF773 

and EF1273, another is that In2O3 that is completely dehydrated by the microwave plasma 

is on the similar chemical state with those by the electric furnace.  
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Fig. 2.10. Lattice model of In2O3 including the oxygen at the surface layer 

(grey sphere : indium atom, red sphere : oxygen atom) 

 

The large contribution of the surface oxygen to this value is because XPS can analyze 

the top of 1-10 nm below the surface layer. On the other hand, the MWP750 and the TPs 

had higher values (0.4-0.45). The O-/OH- of the MWP750 was derived from both the 

surface oxygen and the intermediate oxygen bond in the transition state, which means the 

lattice structure of In(OH)3 was destroyed but was not completely converted to that of 

In2O3. The high O-/OH- ratio of the TPs may be related to the formation of the 

nanoparticles that will be discussed with SEM images later. The large surface area of the 

nanoparticles contributed to the increase in the surface oxygen. The presence of H2O is 

also related to it because H2O can easily adsorb on the surface of the nanoparticles.  

To confirm the results obtained from the analysis of O1s bond, the chemical bonding 

states of In3d were also confirmed. The curves were split into two peaks which indicates 

In3+(In2O3) and High Bonding Energy Component (HBEC) of In3+ expect MWP750 

having also In3+(In(OH)3) as shown in Fig. 2.11. Here In3+(HBEC) means In-O bond in 

insufficient oxygen structure, which agrees with O-/OH- in O1s curves [57]. In Fig. 2.12, 
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the ratios of In3+(HBEC) in In3d bond and O-/OH- in O1s bond were compared , showing 

good agreement.  

As the results of XPS analysis, it is confirmed that the chemical bonding states of the 

MWPs and the EFs is almost same although MWP750 wasn’t completely dehydrated. 

 

 

Fig. 2.11. The fitted peaks of In3d5/2 curves 
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Fig. 2.12. Comparison of the ratios of In3+(HBEC) in In3d and O-/OH- in O1s 

 

2.3.2. Morphologies of the prepared powder 

The morphologies of the MWPs and the EFs that were regarded as the products of 

the solid-state reaction were observed with electron microscopes. Fig. 2.13 shows the 

SEM and FE-SEM images of the raw material, the MWPs and the EFs with magnification 

levels of x5.0k and x30.0k, respectively. In(OH)3 originally had a hexahedral morphology 

with a smooth surface, and the size of each particle ranged from 1 μm to 5 μm. After the 

dehydration using microwave plasma, both the macro-morphology and the micro-

morphology of the raw material were maintained. The MWPs still had hexahedral 

morphologies and smooth surfaces with few cracks. In addition, a few nano-sized 

particles were observed on the surface of the products, which were formed by the 

vaporization of the dehydrated particles as the microwave power increased. In the case of 

the EFs, the macro-morphology was maintained but the micro-morphology changed. As 

shown in Fig. 2.13, the EFs had rough and cracked surfaces. 
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Fig. 2.13. SEM (upper) and FE-SEM (lower) images of In(OH)3 and the products 

obtained from the microwave plasma and the electric furnace 

 

The morphologies of the TPs are also shown in Fig. 2.14. Both the TP6 and TP9 that 

were smaller than 50 nm agglomerated with each other. In the thermal plasma, the injected 

In(OH)3 was dehydrated once, but the anhydride (In2O3) still remained in the high-

temperature region, wherein the temperature was higher than the boiling point of In2O3, 

and then vaporized fast. The vaporized component nucleated as In2O3, which was the 

most stable phase. Here, the fast cooling rate controlled the growth of the In2O3 nucleus, 
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and then the nanoparticles were obtained. When the TP6 and TP9 were observed with 

low magnification, the TP6 was found to have been composed of particles that were 

bigger than tens of micrometers, and their surface was observed to have been covered 

with nanoparticles. In2O3 may be considered to be incompletely vaporized with 6kW 

argon thermal plasma. On the other hand, the TP9 was totally composed of nanoparticles 

due to its complete vaporization. 

 

 

Fig. 2.14. SEM and TEM images of TP6 and TP9 

 

2.3.3. Formation phenomena of In2O3 

From the previous sections, it is known that the MWPs have the similar chemical 

composition but the different surface state with the EFs; the smooth surface of In(OH)3 

was remained by dehydration using the microwave plasma but not the electric furnace. 

The formation of those cracks in the EFs is believed to have been determined by the 

diffusion rate of the dissociated water. The removal of the vapor-phase product in the 

lattice is the most important step in the determination of the micro-morphology in the 

solid-state reaction with degassing.  

The vapor product in lattices is removed in two steps: the chemical step and the 
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diffusion step. First, the vapor product is dissociated from the lattices in the chemical step, 

and then the dissociated vapor is diffused through the gap between the lattices, called the 

‘molecular dimensioned capillary’ [58]. In the study of Okhotnikov et al. [59], the product 

of the diffusion-step-dominated dehydration had a smooth surface, whereas the product 

of the chemical-step-dominated dehydration had many cracks. The most possible cause 

of the formation of those cracks is the bursting of the vapors between the lattices due to 

their vapor pressure. When the diffusion is limited and the chemical step is fast enough, 

the dissociated vapors are confined between the lattices and then burst and form cracks. 

In contrast, when the diffusion is fast enough, the vapor can be removed with only a gap 

between the lattices, in which case the micro-morphology will be maintained.  

Applying this results obtained here, the MWPs could be considered to have been 

prepared with the diffusion-step-dominated dehydration, and the EFs, with the chemical-

step-dominated dehydration. The temperature and the heating rate are the major factors 

that determine the diffusion rate. As the temperature of the microwave plasma was much 

higher than that of the electric furnace, the diffusion rate in the microwave plasma also 

became much higher than that in the electric furnace. Another factor affecting the 

diffusion rate is the heating rate. Masuda et al. [60] reported that the crystallinity of the 

product is correlated with the presence of the dissociated water molecule. The dissociated 

water molecules may easily bond with this indium atom in the amorphous phase or the 

transition state, which will decrease the net diffusion rate. Additionally, these re-adsorbed 

water molecules make the diffusion path narrow, which negatively influence the 

molecular diffusion. Hence the diffusion of the dissociated water molecule may be 

disturbed in the amorphous phase. Fig. 2.15 shows a scheme of the dehydration in both 

the microwave plasma and the electric furnace. In the microwave plasma, the dehydration 
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and the crystallization could have occurred almost simultaneously and could have 

increased the diffusion rate because the heating rate was fast enough. On the other hand, 

the diffusion wasn’t enough because much of the dehydration was performed during the 

amorphous phase in the electric furnace. From the as-mentioned discussion, the high 

temperature and the fast heating rate of the microwave plasma were considered to 

promote the diffusion of the dissociated water and have an important role to keep the 

smooth surface. 

 

 

Fig. 2.15. The dehydration scheme in macro scale 

 

In this chapter, the atmospheric pressure microwave plasma enabled the dehydration 

of the particle without both the morphology change and the evaporation. Although only 

the dehydration was tried in this thesis, the proposed mechanism suggests that this method 

has a possibility for general degassing reaction of the particle to obtain the original 

morphology. 
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2.4. Summary 

The dehydration of In(OH)3 was attempted as a model reaction of the particle 

preparation from the solid particle precursor using microwave plasma. Due to limitations 

of the microwave plasma temperature, In(OH)3 injected into the plasma region didn’t 

evaporate but was only dehydrated to transform In2O3.  

Comparison of the results by the microwave plasma with those by the thermal plasma 

and the electric furnace implied the specific reaction by the microwave plasma. The 

product of the microwave plasma had a smooth surface, whereas that of the electric 

furnace had a cracked and rough surface due to the bursting of the water vapor between 

the lattices since the diffusion of the dissociated water was poor due to the relatively low 

temperature and heating rate. In the DC thermal plasma, In(OH)3 was evaporated and 

formed In2O3 nanoparticles by the vapor phase reaction. 

  The results of this chapter suggested that the rapid heating rate and the moderate 

temperature not to evaporate precursor of the atmospheric pressure microwave plasma 

enable dehydration of the solid particle precursor with maintaining the original surface 

state. It was quite different from those of the DC thermal plasma and those of the electric 

furnace. 
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Chapter 3 

Synthesis of iron oxide-silica 

composite nanoparticles 
 

3.1. Introduction 

3.1.1. Iron oxide and iron oxide-silica composite particles 

Magnetic materials have been widely applied to magnetic fluids [61, 62], data 

storage [63], biochemical applications (e. g. magnetic resonance imaging [64, 65], drug 

delivery [66]) and environmental remediation [67]. Among numerous magnetic 

materials, iron oxides are attracting considerable interest. 

Although there are various iron oxide phases such as FeO, α-Fe2O3, β-Fe2O3, 

γ-Fe2O3, ε-Fe2O3 and Fe3O4, the frequently mentioned phases are α-Fe2O3, γ-Fe2O3 and 

Fe3O4; α-Fe2O3 also called hematite having antiferromagnetic or ferromagnetic property 

is stable at low temperature region, γ-Fe2O3 also called maghemite is metastable phase, 

Fe3O4 also called magnetite is stable at high temperature.  

Fe3O4 and γ-Fe2O3 have cubic spinel structure in common. However, γ-Fe2O3 has 

cation vacancy as written as (Fe)(Fe5/3□1/3)O4 while Fe3O4 has fully packed spinel 

structure. Because Fe3O4 and γ-Fe2O3 exhibit superparamagnetic properties with 

particle size below 100nm, the synthesis of those nanoparticles have been continuously 

attempted [68-76]. 

 

 

 



Chapter 3. Synthesis of iron oxide-silica composite nanoparticles 

 

42 

 

3.1.2. Iron oxide-silica composite particles 

Biochemical applications of iron oxide have been actively studied in recent years 

[77]. However, pure iron oxides cannot be applied because of large agglomeration, 

change of the magnetic properties and degradation in biological systems. Therefore, 

many researchers have studied inert material coated iron oxides or iron oxide/inert 

material composites [78-80] as favorable candidates to solve those problems. Coating 

inert material, especially silica on iron oxide provides enhanced colloidal stability and 

increased chemical resistance while keeping the original magnetic property. 

Various methods have been researched to prepare coated iron oxide particles which 

include carbon/iron oxide [81-84], ceramic/iron oxide [85, 86] and metal/iron oxide [87, 

88]. The preparation methods include liquid phase methods such as sol-gel, 

co-precipitation and controlled hydrolysis, in which additional processes have to be 

carried out to remove organic compounds used in the preparation process which limit 

their applications. Nevertheless it is hard to remove completely the organic compounds 

adsorbed on the products. To solve this problem, interest in employing a vapor phase 

method has grown [89-91]. As an alternative to a liquid phase method, vapor phase 

method leads to high purity products without post-treatment.  
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3.1.3. Particle preparation in multi-component system using plasma 

For some decades, numerous researches frequently deal with multi-component 

particle such as doped ceramic, coated material and spinel (AB2O4) since their unique 

properties have attracted large interest in the application field [92-94]. Compared to the 

single-component system, multi-component system would lead to the formation of more 

various products by altering the experimental conditions (e.g. ratio of components, 

injection method). However the particle generation phenomena were not yet explained 

due to difficulties in predicting behaviors of various chemical species in the high 

temperature region. To prepare the desirable multi-composite particles from plasma 

processing, further understanding of the multi-component system in the plasma is 

required. 

 

3.1.4. Purpose of this chapter 

The researches of this chapter are performed with two purposes; one is to 

investigate the particle formation mechanism from the gaseous precursor in the 

atmospheric pressure microwave plasma. Another is to find out the effective factor to 

determine the final product in the plasma. As a model reaction, the synthesis of 

nanoparticles from Fe-Si-O multi-component system obtained from the decomposition 

of iron pentacarbonyl [Fe(CO)5] and tetraethyl orthosilicate [(C2H5O)4Si), known as 

TEOS] were performed. The results were compared with those by the DC thermal 

plasma. The particle formation mechanism was proposed from the observation of the 

particle morphologies and the phase compositions.  
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3.2. Experiments 

3.2.1. Experimental apparatus 

Microwave plasma 

Fig. 3.1 and Fig. 3.2 show the experimental apparatus of the atmospheric pressure 

microwave plasma. Prior to mention the difference between Fig. 3.1 and Fig.3.2, the 

common experimental apparatus is explained.  

 

 

Fig. 3.1. Experimental apparatus for axial injection of precursors 
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Fig. 3.2. Experimental apparatus for swirl injection of precursors 

 

The generation part of the plasma is the same with that described in the previous 

chapter. However difference is that the mixture gas of argon and oxygen was used as a 

discharge gas. Therefore, the three stab tuner was adjusted to make reflection power 

close to zero under Ar-O2 atmosphere.  

The vapor of the precursors, Fe(CO)5 and TEOS which are liquid at room 

temperature were bubbled and then carried by argon gas. As one of the operating 

variables, the ratio of Fe to Si in the feeding flow was controlled by varying the vapor 

pressure of each precursor. The vapor pressures were calculated by Antoine equation as 

follows; 
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𝑙𝑜𝑔10(𝑃) = 𝐴 −
𝐵

𝑇+𝐶
     (3.1) 

 

where P is vapor pressure (bar), T is absolute temperature (K), A, B, and C are 

Antoine equation parameters depending on the material. Antoine equation parameters of 

Fe(CO)5 and TEOS and the available temperature ranges are listed in Table 3.1 [95]. 

 

Table 3.1. Antoine equation parameters of Fe(CO)5 and TEOS 

 Temperature(K) A B C 

Fe(CO)5 266.7~378 5.18943 1960.896 -0.228 

TEOS 289~441.7 4.17312 1561.277 -67.572 

 

The injection rates of the precursors were determined by the combination of the 

carrier gas flow rate and the bubbling temperature. The injection rates of the precursors 

are calculated as follows; 

 

𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 [𝑚𝑙/𝑚𝑖𝑛] =
𝑃[𝑏𝑎𝑟]

1.01325 [𝑏𝑎𝑟/𝑎𝑡𝑚]
× 𝑐𝑎𝑟𝑟𝑒𝑟 𝑔𝑎𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 [𝑚𝑙/𝑚𝑖𝑛] 

 

The bubbling conditions of the precursors are summarized in Table 3.2. During all 

of the experiments, the bubbler filled with Fe(CO)5 was exposed to the atmosphere at 

room temperature (298 K), while that with the TEOS was put in the water bath to 

change the vapor pressure of TEOS. The experiments with only Fe(CO)5 or TEOS were 

performed to synthesis pure iron oxide and pure silica for comparison.  
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Table 3.2. Bubbling conditions of Fe(CO)5 and TEOS 

 Temperature (K) 

Carrier gas 

 (Ar, ml/min) 

Injection rate 

(ml/min) 

Fe/Si 

Fe(CO)5 298 300 9 

3 

TEOS 323 300 3 

Fe(CO)5 298 200 6 

1 

TEOS 323 600 6 

Fe(CO)5 298 100 3 

0.33 

TEOS 333 500 9 

Fe(CO)5 298 400 12 

- 

TEOS -   

Fe(CO)5 -   

- 

TEOS 323 1000 11 

 

The injecting line connected to the injection block shown in Chapter 2 was heated 

by a ribbon heater to prevent saturation of the vaporized precursors. The specification of 

the used quartz tube was the same as that used in Chapter 2 (i.d. : 9mm, o.d. : 11mm, 

length : 350mm).  The end of the quartz tube was fixed to the double walled water 

cooling tube. 

For plasma generation, the pure argon plasma with filament discharge was 

generated first and then the addition of oxygen led to the formation of the Ar-O2 mixture 

plasma jet having blue-white color. The operating conditions of the plasma are 

summarized in Table 3.3. 
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Table 3.3. Operating conditions of atmospheric pressure microwave plasma 

Power 900W 

Pressure 700~750 torr 

Flow rate of 

discharge gas 

Ar 9 L/min 

O2 1 L/min 

 

The experimental sequences are summarized as following; 

1) The water bath was operated and heats until the target temperature. 

2) The microwave argon plasma was generated by applying high frequency. 

3) The oxygen flow was added to the plasma flow. 

4) The feed flow was injected into the plasma. 

5) The reaction was performed during 10minutes. 

6) The synthesized particles were collected from the filter. 

 

Once the precursors were being injected, the plasma glowed orange induced by 

excitation of iron atoms. The pictures of the plasma with shutter speed of 0.001 s before 

and after the precursor injection are shown in Fig. 3.3. 

 

Fig. 3.3. Ar-O2microwave plasma (a) before and (b) after precursor injection 
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The two types of apparatus were used for the experiments.  

The apparatus shown in Fig. 3.1 is to inject the precursors parallel to the quartz tube 

axis, which is called ‘axial injection’ in this thesis. Axial injection makes the precursors 

carried to the discharged region having close to the maximum temperature.  

The apparatus shown in Fig. 3.2 is to inject tangentially the precursors flow through 

the nozzle positioned symmetrically to the nozzle to inject the discharge gas, which is 

called ‘swirl injection’ in this thesis. With swirl injection, the precursors flowed the 

inner wall of the quartz tube like as ‘vortex’, which made the precursors pass through 

the lower temperature region. 

The experiments are listed in Table 3.4. 

 

Table 3.4. List of experiments and samples for microwave plasma 

Samples Apparatus Fe/Si 
Precursor 

injection 

MWP3 Fig. 3.1 3 Axial 

MWP1 Fig. 3.1 1 Axial 

MWP033 Fig. 3.1 0.33 Axial 

MWPFe Fig. 3.1 Only Fe Axial 

MWPSi Fig. 3.1 Only Si Axial 

MWP3_S Fig. 3.2 3 Swirl 
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DC thermal plasma 

Fig. 3.4 shows the experimental apparatus using the DC thermal plasma. The 

plasma generation system was the same as that in the previous chapter, but the reactor 

was changed. The precursors were injected through the nozzle located at a distance of 5 

mm from the plasma jet exit. The operating conditions of the DC thermal plasma is 

summarized in Table 3.5. 

 

 

Fig. 3.4. Experimental apparatus using DC thermal plasma 
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Table 3.5. Operating conditions of DC thermal plasma 

Power 7 kW (300 A, 25 V) 

Pressure 700~750 torr 

Discharge gas Ar : 10 L/min 

Additional gas O2 : 1 L/min 

 

The experiments using the DC thermal plasma are listed in Table 3.6. Similarly the 

experiments using the microwave plasma, the ratio of Fe to Si was controlled.  

 

Table 3.6. List of experiments and samples for DC thermal plasma 

 

Samples Fe/Si 

DCP3 3 

DCP1 1 

DCP033 0.33 

DCPFe Only Fe 

DCPSi Only Si 
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3.2.2. Characterization 

The phase composition of the obtained particles was analyzed with an X-ray 

diffractometer (XRD, X’Pert-MPD-OEC, Philips) utilizing Cu Kα1 radiation with a 

wavelength of 1.540598Å. All samples were measured twice. At first, the scanned range 

of 2θ was from 20° to 80° with step size of 0.02° and time per step of 0.4 s/step. This 

measurement was to confirm the change of the phase composition. For the second time, 

the scanned range of 2θ was from 35° to 36.5° with step size of 0.01° and time per step 

of 5 s/step. The second measurement was to calculate lattice parameter as follows;  

 

𝑛𝜆 = 2𝑑 sin 𝜃  (3.1) 

𝑎 =
𝑑

√ℎ2+𝑘2+𝑙2
  (3.2) 

 

Eq (3.1) is called Bragg’s equation where n is an integer, λ is X-ray wavelength 

(1.540598Å), d is a lattice spacing and θ is half of 2θ at the peak. Eq (3.2) is to calculate 

a lattice parameter of a cubic unit cell from a lattice distance calculated from Eq (3.1) 

where a is a lattice parameter and h, k, and l are Miller indices of a corresponding plane. 

The morphologies of the synthesized particles were observed by a transmission 

electron microscope (TEM, 2010F, JEOL) operating with the voltage of 200 kV. 

The particles were dispersed in the isopropyl alcohol by ultrasound and then were 

sampled on the grid. The isopropyl alcohol was completely removed by drying the grid 

during some days. 
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3.3. Results and discussion 

In this section, MWP3, MWP1 and MWP033 prepared by the microwave plasma 

with axial injection are considered as standard samples and then are compared with 

others. The comparison with DCP3, DCP1 and DCP033 is to investigate the difference 

by introducing the DC thermal plasma, with MWP3S is to investigate the effect of 

injection method. MWPFe, MWPSi, TPFe and TPSi were to refer the pure iron oxide 

and the pure silica. 

This section is explained with the following step; 

1) The morphologies of the products are shown and compared. 

2) Phase composition of the products is analyzed and compared. 

3) Thermodynamic consideration is introduced to explain the results. 

4) The effect of each parameter is discussed from the combination of the results and 

the thermodynamic expectation. 

5) The reaction model is proposed. 

 

3.3.1. Morphologies of the synthesized particles 

Prior to the explanation of TEM images, two points should be taken into 

consideration.  

The first is that pure Fe or Fe-rich phase seems darker than pure Si or Si-rich phase 

in TEM image. Since Fe atom is heavier than Si atom, the transmittance of Fe atom 

against electron is lower than that of Si atom. It can be empirically expected that Fe or 

Si is easily oxidized under the presence of oxygen during vapor phase synthesis [96]. 

Therefore dark part is considered as pure iron oxide or iron oxide-rich phase.  

The second is that amorphous phase is considered as pure silica or silica rich phase. 
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It is well-known that silica synthesized by thermal plasma has amorphous phase. 

Therefore the presence of the visible lattice in TEM images was an important factor to 

distinguish iron oxide and silica. 

 

a) MWPFe 

As shown in Fig. 3.5, the pure iron oxide particles have polygonal morphologies as 

well as well-crystallized lattice structure. The particle size is ranged from below 5 nm to 

over 100 nm. 

 

 

Fig. 3.5. TEM images of pure iron oxide prepared by microwave plasma 
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b) MWPSi 

As shown in Fig. 3.6, the pure silica particles have irregular morphologies and 

seems to be linked to each other. It is reported that silica nanoparticle made from TEOS 

by vapor phase reaction has the linked morphologies because OH- or H2O do a role to 

connect each particle after plasma region although silica particle sampled in the flame 

region was spherical. In our research, the irregular morphologies are expected as a 

contribution of OH- or H2O as reported [97]. Therefore this deformation of the silica 

particles somewhat limited the observation of the original structure of the silica-rich 

phase. 

 

 

Fig. 3.6. TEM images of pure silica prepared by microwave plasma 
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c) MWP3 

Fig. 3.7 shows TEM images of MWP3 where broad particles size distribution from 

the particle below 5 nm to over 100 nm is observed. The some particles over 50 nm 

have the thin external layer with thickness of 1~2 nm. From the previous mention, this 

layer is expected as silica layer. This layer was not observed at the particles below 20 

nm, but a small amount of silica particles attached to the crystalline iron oxide particles 

were observed. It is noted that MWP3, unlike pure iron oxide or pure silica, has many 

spherical particles. 

 

 

Fig. 3.7. TEM images of MWP3 with various magnification 
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d) MWP1 

Fig. 3.8 shows TEM images of MWP1 where broad particle size distribution is still 

observed as like as MWP3. The external layer is not observed, opposite to MWP3. 

Although most of the particles have spherical morphologies with the crystalline 

structure, some particles have irregular morphologies observed at the pure silica. It 

seems that the pure silica or the Si-rich phase are formed as the Fe/Si ratio decreased. 

 

 

Fig. 3.8. TEM images of MWP1 with various magnification 
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e) MWP033 

Fig. 3.9 shows TEM images of MWP033. Likewise with MWP1, the particles do 

not have any clear external layer and mainly have spherical morphologies. Nevertheless 

the crystalline particles seem still considerable, showing the similar morphologies to 

MWP1 in spite of small ratio of Fe. Fig. 3.9 (d) shows that the crystalline parts 

indicated with red circles are located in the amorphous silica matrix. It implies that the 

silica and the iron oxide co-exist although it is difficult to distinguish one particle due to 

the deformation of the silica particle by as-mentioned reason. 

 

Fig. 3.9. TEM images of MWP033 with various magnifications 
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f) DCPFe and DCPSi 

The pure iron oxide and the pure silica prepared by the DC thermal plasma are 

shown in Fig. 3.10 and Fig. 3.11, respectively. Although Fig. 3.10 shows some 

polygonal particles as shown in MWPFe, the number of those particles is less than that 

of MWPFe. Since the polygonal iron oxide is considered as a result of crystallization, 

MWPFe has high crystallinity than DCPFe. 

DCPSi shown in Fig. 3.11 seems similar to MWPSi. 

 

Fig. 3.10. TEM images of pure iron oxide prepared by DC thermal plasma 

 

Fig. 3.11. TEM images of pure iron oxide prepared by DC thermal plasma 
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g) DCP3 

DCP3 consists of large spherical particles over 100 nm and small particles below 

than that. The large particles have an amorphous external layer as like as MWP3. 

However there are two obvious differences; one is that the thickness of the external 

layer is thicker than that of MWP3, another is that most of the large particles were 

coated while only some particles were coated in case of MWP3. The large particles 

shown in the following Fig. 3.13 demonstrate that. The small particles seem to have 

similar morphologies with those of MWP3. 

 

 

Fig. 3.12. TEM images of DCP3 with various magnification 
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Fig. 3.13. TEM images of large particles coated by silica in DCP3 
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h) DCP1 

DCP1 has different morphologies from MWP3, MWP1, MWP033 and DCP3. In 

Fig. 3.14 (a) and (b), it seems similar with the pure silica. When observed with high 

magnification as shown in Fig. 3.14 (c), dark spots expected as iron oxide are observed. 

Fig. 3.14 (d) shows that those spots have crystal lattice. Therefore it seems that small 

crystalline particles are distributed in the amorphous matrix. Actually it seems similar 

with MWP1, however the size of the crystalline part is smaller than that of MWP1. 

 

 

Fig. 3.14. TEM images of DCP1 with various magnification 
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i) DCP033 

DCP033 has almost the same morphologies with DCP1 having the linked 

morphologies of the silica and the small iron oxide spot. It seems almost the same as 

DCP1. However the amount of crystalline particles is less than that of DCP1. It should 

be focused on that MWP1 and MWP033 have similar morphologies while MWP3 has a 

different morphology from those. 

 

 

Fig. 3.15. TEM images of DCP033 with various magnification 
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The results of TEM analysis are summarized in Table 3.7. 

 

Table 3.7. Summarization of morphologies of the particles observed by TEM 

 Description 

MWPFe Polygonal crystalline particles 

MWPSi Amorphous particles with irregular morphologies linked each other 

MWP3 
Crystalline spherical particles but some of those have a thin amorphous 

external layer with thickness below 2nm. 

MWP1 
Separation of crystalline phase and amorphous phase are observed but 

most of the particles are spherical and have crystalline phase. 

MWP033 Crystalline phase and amorphous phase co-exist in a particle 

DCPFe Polygonal crystalline particles 

DCPSi Amorphous particles with irregular morphologies linked each other 

DCP3 
Crystalline spherical core and amorphous external layer with thickness 

over several nm 

DCP1 Small crystalline particles are distributed in the amorphous matrix. 

DCP033 
Small crystalline particles are distributed in the amorphous matrix but 

the amount of crystalline particles is less than that of DCP1. 
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3.3.2. Chemical composition 

Prior to the discussion with the XRD results, it should be considered that only the 

crystalline phase could be qualitative analyzed by XRD. Although many amorphous site 

was observed in the TEM images, the amorphous phase just shows the broad peak 

around 25°. What contributes the most to those amorphous peak may be the amorphous 

silica. It is well-known that the plasma synthesized silica used to be amorphous because 

of the quenching process. In contrast, the crystalline phase may be almost the iron oxide 

or iron oxide-related phase which is focused on during the following discussion.  

The XRD patterns of MWP3, MWP1, MWP033, DCP3, DCP1, DCP0333 and the 

reference patterns of γ-Fe2O3, Fe3O4 and Fe2SiO4 are shown in Fig. 3.16. Although 

broad peaks indicating amorphous phase are observed, the patterns having the 

maximum intensity around 36° are observed from the XRD patterns of MWP3, MWP1, 

MWP0333 and DCP3. Those patterns are close that of γ-Fe2O3 or Fe3O4 having have 

almost similar XRD patterns due to a similar structure as explained in Introduction.  

These phase should be distinguished by calculating lattice parameter. Some 

researchers have reported how to distinguish these phase. Fortunately many of those 

researches deal with γ-Fe2O3, Fe3O4, Fe2SiO4 and these solid-solution due to importance 

of FeO-SiO2 system which are main components of the Earth and the slag [98-101]. The 

lattice parameter are calculated by Eq (3.1) and Eq (3.2) because the peaks of the 

samples is considered to have the cubic unit cell. It is also noted that the lattice 

parameter of DCP1 and DCP033 could not be estimated due to the absence of any peak. 

The results of the calculation are summarized in Table 3.8. It is noted that the results of 

the second measurement mentioned in section 3.2.2 were used for the calculation of 

Table 3.8.  
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Fig. 3.16. XRD patterns of the samples prepared by microwave plasma with axial 

injection and by DC thermal plasma with various Fe/Si ratio 
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Table 3.8. Lattice parameter and silicon content of samples 

 
Lattice parameter (Å) 

MWPFe 8.353 

MWP3 8.350 

MWP1 8.349 

MWP033 8.349 

DCPFe 8.390 

DCP3 8.367 

DCP1 - 

DCP033 - 

 

Absence of the peaks at DCP1 and DCP0333 is due to poor crystallization of the 

particles. Generally the samples prepared by the microwave plasma have relatively 

higher crystallinity than those by the DC thermal plasma. It may be because rapid 

cooling of thermal plasma limits crystal growth. Therefore it is implied that the 

crystallization is promoted in the microwave plasma rather than the DC thermal plasma. 

Based on Table 3.8, the samples are compared as follows. 

 

a) MWPFe vs DCPFe 

The lattice parameter of MWPFe is 8.353 while that of DCPFe is 8.390. Since 

Si-species were not used to synthesize MWPFe and DCPFe, the difference of the lattice 

parameter cannot be explained by the silicon content in the iron oxide structure. Faivre 

et al. investigated the lattice parameter of Fe3O4 and γ-Fe2O3 [102]. They reported 

8.3907 for Fe3O4 and 8.3470 for γ-Fe2O3, which corresponds to DCPFe and MWPFe, 

respectively. The phase transformation of iron oxides is related to the temperature. It is 

known that Fe3O4 transforms to γ-Fe2O3 which is a metastable phase at 200~300℃ and 

then transforms soon to α-Fe2O3 at 300~370℃ [103]. It is also well-known that Fe3O4 



Chapter 3. Synthesis of iron oxide-silica composite nanoparticles 

 

68 

 

is stable phase at high temperature under oxygen rich condition. Therefore we can 

expect that if the cooling rate is fast enough, Fe3O4 phase freezes and then is obtained. If 

the cooling rate is not fast enough, Fe3O4 phase may transform to γ-Fe2O3 and finally 

α-Fe2O3. Our results show that the expectation is valid. Fe3O4 was obtained by the DC 

thermal plasma having a faster cooling rate than the microwave plasma while γ-Fe2O3 

was obtained by the microwave plasma. Actually other researchers have reported that 

γ-Fe2O3 can be easily synthesized by the microwave plasma [74, 75, 104, 105].  

 

b) MWPFe vs MWP3 

Someone may predict that the MWP3 is also γ-Fe2O3 as like as MWPFe since both 

samples have close lattice parameters to that of γ-Fe2O3. To confirm that, those samples 

were heated in the electric furnace for 30 minutes at 773 K. Pictures of the samples 

before and after heat-treatment are shown in Fig. 3.17. The color of the samples before 

the heat-treatment were almost same, while the colors after the heat-treatment showed 

the difference. The color of MWPFe changed from dark brown to red, while that of 

MWP3 was maintained. The change of color means the transformation of the iron oxide 

from spinel structure including Fe3O4, γ-Fe2O3, Fe3-xSixO4 to α-Fe2O3. However, the Si 

content in the crystalline iron oxide is believed to delay the phase transformation. 

Therefore it is considered from the results of the XRD and the heat-treatment that 

MWPFe and MWP3 are different and MWP3 includes Si in the iron oxide structure. 
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c) MWP3 vs DCP3 

MWP3 includes more silicon in the crystalline phase than DCP3. However since 

the Fe/Si ratio of the precursor flow of MWP3 and DCP3 was same, it is expected that 

the extra Si may exist in the amorphous phase. When it is combined with the 

comparison of the TEM images, the external layer of the large spherical particles in 

DCP3 is considered as the extra silica which cannot penetrate into the iron oxide lattice. 

To confirm the difference between MWP3 and DCP3, those samples were heated in the 

electric furnace for 30 minutes at 773 K as same as the above comparison between 

MWPFe and MWP. Pictures of those samples before and after heat-treatment are shown 

in Fig. 3.17. The color of DCP3 became close to red while that of MWP3 didn’t so 

change. From the above discussion, it is believed that MWP3 and DCP3 have different 

phase composite. 

 

 

Fig. 3.17. Pictures of MWP3 and DCP3 before and after heat-treatment 
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d) MWP3 vs MWP1 vs MWP033 

What is interesting is that the crystalline phases of these three samples have almost 

the same lattice parameter meaning almost the same phase composition. It is considered 

that the iron oxide-silica composite having the lattice parameter of 8.35 Å is the final 

crystalline product obtained from Fe-Si-O system. It will be discussed with 

thermodynamic consideration in the next section. 

 

The chemical compositions confirmed from the XRD results and the above 

discussion are listed in Table 3.9. 

 

Table 3.9. Chemical composition of the samples confirmed from XRD analysis 

Fe/Si ratio Microwave plasma DC thermal plasma 

3 FeO-SiO2 composite FeO-SiO2 composite* 

1 FeO-SiO2 composite Amorphous 

0.33 FeO-SiO2 composite Amorphous 

Only Fe γ-Fe2O3 Fe3O4 

Only Si Amorphous Amorphous 

*However, the peaks of DCP3 deviates a little from those of MWP3, MWP1, and MWP033. In 

addition, the result of the heat treatment also shows the difference, remaining the possibility of the 

different composition from MWP3, MWP1, and MWP033. 
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3.3.3. Thermodynamic consideration 

To explain the formation of the particles with various morphologies, we introduce a 

thermodynamic approach. The particle formation phenomena are considered to consist 

of two parts; one is a condensation of Fe- and Si-gaseous phase, another is quenching of 

the condensed phase. In this section, both are investigated with the thermodynamic 

consideration. 

 

3.3.3.1. Condensation of Fe- and Si-gaseous phase 

In this section, the thermodynamic approach is introduced to explain the 

condensation of the gaseous phase. Many researchers have introduced the concept of 

nucleation temperature, which considers not only super-saturation but also collision, and 

surface tension of the condensed phases. However introducing the nucleation 

temperature theory to the multi-component system makes the calculation so 

complicated. Therefore we introduced only condensation of gaseous precursor in the 

equilibrium state in place of nucleation temperature. What is the most important is the 

relative behavior of Fe-species and Si-species. From our assumption, it is considered 

that the comparison of the condensation temperature is enough to compare the relative 

behavior of those phases. Although whether the composition and the behavior of the 

gaseous flow agrees with those in the equilibrium state is one of the main issues in 

thermal plasma chemistry, we assumed that it agrees with the equilibrium behavior. 

First, typical equilibrium diagram of 75Fe(CO)5-25(C2H5O)Si4-700O2-9200Ar was 

calculated to confirm general behavior of Fe- and Si- related phase using the 

commercial program Factsage 5.3.1 which calculates equilibrium composition where 

Gibbs free energy is minimized. The diagram is shown in Fig. 3.18.  
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Fig. 3.18. Equilibrium diagram of 75Fe(CO)5-25(C2H5O)Si4-700O2-9200Ar system 

 

It is noted that only the species related to the condensation are sketched in Fig.3.18. 

Fe (g) and FeO (g) which are Fe-gaseous species are condensed to FeO (liq). SiO (g) 

which is Si-gaseous species is condensed to SiO2 (liq). Although FeO (liq) is formed at 

the higher temperature than SiO2(liq), the temperature at which Fe- or Si-species are 

condensed is changeable as the partial pressure of Fe- or Si-gaseous phase. Here, the 

condensation temperature is defined as the temperature where the condensed phase 

starts to form. The condensation temperature of FeO (liq) as Fe-condensed phase and 

SiO2 (liq) as Si-condensed phase were calculated for different Fe/Si ratio and is shown 

in Fig. 3.29.  
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Fig. 3.19. Condensation temperature of FeO (liq) and SiO2 (liq) with Fe/Si ratio of (a) 3, 

(b) 1, and (c) 0.333; (dash line: mole fraction of precursors at experimental condition) 



Chapter 3. Synthesis of iron oxide-silica composite nanoparticles 

 

74 

 

The condensation temperatures were calculated to evaluate the effect of the Fe/Si 

ratio and the mole fraction of the precursors. Because of the axial injection of the 

precursor flow and low Reynolds number (Re < 1,000), the precursor flow in the quartz 

tube is expected as laminar flow. Therefore the mixing of the precursor flow was 

expected to be poor so that the mole fraction in the precursor flow was assumed to be 

maintained during the condensation process. The dash lines in Fig. 3.19 indicate the 

mole fraction of each precursor used in each experimental condition.  

Fig. 3.19 (a), (b) and (c) showed the condensation temperatures as a function of the 

mole fractions of the precursors when Fe/Si=3, 1 and 0.333.  

When Fe/Si=3 (Fig.3.19(a)), FeO has slightly higher condensation temperature than 

SiO2 at low mole fraction of the precursors. However the difference increases as the 

mole fraction increases. The higher nucleation temperature means a prior nucleation. 

Once FeO is condensed, the partial pressure of FeO around the condensed particle 

decreases. Therefore Si-rich phase becomes easily condensed on the surface of the 

as-condensed particle. As a result, the particle is composed of two phase separated each 

other. 

When Fe/Si=1 (Fig. 3.19 (b)), the differences of the condensation temperature are 

not so large at the all of mole fraction regions. Therefore SiO2 and FeO may be 

condensed simultaneously, forming the individual condensed particles. 

When Fe/Si=0.333 (Fig. 3.19 (c)), SiO2 has a higher nucleation temperature than 

FeO against all mole fractions. However FeO exists as a particle on SiO2 core but not 

forms an external layer although SiO2 is condensed earlier. It may be because FeO has a 

higher surface tension than SiO2 through all temperature region.  
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3.3.3.2. Quenching of the condensed phase 

The condensed particles at the previous section were cooled along the plasma flow. 

During the cooling sequence, the iron oxide phase and the silica phase in those particles 

were expected to diffuse. It is remarkable that the arrangement of FeO and SiO2 resulted 

from the condensation is almost the same as the morphologies of the particles prepared 

by the DC thermal plasma, which means poor diffusion during the quenching sequence 

in the DC thermal plasma. On the other hand, the morphologies of the particles prepared 

by the microwave plasma changed during the quenching sequence. With the relatively 

low quenching rate, FeO and SiO2 are mixed by the inner-particle diffusion. The 

determination of the final phase in the mixed oxide can be explained by a phase 

equilibrium diagram. The phase diagram enables to predict some points thus even if it is 

difficult to predict the exact final product with the phase diagram since the Fe-Si-O 

system in our experiments undergoes the processes which are far from the equilibrium 

such as the condensation and the quenching. The phase equilibrium diagram of a 

FeO-SiO2 system in Fe-saturated condition shown in Fig. 3.20 implies the final phase 

includes fayalite (Fe2SiO4) regardless the initial composition of the condensed particle 

[106].  

Above mentioned, MWP3, MWP1, and MWP033 also have almost FeO-SiO2 phase 

of almost the same composition in common, although those patterns do not exactly 

correspond to the peaks of Fe2SiO4. From Fig. 3.16 the strongest peak of MWP3, 

MWP1, MWP033, DCP3, Fe2SiO4, Fe3O4, and γ-Fe2O3 are summarized in Table 3.10.  
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Fig. 3.20. Phase equilibrium diagram of a FeO-SiO2 system in Fe-saturated condition 

(Abbreviations: Wu-wurtzite, Fa-fayalite, Tr-tridimite, Cr-cristabolite, Liq-liquid, 

Liql-silica rich liquid.) 

 

Table 3.10. The strongest peaks of the samples and the reference 

Sample MWP3 MWP1 MWP033 

Peak (°) 35.63 35.64 35.63 

Sample DCP3 DCP3 DCPFe 

Peak (°) 35.56 35.62 35.46 

Sample Fe3O4 γ-Fe2O3 Fe2SiO4 

Peak (°) 35.48 35.63 35.89 
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The strongest peaks of the materials are located close to each other. Furthermore the 

broad peaks make it difficult to distinguish the peaks. Here, an explanation is proposed 

to know if there are Fe2SiO4 in MWP3, MWP1, and MWP033. Fe/Si=3, Fe/Si=1 and 

Fe/Si=0.33 are corresponding to 22%, 46% and 71% respectively when it is written as 

weight fraction of SiO2, x-axis of Fig. 3.20. The FeO-SiO2 composite in the phase 

diagram approaches to fayalite which is the line positioned at SiO2 fraction of 0.3. 

Concerning this, MWP3 approaches to fayalite from the left side, being separated to 

wurtzite (FeO). Since FeO is unstable at the room temperature, it may transform easily 

to the crystalline Fe3O4 or γ-Fe2O3. As a result, there is a possibility that both the 

crystalline iron oxide and the crystalline fayalite can be present. In contrast, both 

MWP1 and MWP033 approaches from the right side, meaning that MWP1 and 

MWP033 may undergo the similar mechanism. Actually it is observed from the TEM 

images that MWP1 and MWP033 have similar morphologies which are distinguished 

from that of MWP3. Approaching from the right side, SiO2 is first solidified and then 

finally the fayalite is obtained. In this route, the iron oxide is not obtained. When we 

apply this explanation to the XRD result, the broad peaks of MWP1 and MWP033 is 

considered of the fayalite. In addition, some peaks of MWP3 corresponding to Fe3O4 or 

γ-Fe2O3 also may be explained, suggesting the co-existence of the iron oxide and the 

fayalite. However, the above explanation is nothing more than one of the possibility 

expected from the combination of the phase diagram and the XRD result. To find out 

exactly it, further analysis and further discussion about material science are required. 

As a result, the cooling rate of the plasma flow should be considered. Generally DC 

thermal plasma has higher cooling rate as well as heating rate than microwave plasma. 

It is reported that DC non-transferred plasma has cooling rate with order of 107 K/s 
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[107], while microwave plasma has that of 105 K/s [108]. The lower cooling rate may 

provide long diffusion time which enable the diffusion of the components in the 

particles composed of the separated phases. The absence of the silica amorphous layer 

and the higher Si content in the crystalline iron oxide may be resulted from the low 

cooling rate. On the contrary to this, the higher cooling rate of the DC thermal plasma 

may suppress the diffusion, promoting the silica external layer and the individual silica 

particles. 

 

3.3.3.3. Confirmation of the effect of the condensation temperature 

Here, we focus on MWP3_S shown in Fig. 3.21. Unlike MWP3, MWP3_S does not 

have any amorphous external layer and seems rather similar to MWP1. It is considered 

as a result of simultaneous condensation of the iron oxide and the silica. With the swirl 

injection, the mole fraction of the precursor decreases due to the mixing with the 

discharge gas flow having a much higher flow rate. As confirmed from Fig. 3.19 (a), the 

condensation temperature of the iron oxide and the silica become closer as the mole 

fraction of the precursor decreases when Fe/Si=3. Therefore the combination of the 

decrease in the mole fraction makes the condensed phase simultaneously generated as 

like as MWP1. With the simultaneous condensation, FeO and SiO2 are easily mixed so 

that the external layer is not observed. This result enables to confirm that the difference 

of the condensation temperature contributed to make the difference in the particle 

morphology. 
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Fig. 3.21. TEM images of MWP3_S with various magnifications 
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3.3.4. Formation phenomena of iron oxide-silica composite 

The expected particle formation phenomena from the discussion of the previous 

section are visualized in Fig. 3.22.  

 

 

Fig. 3. 22. Scheme of particle formation phenomena 

 

When Fe/Si=3, Fe(g) first condenses to the iron oxide. Until the temperature 

decreases to the condensation temperature of the silica, the iron oxide is condensed 

alone and grows. If the temperature reaches the condensation temperature of the silica, 

the silica is condensed. Because heterogeneous nucleation is prior to homogeneous 

nucleation, the silica is easily condensed on the surface of the iron oxide. Due to the low 

surface tension of the silica, it covers the iron oxide, forming core-shell structure. In the 

DC thermal plasma, the particle escapes from the hot region and freezes at this step. In 
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the microwave plasma, the particle is still in the hot region and the separated 

components in a particle diffuse. Finally the iron oxide-silica composite is obtained 

although some large particles still have thin external layer. 

 

When Fe/Si=1, Fe(g) and SiO(g) condense simultaneously to the iron oxide and the 

silica, respectively. By the collision between the condensed particles, the iron oxide and 

the silica are irregularly arranged and then the particle composed of both the iron oxide 

and the silica is formed. In the DC thermal plasma, the diffusion of each component in 

the particle is poor so that the particle freezes, keeping the separation of the two phases. 

In the microwave plasma, the components diffuse in the particle. Finally the iron 

oxide-silica composite is obtained. 

 

When Fe/Si=0.33, SiO(g) first condenses to the silica. Until the temperature 

decreases to the condensation temperature of the silica, the silica is condensed alone and 

grows. If the temperature reaches the condensation temperature of the iron oxide, the 

iron oxide is condensed. On the contrary to Fe/Si=3, the iron oxide is easily condensed 

on the surface of the silica. However since the surface tension of the silica is lower than 

that of the iron oxide, the iron oxide does not coat but just is adsorbed. It leads to the 

similar result of the condensation to that when Fe/Si=1. In the DC thermal plasma, the 

particle freezes keeping the iron oxide particle on the silica surface. In the microwave 

plasma, the iron oxide diffuses into the silica so that the iron oxide-silica composite is 

partly formed. It is noticed that the results when Fe/Si=0.33 are similar to those when 

Fe/Si=1 in the both plasmas.  
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3.4. Summary 

The particle preparation in Fe-Si-O system was performed using the atmospheric 

microwave plasma. The results were compared those of the DC thermal plasma. The 

variety of the particle morphology was synthesized as the Fe/Si ratio changes. However 

the particles prepared by the microwave plasma had the iron oxide-silica composite 

phase regardless the Fe/Si ratio with the higher Si content than that of the DC thermal 

plasma. Therefore it is summarized that the moderate quenching rate of the microwave 

plasma provided enough time the components in the particle to diffuse. The results of 

this chapter also propose that the microwave plasma may be applicable to the 

processing to require the relatively long residence time than that of the DC thermal 

plasma. 
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Chapter 4 

Effect of microwave plasma  

on particle processing 

 

4.1. Introduction 

It is confirmed from the previous chapters that the heating sequence and the cooling 

sequence have an important role to determine the final product. In Chapter 2, the 

moderate heating rate of the microwave plasma brought the different results compared 

to those by the DC thermal plasma and the electrical furnace, contributing to the 

formation of the smooth surface. In Chapter 3, the moderate cooling rate of the 

microwave plasma led to the different products from those by the DC thermal plasma, 

contributing to the diffusion of the components in the particle. In this chapter, the 

calculations are performed with two model. One is a particle flowing in the high 

temperature region of the plasma, corresponding to Chapter 2. The particle undergoes 

reaction, melting and evaporation as it is heated. Another is a multi-component particle 

flowing in the cooling region of the plasma, corresponding to Chapter 3.  

The purpose of this chapter is to demonstrate the experimental results qualitatively 

and finally to investigate the unique particle processing using the atmospheric pressure 

microwave plasma. 
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4.2. Velocity and temperature of the plasmas 

The velocity and the temperature distribution of the atmospheric pressure 

microwave plasma and the DC thermal plasma are referred from the existing researches 

[107, 108]. The plasma have the temperature and the velocity distribution along the 

center of the axial direction (r = 0). Those distributions are shown in Fig. 4.1. 

 

Fig. 4.1. Temperature and velocity distribution of  

(a) microwave plasma and (b) DC thermal plasma 

 

The microwave plasma has the maximum temperature about 3,000 K and the 

maximum axial velocity about 20 m/s. The temperature distribution shows that there is 

the region where the highest temperature is maintained, called as ‘plasma column’. It 

have been already reported that the temperature of the microwave plasma does not 

fluctuate in the plasma column. The axial velocity has the lowest value near the 

injection part because the swirl flow is yet strong here. However the axial velocity 

increases as it flows due to the dissipation of the swirl flow.  

The DC thermal plasma has the maximum temperature over 10,000 K and the 

maximum axial velocity over 400 m/s. The temperature and the velocity of the DC 

thermal plasma decrease continuously in contrast to the microwave plasma. 
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4.3. Particle heating 

4.3.1 Governing equations 

4.3.1.1 Temperature variation 

The particle temperature in a one-dimensional plasma is calculated from the 

following energy balance equation if the reaction or phase transition is not concerned 

[109]. 

 

𝐴𝑝ℎ𝑝(𝑇𝑓 − 𝑇𝑝) = 𝑚𝑝𝐶𝑝𝑝

𝑑𝑇𝑝

𝑑𝑡
  (4.1) 

 

Where mp is mass of a particle, Cpp is specific heat of a particle, Tp is surface 

temperature of a particle, Tf is a temperature of a fluid, t is time, Ap is surface area of a 

particle and, hp is a heat transfer coefficient. The left term of Eq (4.1) means the energy 

required to increase the particle temperature per time. The right term of Eq (4.1) means 

the energy transferred to the particle from the plasma per time. Therefore Eq (4.1) 

indicates that how much particle temperature can change by the energy applied to the 

particle. Here hp is calculated from Eq (4.2) if the spherical particle is assumed 

 

𝑁𝑢 =
ℎ𝑝𝐷𝑝

𝑘
= (2 + 0.6𝑅𝑒

1

2𝑃𝑟
1

3) (
𝜌0𝜇0

𝜌𝑠𝜇𝑠
)

0.6
(

𝐶𝑝𝑜

𝐶𝑝𝑠

)
0.38

 (4.2) 

 

Where Nu is Nusselt number, Dp is particle diameter, Re is Reynolds number, Pr is 

Prandtl number, k is thermal conductivity of a fluid, ρ0 is density of a fluid at the bulk 

plasma temperature, ρs is density of a fluid at the particle surface temperature, μ0 is 
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viscosity of fluid at the bulk plasma temperature, μs is viscosity of fluid at the particle 

surface temperature, Cp0 is specific heat of fluid at the bulk plasma temperature and Cps 

is specific heat of fluid at the particle surface temperature. Re and Pr are obtained from 

the following relationship. 

 

𝑅𝑒 =  
𝐷𝑝(𝑢𝑓−𝑢𝑝)𝜌𝑓

𝜇𝑓
 (4.3) 

𝑃𝑟 =  
𝜇𝑓𝐶𝑝𝑓

𝑘
  (4.4) 

 

Where uf is velocity of a fluid, up is velocity of a particle, ρf is density of a fluid, μf 

is viscosity of fluid, Cpf is specific heat of a fluid. In Eq (4.2), (4.3) and (4.4), all of the 

thermodynamic properties are used as the average of those between the fluid 

temperature and the particle surface temperature. It is noticed that the velocity term of 

Reynolds number is relative velocity between the fluid velocity and the particle 

velocity, (uf - up). 

If the reaction or the phase transition is concerned, the energy balance for the 

particle heating is written as the follows; 

 

𝑄𝑝 = 𝑄𝑅 + 𝑄𝑠 + 𝑄𝑚 + 𝑄𝑒 (4.5) 

 

where Qp is the total heat applied to the particle from the plasma, QR is the heat 

required for the reaction, QS is the heat required for the temperature increase of the 

particle surface, Qm is the heat required for the melting and Qe is the heat required for 

the evaporation. 
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Based on Eq (4.1), the balance equation can be written as the temperature range. 

 

𝑇𝑝 < 𝑇𝑟  ,  𝐴𝑝ℎ𝑝(𝑇𝑓 − 𝑇𝑝) = 𝑚𝑝𝐶𝑝𝑝

𝑑𝑇𝑝

𝑑𝑡
      (4.6) 

𝑇𝑟 ≤ 𝑇𝑝 ≤ (𝑇𝑟 + 50) ,  𝐴𝑝ℎ𝑝(𝑇𝑓 − 𝑇𝑝) = (𝐶𝑝𝑝
+

∆𝐻

50
) 𝑚𝑝

𝑑𝑇𝑝

𝑑𝑡
  (4.7) 

(𝑇𝑟 + 50) < 𝑇𝑝 < (𝑇𝑚 − 5) ,  𝐴𝑝ℎ𝑝(𝑇𝑓 − 𝑇𝑝) = 𝑚𝑝𝐶𝑝𝑝

𝑑𝑇𝑝

𝑑𝑡
  (4.8) 

(𝑇𝑚 − 5) ≤ 𝑇𝑝 ≤ (𝑇
𝑚

+ 5) ,  𝐴𝑝ℎ𝑝(𝑇𝑓 − 𝑇𝑝)  

= (
𝐶𝑝𝑝+𝐶𝑝𝑙

2
+

𝐿𝑚

10
) 𝑚𝑝

𝑑𝑇𝑝

𝑑𝑡
        (4.9) 

(𝑇𝑚 + 5) < 𝑇𝑝 < 𝑇𝑒 ,  𝐴𝑝ℎ𝑝(𝑇𝑓 − 𝑇𝑝) = 𝑚𝑝𝐶𝑝𝑙

𝑑𝑇𝑝

𝑑𝑡
    (4.10) 

 

where Tr is the reaction temperature, Tm is the melting temperature, Te is the 

evaporation temperature, ΔH is the enthalpy of the reaction, Cpl is specific heat at liquid 

phase, and Lm is a latent heat of melting. 

The reaction is assumed to start at Tr and finish at (Tr + 50). Also the melting occurs 

during 10 K with the specific latent heat of Le/10 [J/K∙Kg] due to the convenience of 

the calculation. When Tp reaches Te, the evaporation starts without further increase of Tp. 

The evaporation of the particle is treated at the next section. 
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4.3.1.2. Evaporation 

If the particle temperature reaches the evaporation temperature, the particle 

diameter can be calculated by the following equation. 

 

ℎ𝑝(𝑇𝑓 − 𝑇𝑒) = (−
𝑑𝑟𝑝

𝑑𝑡
)𝜌𝑝𝐿𝑒 (4.13) 

 

Here rp is a radius of a particle, equal to Dp/2 and Le is latent heat of evaporation. 

Since the particle temperature is constant during the phase transition, it doesn’t become 

a function of time any more but the particle diameter does. When rp = 0, it is said that 

the particle is completely evaporated. 

 

4.3.1.3. Velocity variation 

A particle with the initial velocity u0 changes with the fluid velocity. The variation 

of the relative velocity between the fluid and the particle is calculated by Eq (4.14). 

𝑑(𝑢𝑓−𝑢𝑝)

𝑑𝑡
=

18𝜇𝑓

𝜌𝑝𝐷𝑝
2

𝐶𝐷𝑅𝑒

24
(𝑢𝑓 − 𝑢𝑝) + 𝑔 (4.14) 

 

Where CD is drag coefficient and g is gravitational acceleration. For the limits of 

low Reynolds number, the factor CDRe/24 approaches unity. g is introduced since the 

axial direction in our experiments forwards to the gravitactic orientation. Eq (4.5) means 

the acceleration of the particle in the flow so that the integral of Eq (4.5) enable to 

obtain the velocity of the particle because the fluid velocity is given from the plasma. 

For all calculations, the initial particle velocity up0 is assumed as 2 m/s. 
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4.3.2. Properties of particle 

In the calculation for the particle heating, we try to describe the behavior of 

In(OH)3 as like as in Chapter 2. In an effort of that, the particle properties was chosen 

close to those of the particle actually used in the experiments. Actually the properties of 

In(OH)3 is desirable during the initial step, the properties of In2O3 are used for whole 

calculations due to the difficulty to obtain those. In addition the latent heats are referred 

from those of alumina since it was difficult to obtain those of In2O3. The properties of 

the particle are summarized at Table 4.1. 

 

Table 4.1. Properties of particle 

Diameter (Dp = 2×rp) 10 μm 

Density (ρp) 7179 Kg/m3 

Molar mass 0.27764 Kg/mol 

Reaction temperature (Tr) 500 K – 550 K 

Enthalpy of reaction (ΔH) 4.68×105 J/Kg 

Melting temperature (mp) 2186 K 

Latent heat of melting (Lm) 1.0×106 J/Kg 

Evaporation temperature (Te) 2800 K 

Latent heat of evaporation (Le)  2.5×107 J/Kg 
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4.3.3. Assumptions 

The followings are assumed for the calculation. 

1) The particle has spherical morphology. 

2) Radiation from/to the particle is neglected. 

3) The influence of the gas product obtained from the reaction or the evaporation of the 

particle on the plasma properties is neglected. 

4) The temperature in the particle is constant. 

 

4.3.4. Properties of fluid 

Since the calculation for the particle heating is performed to explain the 

experimental results of Chapter 2, the properties of the fluid in the calculation are 

chosen as used in Chapter 2. The properties of the air is used for the calculation using 

the microwave plasma. In case of the calculation using the DC thermal plasma, the two 

types of the fluid are concerned; One is the pure argon and another is the argon-nitrogen 

mixture with ratio of 8:2. The thermodynamic properties of the argon-nitrogen mixture 

are obtained by concerning the mole fraction of each gas component. 
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4.3.5. Results and discussion 

Fig. 4.2 shows the change of the temperature and the particle diameter along the 

atmospheric microwave air plasma flow. The particle with the initial diameter of 10μm 

rapidly undergoes the reaction, the melting and reaches the evaporation temperature. 

The final particle diameter is 8.29μm. 

 

 

Fig. 4.2. Temperature and diameter change of the 10 μm particle in the microwave air 

plasma (straight line : particle temperature, dash line : diameter) 

 

Fig. 4.3 shows the change of the temperature and the particle diameter along the 

DC thermal argon plasma flow. The range of the axial distance here was set-up from 0 

m to 0.15 m based on the experimental apparatus, while that of the microwave plasma 

from 0 m to 0.3 m. However it does not affect the evaporation performance since the 

temperature after 0.15 m is lower than the evaporation temperature. The final particle 
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diameter is 9.33 μm. It is remarkable that the evaporation performance of the DC 

thermal plasma was not as well as that of the microwave plasma. The reason for this is 

considered as the low thermal conductivity of the argon. The thermal conductivity of the 

argon, the nitrogen and the air are plotted in Fig. 4.4. It seems that the thermal 

conductivity of the nitrogen and the air have peaks. These peaks are due to the 

dissociation and the recombination of N2 and O2 which promotes the heat transfer in the 

discharge region. The thermodynamic properties of the nitrogen and the air introduced 

in this calculations assumes the equilibrium state of the dissociation and the 

recombination of N2 and O2. The peak at 3,800 K for the air is due to the dissociation 

and the recombination of O2. The peak at 7,000 K for both the nitrogen and the air is 

due to the dissociation and the recombination of N2. Therefore introducing the nitrogen 

or the air is expected to promote the evaporation of the particle. The reason that the 

particle is evaporated in the microwave air plasma can be also explained with this in 

some degree. 
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Fig. 4.3. Temperature and diameter change of the 10 μm particle in the DC thermal 

argon plasma (straight line : particle temperature, dash line : diameter) 

 

 

Fig. 4.4. Thermal conductivity of argon, nitrogen, and air 

 



Chapter 4. Effect of microwave plasma on particle processing 

 

94 

 

Fig. 4.5 shows the change of the temperature and the particle diameter along the 

DC thermal argon (80%)-nitrogen (20%) mixture plasma flow. The final particle 

diameter is 7.43 μm. The evaporation performance enhanced by the addition of the 

nitrogen as expected above.  

The diameter after the plasma treatment and the evaporation ratio of the particle is 

summarized in Table 4.2. The evaporation ratio is defined as the ratio of the difference 

of the particle volume after and before the plasma treatment to the initial particle 

volume. It is remarkable that the evaporation performance of the DC thermal plasma 

was not as well as that of the microwave plasma. The reason for this is considered as the 

low thermal conductivity of the argon. The thermal conductivity of the argon, the 

nitrogen and the air are plotted in Fig. 4.4. It seems that the thermal conductivity of the 

nitrogen and the air have peaks. These peaks are due to the dissociation and the 

recombination of N2 and O2 which promotes the heat transfer in the discharge region. 

The thermodynamic properties of the nitrogen and the air introduced in this calculations 

assumes the equilibrium state of the dissociation and the recombination of N2 and O2. 

The peak at 3,800 K for the air is due to the dissociation and the recombination of O2. 

The peak at 7,000 K for both the nitrogen and the air is due to the dissociation and the 

recombination of N2. Therefore introducing the nitrogen or the air is expected to 

promote the evaporation of the particle. The reason that the particle evaporated in the 

microwave air plasma can be also explained with this in some degree. 
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Fig. 4.5. Temperature and diameter change of the 10 μm particle in the DC thermal 

argon-nitrogen mixutre plasma  

(straight line : particle temperature, dash line : diameter) 

 

Table 4.2. Diameter and evaporation ratio of the particle in each plasma 

 Diameter (μm) Evaporation ratio 

Before evaporation 10  

Microwave air plasma 8.29 0.43 

DC thermal argon plasma 9.33 0.19 

DC thermal Ar-N2 plasma 7.43 0.59 
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4.4. Particle quenching 

In this section, the cooling of the multi-component particle is concerned. In Chapter 

3, the difference of the quenching rate was considered to make the difference of the 

diffusion rate in the particle. To demonstrate that, we calculate the diffusion distance of 

the component in the particle as a function of the quenching rate. In this calculation, the 

temperature and the velocity of the particle is assumed as same as those of the fluid 

because the particle is small (Dp < 100 nm). 

 

4.4.1. Diffusion in the particle  

Prior to the calculation, the particle model is shown in Fig. 4.6. Although the 

particle seemed like sphere in Chapter 3, the diffusion in a slab is assumed in this 

calculation.  

 

 

Fig. 4.6. Scheme of the particle model 
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Since the relationship between the time and the degree of diffusion is calculated, 

the unsteady-state diffusion is assumed. The governing differential equation for this is 

called Fick’s second law of diffusion written by the following equation. 

 

𝜕𝐶

𝜕𝑡
=  𝐷

𝜕2𝐶

𝜕𝑥2   (4.15) 

 

where C is concentration of diffusion component, t is time, D is diffusivity, and x is 

distance in direction of diffusion. 

For diffusion into or out of a slab with constant diffusivity, the solution for the 

average concentration c is as the follows [110]; 

 

𝐶𝑠−𝐶

𝐶𝑠−𝐶0
=

8

𝜋
[𝑒−𝑎1𝐹𝑜𝑚 +

1

9
𝑒−9𝑎1𝐹𝑜𝑚 +

1

25
𝑒−25𝑎1𝐹𝑜𝑚 + ⋯ ]  (4.16) 

 

where Cs is surface concentration of diffusing component, C0 is initial 

concentration in the slab, a1 is (π/2)2 and Fom is Fourier number for mass transfer. Fom 

is written by the follow expression; 

 

𝐹𝑜𝑚 =
𝐷𝑡

𝑠2   (4.17) 

 

where s is one-half slab thickness. 

Therefore if the time (t), the surface concentration (Cs), the initial concentration 

(C0) and the final average concentration (C) are determined, the diffusion distance (2s) 

is obtained. 
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4.4.2. Parameters 

In the simplified particle model, the iron oxide phase diffuses to the silica layer by 

one-way diffusion and the concentration of the iron oxide is maintained as constant. The 

parameters in Eq (4.16) and Eq (4.17) except t should be determined. 

For the concentration, Cs = 1, C0 = 0, and C = 0.67 are assumed. The reason for C = 

0.67 is that the final product by the diffusion is considered as Fe2SiO4. 

The time for the diffusion, t is calculated from the quenching rate. Since the particle 

is condensed at 2,500 K and is solidified at 1,500 K, t is calculated by the following 

equation; 

𝑡[𝑠] =
(2500 𝐾 − 1500 𝐾)

𝑄𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 [𝐾/𝑠]
 

 

The quenching rate is varied from 100 to 1010 K/s. 

For the diffusivity, the diffusivity of iron in SiO2 is used as written by 

 

𝐷 = 4 × 10−8𝑒𝑥𝑝 (
−1.51 𝑒𝑉

𝑘𝑇
) 

 

where k is Boltzmann constant for the electron (8.617×10-5 eV/K) and T is 

temperature [110]. In addition, D at 2000K is used for all temperature region for the 

convenience of the calculation. 
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4.4.3. Results and discussion 

The result of the calculation shown in Fig. 4.7 implies the diffusion distance is 

proportional to the root of the quenching rate. From Fig. 4.1, the quenching rate from 

2,500 K to 1,500 K was about 105 K/s for the microwave plasma and about 107 K/s for 

the DC thermal plasma. The red dash lines in Fig. 4.7 indicate the quenching rate and 

the corresponding diffusion distance for the microwave plasma and the DC thermal 

plasma, respectively. The diffusion distance in the microwave plasma is 8.3 nm while 

that in the DC thermal plasma 0.83 nm. When combined with the results in Chapter 3, it 

is implied that the external layer formed by the different condensation temperature of 

the iron oxide and the silica with the thickness of several nm disappears during the 

quenching process in the microwave plasma.  

 

Fig. 4.7. Diffusion distance of Fe in SiO2 as a function of quenching rate 
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4.5. Summary 

In this chapter, the calculations were performed to demonstrate the results obtained 

from the previous chapters.  

For the demonstration of Chapter 2, the performance of the particle evaporation 

during the particle heating in the microwave plasma and the DC thermal plasma was 

calculated. The results of the calculations implied that the microwave plasma having the 

moderate temperature enables the moderate particle heating compared to the DC 

thermal plasma. 

For the demonstration of Chapter 3, the diffusion distance in the particle during the 

particle quenching in the microwave plasma and the DC thermal plasma was calculated. 

The result showed that the diffusion in the microwave plasma is faster than that in the 

DC thermal plasma. 
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Chapter 5 

Conclusions 

 

The particle preparation was performed using the atmospheric pressure microwave 

plasma. The atmospheric pressure microwave plasma can induce the reactive field with 

the moderate temperature close to 3,000 K compared to that of the thermal plasma but 

still higher than that of the conventional method. In this thesis, the particle processing 

using these reactive field has tried to investigate the factor to lead to the unique particle 

formation phenomena.  

In Chapter 2, the preparation of the indium oxide (In2O3) by the dehydration of the 

indium hydroxide (In(OH)3) was conducted. In2O3 prepared by the microwave plasma 

did not evaporate in contrast with that by the DC thermal plasma and had the smooth 

surface in contrast with that by the electric furnace. The unique heating rate of the 

microwave plasma was considered to have an important role to prepare the smooth 

surface by promoting the diffusion of the dehydrated vapor as well as to dehydrate 

In(OH)3 without the evaporation.  

In Chapter 3, the synthesis of the iron oxide-silica composite was conducted. The 

synthesized particles by the microwave plasma had the iron oxide-silica mixed phase, 

while the iron oxide and the silica were separated in that by the DC thermal plasma. The 

moderate quenching rate of the microwave plasma was considered to permit the diffusion 

in the condensed particle, while the rapid quenching rate of the DC thermal plasma froze 

the condensed particle.  
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From Chapter 2 and Chapter 3, the moderate heating and quenching rate is believed 

to induce the difference from the DC thermal plasma. To evaluate that, the temperature 

variation and the evaporation of the particle in the plasma corresponding Chapter 2 and 

the diffusion distance in the particle during the quenching process corresponding Chapter 

3 were calculated in Chapter 4. It is confirmed that the microwave plasma enables the 

moderate particle heating compared to the DC thermal plasma and that the diffusion in 

the multi-component particle is faster at the microwave plasma than the DC thermal 

plasma. Finally it was concluded that the temperature of the microwave plasma close to 

3,000 K induced the relatively low heating and quenching rate, which contributed to the 

preparation of the unique particle. 
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