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1.1 Plasma 

 

 Plasma is considered the ionized gas, widely known as the fourth state of matter, 

followed by solid, liquid, and gas [1, 2]. It consists of a mixture of electrons, ions, and neutral 

species. Due to the electrons and ions existing in plasma, plasma is electrically conductive. 

However, plasma is still neutral because of the balance between negative and positive charges 

[3].  

 Ionized gas can be easily obtained when the source of free electron is dominant with 

supplying energy. The free electrons can be generated by supplying heat energy or a high 

electrical field. The electrons are accelerated by high voltage and move from cathode to anode. 

Then some accelerated electrons collide with gas molecules. When a colliding electron has 

enough energy to ionize gas molecules, the molecule is dissociated to electron and heavy 

particles (ion, radical). Newly generated electrons move forward to the anode, colliding with 

other molecules again, which eventually leads to the ionization process [4]. Plasma can be 

sustained if there is a continuous source of energy to maintain the required degree of ionization. 

The degree of ionization of plasma is the proportion of electron density (ne) to that of the gas (n). 

And this is mostly affected by the change in the temperature. It can vary from 100% (fully 

ionized gases) to low values (e.g., 10-4–10-6; partially ionized gases) [5]. 

 Nowadays, there are many applications using plasmas in daily life to the industrial levels, 

such as fluorescent lamps, neon signs, welding, display panel, toxic gas and wastewater 

treatment, functional material surface treatment, semiconductor integrated circuit processing, 

nuclear fusion power generation [6–8].  

 

1.1.1 Classification of plasmas 

  

 Plasma can be divided into two groups, thermal plasma (equilibrium) and non–thermal 

(non–equilibrium) plasma [2]. Thermal plasma is an equilibrium state, which means that 
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electrons, ions, and neutrals are nearly at the same temperature. Generally, a high temperature or 

high pressure is required for thermal (equilibrium) plasma. Thermal plasma has a higher 

temperature (>104 K) and higher reactivity than non–thermal (non–equilibrium) plasma [1, 9]. 

The typical applications of thermal plasma are the synthesis of fine particles and the 

decomposition of pollutants [10–12].  

           On the other hand, non–thermal plasma is not in an equilibrium state, which means that 

the temperatures of the electrons, ions, and neutral species are different. Electron temperature is 

much higher than heavy particles (ions, atoms, molecules). Applications of non–thermal plasma 

are etching, deposition, surface modification, and the treatment of heat–sensitive material, 

including polymers and biomaterials [13–15].  

           Electron density, electron temperature, and pressure are important factors to determine the 

properties of plasma. The classification of plasmas as a function of electron density and electron 

temperature is shown in Figure 1–1 [16, 21]. The electron density is related to the ionization 

degree, which is a ratio of the 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 industrial application. 

Figure 1–1. Classification of plasmas [16] 
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1.1.2 Generation of plasma 

 

 The artificial plasma generation method can be varied with the conditions such as plasma 

temperature, density, ionization, and ion type [17]. Also, depending on the dielectric material 

state (gas, liquid, or solid), the generation method is changing. In general, plasma is generated 

through a gas state, so solid metal is made into a metal vapor by heating [18]. The electrical 

discharge method is a widely using technic to generate plasma. When an electrical breakdown of 

the gas is performed, it can be primarily classified by the power supplies (DC, low–frequency, 

high–frequency, microwave, pulse). Figure 1–2 summarizes the plasma generation methods. 

 

 

Figure 1–2. Generation of artificial plasma 

 In DC discharge, a DC voltage is applied between electrodes. Thermal electrons 

(thermion) or photoelectrons emitted from the cathode are accelerated in a DC electric field and 

ionized by colliding with neutral atoms and molecules to generate plasma. 

           Low–frequency discharge generates plasma by applying AC power of 50 Hz to 100 kHz 

between electrodes. Ionizing electrons emitted from the electrodes in an AC electric field collide 

with neutral atoms and molecules. The effect of low–frequency on the motion of electrons does 

not appear significantly. Thus, the discharge mechanism in the low–frequency range can be 

considered in the same way as in DC discharge [17].  
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 In high–frequency discharge, an alternating voltage of about 10 MHz to 100 MHz is 

applied between the electrodes to generate plasma. 

           Microwave discharge generates plasma by applying a microwave in a frequency range of 

more than 1 GHz between electrodes or resonators. 

 

1.1.3 Arc discharge plasma 

1.1.3.1 Voltage–Current Characteristic of DC discharge 

  

 Before explaining the arc, the transition step of glow discharge to arc discharge is 

described in Figure 1–3 [19].  In general, the cathode fall from townsend discharge to the glow 

discharge is quite large and has been reported to be about 200–300 V [17]. As the positive ions 

pass through the first cathode voltage drop region (E→F), only part of the energy is spent on 

secondary electron emission, while the other part serves to heat the cathode. In an abnormal glow 

discharge (G→H), the voltage and current increase together, causing severe cathode heating and 

resulting in thermal electron emission. Once the thermal electron emission begins, the current 

density rises rapidly, and the current also gathers and gradually raises the temperature of the 

local part of the cathode. As a result, the cathode is heated by the discharge current itself, causing 

thermal electron emission to sustain the arc discharge [17]. In the illustration, the arc region can 

be described in three–part. The first part is glow to arc transition (H→I), which initiates the 

cathode's thermion emission. Next is the non–thermal arc area (H→I→J), when the discharge 

has stabilized to the I point. In this part, the low–intensity arc has an approximately 1~50 A and 

may operate in rare cases over this range. The last part is a thermal arc area (J→K). After the 

point J on the figure, between 20~50 A, the non–thermal arc transit into the thermal arc [19]. 

Parameters of non–thermal arc and thermal arc discharge are shown in Table 1–1 [19]. 

 

 

 



Chapter 1. Introduction 

6 

 

 
Figure 1–3. Voltage–current characteristic of the DC electrical discharge [19] 

 

Table 1–1. Plasma parameters of non–thermal and thermal arc discharges [19] 
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1.1.3.2 Characteristic of arc discharge plasma 

 

As explained above, increasing the current density at the cathode surface leads to a local 

area heating on the electrode surface, and metal evaporates eventually. Moreover, if the 

temperature rises sufficiently at the electrode, hot electrons are supplied for discharge.  Even 

though a strong electric field is applied between the electrodes, the energy that electrons can 

obtain from the electric field is small because the average free path of electrons is short. 

Therefore, the ionization mechanism due to the collision of electrons cannot be considered, and 

thermal ionization is considered as the main mechanism as the temperature of gas molecules and 

atoms be the same as electrons [17].  

When the temperature of the cathode becomes so high that the thermionic emission 

exceeds the discharge current, the cathode fall is almost eliminated, and arc discharge plasma, 

which has a lower holding voltage than the ionization voltage, can be obtained. This is called a 

low voltage arc discharge [17].  

When the gas pressure is lowered in arc discharge, electron impact ionization becomes 

dominant as in glow discharge. As the pressure is lowered to a high vacuum, the evaporation 

material becomes ionized from the electrode to maintain the discharge. Such a plasma is often 

referred to as a vacuum arc plasma [17]. 

The arc discharge is mainly used for melting metals, welding, and arc furnace, etc., as the 

temperature of gas atoms and molecules, ions reaches 5,000~6,000 [K]. In addition, since the arc 

plasma is characterized by high luminance, it is used for photoelectric power [17].  

When initialize the arc plasma following method is widely used in practical use. At first, 

in order to cause the local Joule heating at the electrode tip, both electrodes are placed in contact 

with each other without a gap. And then, arc discharge is generated by gradually increasing the 

distance between the two electrodes. This method is possible because the ignition voltage 

requires a high voltage to initiate the arc. However, a low voltage, around 10 V, is required for 

sustaining the discharge.  
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Arc discharge and glow discharge are distinguished not only according to the current 

magnitude but also according to the electron emission mechanisms at the cathode. Table 1–2 

shows the comparison [17]. Two types of electrode emission mechanism are widely known as α–

process (ionizing gas molecules by a collision of an electron) and γ–process (emitting secondary 

electrons by a collision of ions). 

 

Table 1–2. Comparison of glow and arc discharge [17] 

 Glow discharge Arc discharge 

Cathode fall 200~300 [V] 
the magnitude of the 

ionization voltage of the gas 

V–I characteristics slightly flat V–shaped descent  

Current density low, 10-5~10-3 [A/cm3] high, 103~107 [A/cm3] 

Electron emission mechanism γ–process is main 
except γ 

other mechanism is dominant 

 

1.1.3.3 Classification of arc plasma by pressure 

 

Arc discharge can be divided into a low–pressure arc and a high–pressure arc by the gas 

pressure during discharge. In arc discharge, the boundary between low–pressure and high–

pressure is not strict, but here, less than about 2 kPa is called low–pressure, and above about 2 

kPa is called high–pressure. In low–pressure, arcs can be classified into hot cathode arcs, self–

sustaining arcs, and cold cathode arcs caused by external overheating. The high–pressure arc is 

divided according to the stabilization method [17]. Among those, self–sustaining arc and cold 

cathode arcs are explained below. 

The self–sustaining arc discharge is a discharge that occurs when a high–melting point 

material such as tungsten or carbon is used for the cathode. The current density of the cathode is 
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higher than in the case of external heating, and positive ions heat the cathode surface to generate 

thermionic emission, which leads to continuous arc discharge [17]. 

The cold cathode arc discharge is an arc discharge when a material with a low melting 

point or boiling point, such as mercury, zinc, or copper, is used for the cathode. An extremely 

high electric field (about 107 [V/cm]) is generated by the concentration and accumulation of 

positive ions near the surface of the cathode, and electrons are supplied by field emission to 

sustain the arc discharge [17]. 

In general, the high–pressure arc discharge plasma state is called a local thermal 

equilibrium plasma (LTE) and a state in which the electron temperature and the gas temperature 

are approximately the same. The mechanism follows thermal ionization. Since the temperature of 

the gas is extremely high, evaporation of the electrode material and convection of gas molecules 

occur violently, the arc discharge itself is unstable [17]. 

 

1.2 Plasma in liquid  

 

As plasma is known for ionized gas, some people might think that plasma can be 

generated from the gas, not liquid and solid. However, the plasma can generate in liquid and 

solid [26]. Recently, there has been increasing interest in plasma under the liquid circumstance. 

Since around the 1980s, various studies have been conducted on in–liquid plasma, also referred 

to as a solution plasma. Many researchers are reported optimizing parameters such as types of 

liquids [27], electrode materials [28–31], types of plasmas, reactor and electrode geometries, 

pressure, temperature, density, composition, viscosity, and conductivity [20, 22], in plasma 

generation under the liquid.  

Two methods are widely known for generating plasma in liquid. The key factor is a 

bubble, and the difference between the two methods is how to make a gas bubble near the 

electrode. The first one is initiates by the streamer. When it develops to corona discharge during 

the electrical breakdown of water, the bubbles are formed near the electrode, formed by a strong 

electric field or by heating from an electrode current [20, 23]. The electrical discharge under 

liquid occurs UV, shockwaves, localized heat, with active species such as radicals, ions, and 
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photons [24]. The second method is a generate bubbles by putting heating sources, by applying 

shock waves, or by supply gas line directly [32–33]. In both cases requires the electrical 

breakdown of the liquid, so a high–power supply is necessary for in–liquid plasma. In order to 

generate a streamer discharge underwater, it is reported that 50 to 400 kV of high voltage and a 

current of 100 A or more are required [20].  

Generating method of in–liquid plasma can be classified into four types [20]. First is a 

direct discharge between two electrodes using AC power, second is a contact discharge of the 

electrolyte solution using DC power, third use radiofrequency or microwave irradiation, and the 

last one uses laser ablation. The direct discharge between two electrodes is a common method 

using many power sources. In the solution plasma, usually uses electrolytes for dielectric 

medium such as deionized water, ethanol, organic solvents, many organic metal precursors. It is 

essential to use a conductive medium.  

In order to sustain the plasma in a liquid circumstance, many studies on the electrode 

using for the generation of plasma have been carried out. Tungsten, aluminum, copper, 

molybdenum, stainless steel, and carbon are used for the study [25]. For the continuous 

discharge, high melting points of the electrode, such as tungsten, withstand the longer time 

discharge compared to other electrodes.  

Figure 1–4 shows the applications in liquid plasma. It can be broadly divided into two 

topics: material processing, including synthesis of nanoparticles, catalysts, and quantum dots. 

Next is an environmental, which is about wastewater treatment and sterilization for biomedical 

and agriculture purposes. In this study, material processing using plasma in liquid is related to 

our topic.   
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Figure 1–4. Applications of plasma in solid, gas, and liquid [20] 
 
 

1.3 Particle preparation using in–liquid plasma 

 

Nowadays, various plasma methods have been studied for the synthesis of nanoparticles. 

Among them, the liquid discharge has attracted a lot of attention owing to its novel properties of 

liquid–plasma interaction which are distinct from both gas discharge and traditional solution 

methods [34, 35].  

Some researchers have adopted precursors which is soluble in liquid to obtain metal or 

metal oxide nanoparticles [36–42]. It has been reported that liquid–plasma interaction produces 

reducing agents, which enable faster and unique reduction of metal ions [43].  

Other researchers have reported particle synthesis using electrodes as a raw material in 

liquid discharge [44–49]. Metal nanoparticles are obtained in solution with wire explosion 

method using Al, Ag, Au, Cu, Fe, Nb, Ni, , Mo, Ta, Ti, W, W–Re, Pt wire as an electrode [50–

53]. The advantage of this method is a simple process. Various metal nanoparticles can be 

synthesized by changing electrode wire.  
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Especially, the application of arc discharge in which current over several amperes flows 

has been frequently reported in this field [54–56]. It is due to the generation of high temperature 

in arc discharge which can erode metal electrodes.  

The existing researches have shown the synthesis of metal nanoparticles and oxide 

nanoparticles using in–liquid arc discharge. However, the use of electrolytes has been still 

required because it is difficult to generate stable arc discharge in a nonconductive liquid such as 

deionized water [49, 55] and liquid nitrogen [42, 43]. Although electrolyte has a significant role 

in determining phase composition or morphology of particles, introducing electrolyte makes the 

reaction complicated [54, 56–58].  

In this study, liquid nitrogen was employed as a dielectric medium. In the previous 

researches, Fink et al. reported that the breakdown voltage of the liquid nitrogen under 

atmospheric pressure is about 50 kV/mm [59, 60]. It seems that a high voltage power supply is 

required for liquid nitrogen discharge. Toshitaka et al. investigated the effect of discharge 

behavior by changing the electrode material. As a product, they also obtained Al, Ti, V, Fe, Ni, 

Cu, Zr, Nb, Mo, Ta, and W micro–sized particles using a DC power supply [61]. Belmonte et al., 

reported synthesis of Cu, Ag, Pb, CoNi, ZnO, nanoparticles in liquid nitrogen medium using 

nano–pulse power supply [62–68]. Sano et al., presented synthesize Pt–supported carbon 

nanohorns for fuel cell electrode by arc plasma in liquid nitrogen [69]. Many studies have been 

reported synthesize carbon–based functional materials [70]. However, the particle generation 

mechanism in liquid arc discharge has not been completely investigated. 
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1.4 Motivation 

 

 The motivation of this study comes from the aim to further understand the arc discharge 

plasma in liquid nitrogen for particle preparation. We choose liquid nitrogen as a dielectric 

medium for two main expectations. Each of the advantages is very interesting as to conduct this 

scientific research. 

           The first reason is the temperature of the liquid nitrogen. We anticipated that the fast 

quenching of the particle might enable us to use it as a factor to control the particle growth in the 

early stage of nucleation and crystal growth. However, it is well known that the gas temperature 

of arc plasma is more than 5,000 K, and in some cases, the gas temperature is above 10,000 K. In 

this study, the vaporization temperature of liquid nitrogen used as a dielectric media as well as a 

coolant is 77 K (-196  ̊C), and the deionized water at room temperature, which is used for the 

purpose of comparison, is 296 K (23 ̊C). Considering this point, it is a slight difference compared 

to the gas temperature of arc plasma. However, only a few studies on using liquid nitrogen as a 

dielectric media it is still unknown and more studies were necessary for applied to the practical 

particle preparation.  

           The second reason is the inert characteristics of nitrogen. As in Figure 1–5, nitrogen itself 

has a triple bond, which means hard to break down the bond and hard to react with other 

materials. For this property, nitrogen is generally used as an inert and as an insulator system in 

industrial. In this aspect, liquid nitrogen is an attractive media for our study to investigate the 

particle formation mechanism and physical interaction between the arc discharge plasma without 

any other chemical reaction.  

Figure 1–5. Illustration of nitrogen triple bond 
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1.5 Objectives and research approach 

 

 The purpose of this study is to investigate the specific features of the particles prepared 

by an electrical discharge under liquid nitrogen and to understand particle formation phenomena 

in liquid nitrogen discharge.  

 A synergy of rapid quenching of liquid nitrogen and plasma, which enables the fast 

synthesis of particles, was expected to improve the production of fine particles.  

  In this study, the dielectric media, power supply, and metal electrode were investigated 

to develop the particle preparation system in liquid nitrogen discharge. Also, we considered the 

effect of process parameters such as applied current and applied voltage related on the electrical 

discharge behaviors and particle formation. For comparison with the liquid nitrogen, submerged 

discharge in deionized water was conducted. In the liquid nitrogen discharge, AC, DC, and 

pulsed power supply were applied to optimize the preparation of the particle. Four kinds of metal 

electrodes, including aluminum (Al), copper (Cu), titanium (Ti), and zinc (Zn), were chosen as 

raw materials in this process.  

 We focus on the interaction between the synthesized particles and the plasma under 

liquid and discuss the particle formation phenomena based on the experimental results. 
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1.6 Structure of this thesis  

  

 In this study, we aim to investigate particle preparation using an electrical discharge in 

liquid nitrogen. According to the objectives, the thesis consists of six chapters as follows. 

Chapter 1 Introduction explains the background of this study, plasma technology, 

previous research about solution plasma for particle preparation, motivation, objectives, and 

structure of the study. This chapter describes the basic concept of plasma and plasma under the 

liquid. Based on this background, the aim of this study is clarified.  

 

Chapter 2 An experimental study on submerged electrical discharge in deionized 

water reports an experimental procedure of submerged electrical discharge in deionized water 

(DI water) for particle preparation. The DI water was selected as a dielectric media for 

preliminary study towards in–liquid plasma as well as a comparison with liquid nitrogen media. 

A bipolar pulse power supply was introduced in this chapter. The collected copper oxide 

particles were characterized with the scanning electron microscope (SEM), X–ray diffractometer 

(XRD), transmission electron microscope (TEM), and X–ray photoelectron spectroscopy (XPS) 

in order to investigate the surface morphologies and crystalline structure. The particle formation 

mechanism was suggested based on experimental results.  

 

Chapter 3 Effect of power supplies on Cu particle preparation using liquid nitrogen 

discharge describes experimental setup using AC, DC, and bipolar pulsed power supplies. The 

particle production rate of copper and the particle size distribution depends on operating 

conditions are investigated with changing applied voltage and applied current. Effects of power 

characteristics and behavior on yield are discussed based on characterization results. 

 

Chapter 4 Variation in metal electrodes for particle preparation using liquid 

nitrogen discharge studies the feasibility of this particle preparation process with different types 

of metal electrodes. An aluminum (Al), titanium (Ti), and zinc (Zn) electrode was used. In this 
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chapter, a DC power supply was applied for the experiment. The characteristics of prepared 

particles are investigated by changing applied current as a variable parameter. The effect of 

metal electrode configuration was discussed based on the experimental results and electrical 

discharge behavior. 

 

Chapter 5 Mechanism of Particle formation deals with the synthesis of nitride fine 

particles. The interaction between metal electrodes and the behavior of arc plasma is discussed 

with the point of material physical properties and the stability of continuous discharge. The 

illustration of particle formation phenomena in liquid nitrogen discharge was proposed. 

 

Chapter 6 Conclusion summarizes the results obtained from this study.  

A schematic diagram in Figure 1–6. shows the structure of this thesis. 
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Figure 1–6.  Schematic of the structure of thesis 
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2.1 Introduction 

 

In this chapter, particle preparation in deionized water (DI water) was conducted for a 

preliminary study concerning in–liquid plasma and a comparison study with liquid nitrogen. The 

copper electrode was chosen as the raw material. The particles were prepared by a submerged 

electrical discharge under DI water without any electrolyte. The electrochemical reaction could be 

simplified due to the absence of an electrolyte. Also, the particle formation mechanism in DI water 

will be discussed. 

 

2.2 Experimental 

2.2.1 Particle preparation using submerged discharge in deionized water 

 

The experimental setup is shown in Figure 2–1 and Figure 2–2. The Electrical discharge 

was generated between copper rods (Nilaco Co., Japan) with a diameter of 3 mm, immersed in 

deionized water. The gap between the electrodes could be controlled using a micrometer and was 

maintained as 300 µm for all experimental conditions. A Dewar–like flask was used for the 

container to minimize the heat transfer to the surroundings. A high voltage bipolar pulse power 

supply (Genius2, EN Technologies, Korea) was applied to generate electrical discharge in water. 

Two types of operating conditions were conducted called low– and high–power modes, 

respectively. The low–power mode was operated with a frequency of 20 kHz and applied voltage 

of 4 kV, and the high–power mode was operated with a frequency of 60 kHz and applied voltage 

of 9 kV. It is worth mentioning that the low–power mode and the high–power mode provided 

respectively the minimum and maximum operating power. Other operating parameters such as 

pulse on–time were maintained as same. The detailed operating conditions are summarized in 

Table 2–1, and the specification and physical properties of the copper electrode material are 

summarized in Table 2–2.  
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Figure 2–1. Schematic diagram of the reactor using a bipolar pulse power supply (upper)            
and actual picture of the experimental setup (bottom) 
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Table 2–1. Detailed operating conditions for preparation of Cu particles 

Power supply Bipolar pulse 

Dielectric medium  Deionized water 

Electrode material Cu rod (>99.99, 3 ∅) 

Applied voltage 4 kV  9 kV 

Applied current n/a n/a 

Frequency 20 kHz 60 kHz 

Pulse on time 2.5 µs 

Gap distance 300 µm 

Gas flow rate n/a 

Power Specification 

Vmax=10 kV, VPP=20 kV 

Power up to 2 kW 

20~60 kHz 

 

Table 2–2. Specification and physical properties of copper 

Material Cu 

Rod diameter [mm] 3 

Purity [%] 99.99 

Crystal structure 
fcc 

(Face–centered cubic) 

Melting point [K] 1,357.77 

Boiling point [K] 2,835 

Heat of fusion [kJ/mol] 13.26 

Heat of vaporization [kJ/mol] 300.4 

Molar heat capacity [J/(molꞏK)] 24.44 

1st Ionization energy [kJ/mol] 745.5 

Thermal expansion [µm/(mꞏK)] 16.5 

Thermal conductivity [W/(mꞏK)] 401 
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2.2.2 Characterization 

 

During the discharge, the solution gradually started to have a brown color, as shown in 

Figure 2–1, which suggested nanoparticle formation. Thus, we used this solution for preparing the 

analysis sample. 

The surface of the obtained particles and electrodes were observed with a field emission 

scanning electron microscope (FE–SEM, S–4300, Hitachi, Japan) for high magnification.  

The morphologies of the synthesized particles were analyzed by a field emission 

transmission electron microscope (FE–TEM, JEM–2100F, Jeol Co.) operating with a voltage of 

200 kV. The particles were dispersed in ethanol by ultrasound and then sampled on the copper grid 

for FE–TEM. The ethanol was completely removed by drying the grid for some days. 

SAED (Selected area electron diffraction) was used to obtain information on the crystal 

structure of the prepared particles.  

Eq (2–1) is called Bragg’s equation where n is an integer determined by the order given, λ 

is the wavelength of the X–ray (for Cu Kα, 1.540598Å), d is a lattice spacing, and θ is the angle 

between the incident ray and the scattering planes.  

 

nλ ൌ 2d sin θ  (2–1) 

 

From Eq (2–2) and the data of the diameter of the diffraction ring of the sample, lattice 

distance “d” could be obtained where L is a camera length, λ is a wavelength of the electrons, R 

is a radius of the diffraction ring, in this analysis, Lλ is a camera constant (9.285nm2).  

Lλ ൌ Rd  (2–2) 

 

Using Eq (2–1) and the information of the d–value on the product material, 2 Theta could 

be calculated. 
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The chemical bonding state was investigated via an X–ray photoelectron spectroscopy 

(XPS, K–alpha, Thermo Scientific Co.). The X–ray of monochromatic Al–Kα was employed for 

the measurement. The ranges of the measurement were from 927.5 to 960 eV for the Cu2p3/2 peak 

and Cu2p1/2 peak.  

 

2.3 Results and discussion 

2.3.1 Morphology of the prepared particles in deionized water discharge 

 

The particles were synthesized in deionized water discharge under the low–power mode 

and the high–power mode named PLP and PHP. Figure 2–2 shows SEM images of PLP and PHP, 

respectively. The difference between PLP and PHP is observed from their morphologies. PLP 

(Figure 2–2, (a)) has needle–like morphologies while PHP (Figure 2–2, (b)) has a linked structure. 

 

 

Figure 2–2. FE–SEM images of (a) PLP and (b) PHP 
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The morphologies of individual particles could also be observed from TEM images shown 

in Figure 2–3. Figure 2–3 (a) shows that the morphologies of PLP are almost the same as those 

observed from the SEM images. Meanwhile, the PHP in Figure 2–3 (b) shows distinctive 

morphologies compared to Figure 2–2 (b). It shows that the individual PHP has clipped nail–like 

morphologies. It seems that the aggregation of the individual clipped nail–like particles led to the 

formation of a linked structure.  

The needle–shaped PLP particles are having straight body, and both ends are sharply 

pointed. On the other hand, the clipped nail–shaped PHP particles are slightly bend compared to 

the needle–shaped particles. Also, the center body part is thicker, and the thickness tends to get 

thinner towards both ends. The tip shape is not clearly sharp compared to needle–shaped particles. 
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The difference in particle size distribution is also observed between PLP and PHP. The 

particle size distribution of PLP and PHP measured from a hundred particles that were randomly 

chosen are shown in Figure 2–4 (a) and (b). The distance between tip–to–tip of the particle was 

measured in pixels using a photoshop program and recalculated based on the scale in the image. 

According to the Figure 2–4, the particle size distribution of PLP is more uniform than that of PHP.   
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Figure 2–4. Particle size distribution obtained from TEM images; (a) PLP, (b) PHP 
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2.3.2 Chemical composition of a prepared particle in deionized water  

         discharge 

2.3.2.1 SAED pattern 

 

The phase composition of each product was identified by diffraction patterns obtained 

from TEM, as shown in Figure 2–5. It is seen that cupric oxide (CuO) was the main component 

in both PLP and PHP. 

 

 

Figure 2–5. Diffraction patterns of (a) PLP and (b) PHP both corresponding to copper oxide 
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2.3.2.2 XPS analysis 

 

The difference in the chemical bonding state of the electrodes was analyzed by XPS. Figure 

2–6 shows Cu2p spectra and the fitted curves of the electrode after the discharge at the low–power 

mode (Figure 2–6 (a)) and at the high–power mode (Figure 2–6 (b). Figure 2–20 (a) shows the 

three curves in Cu2p3/2 corresponding to metallic Cu at 932.4 eV, CuO at 933.8 eV, and Cu2+ 

satellite at 942.6 eV, while Figure 2–6 (b) shows those curves corresponding to metallic Cu at 

932.7 eV, Cu(OH)2 at 934.7 eV, and Cu2+ satellite at 942.9 eV. Both electrodes seemed to have 

the three fitted curves; metallic Cu curves and Cu2+ satellite in common and CuO at the low–power 

mode, and Cu(OH)2 at the high–power mode. When compared to the phase composition of the 

products shown in Figure 2–5, it could be seen that PLP after discharging at the low power mode 

have the CuO crystalline structure in common as they have similar morphologies as mentioned in 

the previous discussion. This result of XPS analysis also provides reasonable evidence that PLP 

was directly derived from the detachment of the nanostructure on the electrode. 
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Figure 2–6. Cu2p spectra of the electrode after discharging at (a) the low power mode and        

(b) the high power mode analyzed by XPS 
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2.3.3 Formation mechanism of CuO nanoparticles in deionized water  

         discharge 

 

The surface morphologies of copper electrodes in deionized water discharge were also 

observed, as shown in Figure 2–7. The pristine electrode has a smooth surface, although some 

scratches are observed from the low magnification image because of polishing as a pre–treatment 

for removing the contaminant. After discharging at the low–power mode (Figure 2–7 (b)) and at 

the high–power mode (Figure 2–7 (c)), the surface morphologies are clearly different. In the low 

magnification image of Figure 2–7 (b), the electrode after the discharge at the low–power mode 

seems to have a porous structure. While in the high magnification image of Figure 2–7 (b), the 

formation of a needle–like structure is confirmed. It is interesting because this structure seems to 

correspond to the morphologies of PLP. Thus, it is reasonable that PLP was directly derived from 

the detachment of those needles on the electrode during discharge. On the other hand, the surface 

morphologies of the electrode after discharging at the high–power mode in Figure 2–7 (c) shows 

only traces of the molten electrode, indicating that it does not correspond to the morphologies of 

PHP. 
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Figure 2–7. Surface morphologies of the electrode (a) before discharging and after discharging 

at (b) the low–power mode and (c) the high–power mode 
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In this study, we suppose the formation mechanism of CuO nanoparticles is based on the 

above observation. Here, we focused on two points to investigate the particle formation mechanism; 

(ⅰ) alternate cathodic and anodic reaction and (ⅱ) electrochemistry between water and copper 

electrode.  

At first, the power variation of arc discharge was considered to affect particle formation. 

Figure 2–8 (a) illustrates the supposed electrochemical mechanism for the generation of needle–

like CuO nanoparticles. When the low power mode was applied, the arc plasma was not hot enough 

to melt the copper electrode. However, the arc plasma could induce an electrochemical reaction 

by dissociating water to produce reactive species such as hydroxyl radical. One feature of this 

reaction was that the electrochemistry was dominated by bipolar pulse power, which generated 

alternate anodic and cathodic reactions between the electrodes. At the initial stage of discharge, 

the copper electrode emits copper ions and electrons when it works as an anode. When the polarity 

of pulse changes, the same electrode undergoes a cathodic reaction in which reduction of water 

(2H2O+2e–→H2+2OH–) occurs. Here the generated hydroxide ions (OH–) react with the emitted 

copper ions around the surface of the electrode so that the copper hydroxide layer is formed. It 

should be noted here that OH– is continuously provided when the electrode works as a cathode. 

The excess OH– dissolves Cu(OH)2 from the electrode to form complex anion Cu(OH)4
2–. It has 

been reported that Cu(OH)4
2– is considered as a precursor for CuO [71–73]. Transformation of 

Cu(OH)4
2– to CuO is performed with a loss of two OH– and one water molecule (Cu(OH)4

2–

→CuO+2OH–+H2O). Cu(OH)4
2– condenses at the apical site to form needle–like CuO crystal. 

Finally, these needle–like CuO grown on the electrode surface are detached because of both 

dissolution of Cu and CuO at their root site. 

On the other hand, particle generation is considered to be dominated by vapor phase 

synthesis at the high–power mode. Figure 2–9 (b) illustrates the supposed mechanism for the 

generation of clipped nail–like CuO nanoparticles at the high–power mode. In this mode, the 

temperature of arc plasma is considered high enough to melt and evaporate the arc spot at the 

electrode. Once the vapor of copper is generated, it is rapidly condensed by surrounding water to 

form copper nanoclusters. The generated nanoclusters are easily oxidized due to the dissolved 

oxygen in the water. The generated CuO nanoclusters grow in a monoclinic crystal, which is a 
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natural structure property of CuO. Although the electrochemistry which dominated the reaction 

also occurs and partially generates the copper hydroxide layer, the thermal effect such as melting 

will hinder the electrochemistry on the electrode. In other researches, similar CuO nanoneedles are 

produced by chemical etching and anodization method on the copper foils [74–77]. Wenwen et al. 

reported that when the etching time increases, the morphology changed from sharp needles to 

dense sharp needles, and then sharp needles loss their sharpness and transformed into a stamen–

like structure, finally forms into a curved flower–like cluster [74]. In our study, high power 

conditions may promote the chemical reaction and transform the sharp needle into a thick and bend 

as clipped nail–like structure. Furthermore, the generated monoclinic structure of CuO and 

clipped–nail–like particles are aggregated by colliding with each other. However, the irregular 

collision between the clusters leads to the broadness of particle size distribution, as shown in the 

experimental results.  

 

2.4 Summary 

 

The electrical discharge was successfully maintained under deionized water using the 

bipolar pulse power supply. Nano–size of copper oxide particles were synthesized using a copper 

electrode as a raw material without any electrolyte by submerged electrical discharge process. In 

a deionized water discharge experiment using bipolar pulse power, the particles were synthesized 

at two operating conditions called as low–power mode (4kV, 20kHz) and high–power mode (9kV, 

60kHz). The brownish aqueous solutions, including CuO nanoparticles, were obtained after 

discharge. However, the morphologies were different according to the operating condition. When 

the low–power mode was applied, the needle–like CuO with narrow size distribution was observed, 

while the clipped nail–like CuO with broad size distribution was observed with a high–power 

mode. The analysis of the electrode implied that the characteristics of the obtained particles 

corresponded to the nanostructure generated on the surface of the electrode after discharge at the 

low–power mode but not at the high–power mode. Finally, the particle generation mechanism was 

proposed based on the experimental results. When the low–power mode was applied, the 
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electrochemical reaction between water and copper surface dominated the particle generation. The 

needle–like CuO nanostructure grew up on the surface of the electrode during discharge, and then 

the detachment of these structures generated the CuO nanoparticles. Meanwhile, the particle 

generation at the high–power mode was dominated by the local melting and evaporation of the 

copper electrode. The CuO nanocluster was generated from the copper electrode and then formed 

the CuO nanoparticle in the solution. 
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3.1 Introduction 

 

In the previous chapter, particle preparation in DI water discharge was investigated for 

comparison with the liquid nitrogen discharge. In the DI water as a medium, the unique features 

of copper oxide fine particles are produced accompanied with reaction with the DI water. Based 

on the experience on the DI water discharge, we investigated the process using liquid nitrogen. 

The following two major things are modified in this chapter.  

First, liquid nitrogen was employed as a dielectric medium in order to prevent side 

reactions. To better understand particle preparation phenomena in liquid discharge, liquid nitrogen 

was chosen because it is widely used as a chemical fields’ inert source. The plasma effect on 

particle preparation without reaction was investigated in liquid nitrogen.  

The second, high voltage alternating current (AC), bipolar pulse, direct current (DC) power 

sources are applied to generate electrical discharge in liquid nitrogen. Liquid nitrogen, which has 

a triple bond and inert characteristic, requires high breakdown voltage than DI water. For this 

reason, a high voltage power supply is necessary. 

In this chapter, three kinds of power sources are applied to generate electrical discharge in 

liquid nitrogen, and their effect on the particle production process was investigated. As a raw 

material, the copper electrode was used similarly to in the previous chapter. 

 

3.2 Experimental 

3.2.1  Preparation of Cu particles using AC transformer in liquid nitrogen  

          discharge 

 

A schematic diagram of the experimental apparatus is illustrated in Figure 3–1. In this 

experiment, the Cu electrode material, electrode holder, and the dewar–like flask are the same as 

in the previous chapter. Only the power supply and connection line were changed. A high voltage 
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AC neon transformer (LECIP, Japan) was applied to generate electrical discharge in the liquid 

nitrogen. A maximum voltage of 19.5 kV was applied for the experiment. The detailed operating 

conditions are summarized in Table 3–1.  

 

 

 

Figure 3–1. Schematic diagram of the experimental using an AC step–up transform (upper)                     
and actual picture of the apparatus (bottom) 



Chapter 3. Effect of power supplies on particle preparation using liquid nitrogen discharge  

41 

 

3.2.2 Preparation of Cu particles using bipolar pulse power supply in liquid  

         nitrogen discharge 

 

Figure 3–2 displays a schematic of the experimental setup and a picture for Cu particle 

preparation in liquid nitrogen discharge. The same equipment was used in the previous chapter 

except for dielectric media (DI water replace with liquid nitrogen). A bipolar pulse power supply 

(Genius2, EN Technologies, Korea) was applied to generate electrical discharge in liquid nitrogen.  

For the liquid nitrogen experimental conditions, more than 9 kV was applied for 

maintaining the discharge for the bipolar pulse power supply. Due to the high breakdown voltage 

of the liquid nitrogen, the discharge generates from the 9 kV. In order to sustain the electrical 

discharge, the gap distance and applied voltage were fixed as 300 µm and 9 kV, respectively. The 

variation of frequency was tested at 20, 40, and 60 kHz. Another operating parameter, such as 

pulse on–time, was maintained at 2.5 µs as the same in the previous chapter.  

The detailed operating conditions are summarized in Table 3–1. Figure 3–3 shows changes 

in current and voltage recorded with current and voltage recorded with an oscilloscope (AC 50 Hz, 

TBS 1072B, Tektronix, USA) and an oscilloscope (bipolar pulse power at 20 kHz, 3000X, Agilent 

Technologies, USA).  
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Figure 3–2. Schematic diagram of the reactor using a bipolar pulse power supply (upper)           
and actual picture of the experimental setup (bottom) 
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Table 3–1. Detailed operating conditions for preparation of Cu particles 

Power supply AC Bipolar pulse DC 

Dielectric medium  Liquid nitrogen 

Electrode material 
Cu rod (>99.99, 3∅) 

M.P: 1085, B.P: 2562 

Applied voltage 
19.5 kV 

(step–up using 
slidac 130%) 

9 kV n/a n/a 

Applied current n/a n/a 5A 30A 

Frequency 50 Hz 20 kHz 40 kHz 60 kHz  n/a n/a 

Pulse on time n/a 2.5 µs n/a n/a 

Gap distance 300 µm 300 µm 
Attached (initial)  

↔ detached (maintain) 

Gas flow rate n/a n/a N2 500 ml/min 

Power Specification Vmax 15 kV  
Vmax=10 kV, VPP=20 kV 
Power up to 2 kW 
20~60 kHz 

Enable up to 150 A 

 

Figure 3–3. Voltage and current waveform of plasma generated by AC 50 Hz (left)                                    
and bipolar pulse with 20 kHz (right) 
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3.2.3 Preparation of Cu particles using DC power supply in liquid nitrogen  

         discharge 

 

A schematic diagram of the DC arc discharge system is indicated in Figure 3–4. Some 

pictures of the experimental setup are shown in Figure 3–5. In this study, DC power supply (YE–

200BL3, Panasonic, Japan), electrode holder cell, frame, and all the connection parts were newly 

prepared as compared to the experimental setups for the AC and bipolar power supplies. Electrodes 

were arranged vertically in order to render them more feasible during the reaction. The arc 

discharge was generated between copper rods (Nilaco Co., Japan) with a diameter of 3 mm 

submerged in liquid nitrogen. The specification and physical properties of the copper electrode 

material are summarized in the previous chapter Table 2–2. As to the DC power setup, in order to 

provide constant current, the values of initializing current and working current were set identical 

from a minimum operating current of 5 A to a maximum of 30 A. When the current condition 

exceeded 30 A, the electrode was difficult to maintain the discharge for a long time because the 

electrode melted down too quickly. During the experiment, the electrode gap distance was 

controlled using a millimeter controller manually. At first, the electrodes were placed together with 

no gap in the DC arc discharge system. Then current was applied with detaching motion 

simultaneously. The initial breakdown discharge was generated when the electrodes were in 

detaching motion. The arc was stopped by the electrode melting. Procedures of attaching and 

detaching the electrodes were repeated to regenerate the discharge. Before the experiment, 

nitrogen gas at a 500 ml/min flow rate was supplied using a Teflon tube connected to the electrode 

holder cell to purge inside the vessel and create a nitrogen atmosphere. A continuous supply of 

nitrogen gas was kept inside the cell during the reaction. The detailed operating conditions are also 

summarized in Table 3–1. 
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Figure 3–4. Illustration of in–liquid arc plasma reactor using DC power supply 
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Figure 3–5. A picture of the experimental setup for particle preparation using DC in liquid 
nitrogen 
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3.2.4 Experiment procedure in liquid nitrogen discharge 

 

Each of the electrodes was cut by a diamond blade cutter in order to minimize impurities. 

After cutting electrodes, the surface of the electrode was ground by sandpaper, followed by ethanol 

washing and air blow drying. Electrodes were set on the electrode holder, and gap distance was 

closely manipulated. Liquid nitrogen was keep supplied to maintain a liquid nitrogen atmosphere. 

During the liquid nitrogen discharge experiments, in order to secure a clear vision inside the vessel, 

dry nitrogen gas was supplied to prevent ice formation on the vessels’ outer surface. Electrode 

status and liquid nitrogen amount were frequently confirmed during the experiment. After the 

experiment, whole parts were dried using an oven to let liquid nitrogen vaporize.  

In the case of liquid nitrogen discharge samples using AC and bipolar pulse power, fine 

sediment particles from the bottom of the vessel were swept directly using carbon tape in order to 

observe particle morphology by the FE–SEM. There were no visible particles on naked eye 

examination. Hence, we directly sampled particles from the vessel bottom.  

Lastly, in a liquid nitrogen discharge experiment using the DC power, samples were 

classified into three types, namely electrode debris, coarse particles, and fine particles. Electrode 

debris and coarse particles were collected from the reactor wall and bottom using a micro–spatula. 

Fine particles were collected from the vessel and cell part using ethanol 99.5% (Kanto Chemical 

Co., Inc., Japan) as a dispersion agent. The ethanol solution was treated with a sonification of about 

30 mins. The characterization sampling was proceeded with this ethanol solution and produced 

particles.  

 

3.2.5 Characterization 

 

The crystalline phases of the coarse particle samples were investigated by X–ray diffraction 

(XRD, Rigaku Mini Flex 600), which was operated with a Cu Kα source at 40 kV and 15 mA. 

Prepared coarse particle samples were measured in the scanned range of 2 theta from 10° to 80° 
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degrees with a step size of 0.02°. The measurement scan rate was 5°/min. All samples were 

measured more than twice to check for any aging effects after exposure to air for several weeks. 

The obtained XRD peaks were assigned based on the database of the PDXL software.  

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

microscope (SEM, VE–9800, Keyence, Japan) for low magnification and two kinds of field 

emission scanning electron microscope (1.FE–SEM, SU9000, Hitachi, Japan, 2.FE–SEM, JSM–

7500F, Jeol, Japan) for high magnification. 

The morphologies of the synthesized particles were analyzed by a field emission 

transmission electron microscope (FE–TEM, JEM–2100F, Jeol, Japan) operating with a voltage 

of 200 kV. The particles were dispersed in ethanol by ultrasound and then sampled on the copper 

grid for FE–TEM. The ethanol was completely removed by drying the grid for some days. 

SAED (Selected area electron diffraction) was used to obtain information on the crystal 

structure of the prepared particles. From using Bragg’s equation, the 2 theta was calculated. The 

detail is explained in the previous chapter.  

 

3.3 Results and discussion 

3.3.1 Morphologies of the prepared particles in liquid nitrogen discharge 

 

Prepared Cu particles were observed by FE–SEM. After the liquid nitrogen discharge using 

AC and bipolar pulse power, particles were directly collected from the bottom part of the container. 

In the case of DC power samples, produced fine particles were dispersed in ethanol and then spread 

on the support (7500F: carbon tape, SU9000: nickel grid) using a pipette for FE–SEM 

characterization. The drying and spreading process was repeated three times to mount the sample 

enough. Figure 3–6 is an image of copper particles produced by AC power applied voltage of 19.5 

kV. Figure 3–7 shows the copper particles prepared by DC power supply applied with currents of 

5 A and 30 A. Low magnification photos were obtained from 7500F (a, b, c, d) and high 

magnification (e, f, g, h) photos from SU9000. Through the high magnification images, the 
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spherical copper particles and nano–sized grain–shaped particles were confirmed on the spherical 

copper particle surface. Figure 3–8 shows the copper particles obtained by liquid nitrogen 

discharge using a bipolar pulse power source applying 20 and 60 kHz frequencies. According to 

the FE–SEM images, there was no significant difference between the produced particle shapes 

using different power sources. In all the conditions, spherical copper particles were observed. 

These spherical particles were ranged in size from nanometer to micrometer.  

In the bipolar power supply, we could not observe sufficient samples to compare the 

particle size directly. However, we measured the diameter of each random 100 particles from each 

of the AC and DC, FE–SEM images, respectively. The particle size distribution is indicated in 

Figure 3–9, and Table 3–2 shows the average particle size and standard deviation of the particles 

produced under AC and DC conditions. The size distributions of Cu particles were arranged from 

15 nm to 15 µm. From the data based on Table 3–2, the average size of the particle was increased 

around 200 %, and the standard deviation value was increased above 300% (from 0.78 to more 

than 2.48) when the DC power was employed. AC power provided smaller particles with good 

uniformity in the size distribution compared to the DC power supply in this experiment. However, 

the high–power DC produced more particles in the same discharge time. DC provided low 

uniformity on the size distribution as compared to AC.  

The reason for the above result is related to the power characteristics of AC. The applied 

power is weaker than DC, and the input energy is dispersed into both electrodes. We can assume 

that the temperature of the AC electrode surface is relatively lower than the DC when discharge 

occurs. Since the temperature of the electrode surface is low, the local hot spot hills will be small. 

When the hill is small, it is reasonable to infer that relatively small particles will come out. For the 

same reason, the size distribution of AC is more uniform. 

In the case of DC, the energy applied in 5 A is small than 30 A. However, the average 

particle size of the particles is slightly larger. The reason is that among the produced copper 

particles, the micro–size of the particles are seemed to be generated by the melting process, and 

the nano–size particles are determined to be generated by the vaporization process. In 5 A, the 

melting mechanism is dominant, so most of them are micro–sized particles. On the other hand, in 

the case of 30 A, even the melting mechanism is still the dominant process. However, vaporization 
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occurs in this condition, and some nano–sized particles are generated. In Figure 3–9 (b) 5 A, there 

are no particles less than 500 nm, whereas in (c) 30 A, particles less than 500 nm a little exists. 

Since these nanoparticles are considered in the measurement of average size calculation, it was 

lesser than 5 A in the average calculation. 
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Figure 3–6. FE–SEM images of the particles prepared by AC power. SU4300:                           
(a) x1,500; (b) x5,000 

(a) 

(b) 



C
ha

p
te

r 
3.

 E
ff

ec
t 

of
 p

ow
er

 s
u

p
p

li
es

 o
n

 p
ar

ti
cl

e 
p

re
pa

ra
ti

on
 u

si
n

g 
li

q
u

id
 n

it
ro

ge
n

 d
is

ch
ar

ge
  

52
 

 

        

F
ig

u
re

 3
–7

. F
E

–S
E

M
 im

ag
es

 o
f 

th
e 

pa
rt

ic
le

s 
pr

ep
ar

ed
 b

y 
D

C
 p

ow
er

. 7
50

0F
: (

a,
 b

) 
D

C
 5

 A
, (

c,
 d

) 
D

C
 3

0 
A

,  
S

U
90

00
: (

e,
 f

) 
D

C
 5

 
A

, (
g,

 h
) 

D
C

 3
0 

A
. T

he
 in

se
rt

ed
 f

ig
ur

e 
in

 th
e 

ye
ll

ow
 c

ir
cl

e 
pa

rt
 is

 th
e 

lo
w

 m
ag

ni
fi

ca
ti

on
 im

ag
e 

of
 th

e 
(e

) 
an

d 
(g

),
 r

es
pe

ct
iv

el
y.

 



Chapter 3. Effect of power supplies on particle preparation using liquid nitrogen discharge  

53 

 

 

Figure 3–8. FE–SEM images of the particles prepared by bipolar pulse power.  
 SU4300: (a) 9 kV, 20 kHz, (b) 9 kV, 60 kHz 
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Figure 3–9. Particle size distribution of prepared Cu particle in liquid nitrogen discharge by  
 a) AC, b) DC 5 A and c) DC 30 A. 
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Table 3–2. Average particle size and standard deviation of prepared Cu particles depending on 
the AC and DC power supply 

 AC 19.5 kV DC 5 A DC 30 A 

Average particle size 1.75 µm 3.92 µm 3.38 µm 

Standard deviation 0.78 µm 2.80 µm 2.48 µm 

 

 

Figure 3–10, 3–11, and 3–12 are TEM images and SAED patterns of nano–sized particles 

produced by the bipolar power source in the variation of frequency of 20, 40, and 60 kHz. The 

image of the particle shown in Figure 3–10 (a) looks similar to a grain–shaped nano–sized particle 

on the sphere particle surface, which corresponds to the FE–SEM images in Figure 3–7 and 3–8. 

The lattice structure has not been clearly seen in the high–resolution TEM observation. From the 

SAED pattern, the characterization results show a thick cloud, which means the sample is to be an 

amorphous structure. Figure 3–11 shows a spherical nanoparticle with a similar shape 

corresponding to the FE–SEM analysis. High–resolution TEM images clearly show a layer has 

covered up the spherical nanoparticle surface. The diffraction pattern shows that the sample has a 

lattice structure. The calculated lattice distance from the scattering lights indicated the presence of 

metallic Cu and Cu oxides, including CuO and Cu2O. It is supposed that the surface of the metallic 

copper was oxidized, and the surroundings formed the oxidation film. In Figure 3–12, the spherical 

particle size range of 4~5 nm was observed. High–resolution TEM observations demonstrate a 

lattice structure inside the sphere particle. The SAED pattern shows similar trends to the 40 kHz 

case in which Cu, Cu2O and CuO were detected. In the liquid nitrogen discharge experiments, 

most of the nano–sized particles are supposed to have the oxide state forms caused by exposure to 

air. 
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Figure 3–10. TEM images (a, b) and SAED patterns (c) of liquid nitrogen discharge sample in 
the operating condition of 9 kV, 20 kHz. 
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Figure 3–11. TEM images (a, b) and SAED patterns (c) of liquid nitrogen discharge sample in 
the operating condition of 9 kV, 40 kHz. 
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Figure 3–12. TEM images (a, b) and SAED patterns (c) of liquid nitrogen discharge sample in 
the operating condition of 9 kV, 60 kHz. 
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3.3.2 Crystallite phase of the synthesized particles  

  

The coarse particle sample prepared by the DC power supply was characterized by XRD. 

The crystalline phases of the raw material (electrode surface) and the product components were 

identified based on the database of the PDXL software. Figure 3–13 indicates the XRD patterns 

of the prepared copper particles. According to the diffraction patterns shown in Figure 3–13, the 

samples treated by DC 5 A contained the crystallite phases of Cu (copper, PDF #00–004–0836, 

2θ=43.3°, 50.4°, 74.1°), Cu2O (cuprous oxide, PDF #01–078–2076, 2θ=36.4°, 42.3°, 61.4°) and 

CuO (cupric oxide, PDF #00–048–1548, 2θ=38.7°). On the other hand, those treated by 30 A had 

metallic Cu peaks. From the XRD spectra, the Cu2O peak had a more clear intensity than the CuO 

peak, which meant that the particles were partially oxidized.  

There might be two reasons for this. One was that oxides were produced by the oxidation 

of nano–sized particle, which was very sensitive to be oxidized, after the vaporization of liquid 

nitrogen in the room temperature. Another reason was thought to be due to the sampling procedure 

in the current process. During the experiments, liquid nitrogen strongly moved up and down with 

boiling, which made the black fumes vaporize. Some of the contents from the fume, which was 

thought to be fine particles, were mostly stacked uppermost around the vessel boundary, as shown 

in Figure 3–5.  

At the end of the experiments, most of the residual particles were attached in 3 positions, 

the vessel bottom part, the vessel wall part below the liquid nitrogen surface, and the top edge 

boundary of the vessel. In the case of the 5 A current experiment, the production rate of the particle 

was not enough. Thus, it was hard to obtain particles. In order to make more samples, we collected 

the particles at the top boundary of the vessel. However, compared to the other two positions, the 

circumstance seemed different. The boundary part might be easier to contact with the moisture and 

the air. In the case of the 30, An experiment, the product amount of the sample was more than 5 

A. Thus, the ratio of the Cu2O peak (2θ=36.4°)  was relatively lower, almost unnoticeable, 

compared to the Cu2O peak for 5 A sample.   
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Figure 3–13. XRD patterns of samples treated by DC power.                                             

(a) Cu raw material (electrode surface), (b) Cu treated by DC 5 A, (c) Cu treated by DC 30 A 

samples. The inserted figure is the PDF card of the Cu XRD patterns in the range of                  

2θ = 10°~80°. Individual crystalline phases are represented by the following characteristic peaks. 

(■: Cu, ○: CuO, □: Cu2O) 
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3.3.3 Formation phenomena of Cu/CuO/Cu2O composite in liquid nitrogen  

         discharge 

 

 The surface structure of copper electrodes was analyzed as the product particles were 

considered to be derived from the electrode. Figure 3–14 and 3–15 shows the surface structure of 

the electrode before and after the discharges by the AC, bipolar pulse and DC power. The initial 

condition of the electrode has a smooth surface, although some scratches are observed from the 

low magnification image because of polishing as a pre–treatment to make the surface flat to adjust 

electrodes surface parallel.  

           The surface morphology trends are quite similar. However, the discharge power seems to 

cause a different effect on the electrodes. According to the low magnification of the SEM images, 

hills–like structures are observed. It is considered that the electrode was gradually heated up by 

the repeating partial discharges on the electrode surface. When it comes to be heated enough, and 

the surface becomes locally melted, it can probably form the hills. Many hills were observed in 

the bipolar pulse power compared to the AC power was applied to the electrode (Figure 3–14, (d, 

g, j)). It means that the melting part at bipolar pulse is much more significant than AC. Figure 3–

15 shows the electrode surface using DC power at 30 A condition. It has much bigger hills and 

pore structures. High energy was concentrated in the order of DC > bipolar pulse > AC.  

           According to the high magnification images, the electrode surface was changed from a flat 

plane to hills and a sponge–like pore structure after the discharging (Figure 3–14, (f, i, l)). The 

created pore size shows nearly the same size as the produced spherical particle size. It seems 

plausible that the local molten part developed hills on the heated electrode surface, and then the 

discharge was concentrated on the coarse hills, which are relatively melted states. When the 

discharge hits the melted region, the pore structure is generated, which means partial evaporation 

occurred. It can be considered that the electrode surface is heated enough to partially vaporized. 

Furthermore, most of the hill position shows pore structure with having a molten surface.   
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It can also explain the mechanism of spherical particle formation in this process. Kittaka 

et al. [78] proposed the formation of fine spheres depends on crystal structures. The metal oxides 

which easily form spheres have an amorphous or polymorphous structure. In contrast, the metal 

oxides, which have a low tendency to form a sphere, are crystallized monomorphic. Moreover, the 

molten particles, which are polymorphous, will have a diverse crystal structure. In contrast, 

monomorphic molten particles, which should have an isotropic property, form spherical particles 

due to the surface tension. They also discussed other research of fine spheres obtained by the 

plasma torch method, for their comparison results. They discussed the report of Barry et. al. [79]. 

In the report, they used plasma torch, which was the temperature reach to 5,000 K. Due to the fast 

quenching rate, Kittaka et al. suggested that the formation of sphere liquid droplets would be 

quenched as particles with the anticipation of lost ordered structure. 

 In our research, the micro–size Cu molten droplet and vaporized nano–size Cu metal 

clusters were concentrated to form a sphere shape to reduce the surface tension. Based on the 

SAED pattern results in Figure 3–10, some of the nano Cu particles seem to have an amorphous 

structure due to the fast quenching.  

           The average particle size data revealed that the particle from the DC power source, which 

had more energy concentrated on the electrode surface, brought a larger size of the particles than 

those formed by AC power sources. Saito et al. explained the formation mechanism for the melting 

in full plasma, melting in partial plasma, and vaporizing in partial plasma with relation to the 

particle size [80]. It is plausible to follow that the intensive energy of the DC power on the 

electrode surface produces bigger particles than the AC and the bipolar pulse power.  
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Figure 3–14. Surface structure change of Cu electrodes after discharge by AC and bipolar pulse 

power 
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Figure 3–15. Surface structure change of Cu electrodes after discharge by DC 30 A 
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3.4 Summary 

 

The electrical discharge was successfully maintained under liquid nitrogen using AC, 

bipolar pulse, and DC power supply. Micro– to nanometer size of the metallic copper (Cu) and 

copper oxides (CuO, Cu2O) particles were synthesized from the erosion of copper electrodes, and 

their morphologies differed independence on the dielectric media. Regardless of the variation of 

the power supplies, the produced particles have a spherical shape in common when discharge in 

liquid nitrogen. The spherical is a common shape in particle generation since the particle itself 

tries to minimize the surface tension of the particle. 

According to the XRD analysis, copper particles are in a metallic copper state. However, 

in the nano–sized case, SAED patterns showed that the particle seems to be easily oxidized to form 

CuO and Cu2O when exposed to air.  

The particle formation mechanism is considered to proceed by local melting and partial 

vaporization. The micro–size spherical coarse particles may directly be detached from the molten 

surface of the electrode. Moreover, the nano–size spherical fine particles may be generated by 

partial vaporization from the electrode.  The DC power supply shows the best particle production 

ability as compared with AC and bipolar pulse power supplies. 
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4.1 Introduction 

 

 The liquid nitrogen discharge with Cu electrodes was investigated in the previous chapter 

using different power supplies (AC, bipolar pulse, and DC). For comparison, DI water discharge 

was also examined for copper particle preparation. It seems that hydroxyl ions participated in the 

electrochemical reaction with copper in Chapter 2. However, Cu did not participate in any 

chemical reaction in a liquid nitrogen medium, in Chapter 3.  

In Chapter 4, three kinds of metal electrodes, including titanium (Ti), aluminum (Al), and 

zinc (Zn), were chosen as expected to react with liquid nitrogen and synthesize nitride particles. 

Three electrodes were performed as a raw material for particle preparation in liquid nitrogen 

discharge. The experiment using different metal configurations of anode and cathode was also 

conducted to better understanding particle formation characteristics. Based on the experimental 

results, the reaction between liquid nitrogen and metal electrodes (Al, Ti, and Zn) was discussed. 

The reaction between dielectric media (liquid nitrogen and DI water) and the metal electrodes 

(Al, Cu, Ti, and Zn) can be discussed at the end of this chapter. Since the AC and bipolar pulse 

power produced very scarce particles, which eventually led to difficulties characterizing the 

particles. In this aspect, the DC power supply was employed for particle preparation in liquid 

nitrogen.  

  

4.2 Experimental 

4.2.1 Experimental setup  

 

The experimental setup is the same as in Chapter 3.2.3. A schematic diagram of the DC 

arc discharge system is depicted in Figure 3–4. The pictures of the experimental apparatus 

consisted of a DC power supply (YE–200BL3, Panasonic, Japan) are shown in Figure 3–5. DC 

power supply was employed to generate arc discharge in liquid nitrogen. The electrical discharge 

was generated using Al, Ti, Zn rods (Nilaco Co., Japan) with a diameter of 3 mm, immersed in 
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liquid nitrogen as a dielectric medium. The discharge was generated between two electrodes in a 

vertical arrangement. The upper electrode was the anode (+) and situated on the holder 

connected with the millimeter controller to set the vertical position of the anode. The bottom 

positioned electrode was the cathode (–) and held by an electrode holder cell. Applied current 

was the main process parameter using the DC power supply. The operating condition of current 

varying from 5 A to 30 A was applied to the electrodes. The details are shown in Table 4–1. 

Table 4–1. Experimental conditions 

Content Conditions 

Dielectric medium Liquid nitrogen 

Electrode material Titanium rod, aluminum rod, and zinc rod 

Power supply DC 

Power mode Low–Power mode High–Power mode 

Applied current [A] 5 30 

Material – Material 

(+) anode – (−) cathode 

Ti–Ti 

Al–Al 

Zn–Zn 

Ti–Ti 

Al–Al 

Zn–Zn 

Ti–Cu 

Cu–Ti 

 

4.2.2. Materials and method 

 

The experimental procedure for the synthesis of the particle is the same as in Chapter 

3.2.4. The three types of samples were collected similarly described in Chapter 3.2.3. For the 

characterization of the prepared samples, coarse particles were characterized with XRD, while 

fine particles were observed with FE–SEM. Pictures of the samples is shown in Figure 4–1. A 

specification and physical properties of the Ti, Al, Zn electrodes were indicated in Table 4–2. 

The physical properties of nitrides materials and their applications are also described in Table 4–

3. 
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Figure 4–1. Pictures of the prepared samples. (a) Coarse particles from liquid nitrogen discharge 
using DC power, (b) Some samples of fine particles dispersed and collected by ethanol,  

 (c) debris 
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Table 4–2. Specification and physical properties of the electrode materials 

 Al Ti Zn 

Rod diameter [mm] 3 3 3 

Purity [%] 99.99 99.5 99.99 

Crystal structure 

fcc 

(Face–centered 

cubic) 

hcp 

(Hexagonal close–

packed) 

hcp 

(Hexagonal close–

packed) 

Melting point [K] 933.45 1,940 693 

Boiling point [K] 2,793 3,634 1,180 

Heat of fusion [kJ/mol] 10.71 14.15 7.32 

Heat of vaporization [kJ/mol] 284 425 115 

Molar heat capacity [J/(molꞏK)] 24.2 25.06 25.47 

1st Ionization energy [kJ/mol] 577.5 658.8 906.4 

Thermal expansion [µm/(mꞏK)] 23.1 8.6 30.2 

Thermal conductivity [W/(mꞏK)] 237 21.9 116 

 

Table 4–3. Physical properties of the nitride materials and their applications [81–90] 

 AlN TiN Zn3N2 

Chemical  

Structure    

Crystal structure Wurtzite Cubic Cubic 

Appearance White to pale–yellow Golden color Blue–gray cubic 

Melting point Dissociates 2,773 K 3,220 K Decomposes 973.15 K 

Applications 

Dielectric layers in optical storage 

media  

Military aeronautics 

Heat exchange system 

Optoelectronics 

Electronic substrates 

Steel and semiconductor 

manufacturing 

Machine tooling 

Aerospace and 

military application 

Diffusion barrier 

Medical implants 

BioMEMS 

Thin film transistor  

Sensors for humidity 

indicator 
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4.2.3 Characterization 

 

The crystalline phases of the coarse particle samples and electrodes were investigated by 

X–ray diffraction (XRD, Mini Flex 600, Rigaku, Japan), which was operated with a Cu Kα 

source at 40 kV and 15 mA. In analyzing the surface properties of the electrodes, a special 

sample holder was used to fixing the position.  The samples were measured in the scanned range 

of 2θ from 10° to 80° degrees with a step size of 0.02°. The measurement scan rate was 5°/min. 

All samples were measured more than twice to confirm for any aging effects after exposure to air 

for several weeks. The obtained XRD peaks were assigned based on the database of PDXL 

software (Rigaku, Japan).  

The crystallite size was calculated from the measurement data using the Scherrer 

equation as follows: 

 

𝐷 ൌ ௄ఒ

ఉ௖௢௦ఏ
   (4–1) 

 

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

determined as 0.9 here (0.94 for the cubic), λ is X–ray wavelength (for Cu Kα, 1.540598Å), β is 

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

Eq (4–2) is used to calculate a lattice parameter a of a cubic unit cell where d is a lattice 

spacing calculated as in Bragg’s law Eq (2–1), and h, k, and l are Miller indices of a 

corresponding plane.  

 

𝑑௛௞௟ ൌ ௔

√௛మା௞మା௟మ  (4–2) 
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The surface morphologies of the obtained particles and electrodes were observed with a 

scanning electron microscope (SEM, VE–9800, Keyence, Japan) to study the effects of electrical 

discharge on electrodes. The images were collected at 20 kV conditions. Two kinds of field 

emission scanning electron microscope (1. FE–SEM, SU9000, Hitachi, Japan, 2.FE–SEM, JSM–

7500F, Jeol, Japan) were also used for high magnification observation. In operation with SU9000, 

Al samples were coated with osmium (Os) with around 5 nm thick using Os plasma coating 

(Neoc–pro) prior to observing the samples. In the case of Ti samples, the existence of the 

nitrogen species was examined using energy–dispersive spectroscopy (EDS, Ametech, Genesis–

APEX) operated at 30 kV.  

 

4.3 Results and discussion 

4.3.1 Synthesis of Al/AlN particles 

4.3.1.1 Morphologies of prepared Al–based nanoparticles 

 

Morphologies of the synthesized nanoparticles were investigated using two kinds of FE–

SEM (SU9000 and 7500F). Figure 4–2 shows FE–SEM images of prepared Al–based 

nanoparticles at different current modes with x50,000 and x100,000 magnification views. The 

majority of the particles were formed in a spherical shape in the observation. The particles in this 

figure were not pre–coated with conductive materials. Thus, the boundary of the particle seems 

sharp and clear even though the image has a low resolution compared to the osmium–coated 

particles in Figure 4–3. The average diameter of the spherical particle was measured using 

obtained images from FE–SEM. A hundred of the spherical particles were selected randomly, 

and the diameter was measured. The size distribution of the prepared Al–based nanoparticles is 

shown in Figure 4–4, and the measured average particle size was listed in Table 4–4. The 

prepared Al–based nanoparticles by low current mode showed an average size particle around 

25.77 nm, while the high current mode sample was measured around 46.31 nm. The Al–based 

nanoparticles with relatively uniform size were prepared in the low current mode. The 

calculation results show that the high current mode using DC seems to affect the heating of the 



Chapter 4. Variation in metal electrodes for the particle preparation using liquid nitrogen discharge 
 

73 

 

electrode surface. This leads to forming a relatively larger particle size in the particle growth step 

and the broad size distribution of the synthesized particles. 

 

 

 

Figure 4–2. FE–SEM images of Al–based nanoparticles without osmium coating (a, b) low 

current mode, Al 5 A, and (c, d) high current mode, Al 30 A 
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Figure 4–3. FE–SEM images of Al–based nanoparticles with osmium–coated sample. (a, b) the 

low current mode, Al 5 A, and (c, d) high current mode, Al 30 A 
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Figure 4–4. Particle size distribution of prepared Al–based nanoparticles, (a) low current mode, 

Al 5 A, and (b) high current mode, Al 30 A 
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Table 4–4. Average particle size and standard deviation of prepared Al–based particles 
depending on the current mode 

 Low current mode (5 A) High current mode (30 A) 

Average particle size 
[nm] 

25.77 46.31 

Standard deviation 
[nm] 

6.67 15.61 

 

 

4.3.1.2 Crystallite phase of the synthesized Al/AlN particles  

  

    Figure 4–5 shows the XRD patterns of the prepared Al–based particles with variable 

currents of 5 A, 15 A, and 30 A. According to the characterization results, Al and AlN were the 

main components in both low– and high–current modes.  The XRD pattern (a) indicates the peaks 

of the initial state of the Al electrode surface, which was used as a raw material in this 

experiment. The peaks of the AlN (Aluminum nitride, PDF #00–066–0534, 2θ=33.22°, 36.05°, 

37.94°, 49.83°, 59.36°, 66.07°, 69.75°, 71.45°, 72.64°, 76.48°) appeared in every experimental 

condition. The XRD patterns showing a trend that when it goes to the high current condition, the 

intensities of AlN peaks are increased while those of Al peaks decreased. However, in Al 30 A 

sample, unreacted Al still remains. The results indicate that the crystallinity of synthesized AlN 

was enhanced with increasing the high current up to 30 A conditions. This explains that the 

current as a variable has an influence on the crystallinity of the synthesized AlN as well as the 

productivity of the AlN particles.  
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Figure 4–5. X–ray diffraction patterns of synthesized samples. (a) Al raw material (b) Al 5 A,       

(c) Al 15 A, (d) Al 30 A, (●) AlN, (■) Al 
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4.3.2 Synthesis of TiN particles 

4.3.2.1 Morphologies of the prepared Ti–based nanoparticles 

 

Figure 4–6 and 4–7 shows the morphology of the prepared Ti–based nanoparticles in 

liquid nitrogen discharge. From the images, two types of morphologies are observed, cubic and 

spherical particles. The morphologies are not clearly divided by the current conditions. However, 

the cubic particles were mainly synthesized in the 30 A condition, while the spherical particle is 

mainly synthesized in 5 A. 

In order to confirm the component of cubic particles, EDS elemental mapping was 

conducted during the FE–SEM observation. In Figure 4–8, the presence of nitrogen elements on 

the surfaces of Ti 5 A and Ti 30 A was confirmed. Comparing with the 5 A and 30 A samples, 

the nitrogen element represented by red dots were finely dispersed in the 30 A condition, while a 

relatively very weak nitrogen signal was shown in the 5 A sample. 

The average size particle was measured in the same procedure as in Al samples. The size 

of the cubic particle was calculated based on the length of the longest diagonal. A diagonal 

length of the cube was calculated as ɑ√3, when ‘ɑ’ is the length of the sides in the cubic. Figure 

4–9 and Table 4–5 show the size distribution of the nanoparticles and their average size. The 

measured cubic particles seem to have an average size of 43.16 nm with a standard deviation 

value of 22.50 nm.  

From the other studies, they mentioned that the cubic nanoparticles were identified to 

titanium nitride (TiN) as they were synthesized by wire explosion and other plasma methods 

[91–93] using nitrogen gas as a dielectric. The rapid synthesis method may be one of the key 

factors related to form the cubic TiN particles. To identify the component of the prepared 

samples, XRD analysis was performed.  
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Figure 4–6. FE–SEM images of prepared Ti–based nanoparticles. (a, b) the low current mode, 

 Ti 5 A, and (c, d) high current mode, Ti 30 A 
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Figure 4–7. FE–SEM images of prepared Ti–based nanoparticles. (a, b) the low current mode, 

 Ti 5 A, and (c, d) high current mode, Ti 30 A 
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Figure 4–8. FE–SEM images (left) and EDS mapping images of the prepared samples. Low 

current mode, Ti 5 A (upper) and high current mode, Ti 30 A (bottom) 

 

Table 4–5. Average particle size and standard deviation of prepared Ti–based particles 
depending on the current mode 

 Low current mode (5 A) High current mode (30 A) 

Average particle size [nm] 30.04 43.16 

Standard deviation [nm] 22.44 22.50 
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Figure 4–9. Particle size distribution of Ti–based nanoparticles, (a) low current mode, Ti 5 A, 

and (b) high current mode, Ti 30 A 
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4.3.2.2 Crystallite phase of the synthesized TiN particles  

 

The XRD patterns of the synthesized TiN particles at currents of 5 A, 15 A, and 30 A are 

indicated in Figure 4–10. The initial Ti electrode surface of the XRD peak is confirmed as a 

reference. The presence of TiN (Osbornite, syn, PDF #00–038–1420, 2θ=36.66°, 42.60°, 61.81°, 

74.07°, 77.96°), which is known as osbornite, the natural structure of titanium nitride found in 

meteorites [91], is confirmed in every experimental condition in the ranges of 10 to 80, 2θ degree. 

According to the XRD patterns, Ti pure metal peaks do not appear after the discharge, which 

means that Ti seems to react with nitrogen and produce TiN. The crystalline phase of α–TiN0.3 

was identified in the 5 A and 15 A conditions. It seems that a large amount of nitrogen was 

dissolved into the melting titanium during discharge. This can be attributed to the low nitridation 

of Ti as an intermediate for the TiN nitridation process. Moreover, some of Ti were exposed to 

air and formed TiO2, which was a side reaction after the experiment. As a higher current of 30 A 

was applied to the electrode, the oxide peak intensity was decreased while the nitride peak 

intensity increased.  The results also indicate that the crystallinity of synthesized TiN was 

enhanced with increasing the current up to 30 A, high current mode. In the high current mode, all 

the peaks were turned into TiN peaks. The crystallite TiN was produced in the high current 

modes compared to the low current modes of 5A and 15A. The XRD patterns are in good 

agreement with the FE–SEM images in Figure 4–6 to 4–7, which shows a proportional increase 

in the number of cubic particles when the current conditions increase 5 A to 30 A. 

 Wriedt et al. introduce the following equation Eq (4–3) to calculate the nitrogen content 

of TiN on its lattice parameter [94]. ɑ is the lattice parameter and x is the atomic percent of 

nitrogen. The lattice parameter can be calculated using Eq (2–2) and Eq (4–2). 

 

ɑ ൌ 0.4159 ൅ 0.000164𝑥  (4–3) 

 



Chapter 4. Variation in metal electrodes for the particle preparation using liquid nitrogen discharge 
 

84 

 

 In order to calculate the lattice parameter of the synthesized TiN, the miller indices of the 

TiN peaks were indexed from the JCPDS pdf card references. The PDF card number is put on 

the upper side of the XRD figure. 

TiN has a cubic crystal structure in the form of NaCl, and based on this cubic structure, 

the surface energy of each plane was calculated and reported by Oh et al. who suggested (200) 

planes have the lowest surface energy compared to (111) planes in the TiN thin film growth [95]. 

A similar study was made independently by Zhao et al. [96]. At the initial step of TiN film 

growth, the (200) orientation is preferred, and surface energy was a dominant factor. When the 

film grows to a certain level, strain energy becomes the dominant factor, and the preferential 

facet is changed to (111) instead of (200). 

Based on the XRD patterns of Ti–Ti samples in Figure 4–10, the miller index information 

provides that when increasing current from 5 A to 30 A, the intensity of TiN (200) peak 

increases, which indicates that crystal growth proceeded preferentially on to the orientation of 

(200) in TiN particle formation in this step. According to Oh and Zhao’s previous study, this 

result infers that TiN particles synthesized by liquid nitrogen discharge would be at the initial 

stage of particle growth. Also, it might be considered that the rapid cooling of surrounding liquid 

nitrogen has an effect on controlling the particle size.  

The calculated nitrogen content was summarized in Table 4–6. In the determination of the 

lattice constant, the single–crystal phase of the osbornite in the range of 2θ = 10° to 120°, (111), 

(200), (220), (311), (222), (400), (331), (420) were represented. The lattice constant was 

measured and calculated by averaging all values from each diffraction peak of the plane. The 

lattice constant calculated at the 30 A condition was 4.2334 Å in this experiment. This value is 

around 45 atomic percent, which is in good agreement with the standard reference value, 4.2417 

Å (JCPDS PDF card #00–038–1420). According to the calculated data from Table 4–6. The 

calculated value provides that a higher current condition, 30 A, shows higher nitrogen contents, 

which corresponds to the TiN crystallinity of the XRD patterns. The nitrogen content could be 

increased with the increasing current condition of more than 30 A. W. Kim et al., mentioned that 

in the fine particle, lattice parameter was affected sensitively by the other impurities such as 

oxygen. This was hard to manage [91].  
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Figure 4–10. X–ray diffraction patterns of prepared samples. (a) Ti raw material, (b) Ti 5A, (c) 

Ti 15A, (d) Ti 30A, (●) TiN, (■) TiN0.76, (○) TiO2, (□) α–TiN0.3 
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Table 4–6. Lattice parameter and nitrogen content of TiN samples 

Sample name Lattice parameter [Å] Calculated nitrogen content [at.%] 

Ti 5A 4.2201 37.2 

Ti 15A 4.2288 42.6 

Ti 30A 4.2334 45.3 

 

 

4.3.3 Synthesis of Zn/ZnO/Zn3N2 particles 

4.3.3.1 Morphologies of the prepared Zn–based nanoparticles 

 

 Figure 4–11, 4–12 shows the FE–SEM images of the synthesized particles from the Zn 

electrodes. By FE–SEM observation using 7500F, the nanosheets with 2~5 nm thickness were 

observed in low current mode. In the case of the high current mode, spherical particles and 

aggregated nanosheets were identified. When performed in SU9000 instruments, dispersed 

sheets and some of the pieces from the nano–rod were observed. In the 30 A condition, spherical 

particles and grown nano–rods attached to the surface of the sphere particles were observed. We 

found that sheet–shaped was generally observed in hydrate form [97, 98], while rod–shaped was 

observed as an oxide form of the zinc [99, 100]. The results of XRD described later in Figure 4–

13 indicate the existence of the zinc nitride species. Considering the zinc properties that are 

easily oxidized and especially in the nanoscale particles. 
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Figure 4–11. FE–SEM images of prepared Zn–based nanoparticles. (a, b) the low current mode, 

Zn 5 A, and (c, d) high current mode, Zn 30 A 
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 Figure 4–12. FE–SEM images of prepared Zn–based nanoparticles. (a, b) the low current 

mode, Zn 5 A, and (c, d) high current mode, Zn 30 A 
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4.3.3.2 Crystallite phase of the synthesized Zn/ZnO/Zn3N2 particles  

 

 Figure 4–13 shows the XRD peaks of the synthesized Zn/ZnO/Zn3N2 particles with 

variable currents of 5 A, 15 A, and 30 A. The peaks of the Zn3N2 (Zinc nitride, PDF #04–015–

6960, 2θ=34.28°, 36.73°, 43.36°, 52.92°, 70.73°, 76.66°) appear in all the samples. Among the 

zinc nitride peaks, the 2θ=52.92° peak appears only in the 30 A condition. Also, in the 30 A 

condition, one of the peaks of the zinc nitride at 2θ=36.73° is separated from the overlapping 

main peak and has a clear shoulder, representing the zinc nitride phase component. The intensity 

of zinc nitride phase peaks is increased with increasing current. On the other hand, the zinc oxide 

phase is decreased relatively. In the zinc case, it is generally known that zinc nitride is hard to 

maintain in the nitride phase because zinc nitride is reacting violently with water to form 

ammonia and zinc oxide. [87, 88]  

Zn3N2 + 3 H2O → 3 ZnO + 2 NH3 
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Figure 4–13. X–ray diffraction patterns of prepared samples. (a) Zn raw material, (b) Zn 5 A, c) 

Zn 15 A, (d) Zn 30 A, (●) Zn3N2, (■) Zn, (□) ZnO 
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4.3.4 Particle preparation using different electrode combinations  

 

The experimental setup is the same as in Chapter 3.2.3. Ti and Cu electrodes are used 

here. The Ti–Cu experiment refers to Ti as the anode and Cu electrode as the cathode, while the 

Cu–Ti experiments indicated the opposite combination. The experiments were carried out at an 

applied current of 30 A. 

 

4.3.4.1 Morphologies of the prepared particles 

 

Figure 4–14 is FE–SEM images of Ti–Cu particles from nano–size to micro–size, which 

are directly collected from the reactor vessel without dispersing in ethanol. In both nano– and 

micro–scale, the TiN cubic particle is observed, which indicates the particle is mainly formed 

from the Ti anode. Most of the cubic particles are observed in aggregated form. In the micro–

scale image, few spherical Cu particles are observed, which implies the cathode was melted in 

the discharge process. In the figure, TiN cubic nano–size particles are attached to the outer 

surface of the micro–size Cu spherical particle. It is confirmed that it did not affect the internal 

structure from the particle generation step, corresponding to the XRD results described below. 

The attached particles are not dispersed homogeneously, just randomly aggregated in the outer 

surface of the Cu particle. It was confirmed that no trace of the Cu spherical particle and TiN 

cubic particle reacted with each other, implying that particle formation proceeded independently. 

In the case of Cu–Ti configuration, micro–size Cu anode spherical particle was mainly 

produced. In the nano–scale, either Cu spherical particle and Ti cubic particle were observed. 

However, there was no micro–size Ti cubic particle in the Cu–Ti experiment. 
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4.3.4.2 Crystallite phase of the synthesized particles 

 

The XRD patterns of prepared particles, the initial state of Ti anode surface, and the 

reference patterns of TiN, TiO2, and α–TiN0.3 are shown in Figure 4–15. The Ti–related peaks are 

identified at the anode, such as the major peaks of TiN and α–TiN0.3 and the minor peaks of TiO2 

whereas the Cu cathode–related peaks are not detected. The XRD patterns indicate that all Ti 

peaks turned into TiN and an intermediate solid of α–TiN0.3. The high intensity of the TiN peak 

at 42.7° indicates preferential crystal growth on (200) orientation.  

The XRD pattern tendency shows close to the Ti–Ti electrode 15 A and 30 A conditions 

in Figure 4–10. The calculated lattice parameter is 4.2329 Å, indicating 45 % of nitrogen 

contents by putting the calculated lattice parameter into Eq (4–3). The value is 1 % lower than in 

the previous Ti–Ti experiment. In terms of experimental experience, the discharge stability is 

closely related to the continuous arc discharge, which is one of the factors for particle 

preparation in this process that affects impurity, reproducibility, and particle production rate. 

When Cu was used as a cathode, the discharge was relatively unstable compare to the Ti 

electrode. Comparing the melting points of Cu and Ti, Cu has a lower melting point temperature 

(1,084 °C) than Ti (1,660 °C). These physical properties of the two materials suggest that when 

discharge occurs, the Cu cathode melted down more quickly. Compared with the Ti–Ti case, the 

Ti–Cu anode may not be heated as much as the Ti–Ti anode because the Cu electrode will start to 

meltdown before heated as Ti–Ti. For this reason, Ti–Cu seems to have a relatively unsustainable 

discharge behavior compared to the Ti–Ti case. These results may explain the higher XRD 

intensity of α–TiN0.3 intermediates and the lower nitrogen content of the Ti–Cu experiment 

particles. Figure 4–16 is a melted Cu electrode after the discharge. The tip of the Cu cathode is 

melted and changed to a rounded shape.  
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Figure 4–15. X–ray diffraction patterns of the Ti–Cu sample. (a) Ti electrode raw material,             

(b) Ti–Cu 30 A, (●) TiN, (○) TiO2, (□) α–TiN0.3 
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Figure 4–16. Melted copper electrode after the 30A reaction (a) Ti–Ti, (b) Cu–Cu, (c) Ti–Cu, (d) 

Cu–Ti, and (f) Cu–Ti before cutting the melting part 

 

The particle preparation was conducted with a Cu–Ti electrode arrangement. The XRD 

patterns of prepared particles, the initial state of the Cu anode surface, and the reference patterns 

of Cu are shown in Figure 4–17. According to the XRD results, Cu is the only component of the 

prepared particle that was formed. There are no peaks related to the metal alloys.  

It is confirmed that the two different electrode materials did not involve each other in the 

particle generation process. It indicates that the early step of the nucleus did not participate in the 

chemical reaction with another metal nucleus or metal particle during the discharge. Both results 

(Ti–Cu and Cu–Ti) show that the particles are synthesized independently (Ti  TiN, Cu  Cu). 

From the XRD results, the prepared particles are mainly produced from the anode material in this 

process. In the particle preparation process, each electrode has an independent role. The cathode 

supplies thermal electrons to the anode, and the heated anode generates ions, which eventually 

lead to producing the particle. When the Ti electrode is placed on the anode, Ti reacts with 

ionized nitrogen and produces TiN, while Cu did not react with ionized nitrogen.  
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Figure 4–17. X–ray diffraction patterns of the Cu–Ti sample. (a) Cu electrode raw material,  

 (b) Cu–Ti 30 A, (■) Cu 
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4.3.4.3 Generation ratio of the produced particle 

 

 According to the XRD results and the FE–SEM observation, it is confirmed that the 

particle is mainly produced from the anode. In the arc discharge process, the thermion came out 

from the cathode and collided with the anode surface. Then from the heated anode surface, the 

molten droplet and the metal vapor are produced. In this study, the molten droplet is collected as 

a coarse particle in size range around the micro–scale, and the vapor is finally collected as a fine 

particle with a nano–size scale. The produced debris, droplets, and vapors are rapidly quenched 

by the surrounding liquid nitrogen. Since the surrounding temperature is low and in a relatively 

pressurized atmosphere with liquid nitrogen, a lot of quenched particles were deposited on the 

electrode surface. In some parts, deposited particles form a dendrite structure, which is one of the 

growth patterns of molten metal in the undercooling process. Figure 4–18 shows the images of 

the dendrite structure on the electrode surface after arc discharge. Figure 4–19 is an illustration 

of the arc discharge behavior considering the arc generation mechanism.   
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Figure 4–18. Dendrite structure of the coarse particle and debris. 
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The particle generation ratio of the product was calculated using an electrical scale that 

measures up to four decimal digits. The yield was calculated by comparing the initial electrode 

weight before and after the discharge and the weights of debris and coarse particles produced. 

The following equation is the yield in this study. The w is a measured weight of sample. For 

example, wcoarse particle is a measured weight of produced coarse particle. wanode initial is a measured 

weight of the initial state of the anode, and wcathode discharge is a measured weight of cathode after 

discharge procedure is done.  

 

yield ሾ%ሿ ൌ ൬
௪೎೚ೌೝೞ೐ ೛ೌೝ೟೔೎೗೐ା௪೏೐್ೝ೔ೞ

௪ ೌ೙೚೏೐ ೔೙೔೟೔ೌ೗ି௪ೌ೙೚೏೐ ೏೔ೞ೎೓ೌೝ೒೐ା௪೎ೌ೟೓೚೏೐ ೔೙೔೟೔ೌ೗ି௪೎ೌ೟೓೚೏೐ ೏೔ೞ೎೓ೌೝ೒೐
൰ ൈ 100 (4–1) 

 

 Yield includes debris, while the particle generation ratio only considers produced coarse 

particles. The weight of the fine particles is excluded in this calculation. In addition, the particles 

that were blown away from the drastic vaporization of the liquid nitrogen and arc shockwave, 

and those remained fine particles in the vessel and cell were considered as a loss. 

 

Table 4–7. Particle generation ratio and loss of the particle formation process 

electrode 

configuration 

(+)–(–) 

yield [%] 
particle  

generation ratio [%] 
loss [%] 

Ti–Cu 54 21 46 

Cu–Ti 87 43 13 

 

In Table 4–7, the loss rate of the Ti–Cu particle is much higher than Cu–Ti. One reason is 

that Ti–Cu discharge mainly produced fine Ti particles while Cu–Ti discharge mainly produced 

relatively larger micro–sized Cu particles. Due to the heat from the discharge inside the liquid 

nitrogen, many bubbles were drastically generated in a short time. It is believed that a large 
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number of fine particles were lost together with the evaporation of nitrogen. In our experimental 

conditions, the particle preparation of Cu seems to mainly depend on the melting process, which 

forms micro–sized particles rather than the vaporization process producing nano–sized particles. 

Compared to other Al, Ti, and Zn particles, micro–size particles are mainly produced using Cu 

electrodes. 

The production of the particle depends mainly on the physical properties of the materials, 

such as melting points and boiling points, and also on the continuity of the discharge which can 

be related to the treatment time in this process. The produced amount of the particle in this study 

was in the order of Zn > Al > Ti >> Cu. In the Cu electrode case, although it has a lower melting 

point and a boiling point than Ti, Cu generates fewer particles than Ti. We tried to find out the 

reason from the Cu material properties. According to Table 2–2 and Table 4–2, the Cu material 

has around 18 times higher thermal conductivity compared to Ti (Cu: 401 W/(mꞏK), Ti: 21.9 

W/(mꞏK)). However, the molar heat capacity of the four materials is similar to each other (Cu: 

24.4 J/(molꞏK), Ti: 25.06, Al: 24.2, Zn: 25.47). Since the particle formation in this process uses a 

liquid nitrogen medium, the heat generated from the electrode surface is relatively difficult to 

maintain the temperature. As the anode surface temperature, in the view of the production of the 

particle, might be insufficient to reach to vaporize the metal than melting. And as the cathode 

surface temperature, in the view of the electron supplier, might be insufficient to emitting the 

electron stably. A detailed explanation of the cathode and continuous discharge will be described 

in Chapter 5. It might be one reason why the Cu electrode shows a relatively unsustainable 

discharge compared to Ti electrodes. It is closely related to continuous discharge and the particle 

preparation process.  

In the case of an Al and Zn electrode with a lower melting point and boiling point, the 

production ratio of the particle by discharge time appears bigger than Ti and Cu electrodes. Even 

with a short time of discharge, the electrode is heated and begins to meltdown, producing a lot of 

debris, coarse particles, and fine particles. 
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4.4 Summary 

 

Prior to summing up this chapter, the findings related to the characterization results of the 

prepared particle are summarized in Table 4–8.  

Table 4–8. Summary of characteristic observation on the prepared particle in this study 

 Cu Al Ti Zn 

Nitride × ○ ○ ○ 

Oxide △ × △ ○ 

Nitride peaks 

intensity in XRD 

(5 A  30 A) 

n/a ↑ ↑ ↑ 

Oxide peaks 

intensity in XRD 

(5 A  30 A) 

↓ ↓ ↓ ↓ 

Particle 

generation ratio 

(5 A  30 A) 

4th 2nd 3rd 1st 

Particle shape 

(5 A  30 A) 
sphere sphere 

5 A: mainly 

sphere 

30 A: cubic 

nano–sheet,  

rod 

sphere 

Particle size 

(5 A  30 A) 
↓  ↑ ↑ n/a 

 

A liquid nitrogen discharge experiment was conducted to synthesize the particles 

utilizing DC power at two operating conditions: lower current mode (5 A) and the high current 
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mode (30 A), which enabled generate arc discharge. Three kinds of electrodes, Al, Ti, and Zn, 

were examined in this chapter. Through the discharge experiments, micro– to nano–size particles 

were successfully obtained from each of the electrodes, respectively. According to the XRD 

analysis results, it was confirmed that the crystallinity of the product crystal phase and the phase 

component changed as the current varied. This implied that the experiment variable as a current 

influenced the crystallinity of the synthesized products. From the XRD patterns, nitride phases 

were confirmed in all the conditions using Al, Ti, and Zn electrodes. The FE–SEM image 

showed that the majority of the product particles were aggregated to each other.  

Ti electrodes experiment showed a clear difference in the shape of the product particle as 

the applied current changed. In the low current mode, which showed low crystallinity in XRD 

patterns, the particles are spherical with an average size of 30.04 nm. On the other hand, in the 

high current mode, a clear cubic TiN particle with an average size of 43.16 nm was identified. 

The nitrogen content was enhanced 22% by increasing the current condition, low mode 5 A into 

high mode 30 A, which corresponds to the initial value 37.2 at.% into final 45.3 at.%.  

In Al electrodes, a large number of spherical particles, having an average size of 25.77 

nm in low current mode and an average 46.31 nm size in high current mode, were observed. It is 

hard to distinguish Al and AlN by the particle shape of the image. XRD results confirmed that 

AlN was produced in a liquid nitrogen discharge experiment.  

The thin sheets having 2~5 nm thickness, were produced in the Zn electrode experiment. 

In the high current case, nano–rods were observed grown on the spherical particle surface. From 

the XRD analysis, the presence of zinc oxide and zinc nitride was confirmed. Not only nitrides 

but also oxides were produced in Ti and Zn experiments. This is because of the sampling 

procedure, and the metal samples were easily oxidized when exposed to the air. The special care 

is required to maintain the nitride formed in the sampling procedure until analyzing the sample. 

It seems to be challenging to maintain the nitride form in normal conditions. 

According to the experimental results of different metal electrode combinations, it was 

confirmed that anode generates most of the particles in this process. The XRD results showed 

that the metal alloy was not observed, while the Ti electrode produces TiN particle and the Cu 

electrode produced Cu particle. Based on the phenomena, it is determined that each of the 
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electrodes performed an independent role without interfering with other electrodes in the particle 

generation.  

The yield of the Ti–Cu and Cu–Ti experiments was measured. Ti–Cu shows 54 % while 

Cu–Ti shows 87 %. The generation ratio of the coarse particle was measured. Ti–Cu shows 21 %, 

while Cu–Ti shows 43 %. A big portion of the loss was found from the calculation. Ti produces a 

number of nano–sized particles, and it seems to be a quite large portion of the produced particles 

are blown away when liquid nitrogen drastically vaporizing. In the Cu case, a large portion of 

particles was recovered. It is plausible that Cu mainly produces micro–sized particles, so it might 

be hard to blow away like Ti nanoparticles.  

Production of the particle is closely related to the boiling point and melting point of the 

electrode materials. The produced amount of the particle in this study was in the order of Zn > Al 

> Ti >> Cu. In the case of an Al and Zn, even with a short time of discharge, the electrode 

produces many particles. Although Cu has a lower melting point and a boiling point than Ti, Cu 

generates fewer particles than Ti. The unstable arc discharge is suggested as one reason. 
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5.1 Introduction 

 

 In previous chapters, particles were synthesized from Al, Cu, Ti, and Zn electrodes using 

arc discharge in liquid nitrogen. The morphologies of the synthesized particles were investigated 

by FE–SEM. The XRD analyses were performed for the characterization of the particles. 

According to the experimental results of different metal configurations, we found that most of the 

particles are produced from the anode. While the cathode role as an electron supplier when 

discharge occurs. The illustration of the arc mechanism in this process was provided in Chapter 4. 

Based on the phenomena, it is concluded that anode and cathode performed an independent role 

without interfering with each other during the discharge for particle generation. 

In this chapter, a thermodynamic calculation is carried out to explain the formation of the 

nitride particles. Moreover, we investigated the anode and cathode focused on their role in the arc 

discharge in liquid nitrogen for particle preparation. First, an electron supplier as a cathode for 

sustaining the arc discharge is discussed based on the relationship between the physicochemical 

properties of the cathode materials and the arc discharge behavior in liquid nitrogen. Second, the 

surface morphology of the anodes was investigated by SEM. The particle formation mechanism is 

proposed based on the morphologies of the anode surface and synthesized particles. 

 

5.2 Thermodynamic approach to the nitridation   

5.2.1 Analysis 

  

 Previously, Al, Cu, Ti, and Zn electrode are used for particle preparation in liquid nitrogen 

discharge experiments. The crystalline phase of the product is summarized in Table 5–1.  

 

 

Table 5–1. The crystalline phase of the synthesized particle 
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Metal electrode Product 

Al Al/AlN 

Cu Cu 

Ti TiN 

Zn Zn/ZnO/Zn3N2 

 

In order to explain the formation of the nitride particles, the thermodynamic approach is 

introduced. The Gibbs standard free energy of the electrode material and the synthesized metal 

nitrides are calculated using the chemical thermodynamics computing program (FactSage version 

5.1, Thermfact/CRCT, Montreal, Canada and GTT–Technologies, Aachen, Germany). The 

equilibrium constant (Keq) is calculated using the software with the stoichiometry and temperature 

profile of the reaction. The calculated Keq was put into Eq (5–1), which was the equation for 

calculating Gibbs standard free energy. R is a gas constant of 8.31451 [kJ/mol·K], and the 

temperature in the range of 77 K to 4000 K was investigated.  

 

ΔG଴ ൌ െRT ln𝐾௘௤  (5–1) 

 

5.2.2 Gibbs standard free energy calculation 

  

 Figure 5–1 shows the Gibbs standard free energy (ΔG°) change as a function of temperature 

for synthesizing AlN, TiN, and Zn3N2 from the electrode material. Cu is excluded from the figure 

because there was no database of nitrides. The marked circle is the melting point of the electrode 

materials, and a blank circle is the boiling point of the electrodes. The three kinds of nitridation 

reactions in Figure 5–1 spontaneously occur when the state of the ∆G°  is negative (∆G°<0). 

According to Figure 5–1, the nitridation of Al and Ti materials shows the negative ∆G° until around 

their boiling point temperature, respectively. This indicates that Al and Ti are reacting with 

nitrogen and synthesize nitrides. In the case of Zn, Gibbs standard free energy shows negative only 
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within the narrow range from 77 K to 122 K. In this study, it might be possible that zinc nitride 

was synthesized under the liquid nitrogen temperature (77K).  

 

 

Figure 5–1. Gibbs standard free energy for synthesizing nitrides from Al, Ti, and Zn electrodes 

 

5.3 Sustainable arc discharge for stable particle preparation process 

 

In this section, we discussed the electron emission role of the cathode for sustaining the arc 

discharge. The cathode has no direct relation to particle formation since the particles mainly come 

from the anode. However, it could be possible to improve the continuity of the particle preparation 
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process. Furthermore, it gives a better understanding of the interaction between the electrode and 

the arc discharge behavior.  

Ti has a high melting point and boiling point, so as an aspect of continuous discharge, Ti 

enables to maintain a stable discharge longer time which leads to the high production rate of the 

particle than Al, Cu, and Zn electrode.  

Cu shows a similar trend to Ti, which has a relatively high melting, boiling point, and 

maintains successive discharge longer than Al and Zn electrodes. However, the production amount 

of the particle is lower than Al, Ti, and Zn. This reason was mentioned in the previous chapter 

4.3.4.3.  

 As an important factor for sustainable arc discharge, the cathode has to provide a proper 

number of thermal electrons, and it should have a high melting point and boiling point to endure 

the heat. Based on the experimental data, the stability for the successive discharge was in the order 

of Ti >> Cu > Al > Zn.  

Ushio et al. investigated the correlation between arc discharge stability and cathode thermal 

electron emission [101]. The Eq (5–2) is a Richardson–Dushman equation for the thermal electron 

emission density at the cathode [102–104]. Where T [K] is cathode temperature, W [eV] is a work 

function, and kB [J/K]is a Boltzmann constant. (1 eV = 1.60219×10-19 J). J [A/m2] is the current 

density at the cathode. The minimum value of the current density required for maintaining arc 

discharge is 106 [A/m2] reported in many references [57, 101]. The proper current density (J) of 

arc discharge is known to be 106 ~ 108 A/m2 [101]. In the equation, “A” is a thermionic emission 

coefficient, generally using a value of 6×105 [A/m2·K2]. Accordingly, in Eq (5–2), the value of W 

can be calculated when we know J, A values and by putting the temporary temperature. Based on 

the calculation, the linear dot line can be described in Figure 5–2.  

Figure 5–2 shows the functional relationship between temperature and work function of the 

materials. The linear dot line in the middle is a minimum current density (J=106~108 A/m2) for 

maintaining stable arc discharge. The individual sphere mark indicates thermionic emission at a 

work function. The color describes the boiling or melting point of the materials. The work function 

has different values between the plane orientation, so some materials are expressed in the range. 

The work function values of each material were referred from the various references [105–110]. 
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The upper part region from the dotted line indicates that the stable arc discharge can be maintained. 

The bottom part from the dotted line indicates that unstable arc discharge generates by the lack of 

current density. For example, Zn electrodes, the discharge maintains only few seconds since the 

electrode melting and vaporizes. 

 

𝐽 ൌ 𝐴𝑇ଶ𝑒𝑥𝑝 ቀെ
ௐ

௞ಳ்
ቁ   (5–2) 

 

 In order to emit the thermion, the temperature of the cathode should be maintained at a 

certain level. At the boiling point of a material, the metal vaporizes and could not supply electrons. 

Thus, it is concluded that the boiling point of the material could be the upper limit of the 

temperature. So, in Figure 5–2, the boiling point of the electrode materials and melting point of 

TiN and AlN are listed. In the case of TiN and AlN, melting temperature is already in the stable 

region. However, zinc nitride is known to decompose around 700 °C, so it is not described in the 

figure.  

According to Figure 5–2, Al, Cu, and Zn seem to be unsuitable as a cathode for sustaining 

stable arc discharge. Ti could be a suitable cathode in this study. According to the Figure 5–2, the 

suitable cathode for sustaining arc discharge can be classified as follows, stable Ti electrode and 

unstable Cu, Al, and Zn electrode. In the comparison of Cu and Al, both have a similar boiling 

point. However, the melting point of Al (933 K) is much lower than Cu (1,357 K) and Ti (1,933 

K). The meltdown speed of the Al electrode occurs in much earlier step than Cu electrode. When 

the electrode starts to melt, the maintaining the gap distance was quite hard.  

 During the arc discharge, the tip of the Ti electrodes turned into golden yellow, which was 

an appearance color of TiN. Figure 5–3 shows a produced golden yellow color of TiN covered on 

the tip of the Ti electrode. In the data of Figure 5–2, TiN is also positioned in the stable arc 

discharge region. TiN requires less work function than Ti, which indicates TiN requires less energy 

to emitting thermion from the cathode. In other words, TiN can initiate arc discharge at a lower 

temperature than Ti. It was confirmed that TiN synthesized on the Ti electrode surface provides a 

more stable arc discharge for the particle preparation process.  
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 A similar discharge behavior was observed in the initial stage of the Al 30 A experiment. 

The white to pale–yellow AlN particles covered both electrodes were observed. However, as Al 

has a low melting point (933 K), the heated anode started melting drastically and hindered AlN 

formation’s effect on the cathode tip. When the melting started, the gap distance was hard to 

manage, causing the arc discharge to be maintained only for a few seconds. In the case of the Al 

electrode, proper experiment condition is required for the particle preparation process. It can be 

concluded that the stability of the arc discharge was affected by the work function, cathode 

temperature, and thermal properties of the electrode materials. 

 

Figure 5–2. Linear function of minimum current density for stable arc discharge and the 

relationship between temperature and work function. Individual sphere mark indicates 

thermionic emission at a work function, and the color describes the boiling or melting point of 

the materials. 
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Figure 5–3. After the reaction, the titanium electrode was covered with the golden or yellowish 

color of titanium nitride 

 

5.4 Particle formation mechanism 

5.4.1 Surface morphologies of Al, Cu, Ti, and Zn anode 

 

In this section, we discussed the surface structure of the anode, which played a role in 

generating particles in this process. By comparing the morphology of the anode surface and the 

morphology of the produced particle, we tried to understand the particle formation process. 
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Figure 5–4 (a) shows the observation of the Al anode tip surface after the discharge at low 

magnification. There are many melted regions caused by heat, which is generated from colliding 

with the thermo–electrons in the plasma channel. Around the melted region, the generating 

particles are in aggregated form. Figure 5–4 (b) and (c) are the images of the generated particles 

observed from the electrode surface at high magnification. Inside Figure 5–4 (b) and (c), the 

spherical particles were adhered to the electrode surface and stacked up in a vertical direction. It 

seems to be an evaporated Al material from the plasma column, quenched rapidly and condensed 

on an electrode surface. It was confirmed that the morphology of spherical particles in (b) and (c), 

which is formed on the electrode surface, corresponding to the produced particle (d) and (e), which 

is sampled from the micro–sized particle, and (f) and (g) which is sampled from the nano–sized 

fine particle.  

The image arrangement is similar to Figure 5–4, from Figure 5–5 to 5–7 representing the 

Cu, Ti, Zn electrodes, respectively. The first low (a), (b), and (c) indicates an electrode surface 

structure. (a) is a low magnification image of the anode tip surface after the discharge. (b) and (c) 

is a high magnification image of the anode surface structure. Images on the second row start from 

(d) are produced micro–sized coarse particles, and images on the third row are generated nano–

sized fine particles.  

In Figure 5–5, copper anode generates spherical particles. Cu did not form nitride. Thus, 

the particles were obtained directly by the physical impact on the electrode without any nitride 

reaction involved. The contents are discussed in Chapter 3. 

The surface of the Ti 30 A anode tip after the discharge was shown in Figure 5–6 (a) to (c), 

in Figure 5–6 (b) the generated micro–sized cubic TiN particles were observed next to the melted 

region in Figure 5–6 (a), suggesting that the partially melted Ti reacted with nitrogen atoms and 

formed on the electrode surface. The generated micro–cubic particles were found in a dendrite 

growth structure due to the rapid cooling of gas and liquid. The size and shape of the dendrite 

structure particles correspond to the size and shape of the coarse particles collected. Consequently, 

it is thought that the coarse particles were directly derived from the detachment of those micro 

sizes of cubic dendrites on the electrode during discharge, which was most likely caused by 

physical force such as an arcing shockwave. 
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In Figure 5–7 (b) and (c), the observation image on the Zn anode surface indicating that the 

initial forming particles are in a shape of spherical. However, the morphology of the produced Zn 

sample is quite different. Only some parts of particles show spherical. As in Figure 5–7 (g) and (h), 

it was observed that the rod–shaped particles seem to be growing on the spherical particle surface. 

The crystal growth proceeds in the produced particle surface and forms a cluster. It seems to react 

with the moisture of the surroundings and transformed into oxide forms.  

According to the SEM images of the Al, Cu, Ti, and Zn electrode surface, the unique 

features of the particles were observed from the anode surface. In the observation, the shape of the 

structure in the anode surface corresponds to the produced particle in each metal experiment. These 

findings suggest that the particle formation in this process could be explained by the formation of 

the anode surface structure shown in Figure 5–4 to Figure 5–7 and the particle formation was 

mainly caused on the anode. 
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5.4.2 Formation phenomena of synthesized particles in liquid nitrogen  

         discharge 

  

 Figure 5–8 and Figure 5–9 depict a proposed mechanism for nitride particle formation and 

the illustration of the arc discharge process in liquid nitrogen for preparation of the particle. Based 

on the FE–SEM and XRD results, it is clear that the anode generates the particles in this process. 

Particles are produced from the heated anode surface by melting and vaporizing the anode material. 

The arc plasma’s temperature is thought to be high enough to melt and evaporate the arc spot at 

the electrode. When the arc initiates discharge between the electrodes, a specific gas bubble area, 

as depicted in the white zone in Figure 5–9, is most likely formed between the electrodes. Inside 

the bubble, there is a lot of nitrogen gas. Because the arc discharge persists in the plasma column, 

the generated thermion can continuously dissociate nitrogen molecules into atoms as long as the 

arc discharge persists. Atomic nitrogen can react with Al and Ti metals to form metal nitrides. The  

SEM observation of the Ti anode surface confirmed this phenomenon. As mentioned it in above, 

it is thought that the coarse particles were directly derived from the detachment of those micro 

sizes of cubic dendrites on the electrode during discharge. Once the leached metal vapor was 

generated, it was rapidly quenched by the surroundings. During the supercooling process, the 

nucleation proceeds by condensation and formed metal nanoclusters. The dissociated nitrogen 

atoms also reacted with generated metal nanoclusters to form nitrides. For example, the TiN 

nanoclusters grew in a cubic crystal. Furthermore, produced TiN primary particles were 

aggregated by colliding with each other. In Similar, in the DI water case in chapter 2, dissolved 

oxygen in DI water reacts with copper nanoclusters to form copper oxides. The size of the 

synthesized metal and metal nitride cluster is considered growing with the Ostwald ripening 

mechanism. Ostwald ripening is a phenomenon that small crystals or sol particles dissolve and 

deposit to larger crystals or particles [111]. This process generally leads to a decreased number of 

particles, coarsening of the particle size [112, 113]. Both Ti and Zn are easy to be oxidized when 

the samples are exposed to the air. Once the nitrides are formed, TiN does not proceed to be 

oxidized. Meanwhile, Zn3N2 is oxidized when it is exposed to humidity. In all the samples, 

prepared particles showed the behavior of aggregation and agglomeration. 
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5.5 Summary 

 

Prior to summing up this chapter, the findings related to the characteristic results of the 

prepared particle are organized in Table 5–2. 

 

Table 5–2. Summary of characteristic observation on prepared particle in this study 

 Cu Al Ti Zn 

ΔG n/a ΔG < 0 ΔG < 0 ΔG > 0 

Continuous discharge 

stability at 30 A condition 
unstable unstable stable unstable 

 

In this chapter, the following three things were discussed for the system of particle 

preparation in liquid nitrogen discharge. At first, the Gibbs standard free energy was calculated to 

demonstrate the results of the nitride formation depending on electrode material. The calculation 

revealed that the Al, Ti, and Zn could synthesize nitrides. However, Zn reacts within a very narrow 

range of temperature around liquid nitrogen.  

Next, the continuous arc discharge was discussed, which is considered to be the main 

parameter for continuous particle production in this process. The work function of the electrode 

material is relatively compared with the reference of minimum current density for the stable arc 

discharge. The stability of sustainable arc discharge depends on the thermal properties of the metal 

electrode, work function, and whether the electrode forming nitride. Ti cathode seems to be the 

promising candidate for sustaining the stable arc discharge, while Al, Cu, and Zn electrode are not.   

Finally, the particle formation mechanism using Al, Ti, and Zn electrode materials was 

presented. Here, it is supposed that the metal vapor and dissociated atomic nitrogen synthesize the 

metal nitrides and grows with Ostwald ripening mechanism.  
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6.1 Concluding remarks 

 

In this chapter, the conclusions of the present work are remarked. The submerged arc 

discharge process has been developed for the preparation of the particles. The main objective of 

this work was to investigate the specific features of the particles prepared by an electrical discharge 

under liquid nitrogen and to further understanding particle formation phenomena in liquid nitrogen 

discharge. As a dielectric media, DI water was investigated in chapter 2. The effect of AC, bipolar 

pulse, DC power supplies on Cu particle generation has been examined in chapter 3. Al, Ti, and 

Zn electrodes were applied for particle preparation in liquid nitrogen discharge in chapter 4. The 

particle formation mechanism was discussed in chapter 5.  

In Chapter 2, particle preparation in DI water was performed as a comparison study for 

discharge in liquid nitrogen. The electrical discharge was successfully maintained under deionized 

water using the bipolar pulse power supply. Nano–size of copper oxide particles were synthesized 

using a copper electrode as a raw material without any electrolyte. The needle–like and clipped 

nail–like shapes of the copper oxides are synthesized at low–power mode and high–power mode, 

respectively. Based on the SEM images of electrode surface and particles, the particle generation 

mechanism was proposed. At the low–power mode, the obtained fine particles were considered to 

be generated on the electrode surface, which implies the electrochemical reaction occurs between 

the water and copper surface. In the high–power mode, both physical and chemical process 

combined together. In the physical process, the particles were considered to be generated by 

melting and evaporation of the copper electrode. And the chemical process is same mechanism in 

low–power mode.  

In Chapter 3, the electrical discharge with Cu electrodes was successfully maintained under 

liquid nitrogen at specific power operating conditions. The micro–size of a spherical metallic 

copper particle was obtained. While the nano–size of a copper particle seem to be oxidized. 

Regardless of the variation of the power supplies, there was no significant difference between the 

prepared particles. The produced particle has a spherical shape in common when discharge 

occurred in liquid nitrogen. The particle formation mechanism is considered to proceed by local 

melting and partial vaporization. The micro–size spherical coarse particles may directly be 
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detached from the molten surface of the electrode. Moreover, the nano–size spherical fine particles 

could be generated by partial vaporization from the electrode. DC shows excellent performance 

on particle preparation in this process as compared with AC and bipolar pulse power supply.  

In Chapter 4, three kinds of electrodes, Al, Ti, and Zn, were applied for particle preparation 

in liquid nitrogen discharge using a DC power supply. From the XRD patterns, nitride phases were 

confirmed in all the conditions using Al, Ti, and Zn electrodes. Moreover, it was confirmed that 

the experiment variable as an applied current influenced the crystallinity of the synthesized 

products. In the high current mode, an average particle size of 43 nm cubic TiN, 46 nm spherical 

Al/AlN were obtained. According to the experimental results of different metal electrode 

combinations, it was confirmed that anode generates most of the particles in this process. The XRD 

results showed that the metal alloy was not observed, while the Ti electrode produces TiN particle 

and the Cu electrode produced Cu particle. It is determined that each of the electrodes performed 

an independent role without interfering with another electrode in the particle generation. The arc 

discharge mechanism was also presented. 

In Chapter 5, Gibbs’ standard free energy was calculated to explain the results of the nitride 

formation. The thermodynamic calculations indicated that the nitridation of Al and Ti electrodes 

is spontaneous. In the case of the Zn electrode, the limited range of the temperature near liquid 

nitrogen temperature is spontaneous. In this study, we learned that the anode produces particles 

and cathode supplies electrons for arc discharge. For a better understanding of the interaction 

between discharge and the particle preparation process. The cathode and anode was discussed 

based on their role in this process. The sustainable stability of the arc discharge behavior was 

discussed based on thermal properties of the cathode materials. The Ti electrode shows the best 

stable properties for sustaining the arc discharge during an experiment. According to the SEM 

observation of anode surface, we found that the particle forming on the anode surface and 

morphology of the produced particle corresponds to each other. Based on this result, the particle 

formation mechanism was proposed. Here, we suggest that the metal vapor and dissociated atomic 

nitrogen synthesize the metal nitrides. 

This works presents a point of view on particle preparation using submerged arc discharge 

in liquid nitrogen. The dielectric media, power supply, and electrode material are important factors 

for particle preparation formation. In conclusion, a simple process to synthesize metal, metal oxide, 
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and metal nitride particles were introduced using electrical discharge in liquid nitrogen. This 

method has the potential for simple preparation process of nitride fine particles. 

 

6.2 Recommendations for future studies 

 

The present work is an early step revealing the simple particle preparation process using 

arc discharge in liquid nitrogen. Therefore, there are still a number of possible directions to extend 

in order to understand and improve the process. The followings are the recommendations for future 

works. 

 

1) This study considered the effect of several process parameters, including applied 

voltage, applied current, power supplies, electrode materials. However, we believe that 

there are several other parameters, such as electrode diameter, electrode shape, 

electrode configurations, using a bimetal electrode, which can have an impact on the 

particle formation mechanism.  

 
2) The current sampling system can be more improved. In order to prevent the side 

reaction, several methods could be proceeds. One method is an experiment carried out 

in a glove box, which is purged in a nitrogen state. Alternatively, we can apply the 

chemicals to etching the oxide layer of the particle.  

 
3) Since the dissociated nitrogen and dissolved oxygen reacts with metal nanoclusters. 

The different dielectric medium, such as liquid argon can be considered to investigate 

to see the difference between the liquid nitrogen.  

 
4) The different types of electrode raw material can be further investigated to find the 

promising candidates for synthesize the fine nitride particles.  
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