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Abstract

Electrocatalytic activity of Oxygen reduction reaction (ORR) is the most important
reaction in the cathode of fuel cell and Li-air battery. The ORR reaction in the fuel cells such
as proton exchange membrane fuel cell is significantly slower due to their energy conversion
efficiency of fuel cells. Presently, platinum (Pt) is commonly used as a catalyst for ORR but
their high cost and long term instability. Presently, in our research group, synthesized the
heteroatom-doped carbon materials that show better results in alkaline media compared with

Pt, but acid media is lower than that of Pt. Many researchers have also used thermal treatment.

To overcome this problem, this work proposed the tungsten (W) containing nanocarbons
compared with the nitrogen (N) and oxygen (O) containing nanocarbon performance of the
catalytic activity of ORR and electrical conductivity. The advantage of this work, the solution
plasma process (SPP) is successfully synthesis the WC encapsulated nanocarbon from the palm
oils, and the N and O containing nanocarbons from the organic solvents. The advantages of
palm oil is a low toxicity, chemically inert, inherent biodegradability, and global sustainability
compare with organic solvent.The higher synthesis rate is investigated. The enhancement of
catalytic activity for ORR in alkali and acid media are evaluated. We investigated that
improvement of electrical conductivity and catalytic activity of W, N and O containing

nanocarbons without thermal treatment and the commercial Pt/C catalyst using SPP.

In this work, we investigated that palm oil is successfully converted to nanocarbons (W
containing) and provided the high electrical conductivity and ORR activity in alkali and acid
medium. The organic solvents are synthesized the nanocarbons (N, O and W containing) by
SPP with high synthesis rate and catalytic activity site of ORR without thermal treatment and

commercial Pt/C catalyst. And the finally, the solid state bio fuel cell fabricated by carbon




nanohorns for biomedical applications.

Chapter 1 shows that overview of this work, especially, the electrocatalytic activity of
ORR, present status and issues for nanocarbons and the advantage of the SP process to synthesis

the various types of solvent and their problems.

Chapter 2 presents the enhancement of electrical conductivity and Oxidation Reduction
Reaction (ORR) activity of tungsten carbide/carbon (WC/C) nanocomposite was successfully
synthesized from palm oil by solution plasma process (SPP). The properties of the synthesized
WC/C nanocomposite were varied by using a different frequency. The electrical conductivity
increased with the frequencies. The highest electrical conductivity was 4.27 x 102 S cm?,
which is higher than that of ketjen black (7.37 x 102 S cm™). The WC/C had a surface area of
160 m? g2, a pore volume of 0.53 cm? g, an average pore diameter of 16.29 nm, a basal plane
crystallite size of 18.0 nm, and an average compound granule diameter of less than 100 nm.
The cyclic voltammetry measurement was showed that the ORR activity of WC/C was obtained

the good performance in alkaline solution for fuel cell application.

Chapter 3 focuses on nanocarbons synthesized by SP from the palm oils. The nanocarbons
were covered enhanced electrical conductivity of nanocarbons, which is referred to the
nanocarbons-encapsulated WC (tungsten carbides). In this study, we aimed to evaluate the
structure and the properties of nanocarbons-encapsulated WC to provide the nanocarbons-
encapsulated. The solution plasma was generated by the bipolar pulsed power supply through
two tungsten electrodes using 2 s pulse widths and frequencies (100, 150, and 180 kHz) for
30 min. Conversion percentage of the oil to WC- encapsulated nanocarbon (% yield) was
increased with frequency. The obtained X-ray diffraction patterns are showed the crystalline
structure. The electrochemical properties indicate that the ORR activity in an acidic medium

under saturated O, significantly disappears in the case of the nanocarbon-encapsulated WC




synthesised in the high frequency (180 kHz). The synthesized nanocarbons-encapsulated WC

might be applied in data storage and energy applications.

Chapter 4 reveals that nanocarbons (N, O and W containing) were successfully synthesized
from benzene (BZ), nitro-benzene (BZ-NO;) and aniline (BZ-NH>) by Solution Plasma Process
(SPP). The synthesized nanocarbons were investigated. The highest synthesis rate of
nanocarbon of BZ was 40 mg minL. The Transmission electron microscopy (TEM) morphology
showed that the nanocarbons sizes were 15-25 nm. The cyclic voltammetry (CV) were
exhibited in an acidic medium that oxygen reduction reaction (ORR) of nanocarbons.
Nanocarbons of BZ-NH; have obtained a high special capacity of 15500 mAh/g carbon at the
discharge rate of 0.1 mA/cm?with the 1.0 mg carbon loading for the lithium (Li)-air battery. An
important reaction of ORR in Li-air battery and fuel cells for the applications of next-generation

batteries and energy conversion devices.

Chapter 5 shows that this study details the development of a solid-state complementary
metal-oxide semi- conductor (CMOS)-compatible bio fuel cell, consisting of various amounts
(% wt.) carbon nanohorns (CNHSs). It was fabricated on an anode area using one-dimensional
(1D) structural CNHs, which express an open-circuit voltage (OCV) of 375 mV, the power
density of 8.64 uW/cm? and current density 23.05 pA/cm? in 30 mM glucose solution. The cell
can be manufactured via a CMOS fabrication process, using materials biocompatible with the
human body. The CNHs enhanced the fuel cell due to their high electrocatalytic ability. The
highest power is 0.42 pW. Power generation is the main challenge for developing bio fuel cells

to make the implantable devices that can be used for biomedical applications.

Finally, Chapter 6 summarizes all of the chapters. In this study is to synthesize the
nanocarbons from the palm oils and the organic solvent. The W containing nanocarbons and

WC encapsulated nanocarbons were successfully synthesized from palm oils by SPP with their




high electrical conductivity, enhanced OOR activity and low synthesis rate compared with N,
O and W containing nanocarbons shows the low electrical conductivity, higher electrochemical
activity and higher synthesis rate without thermal treatment and the commercial Pt/C catalyst.
And the finally, the solid state bio fuel cell is fabricated by carbon nanohorns to make the

implantable devices that can be used for biomedical applications.
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Chapter 1 - General Introduction

1.1 Electrocatalysts for oxygen reduction reaction

Chapter 1 — General introduction

The oxygen reduction reaction (ORR) is considered for Li Air Batteries and fuel cells.

Figure 1-1 shows the schematic diagram of Li-air Battery. The Li—air battery is shows

that the oxidation of lithium in the anode size and the reduction of oxygen in the cathode

size and a current flow. Recently, Li-air batteries have been largely used in energy

conversion and storage devices for various applications. **1 These face the critical

challenges that from poor cycle life, low practical energy density, low round-trip

efficiency, and high manufacturing costs. To improve the energy storage properties,

catalytic activity and less cost, the ORR are demanded. [>7]

— 0O,

~—O

Fig. 1-1 schematic diagram of Li-air Battery.

Charge Discharge
il = el I
- 02
Li* / Li* /
— —_—
Li:O Li2O
Anode | Electrolyte | Cathode Anode | Electrolyte | Cathode
Li-air battery

Figure 1-2 shows the fuel cell connecting with anode, cathode and separator. In the
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anode size, When two electrodes and hydrogen gas is injected, hydrogen oxidation
reaction occurs. In the cathode size, when oxygen or air is injected, oxygen reduction
reaction occurs. ORR is an important reaction in fuel cells. ® ®1 However, ORR in
proton exchange membrane fuel cell is significantly slow. % This serves as the main
factor of limiting energy conversion efficiency of fuel cells. This is why ORR has been

a significant research subject of fuel cells.

External
e_T Load l .

et * /-:20

+

o e U
Anode | Separator |Cathode

Fuel cell

Fig. 1-2 Schematic illustration of fuel cell.
To introduce the alternatives of Pt catalysts, the nanocarbons and heteroatom-doped
nanocarbon are attracted. The advantages of the nanocarbons and the heteroatom-doped
nanocarbon are the low production cost, excellent chemical properties and the higher

electrical conductivity. (%12
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1.2 Nanocarbons
1.2.1. Nanocarbons from palm oils and organic solvents

The key point of palm oil is constituted by triglyceride (95 - 98%) and minor
compounds as mono- and diglycerides (2 - 5%). Triglycerides contain three molecules
such as saturated fatty acids, unsaturated fatty acids, and glycerol in the Fig. 1-3. (%]
The saturated fatty acids have only a carbon-carbon single bond, and the unsaturated
fatty acids contain many carbon-carbon double or triple bonds. Fatty acid composition
of palm oil is palmitic acid (C1sH3202, 39%), oleic acid (C18H3402, 45%), linoleic acid
(C18H3202, 9%)), stearic acid (C14H2502, 5%), and others (2%). [*4] Recently, palm oil is
used in a fuel cell, bio-based polymers, liquid hydrocarbon fuels and biodiesel. [5-17]
The advantages of palm oil consist of low toxicity, chemically inert, inherent
biodegradability, and global sustainability. [*¥l The nanocarbons are successfully
produced from the palm oils and organic solvents. [1>%! The nanocarbons such as
carbon black, carbon nanotubes, porous and nonporous carbon materials and graphene
are showed large specific surface area, high conductivity, electrocatalytic activity,
mechanical capacity, ultra-light characteristics, and chemical and thermal resistance. [26-
%9 In heteroatom (nitrogen, boron, and phosphorus) doped nanocarbon are showed the
higher ORR activity. 3331 Nanocarbons-encapsulated WC is interesting due to core-
shell like structure. 3*361 The core-shell nanostructures were synthesized from
polymers and silica. Previously, nanocarbon has been encapsulated from organic

solvent. [37-40]
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Fig. 1-3 Chemical structure of triglycerides.

Previously, the nanocarbon materials were successfully synthesized by catalytic or
nonanalytic chemical vapor deposition, pyrolysis, electric arc discharge, and direct-
current (DC) discharge plasma from various organic solvents. 431 However, these
synthesis technique are complicated due to their high process temperatures, low
production vyield, and the passing time. 4 %1 And finally nanocarbon such as 1D
structural single-walled carbon carbon nanohorns (CNHS) is fabricated on bio (glucose)
fuel cells and developed carbon material. [¢1 Tt’s similar to single-walled carbon nano
tubes (SWCNTs). 1 CNHs have possible future applications across a wide range of

materials fields. D-Glucose fuel cells are valuable power sources in biomedical areas,
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and for human homeostasis. 48 4°

1.3 Solution plasma process

Solution plasma process (SPP) is a liquid-phase plasma at atmospheric pressures. 554 For
the synthesis, plasma fields with different frequency were applied the bipolar pulsed power
supply between two tungsten electrodes within liquid in the Fig. 1-4. It has attracted a wide
range of applications because of its versatility in nanoparticle synthesis, ®° the surface
modification of metals, ¢ water purification, 5™ the polymerization of natural biopolymers, !
and the functionalization of multi-walled carbon nanotubes (CNTs). B° In SPP, carbon
materials can be synthesized the C—H and C—C single, double and triple bonding as precursors

of organic solutions, [60-64]

Plasma
A
| ’ﬂ () =" E

>PTFE rod

> Insulation pipe

—]

—> Tungsten rod

> > Plasma

En-if m . \“‘“‘;\' Stir bar
E l L Time

Bipolar pulsed Ground

power supply

Fig. 1-4 Schematic structure of experimental set-up of solution plasma process.

10



Chapter 1 - General Introduction

1.3.1. Synthesis of nanocarbon from palm oils and organic solvents by SPP

SPP has many advantages such as simple experimental setup, short time and room
temperature and atmospheric pressure. The more advantage of SPP able to synthesis the
nanomaterials without any catalyst. SPP is successfully synthesized nanocarbons from the

vegetable oils (Palm Qils) in the Fig. 1-5. %%

u * ‘*
Palm oil Nanocarbon

Fig. 1-5 Image of solution plasma process (SPP) for the nanocarbon synthesis from palm oil.

Nanocarbons was synthesized from the organic solvent (benzene) by SPP in Fig. 1-6. [
Recently, solution plasma process has been reported for the synthesis of heteroatom-containing

carbons. 77 In the case of solution plasma, hetero carbon with catalytic sites may be

produced from direct polymerization in the liquid phase.

Solution Plasma Process

—

J

Benzene 9 Nanocarbons

Fig. 1-6 Design of nanocarbons synthesis from benzene by solution plasma process

11
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1.4 Object and outline of the thesis

Purpose of this study is to synthesize the nanocarbons by SPP from the palm oils and
the organic solvents. The W containing nanocarbons and WC encapsulated
nanocarbons were successfully synthesized from palm oils by SPP with their high
electrical conductivity, enhanced ORR activity and low synthesis rate compared with
the N, O and W containing nanocarbons of organic solvents (benzene, nitrobenzene and
aniline) shows the low electrical conductivity, higher electrochemical activity and
higher synthesis rate without thermal treatment and the commercial Pt/C catalyst.

Chapter 1 shows that the electrocatalytic activity of ORR, present status and issues for
nanocarbons and the advantage of the SP process to synthesis the various types of solvent and
their problems.

Chapter 2 presents the SPP was applied to palm oil to synthesize tungsten carbide/carbon
nanocomposite materials with high electrical conductivity. The synthesis WC nanocomposite
was analyzed and compared with the commercial carbon Ketjen Black (KB). Most of the
conventional processes are time-consuming as compare with SPP.

Chapter 3 focuses on the nanocarbons-encapsulated WC synthesized by SPP from the palm
oils. The SPP was generated using A higher 2 ps pulse widths and frequencies (100, 150, and
180 kHz) for 30 min to spattering W in the solution. The electrochemical properties of ORR
were showed the nanocarbon entirely encapsulated with WC.

Chapter 4 reveals that N and O containing nanocarbons were successfully synthesized from
benzene (BZ), nitro-benzene (BZ-NO,) and aniline (BZ-NH,) by SPP. The highest synthesis
rate of BZ was 40 mg min-1. The CV was exhibited in an acidic medium that ORR of
nanocarbons. N containing Nanocarbons were obtained a high special capacity of 15500 mAh/g
carbon at the discharge rate of 0.1 mA/cm2 with the 1.0 mg carbon loading for the Li-air battery

compare with palm oils.

12
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Chapter 5 shows that this study details the development of a solid-state complementary

metal-oxide semi- conductor (CMOS)-compatible bio fuel cell, consisting of various amounts

(% wt.) carbon nanohorns (CNHSs). It was fabricated on an anode area using one-dimensional

(1D) structural CNHs, which express an open-circuit voltage (OCV) of 375 mV, the power

density of 8.64 uW/cm? and current density 23.05 pA/cm? in 30 mM glucose solution. The fuel

cell can be manufactured via a CMQOS fabrication process, using materials biocompatible with

the human body. The CNHs enhanced the fuel cell due to their high electrocatalytic ability. The

highest power is 0.42 uW. Power generation is the main challenge for developing bio fuel cells

to make the implantable devices that can be used for biomedical applications.

Finally, Chapter 6 summarizes all of the chapters.
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2.1. Introduction

Recently, palm oil (a type of vegetable oil) starts to be a more attractive material with
economic benefits because it is made from renewable resources and can be a component in
many manufactured products. Palm oil is produced in South-east Asia and Africa, mainly in
Malaysia and Indonesia from where is considered the cheapest and available biological
feedstock in large guantities. The advantages of palm oil consist of low toxicity, chemically
inert, inherent biodegradability, and global sustainability. %1 The palm oil is successfully used
in a fuel cell, bio-based polymers, liquid hydrocarbon fuels and biodiesel. !

Recently the properties of carbon materials vary in a wide range from a sp? structure in carbon
black, nanocarbon, carbon nanotubes (CNT), graphene, porous and nonporous carbon materials,
a mixed sp? - sp® structure as in diamond-like materials, and sp® structure in the diamond. The
nanocarbon materials have unique properties, such as a large specific surface area, high
conductivity, electrocatalytic activity, mechanical capacity, ultra-light characteristics, and
chemical and thermal resistance. [**1 However, one of the most significant nanocarbon
properties is electrical conductivity. It also has been performed in the nanocarbon composites,
carbon nanotube, nanocarbon black, and graphene sheets. 15261

Previously, the nanocarbon materials were synthesized by catalytic or nonanalytic chemical
vapour deposition, pyrolysis, electric arc discharge, and direct-current (DC) discharge plasma

from various organic solvents. 3% However, these synthesis methods are complicated due to
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their high process temperatures, low production yield, and prolonged treatment time. B
Recently a non-equilibrium liguid-phase plasma called Solution Plasma Process (SPP) was
used to synthesize carbon materials at room temperature, and atmospheric pressure. 13235 Spp
is one of the saving energy processes where nanocarbon can be rapidly synthesized. In our
laboratory, we conducted various experiments to produce carbon materials from organic
solvents by SPP. 6]

In this research, for the first time, SPP was applied to palm oil to synthesize nanocarbon
materials with a high electrical conductivity that might be useful for the production of metals
like-plastics and composites. The results show that the most significant issue of palm oil
processed by SPP consists of high efficiency for nanocarbon production. The crystallinity,
structure, surface area, morphology, and electrochemical activity of nanocarbon were analyzed
and compared with the commercial carbon Ketjen Black (KB). Most of the conventional
processes are time-consuming as compare with SPP. [l Besides, the interesting part of

nanocarbon has a potential application on ORR for fuel cells and related applications.

2.2. Experimental procedure
2.2.1 Materials

Palm oil (Kobe Busan Co., Ltd. Japan) (100% vegetable cooking oil) was selected as a
material for the nanocarbon synthesis. Ketjen Black (KB, Lion Specialty Chemicals Co., Ltd.
Japan), Polyvinylidene Fluoride (PVDF, Sigma-Aldrich, Japan), N-Methyl-2-pyrrolidone
(NMP, Kanto Chemical Co., INC, Japan), Acetone (Kanto Chemical Co., INC, Japan) and

Ethanol (Kanto Chemical Co., INC, Japan) were purchased.
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2.2.2 Experimental setup and production procedure

Transmission The experimental setup of SPP is shown in Fig. 2-1. The plasma was generated
using a bipolar pulsed power supply (MPS-R0O6K01C-WP1-6CH, Kurita Co. Ltd., Japan)
between two tungsten (W) electrodes (wire type, purity 99.9%, The Nilaco Corporation, Japan)
with a 1 mm diameter, covered with an insulating ceramic tube. The electrode gap was 0.5 mm
in the beginning. The applied high voltage had different pulse widths (1 and 2 ps) and repetition
frequencies (15, 25, 40, and 50 kHz). The processing time was 40 min. The current and voltage
waveforms were observed using an oscilloscope (DLM 2022, Yokogawa Meters & Instruments

Corporation, Japan) in the range of 0 — 5 A and 0.6 - 1.0 kV, respectively.

Glass reactor
Ceramic tube
Silicone stopper
~_~Tungsten rod

V

A 4

Plasma
- =

(1
U U =
Bipolar pulsed Ground
Power supply

Fig. 2-1 Schematic illustration of solution plasma process (SPP) for the nanocarbon materials

synthesis from palm oil.

During SPP, the electrodes were adjusted several times, especially at high frequencies of SPP

operation (i.e., 40 and 50 kHz) to keep a constant gap distance between the electrodes. Due to
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erosion, the electrode gap distance increases. This adjustment also has a role in maintaining
stable plasma during the process. If the electrode gap distance increases from 0.5 mm to 1 mm
or more, the discharge stops. After the nanocarbon materials synthesis, the liquid and solid
phases were separated by centrifugation. The solid phase was washed three times with acetone
until the oils have been entirely removed using centrifugation at 12000 rpm for 30 min and then
dried at 90° C for six hours in an oven (DX301, Yamato Co. Ltd., Japan). The weight of

nanocarbon was measured using a balance (EK2000i, AS-ONE Co. Ltd., Japan).

2.2.3 Characterization

The properties of the structure were investigated by X-ray diffraction (XRD, Rigaku Smart lab,
Rigaku Corporation, Japan) with a Cu Ko X-ray radiation source at A = 0.154 nm in the 260
range from 3.0 to 90.0 degrees and a scan speed of 3.0 degrees. Raman spectroscopy (NRS-
100, JASCO Corporation, Japan) used the wavelength of 532.5 nm and 1 mW power to
determine the type of nanocarbon material. The X-ray Photoelectron Spectroscopy (XPS, PHI
5000 Versa Probe II; Ulvac-Phi physical Electronics INC, Japan) measured the elemental
composition using the Mg Ka X-ray source with the energy of the photon of 1253.6 eV. The
morphology, shape, and size of nanocarbon were observed by Scanning Electron Microscopy
(SEM, JSM-7100F, JEOL Ltd., Japan) with an accelerating voltage of 15 kV and a working
distance of 10 mm. Transmission electron microscopy (TEM, JEM-2500SE, JEOL Ltd., Japan)
with an electron gun at 200 kV was used to analyze the size and crystallinity of the synthesized
nanocarbon. The Brunauer-Emmett-Teller (BET, BELSORP-mini-II, BEL JAPAN, INC, Japan)
device measured the surface area, pore volume, and average pore diameter from the nitrogen
adsorption-desorption isotherms at 77 K. The electrical resistivity and electrical conductivity
were investigated by a four-point probe method (Laresta-GP, MCP-T610, Mitsubishi Chemical
Analytech Co., Ltd., Japan). A concentration of 60 wt% of nanocarbon was mixed with 40 wt %

polymer binder (PVDF) and then sonicated in NMP for 30 min. The emulsion was dropped on
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a glass substrate and then dried in an electric oven at 120 °C for 20 min to form a uniform film.

Electrochemical measurements were carried out on a computer-controlled ALS-CH model
704 ES electrochemical analyzer (CH instrument Inc.). The ink made by catalyst (5.0 mg),
ultrapure water (480 mL), ethanol (480 mL), and Nafion® aqueous solutions (40 mL) were
ultra-sonicated was obtained. The Ag/AgCl solution was applied as the counter and reference
electrodes by cyclic voltammetry (CV) at 0.1 M KOH solution. In additions, O, gas was

saturated in 0.1 M KOH solutions at 20 min.

2.3. Results and discussion
2.3.1. Structural properties and compositions

The primary fatty acids of palm oil are palmitic (CisH3202) and oleic acid (CisH340>). To
obtain carbon from palm oil in SPP the decomposition of molecules is necessary. Plasma
breakdown occurs by a combination of two processes. One process is related to the solution
conductivity which leads to liquid heating, vaporization, and breakdown in bubbles. The second
process is determined by the dielectric strength of the liquid which conducts to electron
acceleration in the electric field, primary ionization followed by electron avalanche and
breakdown. In any case after plasma breakdown, the molecules are dissociated and ionized due
to the plasma synthesis reaction occur in the liquid phase. SPP has two interfaces plasma/gas
and gas/liquid. In the plasma gas phase, the main processes are excitation, ionization,
dissociation of molecules generating excited species, ions, radicals, atoms, and photons. 3% 3%
These species subsequently act as the initiator and preserving source for the chemical reactions.

The XRD patterns showed two peaks at 24.5"and 43.5", corresponding to the 002 and 1 0 1
graphite planes (JCPDS 75-1621). Nanocarbon synthesized at different frequencies exhibited a
relatively broad peak for the 0 0 2 planes, except for KB, as shown in Fig. 2-2. These results

indicated amorphous carbon. When the energy increased, the 0 0 2 peaks also sharply increased.
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(171 The 1 0 1 peak was observed among graphite and amorphous position, indicating a
turbostratic structure. In addition, the WC (JCPDS #25-1047) peaks corresponded tothe 1 1 1,
200,220,311,and2 2 2 planes. 3336

These results indicate that when the frequency is higher, the WC peaks gradually increased
due to a higher sputtering of the tungsten electrode. Due to the big difference between the
shapes of the XRD diffractions of WC 200 and carbon 100/101, these peaks can be easily
distinguished. The frequency influences the sputtering. The high current determines a high
number density of ions, while high voltage implies a high acceleration of the ions in plasma.
[37]

The surface elemental composition was identified by XPS as shown in Fig. 2-3 (a). The
percentages of nanocarbon (88.0, 89.5, 90.7, and 91.6 atom %), oxygen (11.8, 10.1, 9.2, and
7.8 atom %), and tungsten (0.2, 0.4, 0.5, and 0.6 atom %) were identified for different amount
of frequencies and are plotted in Fig. 2-3 (b).

The composition ratio increased with frequency. In the low frequency, the hydrocarbon
cracking and tungsten sputtering rate is low compared with the high input energy case. XPS of
the nanocarbon composite showed significant peaks corresponding to C 1s, O 1s, and W 1s.
When the frequency increased, then the cracking rate, carbon, and tungsten composition also
increased. During SPP synthesis, from fatty acids, CO, CO», water, and hydrocarbons are also
produced. The percentage of oxygen decreased due to these gases eliminated during palm oil

decomposition. 3438
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Fig. 2-2 XRD patterns of nanocarbon powders from palm oil of various amount frequencies 15,

25, 40 and 50 kHz in 2ps at 40 min discharge with commercial carbon KB respectively.
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Fig. 2-3 a) XPS spectra for a pulse width of 2 us with frequencies of 15, 25, 40 and 50 KHz.
Chemical structure of triglycerides and b) Summary of XPS elemental compositions (% atom)

of nanocarbon for 2 ps were obtained from palm oil.
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2.3.2. Morphology

The SEM images display nanocarbon morphologies obtained at low and high frequency; as
shown in Fig. 2-4 (a, b, c), the nanocarbon is spherical. The size distribution of nanocarbons
was determined a broad, ranging from 30 to 90 nm for both low and high frequency. When the
frequency increased, the nanocarbon size decreased. At high plasma energy, spherical
nanocarbon similar to Ketjen Black (KB) was observed, as shown in Fig. 2-4 (a).

The morphology of nanocarbon was observed using TEM as shown in Fig. 2-4 (a’, b’, and
¢'), high-resolution TEM (HR- TEM) as shown in Fig. 2-4 (a” b", and ¢"), and selected area
diffraction (SEAD), inset in the HR-TEM images. The TEM images show the observed
nanocarbon were spherical shape type morphology, while the HR-TEM and SEAD patterns

show that the obtained nanocarbon is an amorphous structure at all frequencies.

10.00 nm!

Fig. 2-4 SEM, TEM and HR-TEM images of nanocarbon correspond with SEAD pattern (insert)
from palm oil, a, b and ¢) SEM image; a’, b’and ¢’) TEM image and a”, b” and ¢”) HR-TEM at

2 us pulse width.
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2.3.3. Electrical resistivity test
The four-point probe method was applied to the nanocarbon to identify the resistance (£2),
surface resistance (/cm?), resistivity (Q.cm), and electrical conductivity (s/cm) as shown in

Table 2-1.

Table 2-1 The resistance (), surface resistance (€/cm?), resistivity (.cm), and electrical

conductivity (s/cm) tested with the four-point probe under different conditions.

Conditions Film Resistance Surface Electrical Resistivit
thickness (Q) restance conductivity y (Q.cm)
(um) (Q/cm?) (s/cm)

15 kHz 134 2.35 x 10 1.06 x 10% 2.29 x 1072 43.6

25 kHz 121 1.06 x 10° 4,79 x 103 2.11 x 102 40.7

40 kHz 125 7.18 x 10? 3.25 x 103 2.93 x 1072 34.2

50 kHz 140 1.32 x 103 6.00 x 103 427 %x 107 234

KB 139 5.16 x 103 2.34 x 10* 7.37 x 1073 135.7

The resistivity (Q.cm) of nanocarbon is lower than that of KB, because of its hydrogen (H)
and tungsten carbide (WC) content. B% Thus, we observed that when the resistivity (Q.cm) of
the nanocarbon decreased, its conductivity increased, and the 50 kHz frequency gave the
highest conductivity compared with other frequency as shown in Fig. 2-5. The high
conductivity at high frequency is due to the high amount of WC and the less amount of H in
the material.

Finally, we concluded that palm oils could be used to synthesize nanocarbon by SPP using
different amount of frequencies. When the frequency increased, the plasma temperature also
increased, so that more carbon-carbon bonds were cracked, and the cracking rate also increased.
Thus, the mass of nanocarbon composite increased when the frequency increased, as shown by

all the data.
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Fig. 2-5. Electrical resistivity (Q.cm) vs. frequency compared with KB.

2.3.4. Raman and surface area

Raman spectroscopy showed D and G bands at 1350 and 1580 cm™. Structural disorder and a
sp? graphite sheet-like structure were inferred from the D and G bands, respectively. The Ip/ls
ratios for the nanocarbon formed with 15, 25, 40, and 50 kHz were, respectively, 0.98, 0.99,
1.00 and 1.06, calculated from the peak heights as shown in Fig. 2-6, as compared with that of
KB (1.23). The Ip/l¢ ratio increased with the pulse frequency. These results showed that the
sp? content of nanocarbon increased, together with its sheet-like structure and bond disorder.

The 2D peak at 2600-2750 cm™ confirms that nanocarbon has relatively high basal plane
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crystallinity. The lg/Ip ratio is inversely proportional to the crystallite size La as follows.

La (nm) = (2.4 x 1071%) A* (I6/1p), [

where 4 is the Raman excitation wavelength at 532 nm.

The crystallite sizes La (nm) decreased from 19.6 to 18.1 nm as the frequency increased. These
results indicate that nanocarbon production increases with frequency and nanocarbon
composite materials are amorphous with a low degree of crystallinity. Therefore, D’-band was

not detected in the Raman spectrum. ¥ The deconvolution of the Raman spectra is shown in

Fig. 2-7.
b g
_— I
= 2D D+G
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Fig. 2-6 Raman spectra of nanocarbon from frequencies 15, 25, 40 and 50 KHz with
commercial carbon KB, respectively.
The surface area, pore volume, and average pore diameters were determined by BET

measurements using N» adsorption-desorption isotherms as shown in Table 2-2. As the

frequency increases, the surface area, pore volume, and average pore diameter of nanocarbon
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change from 101 to 160 m? g, 0.23 to 0.53 cm® g%, and 20.08 t016.29 nm, respectively. This
result indicates that when the frequency increases, the crystallite size and average pore diameter
decreases, and the surface area increase. % High plasma energy determines more
decomposition and less hydrogen in the nanocarbon composition resulting in the increasing of

the crystallite size.

Table 2-2 Carbon particle analysis from palm oil by using Brunauer, Emmett and Teller

(BET) theory measurement.

Conditions Average pore diameter Pore volume Surface area
(nm) (cm®/g) (m?/g)
50 kHz, 2us, 20.08 0.23 101
40 min
15 kHz, 2ps, 16.29 0.53 160
40 min
Ketjen 8.06 2.25 1120
Black (KB)

Intensity (a. u.)

1200 | 13'00 | 14I00 | 1500 | 16l00 a 1700
Raman shift (cm™)
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Fig. 2-7 Deconvolution of the Raman spectra of the nanocarbon composite for 50 KHz.

2.3.5. Electrocatalytic activity of ORR

The electrocatalytic activity of ORR of 15 and 50 kHz were evaluated by cyclic voltammetry
(CV) in 0.1 M KOH solution. The CV curves in 0.1 M KOH solutions with O, saturated were
30 cycles in the potential range from -1.0 to 0.3 V at a scan rate of 50 mV s? at Fig. 2-8. The
ORR peak slightly improved. The onset potential is to quit a few current densities for the ORR.
Nanocarbon with high specific surface area is promoting ORR activity. However, in our study,

the ORR activities of nanocarbon perform once quit lower than electrical conductivity.
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Fig. 2-8 Electrochemical measurements of CV curves of nanocarbon of low 15 KHz and High

50 KHz frequencies under O, saturated 0.1 M KOH solution at a scan rate of 50 mVs™.

2.4. Summary
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Palm oil is an available bioresource and relatively lower cost for nanocarbon synthesis. The
obtained carbon materials have various kinds of applications, such as adhesives, paints, printing
inks, surface coatings and composite preparation. We were successfully synthesised
nanocarbon materials from palm oil by spp. The frequencies were able to effects on the carbon
yield (%), crystallinity and morphology. When the frequencies were increased, the amount of
carbon also increased with them. Currently, SPP is widely accepted in the synthesis of
nanocarbon materials within a short time with room temperature and atmospheric pressure and
produced a high % of yield. However, the yield of carbon and synthesis rate was quite smaller
than organic solvent. Furthermore, the nanocarbon had an ORR activity with high electrical

conductivity by SPP.
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3.1. Introduction

Tungsten carbide (WC) has attractive properties like high electrical conductivity, CO and
corrosion resistance. -2 |t is the non-noble metals and able to perform the catalytic activity.
The WC can be enhanced with the nanocarbon materials due to their special properties, such as
conductivity, electrocatalytic activity, mechanical capacity and chemical and thermal existence.
[3-61 Nanocarbon has been used as electrode materials in a fuel cell, rechargeable lithium
batteries, catalyst support, supercapacitor electrode and organic solar cells. [ Nanocarbon
materials have been developed fullerenes, carbon nanotubes and onions. 4?4 It has been
encapsulated in graphitic nanocages and nanotubes by conventional arc-discharge. [25 28]
Nanocarbons-encapsulated WC is interesting due to core-shell like structure. - The core-
shell nanostructures were synthesized from polymers and silica. Previously, nanocarbon has
been encapsulated from organic solvent. £%-%2 In this work, we are synthesized Nanocarbons-
encapsulated WC from palm oil. Recently, palm oil is used in a fuel cell, bio-based polymers,
liquid hydrocarbon fuels and biodiesel. 3335 The advantages of palm oil consist of low toxicity,
chemically inert, inherent biodegradability, and global sustainability. B¢ 31 The key point of
palm oil is constituted by triglyceride (95 - 98%) and minor compounds as mono- and
diglycerides (2 - 5%). Triglycerides contain three molecules such as saturated fatty acids,

unsaturated fatty acids, and glycerol. ¥ The saturated fatty acids have only a carbon-carbon
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single bond, and the unsaturated fatty acids contain many carbon-carbon double or triple bonds.
Fatty acid composition of palm oil is palmitic acid (C1sH3202, 39%), oleic acid (C1gH3402, 45%),
linoleic acid (C1sH3202, 9%), stearic acid (C1sH202, 5%), and others (2%). ¥ The encapsulated
carbons were investigated by conventional technics such as arc discharge, chemical vapour
deposition, microwave heating, thermal plasma processing and pyrolysis. However, thus
technic has limitation due to a long time, multiple steps and high energy consumption. To
overcome this problem, the nanocarbons-encapsulated WC were synthesized by Solution
plasma process (SPP). 461 SPP has many advantages such as simple experimental setup, short
time and room temperature and atmospheric pressure. The more advantage of SPP able to
synthesis the nanomaterials without any catalyst.

In this research, the nanocarbons-encapsulated WC was synthesized by SP in the palm oil.
The structural and properties characterization of the synthesized materials obtained were
encapsulated in onion-like nanocarbon shells and the average size diameters 4-12 nm. The
electrochemical properties are showed the nanocarbon entirely encapsulated with WC. The
synthesized nanocarbons-encapsulated WC might be applied in data storage and energy

applications.

3.2. Experimental procedure

In this study, Palm oil (Kobe Busan Co., Ltd. Japan) (100% vegetable cooking oil) was
selected as a material of 200 ml for the nanocarbon-encapsulated WC synthesis as shown in
Fig. 3-1. A bipolar pulsed power supply (KURITA Seisakusho, Japan) applied two tungsten
(W) electrodes (wire type, purity 99.9%, The Nilaco Corporation, Japan) with a 1 mm diameter
covered the ceramic tube with 0.5 mm electrode gap into the palm oil in a closed system vessel.
The repetition frequencies (100, 150, and 180 kHz) are used at 2 ps pulse widths for 30 min.

The electrodes were adjusted several times to keep a constant gap distance between the
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electrodes, due to erosion. When the electrode gap distance was increased from 0.5 mm to 1
mm or more, the discharge stops. After synthesis of the nanocarbon materials, the liquid and
solid phase were separated by centrifugation. The solid phase was washed three times with
acetone until the oils have been fully removed using centrifugation at 12000 rpm for 30 min
and then dried at 90°C for 6 hours in an oven (DX301, Yamato Co. Ltd., Japan). This balance
(EK20001i, AS-ONE Co. Ltd., Japan) used for a weight of nanocarbon. The structural properties
were using X-ray diffraction (XRD, Rigaku Smart lab, Rigaku Corporation, Japan) with a Cu
Ko as X-rays radiation at A = 0.154 nm in the 20 range from 3.0 to 90.0 degrees and a scan
speed of 3.0 degrees. Raman spectroscopy (NRS-100, JASCO Corporation, Japan) used a laser
with a wavelength of 532.5 nm and 1 mW power to determine the type of nanocarbon material.
The X-ray Photoelectron Spectroscopy (XPS, PHI 5000 Versa Probe II; Ulvac-Phi physical
Electronics INC, Japan) measured the elemental composition using the Mg Ko X-ray source
with an energy of the photon of 1253.6 eV. The morphologies of structure, shape, and size were
viewed by Transmission electron microscopy (TEM, JEM-2500SE, JEOL Ltd., Japan) at 200
kV for the synthesized nanocarbon. The electrochemical activity was determined by measuring
the cyclic voltammetry (CV, HZ5000, Hokuto Denko Inc., Japan) using a conventional three-
electrode cell setup with the glassy carbon (GC) electrode (with 3 mm disk diameter) as the
working electrode, a platinum wire as the counter electrode, and an Ag/AgCl electrode in
saturated KCI as reference. The catalyst ink was prepared as follows: 10.0 mg of WC-
nanocarbon was dispersed into 2 ml ethanol and 150 pL Nafion® by ultrasonication for 20 min.
The homogeneous ink was dropped on the GC electrode until fielded and dried at room
temperature. The used electrolyte was 0.5 M H2SO4 (Kanto Chemical Co., Inc., Japan)
saturated with O,. The scan rates were 50 mV s, the scan range was from -0.2 to 1.2 V, with a

sampling rate of 100 ms.
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Fig. 3-1 Schematic diagram of nanocarbon-encapsulated WC by SP in palm oil.

3.3. Results and discussion
3.3.1. Structural properties

XRD shown in Fig. 3-2 characterized the structural properties of nanocarbons-
encapsulated WC. The nanocarbons peaks at 23.5" and 42.3" were the reflections at 0 0
2 and 1 0 1 planes (JCPDS 75-1621). 244 When increased the frequencies, the peaks
of 0 0 2 reflections also sharply increased with them. In the case of 100 kHz frequency,
the XRD peak is broader at 0 0 2 corresponding 150 and 180 kHz frequencies are
showed the sharp peak due to the high frequency from the power supply. The reflections

of WC (JCPDS #25-1047) peaks were identifications in the 100, 150 and 180 kHz
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corresponded to the 111, 200, 220, 311, and 222 planes. [ “8 These results indicate
that SP in palm oil synthesized the nanocarbons-encapsulated WC contains amorphous

structure at 100 kHz frequency and amorphous-like turbostratic structure at 150 and

180 kHz frequencies.
® Carbon
_ = AWC
= g 4
< o 2
N’ :ﬁ
2| =
‘@ |180KHz =
= :
E 150KHz
o
100KHz
1 v 1 v 1 v 1
20 40 60 80

20 (degree)

Fig. 3-2 XRD patterns of nanocarbon-encapsulated WC by SP in palm oil at 100, 150 and 180
kHz frequencies in 2us for 30 min discharge.

Raman spectroscopy showed that the D and G bands were observed the peaks at 1350
and 1580 cm!. Structural disorder and sp? graphite sheet-like structure were
respectively obtained from D and G band. The Ip/lg ratio for the nanocarbon using
different plasma frequencies 100, 150 and 180 kHz respectively 1.01, 1.00 and 0.99
calculated from peak heights as shown in Fig. 3-3. The D/G ratio decreased with pulse
frequency. For results, the number of sp? in nanocarbon increased and its core-shell

structure and bond disordering. The 2D peak at 26002750 cm™%, it confirms that WC-
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nanocarbon has a quite high degree of crystallinity as well as nanocarbon. Raman
showed crystallite sizes La, and the ratio Ip/lc was inversely proportional to the
crystallite sizes La, where laser energy E: and wavelength A= 532 nm, the equation is
La (nm) = (2.4x 1072 2* (In/16) [49, 50]. The crystallite sizes L. (nm) was increased
(19.0 to 19.4 nm) with increase the frequency. These results indicate that when

increasing the frequency, then WC-nanocarbon crystallinity also increases.

11,=0.99

1,1,=1.00

Intensity (a. u.)

1,/1.=1.01

1000 1500 2000
20 (degree)

Fig. 3-3 Raman spectra of WC-nanocarbon from palm oil at various frequencies 100, 150 and

180 kHz in 2 ps at 30 min discharge.
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3.3.2. Morphology

Fig. 3-4 TEM images of nanocarbons-encapsulated WC correspond with HR-TEM and SEAD
pattern (insert) from palm oil, (a, a’ and a") 100 kHz; (b, b’ and b") 150 kHz; and (c, ¢’ and c”)
180 kHz of 2 ps at 30 min discharge.

The morphology of nanocarbons-encapsulated WC was observed using the TEM at Fig. 3-4 a),
b) and c) and high-resolution TEM (HR-TEM) at Fig. 3-4 a’), b’) and ¢). The TEM images

show that the observed nanocarbons-capsulated WC indicator spherical shapes and core-shell
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like morphology. When increased the frequencies 100, 150 and 180 kHz, the nanocarbons-
encapsulated WC size decreased. The 180 kHz frequency showed the narrow capsule size
distributions compared with 100 and 150 kHz. The HR-TEM showed that obtained
nanocarbons-encapsulated WC uniform sizes 4-12 nm and completely nanocarbons
encapsulated with WC. In the case of 100 kHz of HR-TEM at Fig. 3-4 ¢’) the image indicates
that the nanocarbons capsulated well and an average size of 12 nm. Also, the 150 and 180 kHz
frequencies of HR-TEM images were showed the obtained nanocarbons encapsulated like core-
shell structure and average size distribution respectively 7 nm and 4 nm, its less than 100 kHz
frequency. These results indicate that the frequencies able to effect on the nanocarbons-
encapsulated WC morphology like shapes and size. The morphology of the nanocarbon-

encapsulated WC observed the spherical shapes in all frequencies.

3.3.2. ORR activity

The nanocarbons-encapsulated WC by SP in palm oil applied high frequencies 100, 150 and
180 kHz at 2 us. The CV curve of all conditions of nanocarbons-encapsulated WC was analysed
in an acid medium 0.5 M H,SO, solution under O saturated with scan rate 50 mVs? in Fig. 3-
5. The potential range is —2.0 to 1.2 V and a current density range is -3.0 to 4.0 mAcm™. As a
result of 100 kHz frequency under O, saturated, the cathodic (oxygen reduction reaction, ORR)
peak at 0.32 V and the onset potential was observed at 0.61 at 50 scan rate. Also, when increased
the frequencies from 150 and 180 kHz, the ORR peak was gradually disappeared. This results
indicated that the nanocarbon was encapsulated WC because it would not exhibit any ORR
peaks during the measurement of CV. The CV results indicated that when the frequencies were
increased, the ORR peaks also gradually decreased and the encapsulated nanocarbon also

increased.
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Fig. 3-5 Electro-catalytic activity CV for 100, 150 and 180 kHz frequencies at 2 ps of

nanocarbons-encapsulated WC in 0.5 mol/L H.SO, under O,-saturated and scan rate 50 mV/s.

3.4. Summary

In conclusion, the nanocarbon-encapsulated WC were synthesized by SP in palm oil using at
different frequencies effective on morphology and structure and ORR activity. When the
frequencies were increased, the nanocarbon-encapsulated WC of % yield and synthesis rate
also increased as shown in table 1. In the case of 180 kHz frequency, the highest synthesized
rate was 3.07 mg/min. Currently, SPP is widely accepted in the synthesis of nanocarbon
materials within a short time with room temperature and atmospheric pressure and produced a
high % of yield. The potential of nanocarbon-encapsulated WC by SP in the palm oil would be

helpful for the next generation.
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4.1. Introduction

Recently, Li-air batteries have been largely used in energy conversion and storage devices
for various applications. 4 These face the critical challenges that from poor cycle life, low
practical energy density, low round-trip efficiency, and high manufacturing costs. To improve
the energy storage properties, catalytic activity and less cost, the ORR are demanded. 5]

Presently, platinum (Pt) is commonly used as a catalyst for ORR but their high cost of the
production and long term instability. 8% To introduce the alternatives of Pt catalysts, the
nanocarbons and heteroatom-doped nanocarbon are attracted. The advantages of the
nanocarbons and the heteroatom-doped nanocarbon are the low production cost, excellent
chemical properties and the higher electrical conductivity. [**: 12

The nanocarbons such as carbon black, carbon nanotubes, porous and nonporous carbon
materials and graphene are showed large specific surface area, high conductivity,
electrocatalytic activity, mechanical capacity, ultra-light characteristics, and chemical and
thermal resistance.™*8 In heteroatom (nitrogen, boron, and phosphorus) doped nanocarbon
are showed the higher ORR activity. [1*2

Previously, the nanocarbon materials were successfully synthesized by catalytic or

noncatalytic chemical vapor deposition, pyrolysis, electric arc discharge, and direct-current
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(DC) discharge plasma from various organic solvents. 24-2%1 However, these synthesis technique
are complicated due to their high process temperatures, low production yield, and the possing
time, 3033

Recently the energy saving and a non-equilibrium liquid phase plasma named Solution
Plasma Process (SPP) are used to synthesize nanocarbon materials at room temperature. 3438
In our laboratory, we conducted various experiments to produce carbon materials from organic
solvents by SPP, (33421

In this research, the synthesis of nanocarbons by SPP with differences frequencies and pulse
widths at electrode distance of 0.75 mm for 30 min. The synthesis rate is the main target to the
synthesis of nanocarbons with their electrocatalytic activity (such as Li-air battery and fuel cell)
without thermal treatment and the commercial Pt/C catalyst. The catalytic activity of ORR were
obtained in acidic medium. The crystallinity, structure, surface area, morphology, elemental
composition, electrical conductivity, ORR activity and Li-air battery were investigated from
nanocarbons. In the case of Li-air battery, N containing nanocarbons (Nanocarbons of BZ-NH,)
were obtained a high special capacity of 15500 mAh/g carbon compare with the nanocarbon of

palm oils.

4.2. Experimental procedure
4.2.1 Materials

Benzene (>99%; Kanto Chemical Co., INC, Japan), Nitrobenzene (>99%; Kanto Chemical
Co., INC, Japan) Aniline (>99%; Kanto Chemical Co., INC, Japan), Polyvinylidene Fluoride
(PVDF, Sigma-Aldrich, Japan), N-Methyl-2-pyrrolidone (NMP, Kanto Chemical Co., INC,
Japan), Acetone (Kanto Chemical Co., INC, Japan) and Ethanol (Kanto Chemical Co., INC,

Japan) were purchased.
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4.2.2 Experimental setup and production procedure

The experimental setup of SPP is shown in Fig. 4-1. The plasma was generated by a bipolar
pulsed power supply (MPS-R06K01C-WP1-6CH, Kurita Co. Ltd., Japan) between two
tungsten (W) electrodes (wire type, purity 99.9%, The Nilaco Corporation, Japan) with a 1 mm
diameter, covered with an insulating ceramic tube. The electrode gap was 0.75 mm in the
beginning. The concentration of BZ, BZ-NO,, and BZ-NH, are 50, 18, and 50 mg/L,
respectively. The applied high voltage had different pulse widths (0.5, 1.0 and 2 ps) and
repetition frequencies (50, 100, and 150 kHz). The process time was 30 min. The current and
voltage waveforms were observed using an oscilloscope (DLM 2022, Yokogawa Meters &
Instruments Corporation, Japan) in the range of 0 — 5 A and 0.6 - 1.0 kV, respectively. During
SPP, the electrodes were adjusted several times, especially at high frequencies of SPP operation
(i.e., 100 and 150 kHz) to keep a constant gap distance between the electrodes. Due to erosion,
the electrode gap distance increases. This adjustment also has the role in maintaining a stable
plasma during the process. If the electrode gap distance increases from 0.75 mm to 1 mm or
more, the discharge stops. After the nanocarbon materials synthesis, the remained liquid and
solid phases were separated by filtration then dried at 90°C for five hours in an oven (DX301,
Yamato Co. Ltd., Japan). The weight of nanocarbon was measured using a balance (EK2000i,
AS-ONE Co. Ltd., Japan). The carbon yield (Y in %) and synthesis rate (R in mg/min) were
calculated from the amount of carbon powders as:

Y = (M/M,) x 100

where M is the mass of the carbon powder, and M, is the initial mass of BZ, BZ-NO2 and
BZ-NH2. However, the synthesis rate was calculate as R= M /T. Where T is total process time

(i.e., 30 min).
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Fig. 4-1 Schematic diagram of experimental setup with BZ, BZ-NO, and BZ-NH, of precursors

for solution plasma process (SPP).

4.2.3. Characterization

The structural properties were investigated by X-ray diffraction (XRD, Rigaku Smart lab,
Rigaku Corporation, Japan) with a Cu Ko X-ray radiation source at A = 0.154 nm in the 26
range from 3.0 to 90.0 degrees and a scan speed of 3.0 degrees; and Raman spectroscopy (NRS-
100, JASCO Corporation, Japan) used a laser with the wavelength of 532.5 nm and 1 mW

power to determine the type of nanocarbons. The morphology, shape, and size of nanocarbons
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were observed by Transmission electron microscopy (TEM, JEM-2500SE, JEOL Ltd., Japan)
with an electron gun at 200 kV. The surface area, pore volume, and average pore diameter were
observed by Brunauer-Emmett-Teller (BET, BELSORP-mini-II, BEL JAPAN, INC, Japan)
from the nitrogen adsorption-desorption isotherms at 77 K. The elemental compositions were
observed by X-ray Photoelectron Spectroscopy (XPS, PHI 5000 Versa Probe II; Ulvac-Phi
physical Electronics INC, Japan) using the Mg Ko X-ray source with an energy of the photon
of 1253.6 eV. The electrical resistivity and electrical conductivity were determined by a four-
point probe method (Laresta-GP, MCP-T610, Mitsubishi Chemical Analytech Co., Ltd., Japan).
A concentration of 60 wt% of nanocarbons was mixed with 40 wt% polymer binder (PVDF)
and then sonicated in NMP during 30 min. The emulsion was dropped on a glass substrate, then
dried in an electric oven at 120° C for 20 min to form a uniform film.
4.2.3. Electrochemical measurement

The cyclic voltammetry (CV) measurement was connected a computer-controlled ALS-CH
model 704 ES electrochemical analyzer (CH instrument Inc.). The ink made by catalyst (5.0
mg), ultrapure water (480 mL), ethanol (480 mL), and Nafion® aqueous solutions (40 mL)
were ultra-sonicated was obtained. The Ag/AgCl solution was applied as the counter and
reference electrodes at 0.5 mol/L H>SOy4 electrolyte under N> and O gas saturated. The scan

rate is 20 mVs' at 0.2 Vto 1.2 V (V vs. Ag/AgCl).
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Fig. 4-2 The image of the fabricated Li-air Battery for nanocarbons.
4.2.4. Fabrication of Li-air battery

Li-air battery was fabricated in the Fig. 4-2. The air electrode was fabricated by mixture of
nanocarbons and polyvinylidene difluoride (PVDF) and as binder in a weight ratio of 70:30 at
8 MPa. A lithium foil (thickness: 1 mm) was purchased (Honjo Chemical Corp., Japan). The
air battery cells (MTI corporation, USA), and the electrode of 1M LiNOjs in tetra ethylene glycol
dimethyl ether (TEGDME) were used. Battery tests were conducted with a Solar Tron SI 1280
B at current density of 0.1 mA/cm? for discharge and 0.5 mA/cm? for charge. The cut off voltage

in discharge was set to 2.0 V.
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4.3. Results and discussion
4.3.1. Synthesis rates

Nanocarbons were synthesized using SPP from BZ, BZ-NO, and BZ-NH,. After SSP, he
synthesized nanocarbons were separated from liquid, dried and calculated the synthesis rates in
Fig. 4-3. The highest carbon yield (Y) of BZ, BZ-NO- and BZ-NH; are 1.92, 0.32 and 0.48 %,
respectively, at 150 KHz from the Table 4-S1.

The carbon yield (Y in %) and synthesis rate (R in mg/min) were calculated from the amount
of carbon powders as:

Y=(M/M,) x 100

where M is the mass of the carbon powder, and M, is the initial mass of BZ, BZ-NO, and
BZ-NH,. However, the synthesis rate was calculate as R =M /T.

Where T 'is total process time (i.e., 30 min).

The nanocarbons are showed the lowest (42, 6 and 7 mg/min at 50 KHz, 0.5 ps) and highest
(50, 13 and 15 mg/min at 150 KHz, 0.5 ps) synthesis rate for BZ, BZ-NO,and BZ-NH,
respectively. It confirm that, when the frequencies were gradually increased, the synthesis rate
also increased with them. [**! In the case of BZ, the synthesis of nanocarbons were higher than
BZ-NO;, and BZ-NH; due to their structure. It means that only the m-conjugated bond is
successfully enhanced the nanocarbon synthesis by SPP. Schematic of nanocarbon formation
from BZ using SPP in the Fig. 4-S1. In this study, the highest synthesis rate of nanocarbons at
150 KHz, 0.5 us are described for the future investigation. So far in the paper, we selected for
the discussion only the data corresponding to the frequency of 150 KHz with the pulse width

of 0.5 ps.
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Fig. 4-3 The graph of the synthesis rate vs frequency (pulse width) of synthesized nanocarbons.

4.3.2. Morphology and Surface area

The TEM images were confirmed the morphology. The morphology of nanocarbons of BZ,
BZ-NO,and BZ-NH; by SPP were observed in Fig. 4-4 (a), (b) and (c). The average diameters
were shows the 15-30 nm range of carbon with a ball-like shape. **! The nanocarbons were
agglomerated a few of the surface. The high-resolution TEM (HRTEM) images were showed
in Fig. 4-4 (a'), (b") and (c¢'). The graphite-like structure with a good crystallinity of nanocarbons
were observed corresponding SAED images in Fig. 4-4 (a"), (b") and (c"). The SAED images
were showed the (002), (100), and (110) planes of nanocarbons. These date will confirm on
XRD pattern.

To identify, the inside of the morphology such as surface area, pore size, and diameters were
determined by Brunauer—Emmett—Teller (BET) in Table. 4-S2. BET surface area (220, 230 and

222 m*g™), pore volume (0.45, 0.49 and 0.46 cm3g™!) and average pore diameter (20.0, 17.0 and
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15.0 nm) were respectively BZ, BZ-NH, and BZ-NO: of nanocarbons. The nanocarbon of BZ-

NH, was enhanced the surface area of 230 m? g
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Fig. 4-4 TEM images of nanocarbons, (a), (b) and (c) TEM images; (a’), (b") and (c') HRTEM;
and (a"), (b") and (c¢"") SEAD pattern (insert) for BZ, BZ-NH2 and BZ-NO2 at 150 KHz and

0.5 ps.

4.3.3. Structural properties
The measurements of XRD patters and Raman spectra were showed in Fig. 4-5. The XRD

peaks of BZ, BZ-NH, and BZ-NO> of nanocarbons were showed a large peak at 23° and a small
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broadpeak at 44° respectively (002) and (100)/(101) planes of nanocarbon in Fig. 4-5 (a ). [*>
4] The small and broad carbon shape were suggested that graphite plane (JCPDS 75-1621) with
quite good crystallinity. The sharp peaks of tungsten carbide (WC) (JCPDS #25-1047) are
obtained from the all samples at 36°, 42°, 62° and 74° correspond to the (111), (200), (220)
(311) and (222) planes respectively. ") In the case of BZ-NH, and BZ-NO, of nanocarbons, the
WC peaks were increased due to a higher sputtering of tungsten electrode and the chemical
structures compare with nanocarbon of BZ. The chemical structures of BZ (C-C, C=C and C-
H), BZ-NO; (C-C, C=C, C-N, N=0 and C-H) and BZ-NH, (C-C, C=C, C-N, N-H and C-H) are
different. The sputtering rate is depend on the chemical structure of the solvents even the same
plasma conditions. During the solution plasma process, solution conversion pathway is effect
on the results.

Figure 4-5 (b) shows that the Raman peaks were observed D (1350 cm™) and G (1600 cm™)
band of all samples. The D-band was showed the structural disorders and defects, **! and G
band was referred sp’ graphite sheet-like structure nanocarbon. The In/Ig ratios of (0.80, 1.10
and 0.9) for the nanocarbons BZ, BZ-NH, and BZ-NO, were respectively calculated from the
peaks. The Ip/lg values were indicated defect sites with degree of graphitization for
nanocarbons. 4]

The Ic/Ip ratio was related to the crystallite size L, and Tuinstra—Koenig relationship as
follows.

L, (nm) = (2.4 x 10719 A* (Is/Ip), %

where /1 is the Raman excitation wavelength at 532 nm. The L, values were consisted the
inter-defect distance of the surface. The L, values of nanocarbon of BZ-NH, was showed a more
defect sites due to their nitrogen molecules.

The XRD and Raman results were corresponded with the TEM images that the nanocarbons

were graphite like structure with a crystallinity.
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Fig. 4-5 The structural properties of nanocarbon a) XRD patters, and b) Raman spectra for

nanocarbons of BZ, BZ-NH2 and BZ-NO2 at 150 KHz and 0.5 ps.
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4.3.4. Electrical conductivity and compositions
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Fig. 4-6 Image of electrical resistivity by four probe for nanocarbons at various conditions.
The four-point probe method was applied on nanocarbon to identify Resistance (Q2), Surface
resistance (Q/cm?), Resistivity (Q.cm) and Electrical conductivity (s/cm) in Table 4-S3, Table
4-S4 and Table 4-S5 corresponding in Fig. 4-6. So, we observed that when the resistivity (Q2.cm)
of nanocarbon was decreased, the conductivity was increased. In the case of nanocarbon of BZ,
it’s showed the highest electrical conductivity compare with the nanocarbon of BZ-NH, and
BZ-NO:. The surface elemental composition was founded by XPS spectroscopy shown in Fig.
4-S2. The nanocarbons of BZ (Cls 99.6, and W4f 0.4 atom %), nanocarbon of BZ-NH, (Cls
98.2, N1s 1.6, and W4f 0.2 atom %), and nanocarbon of BZ-NO, (C1s 97.1, Ols 15.9, N1s 5.0
and W <0.1, atom %) were identified at 150 KHz and 0.5 ps. From the XPS spectroscopy of
nanocarbons data were showed that nanocarbons of BZ containing carbon (C) and tungsten
(W); nanocarbons of BZ-NH, containing carbon (C), nitrogen (N) and tungsten (W); and

nanocarbon of BZ-NO; containing carbon (C), Oxygen (O), nitrogen (N) and tungsten (W)
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corresponding with XRD patterns.

4.3.5. Catalytic activity

The electrocatalytic activity of ORR were also tested in 0.5 mol/L H>SO4 solution with N»

and O, saturated at 20 mV s! scan rate in Fig. 4-7 (a), (b) and (c). The anodic and cathodic

peaks were showed the potential range at —0.2 to 1.2 V. In the N-saturated of nanocarbons BZ

and BZ-NO, were observed the featureless CV curve in Fig. 4-7 (a) and Fig. 7 (b).Oh the other

hand, the CV curve under O-saturated electrolyte was observed the cathodic peak around at

0.4 V corresponding to ORR. The catalytic activity of ORR concerns in fuel-cell applications

as a cathode.

Benzene (150 KHz)

=
~—
&
=

3.0 A

j (mAcm’®)
=l
=)

-3.0

——N, saturated

—— O, saturated

H,80,: 0.5 mol/L

-6.0 T T T
0.4 0.

T
8 1.2

-0.4 0.0
E (V vs Ag/AgCl)
c) Nitro-benzene (150 KHz) _— N2 saturated
12.0 4 — O, saturated
'?ﬁ 6.0 4
]
:
00 -
-6.0
HZSO41 0.5 mol/L
T T T T
-0.4 0.0 0.4 0.8 1.2

E (V vs Ag/AgCl)

b) 1.2 Aniline (150 KHz) _‘\'2 saturated
—— O, saturated
0.8
"z 04
:
00
-0.4
H,S04: 0.5 mol/L
-0.8 T T T T
-0.4 0.0 0.4 0.8 1.2
E (V vs Ag/AgCl)
0
d)
2k
-~
Q
g4
<@
<
2l
~
— Benzene
= Nitro-benzene
-8 — Aniline
O,-saturated
H,S0,: 0.5 mol/L
-10 1 1 1 | ! 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7

E (V vs. Ag/AgCl)

Fig. 4-7 CV measurements CV measurements of (a) benzene (BZ), b) aniline (BZ-NH>) and c¢)

nitrobenzene (BZ-NO») in 0.5 mol/L H>SOys solution at a scan rate of 20 mV s under N, (black
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line) and O, (red line) saturated. LSV measurements of d) presents the LSV curves of BZ, BZ-
NH,, and BZ-NO; an O;-saturated 0.5 mol/L H.SOy4 solution at a scan rate of 10 mV s with a
rotation speed of 1600 rpm.

Fig. 7d) presents the LSV curves of BZ, BZ-NO, and BZ-NH, an O;-saturated 0.5 mol/L
H>SO4 solution at a scan rate of 10 mV s™! with a rotation speed of 1600 rpm. The LSV curve
was obtained an onset potential of 0.39 V of BZ-NH». Moreover, the current density of BZ-NH,
also larger than BZ and BZ-NO, were investigated. Nanocarbon of BZ-NH, showed the
synergistic effect of N and WC containing on the ORR activity. The specific capacity shows
such a difference with various nanocarbons due to their properties of tungsten (W), nitrogen
(N) and Oxygen (O) containing nanocarbons. In the case of BZ-NHo, the synergistic effect of N
and WC doping on the ORR activity compare with the BZ and BZ-NO,. BZ-NH, showed the
enhanced carbon properties, such as surface area, resistivity, nitrogen configuration and degree
of graphitization played a role in the improved ORR activity in the acid media compared with

BZ and BZ-NO:..

4.3.6. Li-air battery test

The electrochemical performances of the cell voltage and capacity of Li-air batteries, the
discharge of 1.0 mg/cm? carbon loading in 1.0 atom of dry oxygen at 0.1 mA/cm? rates are
shown in Fig. 4-8. The specific capacity of 2800, 3600, 6700 and 15000 mAh/g carbon were
identified from nanocarbons of BZ-NO-, palm oils, BZ and BZ-NH; respectively at the rate of
0.1 mA/cm? with the 1.0 mg/cm? carbon loading. The highest special capacity of 15500 mAh/g

carbon has been obtained for nanocarbon of BZ-NH, compare with nanocarbon of palm oils.
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Fig. 4-8 The discharge curves of the Li-air batteries with the 1.0 mg carbon loadings at 0.1

mAJ/cm2rates for nanocarbons of BZ, BZ-NH2, BZ-NO2, palm oils.

4.4, Summary

We have been synthesized the nanocarbons by solution plasma process. The highest synthesis
rate was observed form the nanocarbon of BZ. The graphite-like structure and the range of 15-
30 nm sized of nanocarbons were investigated from the TEM image supported with XRD and
Raman spectroscopy measurements. For the electrocatalytic activity of ORR of nanocarbons
were clearly observed the cathodic peak at 0.4 V for all samples. The performance of Li-air
battery, the highest special capacity of 15500 mAh/g carbon from nanocarbons of BZ-NH; was
compared with nanocarbon of palm oils. We believe that SPP could be able to synthesis the
nanocarbons and their applications of electrocatalitic activity such as Li-air batteries and fuel

cell.
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Fig. 4-S1 Schematic of nanocarbon formation from BZ using SPP.
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Fig. 4-S2 XPS elemental compositions (% atom) of nanocarbons of BZ, BZ-NH, and BZ-

NO:..

Table S1. The carbon yield (%) and synthesis rate are calculated form the carbon powder

Conditions Carbon Powder,  Synthesis rate, R Carbon yield, Y

M (mg) (mg/min) (%0)
BZ (50 KHz, 0.5 ps) 1260 42 1.61
BZ (150 KHz, 0.5 ps) 1500 50 1.92
BZ-NO; (50 KHz, 0.5 ps) 180 6 0.15
BZ-NO; (150 KHz, 0.5 ps) 390 13 0.32
BZ-NH, (50 KHz, 0.5 us) 210 7 0.23
BZ-NH, (50 KHz, 0.5 ps) 450 15 0.48
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Table 4-S2 SPP conditions for the conversion of palm oil to nanocarbon composite for 1 us

and 40 min discharge.

Frequency Surface area Pore volume Auverage pore

(kHz) (m?/g) (cm?/qg) diameter (nm)
Bz 220 0.45 20.0
BZ-NH; 230 0.49 17.0
BZ-NO- 222 0.46 15.0

Table 4-S3 The resistance (Q2), surface resistance (2/cm?2), resistivity (Q.cm) and electrical

conductivity (s/cm) tested by four-point probe in the different conditions for benzene.

Conditions Film  Resistance Surface Electrical Resistivity
thick (Q) restance conductivity (Q.cm)
ness (Q/cm?) (s/cm)

(nm)

Benzene (150 kHz,0.5 us) 88 6.98x10°  3.16x10* 3.59x10°3 278.4

Benzene (100 kHz,0.5 us) 112 7.89x10°  3.57x10* 2.53x10° 395.9

Benzene (50 kHz,0.5 us) 95 9.88x10°  4.48x10* 2.48x10°3 403.0
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Table 4-S4. The resistance (€2), surface resistance ({)/cm?2), resistivity (Q.cm) and electrical

conductivity (s/cm) tested by four-point probe in the different conditions for Aniline.

Conditions Film Resistance Surface Electrical Resistivity
thickness (Q) restance conductivity (Q.cm)
(um) (Q/cm?) (s/cm)

Aniline (150 kHz,0.5us) 70 5.29x10*  2.40x10° 6.61x10* 1513

Aniline (100 kHz,0.5 us) 76 6.06x10*  2.75x10° 5.78x10* 1729

Aniline (50 kHz,0.5 ps) 63 8.31x10*  3.77x10° 4.22x10* 2373

Table 4-S5. The resistance (€2), surface resistance (£2/cm2), resistivity (Q2.cm) and electrical

conductivity (s/cm) tested by four-point probe in the different conditions for Nitro-benzene.

Conditions Film thickness Resistance Surface Electrical Resistivity

(um) (Q) restance conductivity (Q.cm)
(Q/cm?) (s/cm)

Nitro-Benzene(150 181 9.30x10°  4.22x10*  2.14x10°3 467.8

kHz,0.5 ps)

Nitro-Benzene (100 170 7.05x10%  3.19x10* 1.72x10°® 577.4

kHz,0.5 ps)

Nitro-Benzene (50 164 7.70x10°  3.17x10* 1.73x10° 581.4

kHz,0.5 ps)
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Chapter 5 — Solid state bio fuel cell
fabricated by carbon nanohorns for
biomedical applications

5.1. Introduction

CMOS-compatible products offer high-performance in terms of low-power computing,
sensing, and communications to loT-based healthcare systems. To satisfy these
demands, several CMOS biosensor LSIs have been developed. '3l CMOS technology
can also improve the energy efficiency of IoT-based healthcare systems. However,
energy-autonomous operations that use energy harvesting techniques have proved to be
difficult to establish.

The main components in the design of glucose fuel cells are CNHs. I 1D structural
single-walled CNHs are a newly-developed carbon material. *! They are similar to
single-walled carbon nano tubes (SWCNTs). (81 CNHs have possible future
applications across a wide range of materials fields. D-Glucose fuel cells are valuable
power sources in biomedical areas, and for human homeostasis. ~'!! These fuel cells
are mainly generated by the electrochemical reaction between glucose and oxygen that
occurs at electrodes. Glucose and oxygen are available in bodily fluids, such as blood,
and interstitial fluid allows for the continuous production of electricity. These are the

main advantages of the human body. The advantages of using CNHs as catalysts include
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that they exhibit less specificity and lower reaction rates compared with SWCNTs.

In recent years, glucose fuel cells have increasingly been used in solid-state CMOS
bioelectronics devices, due to rapid improvements in their energy efficiency and
function. 2211 Solid-state CMOS-compatible glucose fuel cells were developed for
integration with CMOS circuitries and small systems. 2*!

However, these small systems showed low invasiveness in the limited power generation
capacity of their fuel cells, which is required for their circuitries to be energy efficient.
In spite of these advantages, their applications are limited because of their low output
power. 123251 The energy sources for emerging next-generation internet of things (IoT)-
based healthcare systems have since been applied. In 2012, a CMOS-compatible
glucose sensor was proposed and developed. 2!

This work presents a proposal and for a new structure for improving the OCV. The
performance of the fuel cell was enhanced by improving the electrocatalytic ability of
the anode. An OCV of 375 mV was achieved, which is the highest value ever reported.

This achievement will contribute to the developments of next-generation loT-based

healthcare technology for biomedical applications.

5.2. Experimental procedure

5.2.1 Measurement Methods

The systematic illustration of the CMOS-compatible glucose fuel cell are shown in
Fig. 5-1. However, Raney platinum, which is used as a reagent, is a porous platinum.
(25.27] The main chemical reactions of Raney platinum are as follows:

Anode: C¢H1206 + HO — CsH1207+ 2H" + 2¢,
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Cathode: 1/20,+2H" +2e” — H0,

Whole: CsHi206 + 1/202 — CsH1207.
As shown above, the oxidation of glucose and the reduction of oxygen occur at the
anode and the cathode, respectively. The theoretical electromotive force generated due
to the partial reaction is 1.30 V. [28:2°]
The fabrication process of the CMOS-compatible glucose fuel cell is shown in Fig. 5-
2. Firstly, a 6-in silicon wafer, with a 1 um thermal oxide, was prepared with a wafer
thickness of 625 pm. The fabricated area was 17.5 mm X 0.7 mm for each side and the
anode surface area was 16.2 mm x 0.3 mm. The cathode surface morphology was too
rough after fabrication using CNHs, however. Secondly, the footprint and anode area
were patterned with a wet process. Titanium and platinum of 2 nm and 100 nm thickness,
respectively, were deposited. Titanium was used as an adhesive layer. Thirdly, a 100-
nm-thick aluminium layer was deposited on the platinum in the anode area. This was
annealed, and a Pt/Al alloy was formed in the anode area. After annealing, the Al was

etched from the Pt/Al alloy, so that only the porous Pt remained.
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Fig. 5-1 Systematic illustration of the CMOS-compatible glucose fuel cell.

The anode area occupied 16.2 mm x 0.3 mm. The ratio of Pt/Al was 1:1, due to their
100 nm layers on the wafer. Fourth, Nafion solution was prepared via a 1:5 dilution in
2-propanol (IPA) from Nafion liquid dispersion [Nafion® perfluorinated resin solution
(5 wt. %) in a mixture of lower aliphatic alcohols and water, containing 45% water
(Sigma-Aldrich)]. The Nafion solution was spin-coated at 400 rpm then heated at 60 °C
and 120 °C, for 30 min at each temperature. This coating and heating process was
repeated to form a thick Nafion layer. After the second coating and heating procedure,
the formed Nafion layer was patterned using photolithography. Finally, single-walled
CNHs (1-7 wt.%) were dispersed in 0.83 % Nafion solution with ethanol (C2HsOH) to

form a CNHs dispersed solution. CNHs from the NEC Corporation Japan were used.
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The CNHs solution was spin-coated once, before being heated at 80 °C for three hours

in an oven. The CNHs-based layer was then patterned onto the wafer as Fig. 5-S1.

/ Body fluid
e

02 Glucose

Nafion

Anode Porous-Pt

0.7 mm

Glucose Fuel Cell

17.5 mm

Fig. 5-2 Systemic image of the development procedure.
5.2.2 Measurement setup

Firstly, the manual prober and a DC multi-contact probe were used to establish electrical
contact with the developed cells. Electrical measurements were verified with a tester (U1225A,
Agilent Technologies) and a source measure unit (SMU; GS610, Yokogawa). The
measurements were performed after dropping a phosphate-buffered saline (PBS)-based glucose
solution onto the cathode area. The load depends on the SMU; in the case of this study, both
the supply current and the measured voltage, or the supply voltage and current, were observed.
The glucose solution was prepared with D (+)-Glucose (Wako) and PBS 10X (Irvine Scientific).

30 mM glucose solution was used in these experiments.
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5.3. Results and discussion
5.3.1. Results

Figure 5-3 shows the voltage and current dependence on the power of the CNHs (1, 3, 5, and
7 % respectively) regarding the measurement of the OCV in 30 mM glucose solution. The
CNHs (1, 3, 5, and 7 wt.%), voltage (355, 375, 310, and 291 mV), current (1.10, 1.12, 1.06,
and 1.01 pA), and power density (8.02, 8.64, 6.76, and 6.17 pyW/cm2) are shown. For the 3
wt.% CNHs, the highest OCV that was obtained is 375 mV, and the peak power density is 8.64
uW/mm? when the current density is 23.05 uA/cm?. It is assumed that this output is an important
for the fuel cell performance. Figure 5-S2 shows the CMOS-compatible glucose fuel cell
images for (a) CNHs 1 wt.%, (b) CNHs 3 wt.%, (d) CNHs 5 wt.%, and (d) CNHs 7 wt.%. The

power density, compared with CNHs wt.%. is shown in Figure 5-S3.

1.14
380 — Anode: Porous Pt
Cathode: CNHS [ _ 1.12
360 — L 10
A -
z ®
— 1. =
é 340 — 1.08 :
S e
%ﬂ —1.06 =
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Fig. 5-3 Measured CNHs wt.% dependent on the current and voltage results.
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5.3.2. Discussion

Figure 5-S3 shows that the results of the 3 wt.% CNHs on wafer-scale CMOS
compatible glucose fuel cells achieved the highest OCV value. Various amounts (wt.%)
of CNHs can be used to develop CMOS-compatible fuel cells with different OCVs and
electrical conductivities for biomedical applications. The fuel cell was diffused on the
anode surface. The anode reaction rate depends on the fuel concentration on its surface,
meaning that current density is affected by the amount of CNHs (wt.%) due to their less
specificity and lower reaction rates. % 3!l When the CNHs wt.% is increased, the
voltage and current decreased from 3 wt.%. After the glucose fuel cell was dropped on
the CNHs surface, the OCV increased. The voltage decreased in the low current range.
This is called activation polarization, and it is a common phenomenon in fuel cells. To
obtain further power, it is necessary to minimize activation polarization through
methods such as employing another catalyst. (3233
The CNHSs’ resistances were lower when the amounts of CNHs at 3 wt.% were
increased, due to their 1D structural carbon properties. Besides, the developed fuel cell
(CNHs, 3 wt.%) was also fabricated by the various amount of glucose concentrations
(5, 10, 20 and 30) mM. When the glucose concentrations (5, 10, 20 and 30) mM were
increased, the power density (2.9, 4.1, 6.5 and 8.64) uW/cm? also increased. So, the
glucose concentration is an important issue for power generation. 34 35 To conclude,
the CMOS compatible glucose fuel cell with its anode side coated by 3 wt.% CNHs
showed the highest performance. This corresponded with an OCV of 375 mV; the
power was 0.41 pW, corresponding to a power density of 8.64 uW/cm?. These values

are promising for biomedical applications.
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5.4. Summary

Here, a 17.5 mm x 0.7 mm solid-state CMOS-compatible glucose fuel cell was fabricated using

CNHs in 30 mM glucose solution. The highest OCV (375 mV) was achieved at 3 wt.% of CNHs.

The CMOS-compatible glucose fuel cell can deliver electric power to two connecting cells at

room temperature. To conclude, this work exhibited different amounts of CNHs (1-7 wt.%) are

performed on CMOS-compatible glucose fuel cells. This approach successfully enhanced the

cell’s OCV, and their electrical power could be applied to 10T technology into the healthcare

industry.
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In the summary, we investigated palm oil is successfully converted to nanocarbons (W
containing) by SPP and provided the high electrical conductivity and ORR activity in alkali and
acid medium. The organic solvents are synthesized the nanocarbons (N, O and W containing)
by SPP with high synthesis rate and catalytic activity site of ORR without thermal treatment
and commercial Pt/C catalyst. The W containing nanocarbons of palm oils are showed high
electrical conductivity, enhanced OOR activity and low synthesis rate compared with the
organic solvents of N, O and W containing nanocarbons are provided the low electrical
conductivity, higher electrochemical activity and higher synthesis rate without thermal
treatment and the commercial Pt/C catalyst. And the finally, the solid state bio fuel cell

fabricated by carbon nanohorns for biomedical applications.

The palm oils is cracking to nanocarbon by SPP requires the further studies for the synthesis

rate and their applications. All experimental results and conclusions were discussed during

Chapter 2-5.

Chapter 2 presents the enhancement of electrical conductivity and Oxidation Reduction
Reaction (ORR) activity of tungsten carbide/carbon (WC/C) nanocomposite was successfully
synthesized from palm oil by solution plasma process (SPP). The properties of the synthesized
WC/C nanocomposite were varied by using a different frequency. The electrical conductivity
increased with the frequencies. The highest electrical conductivity was 4.27 x 102 S cm™?,
which is higher than that of Ketjen Black (7.37 x 103 S cm™). The WC/C had a surface area

of 160 m? g1, a pore volume of 0.53 cm® g%, an average pore diameter of 16.29 nm, a basal
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plane crystallite size of 18.0 nm, and an average compound granule diameter of less than 100
nm. The cyclic voltammetry measurement was showed that the ORR activity of WC/C was

obtained the good performance in alkaline solution for fuel cell application.

Chapter 3 focuses on nanocarbons synthesized by SP from the palm oils. The nanocarbons
were covered enhanced electrical conductivity of nanocarbons, which is referred to the
nanocarbons-encapsulated WC (tungsten carbides). In this study, we aimed to evaluate the
structure and the properties of nanocarbons-encapsulated WC to provide the nanocarbons-
encapsulated. The solution plasma was generated by the bipolar pulsed power supply through
two tungsten electrodes using 2 s pulse widths and frequencies (100, 150, and 180 kHz) for
30 min. Conversion percentage of the oil to WC- encapsulated nanocarbon (% yield) was
increased with frequency. The obtained X-ray diffraction patterns are showed the crystalline
structure. The electrochemical properties indicate that the ORR activity in an acidic medium
under saturated O, significantly disappears in the case of the nanocarbon-encapsulated WC
synthesised in the high frequency (180 kHz). The synthesized nanocarbons-encapsulated WC

might be applied in data storage and energy applications.

Chapter 4 reveals that nanocarbons (N, O and W containing) were successfully synthesized
from benzene (BZ), nitro-benzene (BZ-NO,) and aniline (BZ-NH) by Solution Plasma Process
(SPP). The synthesized nanocarbons were investigated. The highest synthesis rate of
nanocarbon of BZ was 40 mg minL. The Transmission electron microscopy (TEM) morphology
showed that the nanocarbons sizes were 15-25 nm. The cyclic voltammetry (CV) were
exhibited in an acidic medium that oxygen reduction reaction (ORR) of nanocarbons.
Nanocarbons of BZ-NH; have obtained a high special capacity of 15500 mAh/g carbon at the
discharge rate of 0.1 mA/cm?with the 1.0 mg carbon loading for the lithium (Li)-air battery. An
important reaction of ORR in Li-air battery and fuel cells for the applications of next-generation

batteries and energy conversion devices.
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Chapter 5 shows that this study details the development of a solid-state complementary
metal-oxide semi- conductor (CMOS)-compatible bio fuel cell, consisting of various amounts
(% wt.) carbon nanohorns (CNHSs). It was fabricated on an anode area using one-dimensional
(1D) structural CNHs, which express an open-circuit voltage (OCV) of 375 mV, the power
density of 8.64 uW/cm2 and current density 23.05 pA/cm2 in 30 mM glucose solution. The
cell can be manufactured via a CMOS fabrication process, using materials biocompatible with
the human body. The CNHs enhanced the fuel cell due to their high electrocatalytic ability. The
highest power is 0.42 pW. Power generation is the main challenge for developing bio fuel cells

to make the implantable devices that can be used for biomedical applications.

In this thesis, solution plasma process is an excellent technic to synthesize the nanocarbons
from the palm oils and the organic solvents. The W containing nanocarbons were successfully
synthesized from palm oils by SPP with their high electrical conductivity, enhanced OOR
activity and low synthesis rate compared with the organic solvents of N, O and W containing
nanocarbons shows the low electrical conductivity, higher electrochemical activity and higher
synthesis rate without thermal treatment and the commercial Pt/C catalyst. And the finally, the
solid state bio fuel cell is fabricated by carbon nanohorns to make the implantable devices that

can be used for biomedical applications.
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