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Abstract—In this paper, the principle and application of plasma are briefly described, and in particular, the principle
and practical application for plasma generated in liquid are introduced. Also, the research results of water treatment, syn-
thesis of metal nanoparticle, synthesis of visible light-responsive photocatalyst, synthesis of energy material, and hydro-
gen gas production, which were tested using liquid phase plasma, are introduced. Various water pollutants were treated
and hydrogen gas was produced using the strong chemical oxidizing species and ultraviolet rays in the plasma field gen-
erated in the reactant aqueous solution during the liquid phase plasma (LPP) process. The effects of plasma discharge
conditions, dissolved oxygen concentration, pH value, photocatalytic behavior, as well as the properties of organic solu-
tions on the LPP reaction were investigated experimentally and reported. Based on these previous studies, metal
nanoparticles were synthesized using hydrogen atom radicals as well as the numerous electrons in the plasma field gen-
erated during the LPP process. Additionally, these studies indicate that visible light-responsive photocatalysts can be
obtained when metal nanoparticles are precipitated in TiO,. They also provide evidence that metal nanoparticles can be
precipitated in various carbon materials for application as electrodes in secondary batteries and supercapacitors. There-
fore, the LPP process has been successfully applied in various fields given that it can be easily and conveniently used, and

presently it is being applied in several new fields and many possibilities for its future application are expected.
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INTRODUCTION

The plasma state refers to a state of matter in which a gas is
heated to an ultra-high temperature such that it jonizes, releasing
electrons and forming positively charged ions. The physical prop-
erties of matter in such a state are clearly distinct from those of mat-
ter in other states; thus, the plasma state is considered as the fourth
state of matter. Specifically, the plasma state constitutes 99% of the
materials that make up the universe, and generally it is divided into
the low- and high-temperature plasma states depending on tem-
perature.

The low-temperature plasma state is obtained via glow discharge
and arc discharge, with application in various industrial fields, in-
cluding plasma display panel (PDP) production, semiconductor
manufacturing, air purifier manufacturing and fluorescent lamp
production. An example of matter in the high-temperature plasma
state is the sun, which is a celestial body that is bound by gravity.
High-temperature plasma can also be used commercially; e.g,, plasma
generated in a fusion reactor, and for various reasons it is expected
that fusion energy will have application as a next-generation energy
source.

Depending on the state of the material within which it is gener-
ated, plasma can be divided into three phase regions--gaseous, lig-
uid and solid phase regions--and the relationship between these
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three plasma phases is shown in Fig. 1. Reportedly; gas phase plasma,
which has application in various industrial fields, can be catego-
rized based on different conditions, including low temperature, high
temperature, low pressure, atmospheric pressure and high pres-
sure. However, in a metal that is in the solid phase, delocalized
electrons move freely between the positively charged metal ions at
the lattice points. Such a state consisting of delocalized electrons
and positively charged metal ions can be regarded as plasma and
can be called solid phase plasma. The collective oscillations of the
delocalized electrons, referred to as plasma oscillations, propagate
as charge density waves. This vibration is quantized as a particle
and is called a plasmon, and the related academic field, which is
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Fig. 1. Plasma applications in various phases.
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Fig. 2. Images of plasma generation method in a liquid: (a) Direct discharge between two electrodes using an AC (plus) power supply; (b)
contact discharge between an electrode and the surface of the surrounding electrolyte using a DC power supply; (c) plasma genera-
tion with radio frequency or microwave irradiation; (d) plasma generation using the laser ablation method. Reproduced from ref.

[17]. Copyright 2017 by RSC.

beginning to grow, is called plasmonics, as opposed to electronics
and photonics, which are related electrons and light, respectively.

However, plasma generated in the liquid phase has received lit-
tle or no attention until recently. Since ancient times, the phenom-
enon of electric discharge in liquids has been applied in technologies,
including electric discharge machining, hyperbaric welding, elec-
tric carburizing and liquid insulation. However, research on the
basic physical and chemical properties of plasma in the liquid phase
is limited, and recently it has been referred to as arc discharges in
water, glidarc discharges in water, or water plasma, and it is being
studied gradually. In the 2000s, Nagoya University research, called
solution plasma, began to attract attention [1-5].

There are two ways to generate plasma in a liquid phase; the first
is a type of corona discharge, a streamer discharge that generates
plasma from linearly arranged electrodes using dielectric break-
down in the liquid. Due to dielectric breakdown, the temperature
around the heated electrodes rises, generating microscopic bub-
bles and a plasma field is generated from these bubbles [6]. To
perform this plasma discharge, electric power of 200-300 kV and a
current of 120 A or more are required in the liquid, and there are
problems of maintaining stability and saving energy. Using a pulse
voltage in the order of s, a liquid phase plasma field is generated
in a liquid that vaporizes at the liquid-air interface [7,8]. When
corona discharge occurs in a liquid phase, the generated plasma
field emits various chemically active species, numerous electrons,
localized heat, shock waves and ultraviolet rays [9]. The second
method is to introduce a gas into the liquid by heating to create a
plasma field in the generated bubbles. Insulation breakdown of
liquid is not always accompanied by the application of power, and
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in some cases plasma fields can be generated even with power of
20kW or less by corona discharge, glow discharge and arc discharge
[10-14].

Fig. 2 presents a schematic diagram of the four methods of form-
ing a plasma field in a liquid. The schematic diagram of the plasma
field generation in the liquid phase shown in Fig. 2(a) is a form of
direct discharge in the form of electric spark discharge and arc dis-
charge on two electrodes. Two electrodes of the same shape and
size are installed in a liquid at short intervals and plasma is gener-
ated in most liquids containing various solution media or conduc-
tive electrolytes by direct discharge. In addition, when current is
applied to electrodes installed in a liquid phase, a liquid plasma
field is generated and the solution used at this time needs conduc-
tivity [15-17].

Ingram and Hickling presented a contact glow discharge elec-
trolysis method as shown in Fig. 2(b). A high-temperature plasma
field is formed in the electrolyte around the electrode due to the
high electric field, which causes glow discharge light to be emitted.
Two electrodes with different electrode surface areas are installed in
the electrolyte solution at a distance of 10 to 100 mm and at this
time, the electrode with a small surface area is covered with a thin
water vapor film that generates electric discharge. This method uses
a direct current power source and when current is passed through
the electrolyte from the electrode, bubbles are created by Joule
heating and a plasma field is created on the cathode side. In this
method, it is important to control the conductivity because the
condition in which plasma is generated varies depending on the
conductivity of the solution. In general, as shown in Fig. 2(b), a
mesh metal plate with a large surface area is used for the cathode



Recent applications of the liquid phase plasma process 887

and a metal wire is used for the anode and a DC power supply is
mainly used, but pulsed DC can also be used.

Fig. 2(c) shows a schematic diagram of a method of forming a
plasma field in a liquid by irradiating radio frequency or micro-
wave to the antenna electrode. This method can form a plasma field
in a liquid with low power and does not require an electrolytic
solution with other methods. Meanwhile, in this method, the dielec-
tric constant and dielectric loss of the solution are important vari-
ables for plasma field generation. The radio frequency or microwave
used here can be maintained over a wide range of solution con-
ductivity, and low pressure is required because energy is absorbed
by water due to dielectric constant and dielectric loss. The biggest
advantage of this method is that a plasma field is formed even in
pure water, so it can be applied in various fields.

Finally; a schematic diagram of a method of generating plasma
balls on a solid surface by irradiating a laser to a solid substrate in
a solution is shown in Fig. 2(d). Currently, this method is being
used for research such as nanoparticle production [18] and deep
sea mass spectrometry [19]. Methods of generating plasma in
these liquids have been subdivided by Saito and Akiyama based
on engineering diagrams according to operating conditions, reac-
tion conditions and equipment [20]. Meanwhile, new technolo-
gies are being reported, such as UV-curing, developed to carry out
the process in a sustainable manner [21-26].

In this study, plasma was generated with a similar device and
system shown in Fig. 2(a). And in this paper, the concept and sys-
tem of the liquid phase plasma (LPP) method are explained, and
the results of water treatment, synthesis of metal nanoparticle, syn-
thesis of visible light-responsive photocatalyst, synthesis of energy
material and hydrogen gas production by applying this method
are described.

THEORY OF LPP

Until recently, LPP processes were only used as processing tech-
niques, e.g, in the welding and cutting of metals. This type of LPP,
a thermally parallel plasma type that uses temperatures 26,000 K
as energy source for material processing, is classified as an arc dis-
charge. In recent years, an AC pulse power source has been devel-
oped and it has become possible to generate LPP via the inclusion
of non-parallel plasma [27]. Additionally, this AC pulse power uses
the reaction fields resulting from the formation of the LPP owing
to the action of laser, microwaves, and high frequencies [28-30].

Fig. 3 shows a conceptual diagram of LPP generation. Specifi-
cally, bubbles are generated around the heated tungsten electrode
by the AC power supplied by the pulses, and plasma is formed
within these generated bubbles and not directly in the liquid. Five
effects, including electromagnetic field generation, UV radiation,
overpressure shock wave generation, the generation of various free
radicals and ozone generation with O, bubbling, occur simultane-
ously in the LPP field thus formed [31-33]. These phenomena oc-
curring in the plasma field can be applied in various synthesis and
decomposition processes [34-36]. Particularly, metal ions in the
LPP reaction precursor aqueous solution can be reduced by the
numerous electrons generated in the plasma field and precipitated
into the metal particles. Further, metal nanoparticles can be pre-

Plasma/Gas interface

Gas/Liquid interface
Fig. 3. The concept of liquid phase plasma process.

cipitated in various substrates (e.g., various carbon materials and
TiO,) through this reduction reaction. Additionally, organic pollut-
ants in water can be treated using strong oxidizing agents, such as
the hydroxyl radicals (OH:) generated in the LPP field, and water
or organic solvents can be decomposed by the strong plasma field;
thus, hydrogen can be produced easily.

DEVICE

The different devices used in the LPP process differ slightly de-
pending on the field of application; however, the fundamental ele-
ments of the critical equipment are the same [37-39]. Here, repre-
sentatively, the experimental equipment used for water treatment,
which is shown on the left side of Fig. 4, is described. Plasma is
generated in the liquid using a power supply that pulses direct cur-
rent. To clean the electrodes, ensure stable operation and generate
a symmetrical plasma, the DC power is supplied as a bipolar pulse.
In these LPP studies, the power supply is operated at an applied
voltage in the range 200-250 V, a pulse width in the range 1-5 pis,
and a frequency in the range 10-30 kHz. Pulsed discharge is per-
formed on a tungsten electrode installed in a double annular or
cylindrical quartz reactor.

To prevent the rise in the temperature of the LPP reaction aque-
ous solution due to plasma discharge, a cooling water bath is used.
In the water treatment experiment, a dissolved oxygen generator is
used to change the dissolved oxygen concentration in the aque-
ous reactant solution. However, for nanoparticles synthesis and
hydrogen production processes, the dissolved oxygen generator is
not used, but all the other components of the devices used are
basically the same.

The current and voltage applied to the LPP are detected using a
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Fig. 5. Optical emission spectrum in the plasma field generated by LPP radiation and changes in the generated radicals. Reproduced from

ref. [42]. Copyright 2015 by Taylor & Francis.

probe connected to a digital oscilloscope. The energy and power
per pulse collected by the oscilloscope are calculated as the prod-
uct of the voltage and the current. The obtained current and volt-
age waveforms are shown on the right side of Fig. 4. These quantities
are measured by changing the frequency to 30 and 10 kHz under
an applied voltage and pulse width of 250 V and 5 ps, respectively.
Fluid breakdown is observed at 30 kHz, and not at 10 kHz. This
breakdown resulted from an increase in voltage and current dissi-
pated heat from the dielectric, and plasma was generated owing to
the rapid increase in resistance and the rapid drop in voltage.

APPLICATIONS OF THE LPP PROCESS

1. Water Treatment

Various water pollutants were successfully degraded using the
LPP process [40-42]. In this section, the results of a methyl orange
degradation experiment based on a dissolved oxygen generator
coupled the LPP system are presented [43].

In the degradation of organic pollutants using the LPP system,
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the strong oxidizing radicals generated in the plasma field play a
very important role. Therefore, the concentrations of the generated
chemically reactive species were measured using an optical emis-
sion spectrometer, and the optical emission spectra corresponding
to distilled water (DI) water (7 ppm) and water with a high dissolved
oxygen concentration (50 ppm) are shown on the left side of Fig.
5. These spectra show the presence of the hydroxyl radical (OH.),
atomic hydrogen (H,, and Hy) and atomic oxygen [44]. Very rapid
reactions were induced by these chemically active radicals, that
were generated in the powerful plasma field of the LPP. Thus,
metal ions were reduced by the generated atomic hydrogen radi-
cals, and several electrons resulted in the precipitation of metal
nanoparticles [45], while oxygen radicals and hydroxyl radicals,
with strong oxidizing power, oxidized organic pollutants to inor-
ganic species. At higher dissolved oxygen concentration, there was
an increase in the number of photons in the activated species,
especially in the hydroxyl radicals. Based on the results obtained, it
is evident that increasing the concentration of hydroxyl radicals by
increasing the dissolved oxygen concentration is an effective strat-
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Fig. 6. (a) Methyl orange decomposition rate obtained with different levels of impressed voltage, pulse width and frequency. (b) Degradation
rate of methyl orange measured at various dissolved oxygen levels. (c) Comparison of the methyl orange decomposition rate obtained
under different experimental conditions. Reproduced from ref. [42]. Copyright 2015 by Taylor & Francis.

egy in the degradation of water pollutants.

The photons count change based on the optical emission spec-
tra of O-, OH- and H/- radicals with respect to changes in dis-
solved oxygen concentration is shown in Fig. 5. The number of
photons in the OH-: radicals increased up to a dissolved oxygen
concentration of 50 ppm but decreased when the dissolved oxy-
gen concentration reached 70 ppm. This phenomenon could be
attributed to the scavenging effect of the recombination of the OH-
radicals. Additionally, the number of photons in HS- and O- is
inversely correlated with the number of photons in OH-.

Fig. 6(a) shows the variation in the rate of methyl orange degra-
dation when the plasma discharge conditions (pulse width, frequency
and voltage) were changed. As the applied voltage increased, the
rate of methyl orange degradation tended to increase. This obser-
vation could be attributed to the strong plasma field that was estab-
lished by the high applied voltage. Additionally, as the pulse width
increased, the rate of methyl orange degradation also tended to
increase. This is because an increase in the pulse width resulted in
an increase in the plasma production time. Further, as the frequency
increased, the rate of methyl orange degradation also tended to in-
crease owing to the generation of a good number of OH- radicals
as a result of the large discharge [42].

Fig. 6(b) shows the effect of dissolved oxygen concentration on
the rate of methyl orange degradation using the LPP process. From
this figure, it is evident that the degradation rate increased (0.0016
min ") as the dissolved oxygen concentration increased to 50 ppm.
However, at a dissolved oxygen concentration of 70 ppm, a decrease
in the decomposition rate was observed (0.0012 min™"). This find-

ing is correlated with the photon count associated with the OH-
radicals. Thus, it is evident that OH- radicals play a very important
role in the degradation of water pollutants during the LPP process.

Fig. 6(c) shows the variation of the rate of methyl orange degra-
dation under various degradation experimental conditions. “DO
Ge” represents an experiment that was performed using only the
dissolved oxygen generator (50 ppm). Under these experimental
conditions, almost no degradation was observed. However, when
the LPP process was coupled with the dissolved oxygen generator,
there was a three-fold increase in the degradation rate compared
with that observed when only the LPP process was used.

2. Synthesis of Nanoparticles

Using the LPP process, a variety of nanosized single-component
metal particles, as well as two-component bimetallic nanoparti-
cles, were successfully synthesized. Here, the results obtained fol-
lowing the application of the LPP process in the synthesis of Sn
nanoparticles and Fe-Ru bimetallic nanoparticles are presented
[46,47].

Fig. 7(a) shows the FETEM images of the Sn nanoparticles that
were synthesized via the LPP method using reactant aqueous solu-
tions with different cetyltrimethylammonium bromide (CTAB)
concentrations (i.e., 0, 10, 30 and 50 mol%). In the absence of CTAB,
the Sn particles obtained had sizes in the range 30-90 nm and were
partially agglomerated. However, the addition of CTAB resulted in
well dispersed smaller particles. Further, when the molar concen-
tration of CTAB was 50%, the average size of the Sn particles ob-
tained was below 10 nm and the particles showed a very high degree
of dispersion [32].

Korean J. Chem. Eng.(Vol. 38, No. 5)
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Fig. 7. (a) TEM images of Sn nanoparticles synthesized with different CTAB molar ratio in the solution: a) 0%, b) 10%, c) 30%, d) 50%. (b)
TEM images of Sn nanoparticles synthesized with different discharge time: a) 10 min, b) 30 min, c¢) 50 min. (c) FETEM image and
EDS spectrum of tin dioxide in the white slurry synthesized using LPP process, HR-FETEM images and corresponding ED patterns
of Sn nanoparticles synthesized using LPP process. Reproduced from ref. [32]. Copyright 2017 by American Scientific Publishers.
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Fig. 8. Formation mechanism of Ni-Cu bimetallic nanoparticles synthesized with plasma in the liquid phase. Reproduced from ref. [31].

Copyright 2016 by The Korean Institute of Chemical Engineers.

The variation of the shapes of the Sn particles obtained using
the LPP process with process time based on TEM are shown in
Fig. 7(b). At 10 min into the LPP process, the Sn particles formed,
which had sizes of approximately 70 nm, were dendrite-shaped like.
However, as the LPP process time increased, the particles showed
a decrease in size. At an LPP process time of 50 min, spherical Sn
nanoparticles with sizes below 10nm that were well dispersed
were observed.

Fig. 7(c) shows the results of the FETEM and EDS analyses of
the sediment produced via the LPP process. The analysis of the
EDS spectrum of the precipitate indicated that the precipitate par-
ticles produced with tin and oxygen in the ratio 12 : 23 were SnO.,.
Additionally, these precipitated SnO, particles, which were tetrago-
nal in shape, had sizes in the range 10-70 nm.

According to Fig. 7(d), which shows the HR-FETEM images of
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the synthesized SnO, particles, the lattice fringes of the spherical
SnO, particles were approximately 2 A. Additionally; the ED pattern
of the synthesized SnO, particles showed that they were amor-
phous.

Fig. 8 shows the mechanism by which the Ni-Cu bimetallic parti-
cles were synthesized using the LPP process. During the initial
stage of the LPP reaction, precursor ions were reduced to gener-
ate large dendrite-shaped particles. In the second step, the nucle-
ation reaction proceeded rapidly and the bimetallic particles were
dispersed into spherical nanoparticles. Concurrently, there was a
gradual decrease in the pH of the reaction solution as the reaction
time increased; therefore, the decrease in the size of the particles
could be attributed to the drop in the pH value. Further, as the LPP
process continued, the size of the particles gradually increased and
continued to increase, forming anisotropic-shaped particles [31].
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The emission spectrum obtained when the LPP was applied to
the aqueous reaction solution consisting of FeCl, and RuCl, is
shown in Fig. 9(a). During the measurement, the iron and ruthe-
nium ions observed were reduced by the numerous electrons in
the electromagnetic field generated by the LPP and metal particles
were precipitated. Additionally; the precipitated metal particles could
be oxidized by the large amount of strongly oxidizing species pres-
ent in the plasma field to generate metal oxide particles [46].

The chemical state of the synthesized Ni-Cu bimetallic particles
was analyzed using HR-XPS, and the results obtained are shown
in Fig. 9(b). Peaks corresponding to Fe’* and Fe* were observed,
and based on this observation it was considered that the precipi-
tated iron was iron oxide in the forms Fe,O, and Fe;O, [48,49].
Additionally; peaks corresponding to Ru, and Ru** were also ob-
served; thus, is was assumed that the metal Ru and anhydrous
ruthenium oxide were precipitated [50,51].

Fig. 9(c), which shows the HR-FETEM image of the Fe-Ru bime-
tallic nanoparticles, shows that the lattice spacing on the surface of
the Fe-Ru bimetallic nanoparticle crystal was approximately 0.23
nm. Additionally, the ED pattern of the bimetallic nanoparticles
showed the absence of points and circles, indicating that the syn-
thesized particles were amorphous.

The composition of the Fe-Ru bimetallic nanoparticles obtained
following the variation of the initial concentration of the precursor
(ie, to 1:9, 1:4 and 1:2) was analyzed via EDS, and the results
obtained are shown in Fig. 9(d). These results confirm that ruthe-
nium was preferentially precipitated over iron owing to its lower
ionization tendency and its higher reduction potential. They also
confirm that the elemental composition of the Fe-Ru bimetallic

nanoparticles can be controlled by the composition of the precur-
sor in the reactant aqueous solution.
3. Visible Light Responsive Photocatalyst

Visible light responsive TiO, photocatalysts were successfully
synthesized by precipitating various nanometal particles on the
surface of TiO, using the LPP process. In this section, the results
obtained following the preparation of a modified visible light respon-
sive TiO, photocatalyst via the doping of TiO, with nano-iron par-
ticles using the LPP process are presented [52].

Fig. 10(a) shows the HR-FETEM image of the photocatalyst
obtained by doping TiO, powder with iron nanoparticles (hereaf-
ter referred to as IOTP) using the LPP process. The real image of
the IOTP, which also shows the electron diffraction pattern of a
selected area of the IOTP in which six ring patterns were observed,
is shown at the far left of Fig. 10(a). These patterns corresponded
to TiO, anatase crystals (101, 211, and 220 planes) and iron oxide
(Fe;O, 311, 400 and 440 planes) crystals. A high magnification
image of the IOTP is shown at the center of Fig. 10(a). From this
high magnification image, the 110 and 101 lattice planes of Fe;O,
and TiO, anatase crystals, respectively, were observed, and their
sizes were 0.48 and 0.34 nm, respectively. At the far left of Fig.
10(a), the results obtained based on IOTP element mapping are
presented. Based on the detection of iron, titanium and oxygen in
the IOTPs, it could be concluded that the TiO, surfaces were suc-
cessfully doped with nano-iron particles [41].

Fig. 10(b) shows the real HR-TEM image of the IOTP as well
as the mapping results corresponding to each of the detected ele-
ments. The IOTP particles observed in the real image show an
average particle size of 25 nm, which is consistent with the P25

Korean J. Chem. Eng.(Vol. 38, No. 5)
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size of TiO, powder particles used. Further, the distribution images
corresponding to the iron, titanium and oxygen elements detected
match the shape of the TiO, powder. Furthermore, all these ele-
ments were distributed very uniformly; thus, it was evident that
the synthesis of IOTP was successful.

Fig. 10(c) shows the band gap energies inferred via the mea-
surement of the absorbance of the un-doped TiO, powder and
IOTP using UV-Vis spectroscopy. The measured band gap energy
(Eg) of the undoped TiO, was 3.19 €V, which was almost identical
to that of the P25 (3.20 V) used. In contrast, the Eg of IOTP was
2.92 eV, which represents a shift to a lower Eg compared with the
un-doped TiO,. Thus, visible light responsive TiO, photocatalysts
were successfully prepared using the LPP process.

Fig. 10(d) shows the photocatalytic activity of bare TiO, and the
prepared IOTP measured using UV and blue LED lamps. The meas-
ured degradation reaction rate constants of the un-doped TiO,
were 9.53x10° and 1.37x10”° min* for the UV and blue LED lamps,
respectively;, and the degradation rate decreased by approximately
99% in blue light than UV light. Additionally, the degradation reac-
tion rate constant corresponding to the prepared IOTP for the blue
LED lamp was 4.09x10"> min"", which represents a 53% decrease
compared with 8.58x10~ min ™" for the UV LED lamp. From these
results, it is evident that preparing visible light-responsive photo-
catalysts using the LPP process is simple and effective.

4. Energy Materials

Using the LPP process, electrodes for various secondary batter-
ies and supercapacitors were successfully synthesized. Here, the
results obtained following the preparation of tin oxide/carbon com-
posites and applying them as electrodes in supercapacitors as well
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as the results obtained following the preparation of cobalt/graphene
sheet composites and applying them as electrodes in lithium sec-
ondary batteries are presented [53,54].

Fig. 11(a) shows the FESEM image of the tin oxide/carbon com-
posite (TCC) synthesized via the LPP process, as well as the map-
ping image corresponding to each detected element. The carbon
in the activated carbon powder was clearly mapped and oxygen
and tin were uniformly distributed in the same pattern and mapped.
In addition, since oxygen and tin had a similar distribution pat-
tern, the precipitated tin was presumed to be tin oxide [45].

Fig. 11(b) shows the low and high magnification TEM images
of the TCC prepared using the LPP process. The average size of
the SnO, nanoparticles precipitated on the activated carbon pow-
der was approximately 5 nm, and the lattice fringes of these SnO,
nanoparticles were determined to be approximately 3.5 A. How-
ever, the precipitated SnO, particles were considered to be amor-
phous given that their ED patterns showed the absence of circles
and spots.

The electrochemical stability of the TCC electrodes synthesized
by varying the LPP discharge time was investigated by monitor-
ing charge/discharge cycles, and the results obtained are presented
in Fig. 11(c). It was observed that bare activated carbon powder, in
which SnO, nanoparticles were not precipitated, decreased by
approximately 5.5% to 24.43 and 23.07 F/g during the 1st and
20th cycles, respectively. The initial specific capacitance values of
the prepared TCCs synthesized by varying the LPP reaction time
were all higher than that of the bare activated carbon, and the spe-
cific capacitance of the TCC increased as the LPP reaction time
increased.
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Fig. 11. (a) FESEM images including mapped individual elememt of composite using LPP method: a) FE-SEM image, b) mapped C ele-
ment, ¢) mapped O element, d) mapped Sn element. (b) HR-FETEM images of TCC prepared by LPP method: a) low magnifica-
tion, b) high magnification including ED pattern. (c) Specific capacitance of bare ACP and TCC:s as a function of cycling number of
charge-discharge. (d) Nyquist plot of bare ACP and TCC electrodes prepared with different LPP duration time. Reproduced from

ref. [45]. Copyright 2017 by American Scientific Publishers.

Fig. 11(d) shows a Nyquist plot corresponding to the imped-
ance of a coin cell made from the TCC synthesized under differ-
ent LPP reaction times and untreated activated carbon powders.
The impedance measurement shows that the Rs level of the cath-
ode material was 5.00 (3 while that of the TCC electrode decreased
as the LPP discharge time increased. Further, in the lower fre-
quency region, the slope corresponding to the bare activated car-
bon powder was 3.97, while that corresponding to the TCCs tended
to increase as the LPP discharge time increased.

Fig. 12(a) shows the FETEM images corresponding to the
graphene sheet (a) and cobalt/graphene composite (CGC) (b) used
as electrode materials. The graphene sheet was scrolled into a crum-
pled shape, and from the CGC images it was observed that cobalt

particles with sizes of approximately 5 nm were evenly distributed
on the graphene surface [53].

Fig. 12(b) shows the HR-FETEM image of the CGC electrode
prepared using the LPP process. The average size of the cobalt nano-
particles that were deposited on the two-dimensional graphene
surface was approximately 3-7 nm. However, the precipitated cobalt
nanoparticles were presumed to be amorphous, given the absence
of circles and spots in their ED pattern.

The electrochemical stability of the CGC electrode prepared
using the LPP process was examined by monitoring charge/dis-
charge cycles, and the results obtained are shown in Fig. 12(c). It
was observed that the specific capacity of the graphene electrode
in which cobalt was not precipitated decreased following the

Korean J. Chem. Eng.(Vol. 38, No. 5)
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graphene composite electrode. (d) Cycling performance of bare graphene electrode and cobalt oxide/graphene composite electrodes.
Reproduced from ref. [53]. Copyright 2016 by American Scientific Publishers.

repeated charge/discharge cycles. Considering the shape of the dis- Further, the specific capacity of the heat-treated electrodes, (c) and
charge curve, the specific capacity of the synthesized CGC elec- (d), was 1.33 and 1.38 mAhg ', respectively, and it was determined
trode was smaller than that of the un-doped graphene electrode. that the capacity loss due to the repeated charge/discharge cycles

May, 2021
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was less than that of graphene in which cobalt was not precipi- number of cycles. The undoped graphene electrode shows a de-
tated. crease in specific capacity from 450 to 227 mAhg ", while the CGC

Fig. 12(d) shows the variation of the lithium storage capacity of electrode shows a decrease from 443 to 212 mAhg'. However, the
the un-doped graphene, CGC, and the heat-treated CGC with the specific capacity of the heat-treated CGC electrode increased as
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Reproduced from ref. [57]. Copyright 2018 by Elsevier.
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the initial precursor concentration increased and was superior to
that of the un-doped graphene electrode.
5. Hydrogen Gas Evolution

Hydrogen was produced from water using the LPP process,
and during this process pollutants in different types of wastewater
were successfully decomposed [54-56]. Here, the process of pro-
ducing hydrogen from ethanol and acetaldehyde, while adding a
photocatalyst, in the LPP process, is presented [57].

Fig. 13(a) shows the OES detected during LPP emission into DI
water, during which various chemically active species, strong UV
and visible light were emitted. The spectrum obtained showed peaks
corresponding to Hy, H,, O’ and OH- radicals, and specifically UV
light (309 nm) and visible light (609 nm) were largely emitted. With
LPP irradiation only, water can be photodecomposed to produce
hydrogen gas; however, in the presence of a photocatalyst, hydro-
gen gas production could be primarily attributed to the action of
UV and visible light rather than the action of chemically active
species.

The emission spectrum corresponding to the aqueous solutions
of the LPP reaction with different ethanol concentrations as well as
the change in the wavelength of the main peak is shown in Fig.
13(b). The H, peak does not change with ethanol concentration;
however, it shows a tendency to slightly increase as the ethanol
concentration increases. In contrast, the concentration of the OH-
radicals was highest in the solution containing 10% ethanol.

Fig. 13(c) shows the variation of the hydrogen production rate
with ethanol concentration. When ethanol was added, the rate of
hydrogen production increased remarkably; and the generation of
hydrogen gas was most effective in the solution containing 10%
ethanol. Additionally, OH- radicals show the largest peak in the
spectrum corresponding to the 10% ethanol solution (309 nm), and
it was estimated that the superior hydrogen generation activity was
due to the photolysis reaction induced by the OH- radicals.

Fig. 13(d) shows the rate of hydrogen production in DI water
and acetaldehyde aqueous solution. From the figure, it is evident
that CaTiO; resulted in a higher hydrogen generation efficiency
than TiO,. Further, the addition of Ni to CaTiO; resulted in a
hydrogen production rate that was higher than that correspond-
ing to bare CaTiO;, which increased as the amount of acetalde-
hyde increased. The results corresponding to the decomposition of
ethanol and acetaldehyde using the LPP method with the addition
of a photocatalyst are shown in Fig. 13(e). Specifically, the addition of
CaTiO; precipitated with Ni enhanced the rate of acetaldehyde
decomposition, and the decomposition activity of acetaldehyde
using CaTiO; precipitated with Ni was higher than that of ethanol.

CONCLUSIONS AND OUTLOOK

The generation of plasma in a liquid reactant aqueous solution
results in the release of strong chemical oxidizing species as well as
the emission of ultraviolet rays. During the LPP process, these strong
oxidizing species and ultraviolet rays can be used to decompose
water pollutants and produce hydrogen. Further, it was observed
that hydrogen atom radicals as well as numerous electrons are
generated in the plasma field formed owing to the LPP process.
Taking advantage of these observations, metal nanoparticles can
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be synthesized by reducing metal ions, and metal nanoparticles
can also be precipitated on various substrates.

Additionally, various water pollutants were successfully decom-
posed using the LPP process, and the effects of process variables,
including plasma discharge conditions, dissolved oxygen concen-
tration and pH on this water treatment method were examined.
The effect of the addition of various photocatalysts, air bubbles and
hydrogen peroxide on the reaction rate was also examined. Not
only were several single-component metal nanoparticles synthe-
sized using the LPP process, but bimetallic nanoparticles were also
successfully synthesized. The effects of variables such as plasma
discharge conditions, surfactant concentration, electrical conduc-
tivity, pH, precursor concentration and reaction time on the syn-
thesis of nanoparticles were examined, and it was observed that
the composition of two-component bimetallic nanoparticles can
be adjusted by changing the concentration of the precursors.
These previous studies also showed that various transition metals
can be precipitated in carbon materials, including carbon nano-
tubes, graphene and activated carbon using the LPP process to
prepare electrodes for secondary batteries and supercapacitors. Such
electrodes precipitated with transition metals show large capacitance
value and fast charging/discharging characteristics. Additionally,
TiO, photocatalysts in which various kinds of metal nanoparticles
were precipitated using the LPP process showed excellent visible
light photoactivity. Using the LPP process only, it was possible to
decompose water to produce hydrogen, and the addition of a pho-
tocatalyst resulted in a significant increase in the hydrogen pro-
duction rate. When wastewater containing organic matter was
treated using the LPP process, hydrogen could be produced with
better efficiency, as the water pollutants were decomposed.

Recently, studies on the direct deposition of metals using vari-
ous metal wires as electrodes via the LPP process and studies on
the simultaneous preparation of nanocarbons and hydrogen by
treating organic solvents using the LPP process have been attempted.
These studies show that the LPP process can be easily and conve-
niently applied in one step. Therefore, its application in many fields
is possible and its further development is expected.

We would like to insist on various possibilities in the future by
introducing two examples of liquid phase plasma applied to actual
sites. As a first example, the liquid plasma method can be used to
recover fuel from gas hydrate layers that exist around Dokdo Island
in Korea and in Japans waters. In fact, Japan is pursuing this method
and the concept is presented in Fig. 14 [58]. They are investigat-
ing a layer of methane hydrate with liquid phase plasma to recover
hydrogen from gas hydrates in the deep ocean using a dehydroge-
nation reaction. So far, the use of a pump to recover methane hydrate
has been considered. However, with the liquid phase plasma method,
the required amount of hydrogen can be obtained from the gas
hydrate layer on the sea floor without the need to use a pump.

The second, being carried out by a research team at Kumamoto
University, is a device that removes the harmful microcystis aeru-
ginosa (Fig. 15) [59]. As shown in the figure, it is a device equipped
with a solar panel and a magnetic pulse compression type liquid
phase plasma generator that kills microcystis aeruginosa by using
the plasma generated by the floating type floating in the lake. The
liquid phase plasma destroys the bubbles inside the microcystis aeru-
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Fig. 14. Process for hydrogen production from hydrate fields in subsea
sites using the plasma from the liquid phase plasma method.
Reproduced from ref. [58]. Copyright 2015 by Elsevier.

Fig. 15. Photograph of a self-propelled liquid phase plasma appara-
tus floating over a dam to destroy the harmful Microcystis
aeruginosa. Reproduced from ref. [59]. Copyright Kuma-
moto University, Japan.

ginosa cells, causing the microcystis aeruginosa to lose its buoyancy,
and the blue patches thus treated sink into the lake and prevent
turther growth.
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