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The main aim of this dissertation is to study the preparation and
performance of functional materials, including coconut shell based activated carbon
(ACCS), coconut shell based activated carbon-titania hybrid (ACCS/TiO2), and
titania-based ceramics/polymer hybrid materials for energy storage and photocatalyst
applications. Coconut shell was successfully utilized as a low cost alternative material
for the electrode in supercapacitor device and the removal of textile dye. The highly
porous activated carbon with high specific surface area was prepared from
agricultural coconut shell waste as precursor with KOH activation at impregnation
ratio of 3:1 and carbonization at 800 °C. For electrochemical test, the obtained ACCS
electrode showed excellent electrochemical behavior with a maximum specific
capacitance of 149.65 F/g at a current density of 0.5 A/g and the highest energy
density of 4.64 Wh/kg at the power density of 239.66 W/kg. Furthermore, this
resulting electrode also showed good rate capability and the specific capacitance
decreased less than 35% (65% capacity retention) as the current density was raised
from 0.5 to 4 A/g. For photocatalytic test, TiO»/activated carbon double-layered film
photocatalyts were successfully fabricated using an electrophoretic deposition
technique without additives. Pristine TiO> powder was synthesized by solvothermal
process. The obtained hybrid catalyst film showed the maximum efficiency for
removing methylene blue of about 97% at 60 min under UV light.The hybrid film
system has an advantage for wastewater treatment in practical applications because it
Is easy to separate from the process and reusable with relatively high photocatalytic
efficiency. Furthermore, the titania-based ceramics-polymer hybrid materials; bismuth
titanate/polyvinylpyrrolidone - (BiT/PVP) ..and barium ' titanate/poly-(vinylidene
fluoride) (BTNFs/PVDF) nanohybrids, were prepared and their performances were
tested. The nanohybrids were synthesized and fabricated using the sol-gel chemistry
followed by extrusion based 3D-printing (FDM) technique. The BiT/PVP sample with
3.0 vol. % of PVP exhibited a good printing speed range enlarged over 50% of pure
BiT gel. The obtained results are useful for optimizing and setting the 3D printing
parameters. Moreover, the anisotropic 3D BTNFs/PVDF nanohybrids were
successfully fabricated via FDM technique and BTNFs were synthesized via sol-gel
followed by electrospinning method. The BTNFs/PVDF 3D-nanohybrids with 20 vol.
% BTNFs, exhibited the highest dielectric constant in cross-direction around 200 at
frequency of 1 kHz at room temperature, vs 13 of the neat PVDF materials. This FDM
technique indicated great potential for future development in high-k ferroelectric
ceramic/polymer composites with controllable anisotropic properties.
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Chapter 1

Introduction

1.1 Statements and significance of the problem

Energy is fundamental to the quality of human living. It is a key feature for
driving modern societies and global economic development such as transportations,
telecommunications, constructions, and industrials. From the U.S. Energy Information
Administration’s projection data, by the year 2050, world-wide energy demand is
predicted to be at least 28% of today’s level. The major reasons are the rapid growth
of emerging economies and population expansion among developing countries or
non-OECD nations (OECD: Organization for Economic Cooperation and
Development). Meanwhile, energy consumption within OECD nations is forecasted to

remain stable (Figure 1.1) [1].
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Figure 1.1 World energy consumption by region, 2015-2050 [1].



On the basis of energy sources (Figure 1.2), fossil fuels (e.g. liquid fuels,
natural gas, and coal) continue to be the most consumable energy source which are
expected to be 78% of total world energy consumption in 2040 [1]. In fact, the global
fossil fuel sources especially oil and others liquid fuels will be depleted in the near
future [2]. The fast expansion within the development countries not only affects the
decrease in the fossil fuel-based energy but also generates the serious environmental
problems such as global warming, acid rain, and air/water/soil pollutions. It is well-
known that environmental conditions can influence the quality of life, both directly;
through water, soil and air contamination, and indirectly; through the change of

ecosystems and biodiversity [3].
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Figure 1.2 World energy consumption by energy source, 1990-2040 [1].

Regarding to these serious problems, many countries are recognized and
implemented the relating strategies and policies in order to promote the use of
alternatively renewable clean energy from non-fossil fuels source. To comply with
this approach, several industries such as vehicles, mobile phones, and other electronic

portable devices have been paying a great attention on energy conservation and



emission reduction technology. For example, car manufacturers have been working on
the development of hybrid and electrical vehicles (EV car). Some of European
countries announced to stop selling petrol cars and 100% replaced by EV car in these
couple years [4]. Interestingly, Thailand Board of Investment (BOI) launched a great
attractive promotion for investors to invest on EVs technology in Thailand, including
three major parts; electric vehicles, EV parts (e.g. battery, traction motor, etc.), and
battery charger stations. The incentive levels are varied by various technologies
applied in EVs [5]. It has been recognized that the essential part in EVs is energy
storage unit. In order to drive in longer distance with less charging time, it really

needs the excellent energy storage devices.

Recently, many researchers have been studying the development of
functional materials for energy storage devices and.catalyst applications. In this work,
we emphasized on the functional materials which have good performance, long-term
availability, safe and environmentally friendly system as electrode materials for

electrical energy storage and photocatalyst applications [6].

1.1.1 Electrical energy conversion and storage technology

Energy storage system .is a device which is used for storing energy.
Currently, there are multiple energy storage technologies which can be classified by
types of energy (e.g. mechanical energy, chemical energy, and electrical energy).
Recently, functional electrode materials have been played a progressively key role in
the development of electrode materials for electrical energy storage devices such as

rechargeable battery, conventional capacitor and supercapacitors [7].

1.1.1.1 Rechargeable battery

Rechargeable battery is one of the energy conversion and
storage device which produces energy via a series of electrochemical reactions (redox
reaction). Each cell of a rechargeable battery consists of two electrodes: anode and
cathode, separated by an electrolyte that transfers the ion of the chemical reaction
inside the cell. In 1859, the first rechargeable battery was invented by French
physicist, “Gaston Plante”. This rechargeable battery is the lead acid cell which
consists of lead as anode, lead dioxide as cathode and sulfuric acid as electrolyte [8].

Rechargeable battery and non-rechargeable (primary) battery produce energy in the



same way through electrochemical reaction. However, reaction in rechargeable
battery can be reversible.

By supplying outside electrical energy to the cell (charge
mechanism) (Figure 1.3(a)), then it can be restored to its original composition. In a
discharge cycle (Figure 1.3(b)), the reactions between the metal atoms and
electrolytes at the anode create metal ions (M™) and electrons (e”) are called oxidation
reaction. The electrons (e”) travel from anode to cathode via external circuit and the
metal ions (M) move from anode pass through the electrolyte and separator to
cathode, where they recombine with their electrons (e”) and electrically neutralize,
called reduction reaction, the net product is “electricity”. This process will continue to
produce electricity until there is no essential substance to generate the redox reaction

within battery structure

[8, 9].
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Figure 1.3 Charge-discharge mechanism of rechargeable battery [8].



Nowadays, battery system technology is the most wide-ranging
energy storage devices for power system applications [10, 11]. There are different
types of batteries which are used in energy storage applications for instant, lead acid
battery, nickel cadmium (NiCd) battery, nickel-metal hydride (NiMH) battery,

lithium-ion battery and etc.

Among all, owing to the high-power density, high gravimetric
and volumetric energy, low self-discharge property, and long cycle life, the lithium-
ion battery is most widely used as rechargeable battery. It is often applied in high-
performance devices, such as electric cars [12], mobile phones and digital cameras
[13]. This kind of rechargeable battery uses lithium metal or lithium compound as
anode and lithium cobalt oxide as cathode [14]. However, all technologies have both
benefits and drawbacks. Lithium ion technology is the same. There are some
disadvantages of this rechargeable battery such as sensitive to high temperature, low

conductive, and expensive.

1.1.1.2 Conventional capacitor

Capacitor is an energy storage device which is generally used
in electronic circuits (e.g. television, radio). It works in completely different ways
from rechargeable battery; within the battery, it produces electrons through the
electrochemical reactions on anode (oxidation) and combines electrons on the cathode
(reduction). For capacitor, it can't build up new electron; it only stores electrons from
the circuit. When applying a voltage over the two conductors (plates), an electric
field is created. Positive charge will accumulate on one plate and negative charge on
the other. This kind of mechanism is used for storing energy electrostatically in an

applied electric field [15].
Capacitors are widely used in various applications including:

o filtering audio tones
e tuning radio systems
e smoothing out current for a power supply devices

e storing electricity



Capacitor is made from two metallic electrodes separated by a
dielectric material (e.g. ceramics, plastics, air) for accumulating an electrical charge

under applied electric field. The basic equation relating to the capacitors is [16]:

€r&oA
t

C= (1.1)

where C is the capacitance (F), e is the relative permittivity of the dielectric material,
go is the permittivity of vacuum (8.854 * 107*2 F/m), A is the electrode surface area

(m?) and t is the thickness of the dielectric material (m).

From  equation (1.1), it's obvious that capacitance can be
increased by increasing the electrode surface area and decreasing distance between
two electrodes, so it can store more charge and increase the capacitance. All dielectric
materials are insulators, but a good dielectric is the one which is easy to polarize. The
appropriate dielectric materials are made of polar molecules (e.g. water, conjugated
polymer, perovskite ceramic). When the voltage is applied, the polar molecules in
dielectric material become polarized (Figure 1.4(b)). At this stage, they arrange their
charges opposite to the applied electric field which slightly shift electrons toward the
direction of the positive voltage. This effect is very important for capacitors system
because the potential is reduced on the plates, resulting in the increase in their

capacitance.



~ + -+
*
- + -+
+ -+
- P
~
* + -+
- * + -+
+ -+
~X_x + -+
- e
Electric field, E
(@) (b)

Figure 1.4 Polar molecule in dielectric materials (a) without electric field and

(b) under applied electric field (E) [16].

The dielectric constant can dictate kind of capacitors and
applications. Typically, conventional capacitors display capacitance level in the range

of 0.1 to 1 puF with an applied voltage range of 50 to 400 V. For example;

e mylar is used in timer circuits such as clocks, alarms and
counters.

e airis applied in radio tuning circuits.
e glass is suitable for high voltage applications.

e ceramic is typically used for high frequency applications

such as X-ray, antennas and MRI machines [15, 17, 18].

Comparison to rechargeable battery, conventional capacitor has excellent properties,
as followed in Table 1.1.



Table 1.1 Advantages and disadvantages of conventional capacitors [17].

Advantages of capacitors Disadvantages of capacitors
e quickly charge and discharge e low energy density
« high power output o expensive (high cost per energy
e long life cycle storage unit)
e low maintenance « high internal losses

However, conventional capacitor still needs to be improved in term of increasing
energy density property, reducing cost per energy unit, and reducing internal loss

within capacitor structure.

1.1.1.3 Supercapacitor

Apart from conventional capacitor, supercapacitor is one of the
energy storage devices, which is accounted for high charge-discharge properties of
energy storage device. Supercapacitor has been developed from capacitor in order to
close the gap between traditional capacitor (high power density) and rechargeable
battery (high energy density), and still keep its long life cycle and excellent charge-
discharge behavior (Figure 1.5) [19, 20].

Supercapacitors store - energy in- the same way with
conventional capacitors. They are widely used as uninterruptible power sources in
electric vehicles and other digital communications system as energy storage devices
[21, 22].
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Figure 1.5 Ragone plot showing energy density vs. power density for

various devices [23].

1.1.1.3.1 Supercapacitor construction

Like a battery structure, supercapacitor is consisted
of two electrode materials (anode and cathode) immersed in an electrolyte. Two
electrodes are separated by ion permeable separator, which is located between the

electrodes inside supercapacitor construction.

The energy (E) and power (Pmax) Of supercapacitors

are calculated by [24]:

E = ~CV? (1.2)
VZ
lDmax = E (13)

where C is the capacitance (F), V is the nominal voltage (V), and R is the equivalent

series resistance, ESR (Q).

Electrode material of supercapacitor can be

fabricated from various materials such as porous carbons, conductive polymers, metal
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oxides, and hybrid materials, which is depended on what kind of supercapacitor is
(details shown in 1.1.1.3.3 Electrode materials for supercapacitor). Apart from
electrode, electrolyte is also one of the most important of energy storage components.
The requirements for an electrolyte in energy storage device are wide voltage
window, high chemical stability, high ionic concentration, low solvated ionic radius,
low volatility, low toxicity, high purity, and low cost [25]. Currently, the electrolytes
used in an energy storage device can be categorized into three groups: aqueous
electrolytes, organic electrolytes, and ionic liquids.

Aqueous electrolyte: owing to high ionic
concentrations and low resistance properties, aqueous electrolytes such as H2SOa,
KOH, Na>SOs, and NH4Cl are widely used as electrolyte in supercapacitor devices.
They have been reported that energy storage device containing aqueous electrolyte
displays higher capacitance and higher power density than those with organic ones
[26-27]. This is because of smaller ionic radius and higher ionic concentration. In
addition, aqueous electrolytes are easy to prepare and use without difficult controlling
processes and conditions, less safety concern compared to organic electrolytes.
Unfortunately, a large weakness of this kind of electrolytes is small voltage window
about 1.2 V, which is much lower than those of organic electrolytes. According to
equation (1.2) and (1.3), aqueous electrolytes have a great limitation on the
improvement of energy and power densities of supercapacitor due to their narrow

voltage window (V).

Organic - electrolyte: comparison to agueous
electrolytes, organic electrolytes can be operated on higher voltage window about 3.5
V. This is a great benefit of organic electrolytes over aqueous ones. They have been
reported that acetonitrile and propylene carbonate based electrolytes (PC based) are
most commonly used in supercapacitor devices [28, 29]. Acetonitrile has the ability to
dissolve larger amounts of salt than other solvents, but it is toxic and non-
environmentally friendly substance. However, PC-based electrolytes are non-harmful
and eco-friendly compounds. They can offer a wide operating voltage window, a wide
operating temperature and good conductivity. Nevertheless, the major problem on

organic electrolytes is impurity. The water content in organic electrolytes has to keep
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in very low level (less than 3-5 ppm). Otherwise the performance of energy storage

devices will be significantly dropped.

lonic liquids: the great benefits of ionic liquids over
the others electrolyte systems are high chemical and thermal stability, non-
flammability, slight vapor pressure, hydrophobic property, and wide voltage window
(from 2 to 6 V) [30-32]. In addition, ionic liquids are solvent-free, so there is no
solvation shell in ionic liquids. Consequently, ionic liquids can offer exactly ion size
[19]. Their properties make them.  promising candidates for energy storage
electrolytes. Like organic solvent, the chemical-physical properties of ionic liquids
also strongly depend on the water content in their compounds [33]. A small amount of
water can strongly affect the viscosity, electrochemical stability, and conductivity of
this electrolyte. It is very essential to keep the water content in ionic liquids lower

than 10-20 ppm, in order to make them efficient for energy storage device [34, 35].

1.1.1.3.2 Type of supercapacitors
Supercapacitors can be classified into three types
which are based primarily on their mechanism of energy storage, namely: electrical

double layer capacitors (EDLCs), pseudocapacitors, and hybrid capacitors [25].

Supercapacitors

I
I |
Electrical Double
Layer Capacitors Pseudocapacitors
(EDLCs)

Hybrid capacitors

Figure 1.6 Type of supercapacitors [25].
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Electrical double layer capacitors (EDLCS):
basically in each EDLC structure (Figure 1.7), there is no conventional dielectric
component instead of an electrolyte (liquid or solid) filled between two
electrodes. An electrical condition under applied electric field between the
electrodes and electrolyte namely “electrical double layer”, is worked as the

dielectric component.

PO
NAJ0199[H
ApPONIAI]

Figure 1.7 Electrical double layer capacitors (EDLCs) structure [21].

The mechanism of storage and release energy of
EDLCs is on the basis of charge separation at the interface between an electrode and
electrolyte which is not related to redox reactions. EDLCs can store significantly
more energy than a conventional capacitor by great number of magnitude because
charge separation between an electrode and the adjacent electrolyte in EDLCs has a
very small distance (few angstroms) [21]. High charge-discharge behavior of EDLCs
is due to essentially rapid movement of ions in and out of electrode surfaces. Hence,
the way to increase energy storage of EDLC is the increase in surface area and
suitable pore size/structure of electrode materials. Moreover, EDLCs exhibit an
excellent life cycle which can be up to 500,000 cycles because storage mechanism of

EDLC is not related to redox reaction (no material loss) [16, 36].
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For a symmetrical capacitor (similar electrodes,
figure 1.7), the cell capacitance (Ccen), can be calculated from the following equation
[25]:

1 1 1
= —+ — 1.4
Ccell Cq G, ( )

where C1 and C» are the capacitance of the first and second electrodes, respectively

The double layer capacitance (Cai) at each electrode
interface is calculated by the following relation [25]:

gA
Cdl = 4—T[t (1.5)

where Cq is the double layer capacitance (F), € is the dielectric constant of the
electrical double-layer region (F/cm), A is the electrode surface area (cm?) and t is the

thickness of the electrical double layer (cm).

From equation (1.5), capacitance of supercapacitor
electrode is proportional to the surface area of the electrical double layer. The surface
area of electrode is enhanced by creating a large number of suitable pores size and
structure within electrode material. - In general, electrode for this type of
supercapacitor is major based on porous carbon materials such as carbon aerogel [37,
38], activated carbon [39], carbon fibers [40, 41], and carbon nanotubes [42, 43].
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Figure 1.8 Mechanism of energy storage in electrical double layer capacitor [21].

Pseudocapacitors: in contrast to EDLCs, this type
of supercapacitor can store energy based on faradic redox reactions like rechargeable
battery. Consequently, pseudocapacitors usually display higher energy density,
shorter cycle life, and lower charge/discharge behavior than EDLCs. Their storage
mechanism is involving high energy electrode materials such as transition metal
oxides, metal-doped  carbons or conductive polymers such as polypyrrole [43],
polyaniline [44], or derivatives of polythiophene [24]. In general, metal oxide based
electrode has the ability to provide higher energy density than conventional carbon
electrodes and better electrochemical stability than polymer materials. When applied
with suitable potential voltage windows, electrochemical faradic reactions between
electrode materials and ions electrolyte can occur [45]. There are some general
requirements for metal oxides in energy storage devices as follows [46]:

e the oxide has a good conductivity behavior.

e the metal has at lease two or more oxidation

states

e there is no phase change during applied voltage

condition.
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e protons are able to intercalate into the oxide

lattice on reduction state.

Hybrid supercapacitor is the combination of the
storing mechanism for both EDLC and pseudocapacitor. It optimizes the power
density of EDLC and energy density of pseudocapacitor [25].

1.1.1.3.3 Electrode materials for supercapacitor

Porous carbon materials such as carbon aerogel [37,
38], activated carbon [39], carbon fibers [40, 41], and carbon nanotubes [42, 43] are
considered as prospective electrode materials for EDLC. They have been incorporated
into the electrodes of EDLC due to abundance, low cost, non-toxicity, easy
processing, high chemical stability, high temperature stability, high specific surface
area, and good conductivity [47]. The majority of carbon sources are carbon-rich
organic precursors such as petroleum pitch, coal pitch, some polymers and biomass.
To get porous carbon materials, these carbon precursors are “carbonized” and
“activated” in specific conditions (e.g. activation temperature, activation time, and
gaseous environment). The final properties of these porous carbons are depended on
the properties of carbon precursors, processing conditions and the structural and
textural features of the final products [48]. The resulting porous carbon with high

specific surface area and suitable pore size structure called “activated carbon”.

Activated carbon derived from biomass such as
agricultural crops and their residues has been greatly interested in the development of
electrode for supercapacitor due to their advantages such as relatively low-cost,
abundance and environmental friendliness [49]. Several researchers studied the use of
biochar originated from different biomass precursors including paper cardboard and
woody biomass as raw material for fabricating supercapacitor [50-53]. The results
indicated that biochar is a potential candidate to be used as an electrode because of its
low cost and satisfactory performance. For example, the supercapacitor electrodes
which are made from biochar derived from woody biomass displayed a potential
window of about 1.3 V and fast charge-discharge behavior with a gravimetric

capacitance of about 14 F/g [54].
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Conducting polymers have been extensively used as
electrode materials for pseudocapacitors because of their capacitance behavior
through the redox process. In oxidation state, ions move from electrolyte to the
polymer backbone and when reduction state, the ions are released from this polymer
backbone into the electrolyte. These redox reactions in the conducting polymer go
through not only on the surface but also the entire bulk [55]. The charging and
discharging reactions do not make any structural or phase change and the processes
are highly reversible [56]. Conducting polymers have many advantages that make
them suitable for energy storage devices, such as low cost, environmentally friendly
system, high storage capacity/porosity/reversibility, high conductivity in a doped
state, high voltage window, and adjustable redox activity through chemical
modification [44]. The common conductive polymers used in supercapacitor
applications are polyaniline (PANI) [44, 57], polypyrrole (PPy) [58], polythiophene
(PTh) [59, 60], and etc.

Hybrid electrode materials have been widely used in
hybrid supercapacitors due to their ability to enhance power and energy densities as
well as superior cycling stability. For example, PTMA-LiFePO, [61], CNT-TiO; B-
nanowire [62], graphene-Fe;Os/graphene [63], and MWNT-a-Fe2Oz/MWNT [64].

1.1.2 Environmental and pollution treatment technology

According to the rapid growth of economies and population expansion
among developing countries, these are the ‘major causes of the wide-range
environmental problems (e.g. air, soil, and water pollutions) [65]. For example,
mercury and cadmium have been reported as two of the most toxic metals for
significant environmental destruction [66]. Moreover, synthetic dyes produced from
organic molecules are widely used in textile, paper, and petroleum industrials that
strongly affect color wastewater [67]. Concerning to strict regulation on the discharge
of wastewater to environment, research and development needed to create sustainable
removal in pollutants from wastewater. Various processes and technologies are
extensively used for organic and metal removal processes from industrial wastewater
such as biological treatments [67-69], membrane processes [70-72], adsorption
techniques [73-77], and advanced oxidation processes (photocatalysis) [78-81].
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Photocatalysis has gained much attention because it can be applied to various
environmental treatment applications such as water purification, air purification,

deodorization and etc. (see Figure 1.9).

AIR
PURIFICATION

DEODORIZATION

WATER
PURIFICATION

Figure 1.9 Advantages of photocatalyst [82].

1.1.2.1 Mechanism of photocatalysis

This process is related with the acceleration of a reaction when
a material (metal oxide and semiconductor) interacts with sufficient energy from light
source to produce reactive oxidizing species (e.g. superoxide anions, hydroxyl
radical). These reactive species have the ability to transform the organic pollutant into
non-toxic substances [82]. Photocatalysis mechanism starts with the absorption of
energy from sunlight or any light sources onto the surface of photocatalyst molecule;
the excitation of valence electron of photocatalyst. Then the excess energy of this
excited electron promotes the electron from the valence band to the conduction band.
Consequently, the negative-electron (e) and positive-hole (h™) pair is created. The
energy difference between the valence band and the conduction band is called “band

gap energy” (Figure 1.10). The positive-hole of photocatalyst reacts with the water
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molecule (H20) to form hydrogen gas (H2) and hydroxyl radical (OH-) while the
negative-electron interacts with oxygen molecule (O2) to form superoxide anion
(-O2). These reactive species have an excellent ability to transform the toxic organic
substance into small non-toxic molecules such as carbon dioxide (CO2) and water

(H20), then release to environment [83].

02 (oxygen in the atmosphere)

Conduction band

‘02' (superoxide anions)

Light

Valence band

e

OH- (moisture in air)

Capture clectrons

Photocatalyst

‘OH (hydroxy! radicals)

Figure 1.10 Mechanism of photocatalysis process [83].

1.1.2.2 Photocatalyst in wastewater application

Since the discovery of photo-electrochemical splitting of water
on titanium dioxide (TiO2) electrodes by Fujishima, A, photocatalytic oxidation
(photocatalysis) processes has gained a great attention in the field of wastewater
treatment [84].

Titanium dioxide (TiO2) has been most extensively studied in

wastewater treatment application due to its high photocatalytic activity, reasonable
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price, photostability, and chemical/biological stability [85-87]. However, TiO also
has some disadvantages. Many investigations of TiO> have been carried out under UV
radiation, since TiO> photocatalyst shows relatively high activity and chemical
stability under UV light but absorbs only small portion of solar spectrum in UV
region because of its large energy band gap around 3.2 eV. Therefore, the

photocatalytic properties of TiO2 under visible light are relatively low.

Zinc oxide (ZnO) has been studied as another efficient
photocatalyst for wastewater treatment due to its unique characteristics, such as good
photocatalytic property, strong oxidation ability, absorbability in solar wavelength
[88-91]. Yeber et al. [92] reported that semiconductors such as nanoparticle TiO> and
ZnO are the most promising photocatalysts for the degradation of organic dyes in
aqueous media in the presence of solar/ultraviolet (UV) illumination. ZnO with
different particle sizes and morphologies have been obtained by several preparation
approaches including thermal decomposition, vapor chemical deposition, sol-gel
method, wet chemical synthesis, mechano-chemical, electro-deposition, gas-phase
reaction, and hydrothermal synthesis [93]. Concerning about environmental protection
and safety, ZnO has a great attention in photocatalysis because it is an
environmentally friendly substance compatible with organisms [94]. These properties
make ZnO suitable for the treatment of both water and wastewater.

Hybrid functional materials: regarding to the great
developments in nanotechnology, nanoparticle catalysts are playing significant role in
photocatalyst. There are many ways to improve the photocatalytic performance of
metal oxide nanoparticles. ZnO nanoparticles display the ability to adsorb a wider
solar spectra range and more light than several semiconducting metal oxides [95].
However, it is difficult to regenerate metal oxide particles from the treated
wastewater, especially when they are suspended in wastewater. One of the most
potential approach to address this problem is the development of the bi-functional
materials using highly porous carbon materials as catalyst support for embedding

metal oxide nanoparticle photocatalyst [96].

In particular, the use of carbonaceous materials [97-104] (e.g.

carbon nanotubes, fullerenes, activated carbon) as catalyst support to enhance the
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photocatalytic activity has attracted considerable attention because of their unique and
controllable structural and electrical properties [105]. They have been reported that
among all the carbon materials, activated carbon and carbon nanotubes have been
proven to be an effective adsorbent for the wastewater treatment. They are widely
used as adsorbent due to its high surface area (~500 to 1500 m?/g), well-controlled
and designed pore size/structure as well as the presence of a designed surface
functional group [106]. Several researches on development of hybrid metal oxide-
activated carbon such as TiO.-AC [107-109], Ag/AgCI-AC [110], Co-Ac [111],
BaxFe2Os-AC [112], and ZnO-Ac [113] is gaining importance due to the need for
these functional materials in wastewater removal from various industry fields [114,
115].

1.2 Objectives of the work
1.2.1 To develop, fabricate and test functional materials for electrical

energy storage application.

1.2.2 To develop, fabricate and test functional materials for photocatalyst

application.
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Chapter 2

Literature Review

2.1 Functional materials in energy storage applications

Supercapacitors, which work on the basis of electrostatic double layer
capacitance and/or electrochemical reactions (redox reactions), are excellent energy
storage systems owing to their high power density, rapid charge/discharge properties,
and long life cycle stability [116]. Porous carbon materials such as activated carbons,
carbon aerogels, carbon nanotubes, and graphenes are ideal electrode materials for
supercapacitors due to their large specific surface area, suitable pore size and structure
which allow the electrolyte to access their structure. Typically, commercial activated
carbons have the specific surface area (Sger) around 1,500-1,700 m?g. In addition,
high electrical conductive property of carbon electrodes promotes them to be an
excellent candidate for supercapacitor electrode [27, 117]. In this work, we focused
on activated carbon as electrode materials for supercapacitor application.

2.1.1 Activated carbons from bio-based precursors

Activated carbon electrodes can be fabricated from various lignocellulosic
biomass (lignocellulose) precursors (e.g. wood, fruit shells, and bunches) and fossil-
fuel based precursors (e.g. petroleum, pitch, and coal). Lignocellulose precursors have
been extensively used as electrode materials for supercapacitor applications because
they are cheap, abundant, environmentally friendly, and structurally porous
comparing to electrode materials from fossil-fuel bases [47]. Theoretically,
lignocellulose is composed of three major components; cellulose, hemicellulose, and
lignin [118, 119]. Cellulose is a crystalline polysaccharide which contains linear
chains of D-glucose monomers ((CsH100s)n). Hemicellulose is an amorphous
branched polymer which consists of a large number of sugar monomers for example;
glucose, xylose, mannose, arabinose, galactose, and rhamnose. Meanwhile, lignin is a
highly stable cross-linked polyphenolic aromatic biopolymer, which is made from

highly cross-linked phenylpropane units.
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Figure 2.1 Lignocellulosic biomass structure; (a) cellulose, (b) hemicellulose and
(c) lignin [119].

These three primary components in lignocellulose form chemical bonding and
complex structures related to the ultimate properties of the prepared activated carbon.
Agricultural by-product precursors have been used for preparing high—performance
electrode for supercapacitor devices. To get porous carbon materials, these carbon
precursors are “carbonized” and “activated” in specific conditions (e.g. activation

temperature, activation time, and gaseous environment).

2.1.1.1 Carbonization process

Carbonization, sometimes called pyrolysis, is a process to
produce carbonaceous product (char). During the carbonization, the lignocellulose
precursors undergo a thermal treatment; at this stage, moisture and low molecular
weight volatiles are first released, followed by light aromatics and finally, hydrogen
gas (H2) [120]. During this process, small amount of an initial porosity is produced.

The obtained pores, which is produced during carbonization, are blocked by pyrolysis
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residues. They really require consequent activation in order to develop the specific
characteristics of the porous carbon structure. The carbonization parameters strongly
affect the final product (e.g. carbonization temperature, heating rate, residence time,
and gas atmosphere). Basically, carbonization temperatures are higher than 600 °C
[121]. Higher carbonization temperatures will also increase pore volume and surface

area but decrease in yield.

2.1.1.2 Activation process

In order to increase pore volume and develop high surface area
of porous carbon material; called “activated carbon”. Activated carbon is categorized
into three groups depending on its pore size; microporous (< 2 nm), mesoporous (2-50
nm) and macroporous (> 50 nm). Due to their merits of high surface areas (~1 to >
2000 m?gY), high conductivity and high chemical and temperature stability along with
controlled pore size distributions [54, 122-124], activated carbons have received
special recognition for electrode materials of EDLC compared to other carbon forms.
The controlled and designed pore size/structure can be achieved by suitable activation
conditions of carbon precursors (e.g. activation temperature, activation time and
gaseous environment). There are two well-known methods to activate these
carbonaceous materials; sometimes called char, commonly known as chemical and
physical activation [55, 125, 126].

Physical activation is sometimes referred as thermal activation
[127]. This process is related to the heat treatment of the char with steam (H20 (g)),
carbon dioxide (CO2 (g)), air, and/or a mixture of these gases, at temperatures
between 700 °C and 1100 °C. During the process, the oxidizing atmosphere
significantly increases the pore volume and surface area of the carbon material. When
increasing burn-off level, a higher degree of activation is achieved, resulting in wider
pore structure, lower density, lower yield, and decreased strength of porous carbon

structure.

Chemical activation is performed at slightly lower temperatures
(~400-700 °C) than physical activation and involves the use of chemical agents such
as phosphoric acid (HsPOs), potassium hydroxide (KOH), and zinc chloride (ZnCly)

[127]. The properties of prepared activated carbons depended on the impregnation
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ratio (weight of activating reagent/weight of carbon precursor), time of pre-drying and
heat treatment conditions (e.g. temperature, soaking time and atmosphere). All these
process variables vary with the type of carbon precursors and the activating agents.
Generally, chemical activation requires the post-activation process for removal in
residual chemical reactants and any impurities from the carbon precursor and/or

during activation process.

Daud et al. [128] studied the effects of carbonization temperature on pore
development in palm shell based activated carbon. Activated carbon was prepared
from palm shell precursor at different carbonization temperatures: 500, 800, and 900
°C followed by physical activation process using the mixture of stream and nitrogen
gas at 820 °C. The pore development in palm shell based activated carbon depended
strongly on the carbonization temperature. The results showed that activated carbon
from high carbonization temperature had a significant amount of micropore volume.
The mesopore structure was slightly developed at the initial stage of activation, when
increasing of burn-off level, a rapid development in mesopore was observed. The

degree of carbon burn-off, 0 (wt.%), can be calculated as the following relation:

p= %W 100 2.1)
W

1

where Wi is the mass of the sample at the initial of activation and W; is the mass of the

sample at the end of activation.

Daud and Ali [129] compared the pore development in palm shell and
coconut shell based activated carbons. The carbonization and activation processes
were conducted at 850 °C using carbon dioxide as activating agent in a fluidized bed
reactor. It was reported that the activation rate of coconut shell based activated carbon
was almost 5 times higher than the palm based shell activated carbon. This
remarkable difference related to lignin contents in palm shell which is higher than
coconut one. In addition, the lignin content had affected the number of micropore and
mesopore volumes. Consequently, palm shell based activated carbon displayed higher

level of micropore and mesopore at every burn-off level. Both activated carbons had
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low volume of mesopore because of using carbon dioxide as activating agent, whereas
the larger mesopore volume could be achieved when steam was used as the activating
agent. The specific surface area of palm shell based activated carbon and coconut
shell based activated carbon were 260 m?/g and 183 m?/g, respectively.

Adinata et al. [130] also investigated the effect of carbonization
temperature and impregnation ratio on palm shell based activated carbon properties
using potassium carbonate (K.COs3) as activating agent. The specific surface areas
increased with the increase in carbonization temperature from 600 to 800 °C and then
slightly decreased when carbonization temperature above 800 °C. The maximum
specific surface area of 1170 m?/g was achieved at carbonization temperature of 800
°C, activation time of 2 h and impregnation ratio of 1.0. The results showed that at
low carbonization temperature and impregnation ratio, the pore structure of the
activated carbon was mainly consisted of micropores. By increasing the impregnation
ratio and carbonization temperature, the increase in mesopore volume relating to the

development of micropore to mesopore structures was obtained.

2.1.2 Activated carbons as electrode materials for supercapacitors

Liu et al. [50] studied the effect of nitric acid (HNOz) on the enhancement
of the performance of supercapacitor electrode using poplar wood as precursor and
HNOs as activating agent. The obtained electrode displayed maximum specific
capacitance of 234 F/g in 2 M KOH solution, at the current density of 5 mA/cm
comparing to untreated electrode at 14 F/g. The increase in specific capacitance after
surface modification (HNOs treated) is most likely due to the increase in surface
functional groups, especially the formation of carboxyl groups and hydroxyl groups
on the treated surface. The surface oxygen groups increase the pseudo-capacitance
through redox reactions of surface oxygen groups (e.g. C-OH, COOH, C=0, C-NO).
The stability tests of both biochar supercapacitor, with and without HNO3 treatment,
exhibited excellent cyclic stability with a decrease of only 3% performance decays

observed after 2000 cycles.

Jiang et al. [131] synthesized a high performance supercapacitor electrode
from biochar using red cedar wood as precursor. The biochar was made from one-pot

pyrolysis and carbonization of precursor at 750 °C, then biochar was surface modified
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by HNOs. The obtained biochar displayed the hierarchically porous structure with
high BET specific surface area of 433 and 317 m?g™* for treated and untreated biochar,
respectively. Interestingly, after surface treatment, the specific surface area and pore
size of biochar were decreased. This is because the introduction of oxygen groups
onto pore surfaces and oxidation-induced pore structure collapse, resulting in the
decrease in the specific surface area and pore size, especially the percentage of
micropores. Moreover, the presence of oxygen group in treated biochar increased
pseudo-capacitance behavior, which was in agreement with Liu’s studies [50]. The
specific capacitance was increased from 14 F/g (untreated) to 115 F/g (treated) in 0.5
M H2SOs solution, at the current density of 0.5 A/g with excellent cyclic stability over
5000 cycles without performance decays.

Jin et al. [132] prepared high performance supercapacitor from activated
carbon using corn stover as precursor through microwave and slow pyrolysis process.
The results indicated that activated carbon using KOH as activating agent has the
highest specific surface area. Meanwhile, the pore structures of the electrode from
slow pyrolysis process were not broke down. Besides, the micropores were created
during the chemical activation, therefore, tunneling macropore structures could
provide the suitable channel for the fast ion transportation during the charge/discharge
process, resulting in the high specific capacitance approximately 250 F/g at current
density of 0.1 A/g.

Li et al. [133] prepared electrode material from activated carbon for
supercapacitor using cationic starch, cassava starch, corn starch, and graft copolymer
starch as carbon precursors. The starch precursors were carbonized and activated with
KOH at 850 °C for 1.5 h. The obtained activated carbons had specific surface area
between 1,330-1,510 m?/g and pore size distribution around 1-3 and 5-6 nm. The
electrode materials showed the high specific capacitance between 170-200 F/g in
30 wt. % KOH aqueous electrolyte. When the specific current was increased from 370
mA/g to 7.4 Alg, all activated carbons still retained a high initial specific capacitance
above 75%. This is related to abundant mesopores allowing electrolyte to transport

easily in electrode structure.
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Balathanigaimani et al. [134] produced activated carbon from corn grain
used as electrode for supercapacitor. The prepared activated carbons had high specific
surface area between 2,900-3,500 m?/g and pore volume fraction of 55-65%
(micropore) and 35-45% (mesopore) with average pore width around 1.1 nm. The
highest capacitance of the activated carbon from corn grain precursors was 257 F/g in
a 6 M KOH aqueous electrolyte. A non-linear relationship between the specific
surface area and the specific capacitance indicated the effect of various pore structural
properties and surface functional groups of prepared activated carbon.

Olivares-Marin et al. [29] investigated the performance of activated
carbons from recycling cherry stones wastes as electrode material in EDLC. The
results showed that KOH-treated activated carbon at 800-900 °C, activation time of 2
h and impregnation ratio of 3.0 had large specific surface areas around 1,100-1,300
m?/g, average pore sizes around 0.9-1.3 nm. The highest specific capacitance of
prepared electrode was 230 F/g in 2 M H2SOy electrolyte and 120 F/g in the 1 M
(C2oHs)sNBF4 in acetonitrile organic electrolyte, at current densityl mA/cm.

Li et al. [135] prepared activated carbon as electrode material for EDLC
using from sunflower seed shell (SSS) via two different preparation approaches:
impregnation-activation - and carbonization-activation processes using KOH as
chemical activating agent. The results indicated that pore structure and specific
surface area of all activated carbons from impregnation-activation depended strongly
on activation temperature and dosage of KOH. When increasing activation
temperature and dosage of KOH, pore volumes and specific surface areas were
increased. Moreover, the development of the mesopores was also depended on the
KOH concentration. A high current density of 10 A/g activated carbon was obtained
from impregnation-activation process showing better capacitance behavior and higher
capacitance retention ratio. This is due to rich mesopores and less interior micropore

structure of the activated carbon.

Farma et al. [52] studied the performance of activated carbon from oil
palm fibers as electrode materials for EDLC. The oil palm fibers precursors with both
untreated and KOH-treated were carbonized at 800 °C and then activated by CO. at
different activation times from 1-5 h. The results indicated that all the electrodes were
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porous carbon materials containing both micropore and mesopore structures with high
internal surface area. It clearly showed that using KOH treatment enhanced the
specific surface area of the electrodes. The optimum activation time at 3 h resulted in
the highest specific surface area of 1704 m?/g, specific capacitance of 150 F/g,

specific energy of 4.297 Wh/kg and specific power of 173 W/kg.

Misnon et al. [136] evaluated electrochemical properties of oil palm kernel
shell based activated as electrode material for EDLC. The activated carbons were
prepared via physical and chemical activation processes, using KOH as chemical
activating agent and steam as physical activating agent. The chemically activated
carbon gave a wider pore distribution between 1.4-9.3 nm whereas the physically
activated one had uniform pore size at 1.5 nm. The results showed high specific
capacitance of 210 F/g in. 1 M KOH electrolyte, at current density 0.5 A/g for
chemically activated carbon, whereas the specific capacitance of the physically
activated carbon was 123 F/g (50% lower). Chemically activated carbon exhibited
both micropores and mesopores which assisted the ions movement from mesopores to
micropores on the electrode surface and enhanced its electrochemical performance.
Meanwhile, physically activated carbon contained only micropores which limited the
accessibility of electrolyte to its structure, consequently in lower specific capacitance.
Galvanostatic charge-discharge test results revealed the electrodes maintained more
than 95% of initial specific capacitance after 1000 cycles, indicating high stability

performance of electrode material.

Leng, C. and Sun, K. [28] prepared high performance bio-based activated
carbon using coconut shells as a carbon precursor. The activated carbon was produced
via chemical-physical combination activation processes using ZnCl,, KOH, and steam
as activating agents. The activated carbon exhibited a three-dimensional (3D) network
pore structure, high specific surface area of 3,242 m?/g, unobstructed and
interconnected pores and large pore volume. The obtained activated carbon had a high
specific capacitance of 337 F/g and retained a specific capacitance of 331 F/g after
10,000 cycles, at current density 0.5 A/g in a 6 M KOH aqueous electrolyte.
Moreover, in 1 M (C2Hs)sNBF4 in acetonitrile organic electrolyte, the activated

carbon also showed excellent performance with a specific capacitance of 240 F/g.
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2.1.3 Activated carbon-metal oxide hybrid material as electrode for

supercapacitors

Malak-Polaczyk et al. [137] synthesized composites of mesoporous
activated carbon with A-MnO.. Two different porous carbons from physical activation
and chemical activation were used as supported materials for A-MnO. particles. The
results exhibited that porous structure of carbon in the composites played a significant
role in electrochemical performance. The through-connected porous structure served
as a continuous pathway for electrolyte transport. The electrochemical behavior in 1
M Na»SO4 aqueous solution indicated that electrochemical performance mainly
depended on the morphology and the distribution of the MnO2 particles on

mesoporous activated carbon surface.

Wang et al. [138] improved the capacitance of activated carbon (AC) for
supercapacitor by incorporating bismuth oxide particle (Bi.O3) on activated carbon
surface to form AC-Bi.O3 composite. The composite material was prepared via mild
vacuum impregnation and roasting process. The obtained AC-Bi>Oselectrode material
showed a low resistance and a good stability. The specific capacitance of AC-Bi.O3
composite was reported at 332.6 F/g in 6 M KOH electrolyte, at current density of 1
A/g which was higher than that of pure activated carbon of 106.5 F/g (around 3 times
larger) at the same testing condition.

Zhao et al. [139] evaluated the electrochemical properties of ordered
mesoporous carbon supported  cobalt oxide nanoparticles (CoO). The CoC-
mesoporous carbon composites were prepared by impregnation process followed by
post ammonia treatment. The maximum specific capacitance of 524.8 F/g was
achieved from composites loaded with 12.7 wt.% CoO loading, at calcination
temperature of 400 °C, in a 6 M KOH electrolyte. The CoC nanoparticles were
playing an important role in faradic charge transfer reactions between the cobalt
oxides particles and the electrolyte. The clear two redox peaks in CV curve of this
composite were observed within the potential range of -0.4 to 0.4 V, suggesting strong

pseudo-capacitance behavior from this composite electrode material.
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Mondal et al. [140] reported two-step synthesis of macroporous
carbon/TiO2/MnQO2 nanocomposites thin films via spin coating technique followed by
carbonization process. The maximum specific capacitance of 297 F/g was achieved in
1 M NaxSO4 aqueous electrolyte, at 5 mV/s, which was almost 7 times higher than
that of pure porous carbon. This result indicated that the incorporation of nanoparticle
enhanced the specific capacitance via pseudo-capacitance behavior of the prepared

composite.

Zhang, X. et al. [141] established a novel method for preparation of
binder-free carbon-metal oxide composite electrode. Firstly, 2D-layered Ni-Co mixed
metal-organic frameworks (MOFs) were deposited directly on nickel foam by anodic
electro-deposition followed by pyrolysis and activation process. The electrochemical
performance of the prepared electrode was evaluated in 4 M KOH aqueous
electrolyte, at room temperature condition. The results exhibited a superior rate
performance of 93% in the current density range from 1 to 20 mA/cm and high
specific capacitance of 2,098 mF/cm, at current density 1 mA/cm. The supercapacitor
also exhibited a specific energy density of 36.4 Wh/kg and a specific power density of
90 W/kg. After 10,000 cycles, there was no obvious capacitance fading, indicating

excellent charge-discharge cycling stability.

2.1.4 Carbon nanotube as electrode for supercapacitors

Carbon nanotube is one of the most carbon based material which has been
extensively studied for electrode materials for supercapacitors, with specific
capacitances ranging from 4 to 180 F/g in H2SO4 or KOH aqueous solution [142-146].
The specific surface area and the pore size of the carbon nanotubes remarkably affect

the specific capacitance of capacitor [147].

Niu et al. [144] prepared carbon nanotube sheet electrodes from
catalytically grown carbon nanotubes. This process can be divided into 3 steps: first,
disassembling of such nanotube aggregates and introduction of chemical functional
groups on the surface of the nanotubes; second, dispersion of the functionalized
hydrophilic nanotubes in water; and third, reassembling of the individualized carbon
nanotubes into an interconnected, entangled, and free-standing structure followed by
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HNO:s acid treatment. The carbon nanotube sheet electrodes with specific surface area
of 430 m?/g showed a specific capacitance on a single cell device at 113 F/g in 38

wt.% H>SO4 aqueous electrolyte.

Zhang et al. [148] studied the performance of porous tablets of carbon
nanotubes electrodes in EDLC. Carbon nanotubes were synthesized by a process
catalytic pyrolysis using the mixture of acetylene (C2H2) and Hydrogen (H.) as
precursors and nickel particles (Ni) as catalyst followed by HNOs3 acid treatment for
removal of the excess Ni particles. As-synthesized carbon nanotube electrode had
specific surface area of 100 m?/g and specific pore volume of 0.21 cm?g which
mainly consisted of mesopore and macropore structures. The electrochemical
performance of electrode showed the specific capacitance of 16.6 F/cm?® using LiClO4
in a mixture of ethylene carbonate and propylene carbonate (1:1) as the organic
electrolyte. Moreover, the energy density of this electrode was reported at 20 Wh/kg

on a single cell device with a 10 mA discharge current,

Yoon et al. [149] prepared integrated carbon nanotube electrodes for
EDLC. Carbon nanotube was directly synthesized on the bulk Ni substrates by the
plasma enhanced chemical vapor deposition of CH4 and Haz. The synthesis process
was performed without additional catalyst. By applying ammonia plasma treatment,
the specific surface area was increased from 9.63 m?/g to 86.52 m?/g and the specific
capacitance also was -increased from 38.7 F/g to 207.3 F/g. This remarkable
enhancement was due to the increase in total surface area and surface functional

groups of the prepared electrode.

Li et al. [150] fabricated carbon nanotubes (CNT) from the mixture of
CsHe : H2 (2:1), at 750 °C using Ni as catalyst followed by acid treatment process.
The results of the electrochemical experiment showed the increase in the capacitance
of activated carbon nanotubes electrode. The CNT which was activated by acid
mixture (H2SO4 and HNOs of 3:1) had the higher BET specific surface area and pore
volume comparing to CNT activated by pure acid. The specific surface area, pore
volume and specific capacitance of CNT activated by acid mixture were 1.6, 1.4, and
2.5 higher than those of the initial CNT, respectively. The results indicated that the

acid mixture had the best effect for CNT activation.
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Xu et al. [151] evaluated the electrochemical performances of carbon
nanotubes (CNT) as the electrodes in EDLC using novel binary room temperature
molten salt (RTMS), lithium bis(trifluoromethane sulfone)imide (LiN(SO2CF3)2,
LiTFSI) and acetamide as electrolyte. This electrolyte exhibited excellent thermal
stability, high ionic conductivity, and wide electrochemical stability window on
carbon nanotubes electrode. The results indicated that EDLC with RTMS electrolyte
could be charged up to 2.5 V with good rate performance and high capacitance
retention. The specific capacitance based on carbon nanotubes reached 22 F/g and 30
F/g at 20 °C and 60 °C, respectively.

2.1.5 Carbon nanotube-metal oxide hybrid materials as electrode for
supercapacitors

Ye et al. [152] prepared ruthenium oxide (RuOz) modified multi-walled
carbon nanotube (MWNT) nanocomposite electrode (RuO,/MWNT) for
electrochemical supercapacitors. MWCT/RuO2 nanocomposite was prepared by
chemical vapor deposition (CVD) method followed by magnetic-sputtering technique
for deposition ruthenium particle (Ru) on MWNT surface. The results showed that the
specific capacitance of the MWNT electrode in 1 M H2SO4 aqueous electrolyte was
significantly increased from 0.35 to 16.94 mF/cm?. This is due to the incorporation of
RuO. particles resulting in the enhancement of the pseudocapacitance behavior of
composite electrode. It has been reported-that this process could be implemented for
the large scale fabrication of high-volume supercapacitor with modified MWNT on

large-flat metal electrode materials.

Reddy and Ramaprabhu [153] synthesized the RuO2/MWNT,
TiO2/MWNT, and SnO/MWNT nanocrystalline composites electrodes. Firstly,
MWNT was prepared by thermal CVD facilitated by catalytic decomposition of
acetylene (CzH.). After purification process of MWNT, each nanocrystalline metal
oxide particles; RuO2, TiO2, and SnO. was deposited on the MWNT surface by
chemical reduction method. The functionalized MWNT electrodes had a specific
capacitance around 67 F/g. The nanocrystalline RuO2/MWNT, TiO2/MWNT, and
SnO2/MWNT composite electrodes had a specific capacitance of 138, 160, and 93
F/g, respectively. The enhancement of the specific capacitance of metal oxide
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dispersed MWNT from pure MWNT was due to the progressive redox reaction of the
modification of surface morphology of MWNT by the RuO,, TiOz, and SnO:
nanoparticles, respectively.

Zhang et al. [154] prepared electrode composite of vertically manganese
oxide nanoparticles on carbon nanotube array (CNTA) surface for electrochemical
supercapacitors. The nanocomposite was prepared by combination technique between
electro-deposition and a vertically aligned CNTA framework. The obtained composite
had hierarchical porous structure, large surface area, and superior conductivity with
controllable structure and properties. The electrochemical performance of this
electrode indicated the excellent rate capability with 50.8% capacity retention at 77
Alg, high specific capacitance of 199 F/g, and high stability with only 3% capacity
loss after 20,000 charge/discharge cycles.

Sellers et al. [155] synthesized 3D manganese dioxide-functionalized
multi-walled carbon nanotube electrodes composite (MnO2-MWNT) by thermal
decomposition process. The electrodes were prepared by treating planar MWNT
sheets with manganese nitrate (Mn(NO3)2) solution and annealing at low temperature
between 200-300 °C, at ambient pressure. The specific capacitance of composite
electrode was 14 times higher than that of pure MWNT electrode. The specific
capacitance varied linearly with- Mn(NOz)2 thermal decomposition temperature from
100, 80, and 61 F/g at current density 0.2 A/g, at the 200, 250, and 300 °C,
respectively. The supercapacitor which was fabricated at 300 °C thermal
decomposition temperature exhibited the best retention characteristics, with capacity

decaying around 30% after 1,000 charge/discharge cycles at 1 mA.

Su and Zhitomirsky [156] prepared the electrode material for hybrid
supercapacitor using vanadium nitride nanoparticles (VN) and multi-walled carbon
nanotube (MWNT) by a chemical method. The results showed good capacitive
behavior in 0.5 M Na,SOs electrolyte and the specific capacitance of VN-MWNT
composite electrode were significantly higher than those of pure VN and MWNT
materials due to synergy effect. The VN-MWNT electrodes with high mass loading in
the range of 10-30 mg/cm? showed high specific capacitance, good capacitance

retention, and good cycling stability. The highest capacitance of 160 F/g was achieved
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at 2 mV/s. Good electrochemical performances of the VN-MWNT composite
electrodes in the negative potential range in the 0.5 M Na>SOj electrolyte allowed the
fabrication of new type of hybrid cells, containing VN-MWNT as negative electrode
and MnO>-MWNT as positive electrode. The hybrid cells showed promising
electrochemical performance in a voltage window of 1.8 V in aqueous 0.5 M NaxSO4

electrolyte with energy density of 38.7 Wh/kg and a power density of 7.3 W/Kg.

Zhang et al. [157] reported a one-pot synthesis method of
Mn(MnQO)/MnsCo/CNT composite electrode for electrochemical supercapacitors. The
capacitive properties of the prepared electrodes were investigated by a cyclic
voltammetry (CV) test in a 0.5 M Na>SOz aqueous solution. The electrode which was
prepared at 600 °C for 1 h displayed a maximum specific capacitance of 378.9 F/g, at
2 mV/s. There was a slightly decrease in the specific capacitance even after 1000

cycles, indicating an excellent cycling stability of the prepared composite electrode.

Kao et al. [158] prepared composite electrode of titanium nitride (TiN)
coated on carbon nanotube (CNT) for electrochemical supercapacitors by means of
atomic layer deposition (ALD) technique. The resulting electrode showed a great
performance and its specific capacitance was 400 times higher than that of a flat-
shape electrode. The electrochemical capacitance of TiN/CNT composite electrodes
was 81 mF/cm? which was higher than that of electrode without TiN at 14 mF/cm?.

This was due to the increase in oxygen vacancies on the TiN surfaces.

2.1.6 Ceramic-polymer composites as dielectric material in energy
application

Ceramic ferroelectric oxides, which exhibit a spontaneous electric
polarization that can be reoriented with an external field, have received considerable
attention because of their utilization in nonvolatile memory devices [159-163]. These
oxides also exhibit other related properties, including piezoelectricity, pyroelectricity
and large dielectric constants which have been applied in fabricating microactuator,
sensor and capacitor applications [159-161].

Recently, there have great efforts to develop complex shape dielectric

materials that have high dielectric constant, low dielectric loss and good processing
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properties [164-165]. One of the most promising approach is to develop ceramic-polymer
nanocomposites, by adding small amount of nanostructure ferroelectric ceramic into
polymers matrix can be greatly improved electrical and dielectric properties of the
host polymers because of its high surface to volume ratio [164]. Ceramic-polymer
nanocomposites with excellent dielectric property have attracted great attentions in
energy and electrical devices due to their various potential applications, such as

capacitors, actuators and printed circuit boards [165-167].

Poly(vinylidene fluoride) (PVDF) has been studied extensively for its
outstanding pyroelectric and piezoelectric properties [165-168]. It is well-known for
its manifold characters with four different crystalline forms: o, B, v and 8. These
crystalline phases could be transformed into each other under specific conditions.
Among these phases, the B-PVDF reveals good pyroelectric, piezoelectric and
dielectric properties. Generally, B-phase PVDF is obtained by high electric field
polarization, high pressure crystallization and uniaxial stretching. Over the past
decade, the electroactive poly(vinylidene fluoride) (PVDF) has been studied in
dielectric materials field. It has several advantages over traditional ceramic
ferroelectric materials in term of high mechanical strength, good flexibility, excellent
chemical stability, non-toxic material and easy process as complex shape at low
temperature [164-168]. Barium titanate (BaTiOs: BT) is lead-free ferroelectric
ceramic materials with a perovskite structure which is utilized in large areas of
application due to its attractive piezoelectric and dielectric properties [169-171]. It has
been used in large areas of applications such as-in tunable capacitors, pyroelectric

sensors, nonvolatile memories and surface acoustic wave devices [169, 170].

Mathews et al. [162] reported the dielectric and functional properties of
three-phase composite poly(vinylidene fluoride)/zinc  oxide/barium titanate
(PVDF/ZnO/BT). The results showed that dielectric constant and dielectric loss of
this composite increased with increasing ceramic content and dropped rapidly with

increasing frequency.

Park et al. [163] studied dielectric properties of PVDF/BT particles
composite. BT particles were prepared by molten salt method with different particle

sizes. The results revealed that BT particle size had great effect on dielectric
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properties of composite. The composite with 600 nm particle size of BT exhibited the
strong polarization. The result showed that dielectric constant of the composites with
40% vol of BT loading was 65 at 25 °C, 1 kHz.

Hajeesaeh and Muensit [170] fabricated PVDF/BT sheet composite by
tape casting method. It was found to be that the density and heat capacity of the
composites were 3.21 kg/m® and 3021.7 J/kg °C, respectively. The prepared
composite was poled before dielectric test. The results of dielectric properties
exhibited that dielectric constant and dielectric loss were 11.5 and 0.21 at a frequency

of 1 kHz and room temperature condition, respectively.

Upadhyay and Deshmukh [171] prepared PMMA/BT composite via
solution casting method. The results indicated that dielectric constant of
nanocomposites was strongly depended on frequency, temperature and content of
ceramic filler. Dielectric loss was also influenced by the frequency and the
temperature but was not much influenced by the content of ceramic filler. The
nanocomposite with 10 wt. % of BT loading exhibited the lowest dielectric constant
of 3.58 and dielectric loss of 0.024 at 1 MHz and 25 °C,; suggesting that PMMA/BT

composite was suitable in'microelectronics devices.

Li et al. [172] studied dielectric properties of binary PVDF/BT
nanocomposites and ternary nanographite (GN) doped PVDF/BT hybrids materials.
The nanocomposites were fabricated using a simple solution casting process followed
by compression molding. The dielectric constant at 1 kHz of the PVDF/BT/GN
80/20/2.5 hybrid was 50 which was four times higher than that of the PVDF/BT 80/20
nanocomposite. The results indicated that incorporating low content of graphite
nanosheets to the binary composite system had significantly affected dielectric
constant, especially at the percolation threshold. They found that both dielectric
constant and electrical conductivity of hybrids materials were strongly depended on

frequency and temperature.

Upadhyay and Deshmukh [164] investigated dielectric properties of -
PVDF/BT nanocomposite films. Nanocomposite film was prepared by solution

casting method. The dielectric constant and dielectric loss were evaluated in the



37

frequency range of 100 Hz to 10 MHz at biasing voltage of 1 V and temperature from
25 °C to 120 °C. The results showed exponential increase in the dielectric constant
with increasing temperature. This was due to the greater movement freedom for the
dipole molecular chain of polymer at high temperature. The highest dielectric constant
of 8.70 was achieved from composite with 1 wt. % of BT filler at 1 kHz and 25 °C

which was higher than that of neat PVDF around 33% at the same testing condition.

Yang et al. [173] studied dielectric properties of PVDF/BT-PANI
composite. The composite was prepared by blending PVDF with polyaniline (PANI)
coated nano-sized barium titanate (BT) to form PVDF/BT-PANI composite. The
results showed that incorporation of conductive PANI to the ceramic-polymer systems
had significantly influenced the dielectric properties of PVDF/BT-PANI composite.
The prepared composite had higher dielectric constant than PVDF/BT composite in
the frequency range from 40 Hz to 1 MHz.

Wang et al. [174] improved the dielectric properties of PVDF/Ag film
composite. PVDF/Ag film composites were prepared by solvent casting method. They
found that with increasing nano Ag content, the dielectric constants of the composites
were first increased and then decreased, whereas the dielectric losses were first
decreased first and then increased. The highest dielectric constant of composite film
of 14.5 at 100 Hz was achieved from 17% vol. Ag composite with lower dielectric

loss and the energy storage density was relatively high at 0.340 J cm™,

Luo et al. [175] fabricated calcium barium zirconate titanate
(BCZT)/PVDF composite flexible films via a solution casting method. The results
showed that dielectric constant increased with the increase in BCZT contents, while
the dielectric loss remained constant in the frequency range of 10 kHz to 0.1 MHz.

Bunnak et al. [176] studied an increase in dielectric constant of binary
composite based on PVDF/clay system. The composite film with 10 wt. % of barium
doped porous clay in PVDF matrix was fabricated by mechanical mixing (Brabender)
and hot pressing methods. The dielectric properties of the composite film strongly
depended on frequency and temperature. They found that dielectric constant was

suddenly decreased with the decrease in temperature until below the glass transition
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temperature of PVDF. The relaxation behaviors indicated that the dielectric behaviors

in these composite films were highly dominated by polarization process.

Cho et al. [177] enhanced the energy harvesting performance and
dielectric constants of PVDF by incorporating surface-treated BT in PVDF matrix.
The surface-treated BT influenced the crystallinity of the PVDF. The dielectric
constants of nanocomposites increased after addition of the surface-treated BT up to
16 wt.% and the dielectric loss also decreased with increasing amounts of surface-
treated BT. This indicated that the surface-treated BT particles disrupted the
movements of the molecular chains of PVDF, which resulted in the decrease in the
dipole loss. The results showed that the highest dielectric constant of composite was

110 compared to pristine PVDF having dielectric constant around 12 at 1 kHz, 25 °C.

Zhang et al. [178] improved dielectric and electrical properties in
PVDF/SIC/BT three-phase composite -through microstructure tailoring. The results
showed that the three-phase composite exhibited low dielectric loss and high
dielectric constant. It was also found that the nano-size BT was more favorable in
achieving high dielectric constant than the micro-size BT, while their dielectric loss

and electrical conductivity were similar.

Recently, Castles et al. [179] prepared BT powder/ABS dielectric
composites by 3D printing technique. They reported on the fabrication of a series of
composites composed of various loadings of BT microparticles in the ABS matrix.
The dielectric properties of printed parts at 15 GHz had dielectric constant in the
range of 2.6-8.7 and dielectric loss in the range of 0.005-0.027. Dielectric properties
were reproducible over the entire process, and matched those of bulk unprinted
materials, to within ~1%, suggesting that this technique could be used for industrial

process of dielectric composites.

2.2 Functional materials in photocatalyst applications
Photocatalysis has been recognized as a potential technique for degradation
process, which is being widely used as one of the most effective method for

wastewater treatment. Recently, the development of photocatalyst with high
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efficiency and recovery is still a challenging task in the field of wastewater treatment
[180].

2.2.1 Activated carbon as catalyst supported for photocatalyst in
wastewater application

Zhang et al. [181] prepared photocatalyst of anatase TiO, particles coated
on activated carbon by atmospheric pressure metal organic chemical vapor deposition
(AP-MOCVD). The optimum TiO2 loading was 12 wt.% and the photocatalytic
activity of the TiO»/activated carbon was close to that of commercial TiO:
nanoparticle (Degussa P25). The result exhibited the ability to separate the
TiOo/activated carbon catalyst from the treated water. The cycle testing showed that
the catalytic performance was able to maintain even after 10 cycles, indicating the

stability of TiO> coating on activated carbon surface.

Ao et al. [182, 183] studied the photocatalytic activity of anatase TiO»-
activated carbon composite film; AC-TiO.. They prepared anatase TiO2 by sol-gel
technique followed by the mixing of activated carbon and the synthesized TiO> sol to
form slurry. The composite film was prepared by dipping-withdrawing method using
glass slide as substrate. The photocatalytic activity of the composite film was
determined by degradation of 4-cholophenol (4-CP) under UV irradiation. The AC-
TiO, composites showed the enhancement in photocatalytic activity over TiO, alone
due to the porosity of the AC providing high. adsorption capacity and high
concentration of 4-CP-around TiO particles. The recycle ability of the composite film
was also investigated. The degradation ratio was still higher than 85 % after 5 cycles,
which the photocatalytic activity decreased only 3% compared to the first cycle,
suggesting the good stability of AC-TiO2 composites on wastewater treatment

application.

Byrappa et al. [184] evaluated the photocatalytic performance of zinc
oxide-activated carbon (ZnO-AC) composite for degradation of acid violet dye. The
results exhibited that the composite had higher photocatalytic activity comparing to
the commercial ZnO and untreated activated carbon. The ZnO-AC composite had a
very effective in the degradation of acid violet dye because the synergism effect

between the ZnO photocatalyst and activated carbon was clearly verified.
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Sobana et al. [185] evaluated photocatalytic activity of activated carbon-
zinc oxide; AC-ZnO catalyst. The photocatalytic activity was determined by the
degradation of 4-acetylphenol. The optimum loading content of ZnO on AC surface
was found to be at 9 wt.%, while ZnO particles displayed homogeneous distribution at
this optimum loading level. Under UV-irradiation, ZnO showed a 100% removal of 4-
acetylphenol in 240 min, whereas ZnO composite at 9 wt.% degraded completely in
150 min. This composite was found to be more efficient in solar light than in UV
light. The enhancement of this photocatalytic efficiency was due to the synergistic

effect between ZnO and activated carbon with synergy factor at 2.0.

Gondal et al. [180] synthesized ~magnetic separable AC/TiO2/Ni
composites by a facile pyrolysis reaction and studied their photocatalytic performance
for removal of a methyl orange (MQ) dye from water under UV light irradiation. The
results proved that the synthesized photocatalyst (AC/TiO2/Ni) exhibited significant
enhancement in the photocatalytic activity for removal of MO dye from wastewater
comparing to the commercial TiO2 (P25). The results of electrochemical impedance
measurements confirmed the synergetic effect on the interface of TiO; and AC. It
could promote the photo-induced electron mobility in the surface of TiO, and the
absorption of AC particles leading to the high concentration of MO around TiO>

particles.

Sobana et al. [186] studied the synergism effect of AC/ZnO photocatalyst
on degradation of azo dye (DY4). The photocatalytic activity showed that AC/ZnO
displayed more efficient than commercial ZnO for degradation of DY4. The higher
efficiency of AC/ZnO was due to its synergetic effect with the synergistic factor at
2.0. The optimum pH and the catalyst concentration for dye removal were found to be
at 9 and 5 g L%, respectively. It was reported that the degradation rate was decreased

as initial dye concentration was increased.

Andriantsiferana et al. [187] investigated photocatalytic degradation of
tartrazine in aqueous solution using AC/TiIO2 as catalyst. TiO., particles were
deposited on AC surface by MOCVD technique in a fluidized bed under atmospheric
pressure. The photocatalyst TiO2/AC revealed photocatalytic activity for the

degradation of tartrazine. The results of cyclic use indicated that the degradation of
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tartrazine was up to 80% from the first three cycle and it was downed to less than
50% in the fourth cycle. The best performances of AC/TiO2 were explained by a rapid
transfer of the organic compounds from adsorption sites to photocatalytic sites.

Nasrollahpour and Moradi [188] studied photochemical degradation of
methylene blue (MB) using iron oxide-modified activated carbon (Fe2.O3/AC) as
catalyst. Microporous activated carbon was prepared from microwave assisted
technique using grapevine rhytidome (agricultural waste) as precursor and H3PO4 as
chemical activating agent. Then, Fe>Os particle was deposited on activated carbon
surface by microwave assisted technique. The results of photocatalytic activities
indicated that the degradation of MB followed first-order kinetics equation, with the
optimal conditions for the degradation of MB dye at 75 min, 100 ppm dye

concentration, neutral pH and 0.13 mg/L of catalyst concentration.

Thi and Lee [189] synthesized photocatalyst using activated carbon fiber
as supported material for ZnO rod via facile microwave method. The photocatalytic
activity was evaluated by degradation of tetracycline. At pH 8, ZnO rod-ACF
photocatalyst displayed excellent removal capacity (over 99%) and mineralization
(90.7%) of tetracycline in aqueous solution within 1 h under UV irradiation. The
stability and the mineralization of tetracycline of ZnO rod-ACF composite were
maintained above 80% after multiple usage cycles. These results were attributed to
the enhancement adsorption ability of ZnO in combination with ACF and formation
of hydroxyl (*OH) and superoxide radicals (¢Oz ) which could break the tetracycline

molecule by oxidative decomposition reaction.



42

Chapter 3
Coconut Shell Based Activated Carbon and Coconut Shell Based Activated
Carbon-TiO2 Composite Catalysts for Energy Storage and Photocatalyst
Applications

3.1 Abstract

Coconut shell, a food solid waste, was successfully utilized as a low cost
alternative adsorbent for the electrode in supercapacitor device and the removal of
textile dye (methylene blue). Coconut shell based activated carbon (ACCS) and
coconut shell based activated carbon-metal oxide hybrid (ACCS/TiO.) catalysts were
prepared and their performance was tested for supercapacitor and photocatalyst
applications. The ACCS powders were prepared by a chemical activation method and
the TiO2 powders were synthesized by a solvothermal process. The prepared products
were characterized by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), N2 adsorption—desorption measurement, Raman spectroscopy,
and X-ray diffraction (XRD) techniques. The result clarified that activated carbon
material with high specific surface area and high porosity was synthesized by KOH
activation process from coconut shells at 800 °C and impregnation ratio of 3:1. The
electrochemical behaviors of the samples were tested using cyclic voltammetry (CV)
and galvanostatic charge-discharge in a symmetrical two-electrode cell. The ACCS
sample provided the highest specific capacitance value of 149.65 F/g at the current
density of 0.5 A/g and the highest energy density of 4.64 Wh/kg at the power density
of 239.66 W/kg. Moreover, activated carbon modified TiO2 hybrid photocatalysts
have drawn increasing attention because of their high performance. TiO2/activated
carbon hybrid films were fabricated on aluminum substrates by electrophoretic
deposition. Pristine TiO2 powder was synthesized by solvothermal process.
Methylene blue was used as model organic compound for evaluation of the
photocatalytic efficiency and reusability of the as-prepared photocatalysts under
ultraviolet light irradiation. The color removal efficiency of TiO2/activated carbon
hybrid film obtained using the synthesized TiO, was found to be 97%. The hybrid

film system has an advantage for wastewater treatment in practical applications
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because it is easy to separate from the process, cost-effective, eco-friendly, and

reusable with relatively high photocatalytic efficiency.

3.2 Introduction

Highly porous activated carbon can be prepared from agricultural by-
product precursors such as palm shell [1-3], coconut shell [2, 4, 5], almond shell [6],
and peanut shell [7]. To get highly porous activated carbon materials, these carbon
precursors are “carbonized” and “activated” in specific conditions (e.g. impregnation
ratio, activation temperature, activation time, and gaseous environment). Activated
carbon can be prepared either by physical or chemical activation methods. The
activation process results in an increase in pore of activated carbon [8-10]. Highly
porous activated carbon has been used in a wide variety of applications, such as
adsorbent materials in separation or purification of liquid and gases [11, 12], electrode

materials for energy storage devices [13-15], and catalyst supports [16-19].

Supercapacitor is an energy storage device that can store and discharge
electricity. The supercapacitors are mainly divided into two types based on their
electrochemical behaviors: electrochemical double layer capacitors (EDLCs) and
pseudo-capacitor or redox supercapacitor. EDLCs have attracted great interest due to
their short response time, outstanding power density, long cyclic stability, and
increased energy storage owing to the effect of double capacitor layer [20]. The
carbon materials, including carbon nanotubes [21], graphene [22], carbon nanofibers,
[23] and activated carbons [13-15, 24], are the most widely used materials as
electrodes for EDLC devices owing to their high surface area, excellent chemical and
corrosion resistance, high thermal stability, and superior electrical conductivity.
Among the carbon materials, activated carbons (ACs) are considered a promising
candidate for EDLC electrode materials because of their high mechanical strength for

bending, high electrical conductivity, and higher electrochemical stability [25].

Moreover, activated carbon are very interesting supports for the
semiconductor metal oxide, such as TiO2 [16-19] and ZnO [26, 27] photocatalysts due
to its adsorptive properties and high specific surface area. Subramani et al. [28] found

that using activated carbon could increase the surface area of catalyst, which led to an
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improvement of the performance in photocatalytic activity. In addition, using
activated carbon as a support also improved adsorption in visible light region and
decreased the band gap energy of catalyst materials because Ti-O-C bond was
formed. Therefore, the AC/TiO> composite materials could provide high

photocatalytic activity under visible light [29].

This research studied the preparation of coconut shell based activated
carbon (ACCS) and coconut shell based activated carbon-metal oxide hybrid
(ACCS/TiO2) catalysts for supercapacitor and photocatalyst applications,
respectively. Coconut shell is cost effective and is abundantly available in Thailand
[30]. The ACCS powders were prepared by a chemical activation method and the
TiO2 powders were synthesized by a solvothermal process. The resulting products
were characterized by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), N2 adsorption-desorption measurement, Raman spectroscopy, and
X-ray diffraction (XRD) techniques. The electrochemical properties of the prepared
samples were investigated by cyclic voltammetry (CV) and galvanostatic charge-
discharge in a symmetrical two-electrode cell. Furthermore, ACCS/TiO2 hybrid
catalysts were fabricated on aluminum substrates by electrophoretic deposition. The
photocatalytic activity of the prepared catalysts, using methylene blue as model
organic compound was evaluated by studying the photocatalytic efficiency and

reusability under ultraviolet light irradiation.

3.3 Experimental

3.3.1 Preparation of coconut shell based activated carbon (ACCS)

The coconut shells were carbonized at 600 °C under purified N> gas flow
for 2 h in a box furnace. In the next step, the carbonized coconut shells were
immersed in potassium hydroxide (KOH) solution at a impregnation ratio of 3:1
(KOH:carbonized coconut shells by weight) for 3 h. The samples were heated at 150
°C to remove the humidity. Then the dried samples were activated at 800 °C under N>
gas flow for 60 min. After cooling, the obtained ACCS was washed with distilled
water until it reached pH 7. Commercially available activated carbon (Karbokarn Co.,

Ltd.) was characterized for comparison. Hereafter, the activated carbon prepared
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using coconut shells was called AC-S and the commercial activated carbon was called
AC-C.

The surface morphologies of the samples were analyzed through scanning
electron microscopy (SEM) (CamScan MX 2000 Scanning electron microscope). The
specific surface area and average pore diameter of the samples were measured by
nitrogen adsorption, using BET technique (Autosorb-1, Quantachrome). Raman
spectra of the samples were obtained using a Raman spectrometer (NTEGRA Spectra,
NTMDT).

3.3.2 Characterization and testing of coconut shell based activated
carbon as electrode material for supercapacitor application

The electrochemical behaviors of the activated carbon were examined
using cyclic voltammetry (CV) and galvanostatic charge-discharge measurements on
a potentiostat in a symmetrical two-electrode cell using a liquid electrolyte of 1 M
sulfuric acid (H2SOa) solution. The activated carbon powder was mixed with 10 wt %
poly(vinylidene fluoride) (PVDF) in dimethylformamide (DMF) solvent to form a
viscous slurry. The slurry was coated on- stainless steel wire mesh (SUS 304) and
dried. The active area was a square of 1 cm x 1 cm.

3.3.3 Preparation of TiOz/activated carbon hybrid catalysts for
photocatalyst application

Titanium_ (IV) isopropoxide (TTIP; “Acros Organics Crop, >98%),
isopropyl alcohol (Carlo erba reagents, >99.7%), distilled water, and AC-S were used
as starting materials. Firstly, TiO2 powder was synthesized by solvothermal process at
200 °C using a starting solution of TTIP, isopropyl alcohol, and distilled water at a
volume ratio of 1: 33: 2. Then, the calcination at 700 °C was carried out. This TiO>
sample was designated as ST. The ST/AC-S and P25/AC-S hybrid films were
fabricated by firstly depositing activated carbon prepared using coconut shells (AC-S)
on the aluminum foil substrate followed by TiO. coating using electrophoretic
deposition (EPD) process. For comparison, single-layered films of AC-S, ST and
commercially available standard TiO2 (P25) were fabricated directly on the aluminum
foil substrate. The electrophoretic cell was consisted of two electrodes; anode and



46

cathode made of stainless steel plate. An aluminum foil substrate was located at the
cathode. The applied voltage, deposition time of each layer and distance between two

electrodes were controlled at 50 V, 15 min and 2 cm, respectively.

3.3.4 Characterization and testing of TiO2/activated carbon hybrid
catalysts for photocatalyst application

The crystal structures of the synthesized TiO> and commercial P25 were
characterized by X-ray diffraction (XRD; Bruker D8) using CuKa radiation at a
wavelength of 0.1514 nm. The morphology of the samples was evaluated by
transmission electron microscopy (TEM; JEOL 2100). Brunauer—Emmett—Teller
(BET) method (Quantachrome, Autosorb-1) was used to obtain the specific surface

area of the synthesized TiO2 and commercial P25 powders.

After the films were successfully deposited, the morphology of the
resulting films was characterized using a scanning electron microscope (SEM; Hitachi
S3400N) and transmission electron microscopy (TEM; JEOL 2100). Additionally, the
methylene blue (MB, Carlo Erba Reagents) adsorption method was used to determine
the specific surface area of the deposited films. The photocatalytic efficiency of the
prepared films for the degradation of MB was evaluated under UV light irradiation
(Philips, Hg-Lamp 400W) at light intensity of 5.1 mW/cm?. The efficiency of MB
removal was calculated by the following equation [31]:

Decolorization efficiency (%) = w (3.2)
0
where Co is the initial concentration of MB before irradiation and C is the

concentration of MB after irradiation for a given time.

3.4 Results and discussion

3.4.1 Characterization of coconut shell based activated carbon

Figure 3.1 (a) and (b) show the typical SEM images of activated carbon
prepared using coconut shells (AC-S) and commercial activated carbon (AC-C).
During carbonization process, the breaking of biomass structure to degrade

hemicellulose, cellulose, and lignin in coconut shells would be taken place; the
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structural ordering of the residual carbon and finally polymerization reaction also
occurred. It can be seen clearly that AC-S sample revealed the high pore structure on
the surface of carbon particles due to the carbon matrix during the activation, resulting
in the expansion of the carbon lattices.

N D52 x50k  20um

Figure 3.1 SEM micrographs of (a) AC-C and (b) AC-S.
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The adsorption profiles of the samples AC-C and AC-S are shown in
Figure 3.2. Both the samples indicated rapid uptake of nitrogen gas at low pressure
with Type | adsorption characteristic according to the IUPAC classification. This type
isotherm shows a high affinity of the adsorbate and adsorbent for each other, and also
suggests that the adsorbent is comprised mainly of micropores. The specific surface
area calculated by BET method was 817 m?/g for the sample AC-C. Meanwhile, the
activated carbon sample synthesized in the presence of KOH (AC-S) possessed a high
surface area of 1641 m?/g. This could be because the KOH activation resulted in the
generation of micropores primarily, leading to a higher micropore volume and hence a

porous carbon with a higher surface area.
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Figure 3.2 N, adsorption—desorption isotherms of AC-C and AC-S.

Raman spectroscopy was used to investigate the graphitization of the
samples AC-S and AC-C. Figure 3.3 reveals the Raman spectra of the sample AC-S
prepared at carbonization temperatures of 800 °C. Two strongest bands at
approximately 1350 and 1585 cm corresponded to D band and G band, respectively
[32]. The D peaks are ascribed to the structural defect sites in the hexagonal

framework of the wall of AC-S and AC-C and disorder-induced peak (disordered
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peak). The G peaks are attributed to an Ezg mode of graphite, which resulted from the
sp?-bonded carbon atoms in a two-dimensional hexagonal graphitic layer (graphitic
peak). The intensity ratio of the D line to the G line (R= Ip/lg) represented the degree
of disorder in graphitic layer. The Ip/lc ratio of the sample AC-S was 0.76 as
calculated from these spectra, suggesting good crystallinity of the graphitic sheets.
However, the Ip/lg ratio of the sample AC-C was 1.05, indicating higher disorder

level in crystal structure [32].
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Figure 3.3 Raman spectra of AC-C and AC-S.

3.4.2 Electrochemical behavior of coconut shell based activated carbon
as electrode material for supercapacitor

To investigate the electrochemical behavior of the samples AC-S and AC-
C as electrodes for supercapacitor, CV and galvanostatic charge-discharge
measurements were performed in H2SO4 solution. The CV measurement was carried
out within the potential range of 0.0 - 1.0 V at a scan rate of 5 mV/s. Figure 3.4 shows
the CV curves of the samples AC-S and AC-C. The voltammograms are nearly square

and no evidence for any redox currents on both the anodic and cathodic sweeps was
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shown. These results indicated that each of the samples displayed behavior typical of
EDLCs [33]. Considering at the same scan rate, the larger area of CV curve of the
sample AC-S indicated higher specific capacitance than the AC-C sample. Wang et al.
[34] also reported that amphiphilic carbon material-based activated carbons with
higher specific capacitance showed larger area of CV curves because of their high
specific surface area. The sample AC-S gave the higher specific capacitance value
(171.13 F/g) than the sample AC-C (126.33 F/g). This resulted from the EDLC energy
storage mainly based on the charge accumulation in the electric double layers formed
at the electrode/electrolyte interface region. Therefore, the specific capacity of EDLCs
was dependent greatly on the specific surface area of electrode material, which was

consistent with the earlier studies [33-35].
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Figure 3.4 Two-electrode system: the CV curves of AC-S and AC-C electrodes at a

scan rate of 5 mV/s in H2SO4 electrolyte solution.

Figure 3.5 (a) and (b) present the CV curves of the samples AC-S and AC-
C at scan rates from 5 to 100 mV/s. All the curves demonstrated a quasi-rectangular
shape, implying that the specific capacitance is mainly contributed by the double-
layer capacitance based on fast charge—discharge. However, small and high distorted
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CV curves for the samples AC-S and AC-C at scan rate of 100 mV/s were found. The
CV curves of the sample AC-S retained good rectangular-like shapes and reversible
electrochemical behavior, even when raised to 100 mV/s, indicating its good rate
capability of the device. It was suggested that the rectangular-like degree of the CV
curve is closely related to the charge transfer and ion diffusion rate in the porous of
the AC-S electrode.
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Figure 3.5 Two electrode system: the CV curves of (a) AC-C electrode and (b) AC-S

electrode at various scan ranging from 5 to 100 mV/s.
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The specific capacitances (Cs) calculated from the CV curves as a
function of scan rate is shown in the Figure. 3.6. The specific capacitance of the
samples AC-S and AC-C was calculated from cyclic voltammetry curves, using the
following equation [36]:

2 [ 1dv

=4 3.2
sxmxAV (32)

where Cs is the gravimetric specific capacitance (F/g), | is the response current (A),
AV is the applied potential (V), m is the total mass of the active material (g) in the two
electrodes, v is the voltage scan rate (V/s) and AV is the operating voltage window
(V).

The specific capacitance of the samples AC-S and AC-C decreased from
171.13 F/g to 74.58 F/g and 126.33 F/g to 47.97 F/g as the scan rate increased from 5
mV/s to 100 mV/s. It was obviously seen in Figure 3.6 that the gravimetric
capacitance of the AC-S capacitor was always greater than that of the AC-C capacitor
at any scan rate, and these results apparently indicated the better supercapacitive

behavior and rate capability of the sample AC-S.
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Figure 3.6 Two electrode system: specific capacitances of AC-C and AC-S electrodes

as a function at various scan ranging from 5 to 100 mV/s.
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The galvanostatic charge-discharge test was carried out to confirm the
results obtained from the CV analysis. Figure 3.7 exhibits the galvanostatic charge-
discharge curves of the AC-S sample at a constant current density of 0.5 to 6 A/g in
the potential range from 0 to 1.0 V. Moreover, the quasi-linear galvanostatic charge-
discharge curve at various current densities confirmed its good EDLC feature. The
specific capacitance (Cm) can be calculated according to the corresponding

galvanostatic discharge curves using the following equation [37]:

4l At
AV -m

C (3.3)

where Cs is the specific capacitance (F/g), | is the discharge current (A), At is the

discharge time (s), 4V is the voltage difference (V), and m is the total mass of the

active material (g) in the two electrodes .
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Figure 3.7 Galvanostatic charge-discharge curves of symmetric supercapacitor of the

AC-S electrode at different current densities.
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The effect of current density on the specific capacitance of the sample AC-
S is shown in the inset of Figure 3.8. Generally, the specific capacitance decreased
gradually with increasing current density due to ohmic drop at high current density
[38]. The maximum capacitance of 149.65 F/g was achieved at a current density of
0.5 A/g. Moreover, the capacity retention was approximately 65% when the current
density was increased from 0.5 A/g to 4 A/g. The specific capacitance was still as
high as 83.15 F/g (about 56%) even when the current density was raised up to 6 A/g.
Power density and energy density of supercapacitor electrodes are important
parameters for evaluation of the electrochemical performances. The power density (P,
W/kg) and energy density (E, Wh/kg) of supercapacitors can be calculated using the
data of galvanostatic charge-discharge at various current densities from the following
relations [39]:

2
- GlaY) (3.4)
8x 3600
E
74 n (3.5)

where Cs is the specific capacitance (F/g), t is the discharge time (s), and A4V is the

voltage difference (V).

The Ragone plot is also presented in Figure 3.8 (power density vs. energy
density). The energy density of the sample AC-S reached 4.64 Wh/kg at a power
density of 239.66 W/kg and decreased steadily as the power density increased.
Furthermore, the sample maintained an energy density of 0.61 Wh/kg even at a high
power density of 1397.46 W/kg. These observations suggested that the sample AC-S
electrode can be considered as good candidate electrode material for supercapacitor
application.
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Figure 3.8 Ragone plot of the AC-S electrode carbonized at 800 °C measured at
various current densities in H.SO4 electrolyte solution. The inset shows specific

capacitance dependence on current density.

3.4.3 Characterization of the synthesized TiO2 and TiO2/coconut shell
based activated carbon photocatalyst

The XRD patterns of commercial TiO2 (P25) and synthesized TiO2 (ST)
powders are revealed in Figure. 3.9. The commercial P25 powder contained a mixture
of anatase and rutile phases, whereas the ST powder is composed of only anatase
phase. The phase composition of the samples P25 and ST is reported in Table 3.1. All
the diffraction peaks of P25 can be clearly indexed as anatase and rutile consistent
with JCPDS File no. 00-021-1272 and 00-021-1276, respectively. All the diffraction
peaks of ST can be clearly identified as anatase phase, in consistent with JCPDS File
no. 00-021-1272. The average crystallite sizes of the samples P25 and ST calculated

using Scherrer’s formula are reported in Table 3.1 from the diffraction peak at 25.28

and 27.45° for anatase and rutile phases, respectively.
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Table 3.1 Phase content, crystallite size and SBET of the samples P25 and ST.

Sample Phase content Crystallite size SeeT
(%) (nm) (m?/g)
P25 Anatase 75 20.00 48.47
Rutile 25 23.87
ST Anatase 100 29.60 29.53
V Rutile
+
+ Anatase
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Figure 3.9 XRD patterns of the samples (a) P25 and (b) ST.

The TEM images of P25 and ST powders are shown in Figure. 3.10. It was
found that the particle size of ST was larger than that of P25, which was in good
agreement with the XRD observations. The specific surface area (Sget) of P25 and ST
powders was measured by BET method shown in Table 3.1. The specific surface area

of the sample ST was slightly lower than that of the sample P25. These results were
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consistent with those reported earlier [40]. This might be because the particles with

smaller sizes had larger surface areas.
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Figure 3.10 TEM micrographs of the samples (a) P25 and (b) ST.
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Figure 3.11 (a)-(b) presents the surface morphology of single-layered
films of P25 and ST after deposition on aluminum substrate. The ST film had porous
morphology and loosely textured structure with numerous holes. Meanwhile, the P25
film had lower porous morphology with a better packing of particles resulting in a
denser coating with crack formation because smaller particles move much more
quickly and easily than larger ones at the same electric field [41]. Figure 3.11 (c)—(d)
displays the SEM micrographs of the double-layered films for different TiO particles
on AC-S layer deposited on the aluminum substrate. The SEM images indicated that
the AC-S layer could be completely coated by P25 particles, whereas ST particles did
not completely cover on the AC-S layer. Santillan et al. [42] reported that the
deposition efficiency for EPD technique depended on the suspension stability. For the
ST film, TiO> particles with larger particle size tended to have more unstable, leading

to a rough surface.
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Figure 3.11 SEM images of (a) P25 film, (b) ST film, (c) P25/AC-S film, and (d)
ST/AC-S film.
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The adsorption of MB in the equilibrium for single-layered and double-
layered films is demonstrated in Figure 3.12. The amount of solute adsorbed per unit
weight of adsorbent at equilibrium (Qe (mg/g)) is a function of concentration in the
liquid phase at equilibrium (Ce (mg/L)). The specific surface area can be determined

using the following equation [43]:

Sye = (0, x Ayg x N, )/(M x1000) (3.6)

where Swg is the specific surface area (m?/g), Aws is the occupied surface area of one
molecule of MB (197.2 A?), Na is Avogadro’s number (6.02 x 102 mol™?), M is the
molecular weight of MB (319.89 g/mol) and gm is the number of molecules of MB
adsorbed at the monolayer (mg/g), which is calculated from the Langmuir model. An

empirical model was shown as follows [44]:

c, C. 1
= 30 L AST 3.7)
Qe Qm KQm

where Ce (mg/L) is the concentration in the liquid phase at equilibrium, Q. (mg/g) is
the amount of solute adsorbed per unit weight of adsorbent at equilibrium, K (L/mg)

is the Langmuir adsorption constant and Qm (mg/g) is the theoretical maximum

adsorption capacity.
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Figure 3.12 Langmuir adsorption isotherm fitted to the experimental data for MB

adsorption onto various films.

The adsorption method of MB demonstrated that the AC-S film gave the
highest specific surface area. The result of this experiment corresponded with the
result of BET surface area for the AC-S powders. The specific surface area obtained
from the measurement of MB adsorption for the ST film was higher than that for the
P25 film, which was opposite to the results obtained from BET measurement due to
more loosely packed particles and numerous holes of the ST film. The coating of TiO>
powders on AC-S layer resulted in the enhancement of the specific surface area of
double-layered films, as presented in Table 3.2. The ST/AC-S film had higher specific
surface area than the P25/AC-S film. This is probably due to incomplete coverage of
the ST powders on the AC-S layer.
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Table 3.2 Langmuir parameter and specific surface area of various films.

Langmuir parameter SmB
Sample gm (Mg/g) K (L/mg) R? (m?/g)
P25 11.41 0.029 0.997 28.84
ST 13.72 0.026 0.998 34.70
P25/AC-S 15.50 0.030 0.999 39.21
ST/AC-S 21.65 0.020 0.998 54.75
AC-S 40.16 0.022 0.995 101.58

The photodegradation of MB was followed by measuring the UV-vis spectra
of the reaction mixture. Figure 3.13(a) presents the change in absorption spectra of
MB in presence of the ST/AC-S film under UV irradiation at different time intervals.
The strong absorption band located at A = 663 nm for MB dye rapidly decreased with
increasing irradiation time and almost disappeared after 60 min. To study the
photocatalytic efficiency of the resulting films, the degradation of MB used as a
model dye pollutant was tested under UV irradiation, as shown in Figure 3.13(b). The
ST/AC-S double-layered film showed the maximum efficiency for MB removal of
96.6% at 60 min. This is because the ST/AC-S double-layered film with high specific
surface area can adsorb MB dye by providing more available adsorption sites for
binding MB and thereby enhancing sorption—degradation [45].
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illumination time of the ST/AC-S film for the photocatalytic degradation of MB and

(b) photocatalytic efficiency for MB degradation using various photocatalysts.
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The kinetics of MB degradation profiles are illustrated in Figure 3.14. The

photocatalytic degradation of MB fitted pseudo-first-order kinetics expressed as:

~dC/dt=k,,C (3.8)

Integrating this equation (with the restriction C = Co at t = 0, with Co being the initial

concentration and t is the reaction time) gives the following equation [46]:

In(C, /C) = Kyt (3.9)

where C is the reactant concentration at a given time. The apparent rate constant (Kapp)
of the photocatalytic reaction and decolorization efficiency are reported in Table 3.3.
The ST/AC-S double-layered film gave the highest value of kapp and decolorization
efficiency because of its high specific surface area.

Table 3.3 The photocatalytic parameters for MB removal using various photocatalyst

films.
Sample R? Kopp. (MIN™) Decolorization efficiency at
60 min (%)
AC-S 0.956 0.002 12.00
P25 0.977 0.004 20.74
ST 0.997 0.009 39.51
P25/AC-S 0.991 0.020 67.20

ST/AC-S 0.997 0.056 96.60
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Figure 3.14 Degradation kinetics of MB dye over different film catalysts.

The reusability of the photocatalysts is one of the most important properties
for their practical application to reduce waste and operating cost. Therefore, the
photocatalyst reusability was investigated. The main advantage of the ST/AC-S
double-layered film was easily recovered from the reaction mixture without filtration.
The recovered catalyst was then reused for the MB photodegradation under the same
reaction condition as explained above. The reusability of ST/AC-S double-layered
film tested for five cycles is shown in Figure 3.15. The ST/AC-S catalyst film still
preserved its photocatalytic efficiency of 87.8% for MB degradation after being
reused for five times. This reusability of the ST/AC-S film is due to the stability and
resistance to photocorrosion. Therefore, the ST/AC-S film can be used as an efficient

photocatalyst for the degradation of MB dye.
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Figure 3.15 Reusability of the ST/AC-S film for five cycles.

3.5 Conclusions

The highly porous activated carbon was successfully prepared from
agricultural coconut shell waste as precursor with KOH activation at impregnation
ratio of 3:1 and carbonization at 800 °C. In electrochemical investigations, both the
commercial and synthesized activated carbon electrodes presented EDLC behavior,
and a general trend of specific capacitance increased along with the increase in
specific surface area. Between the commercial and synthesized activated carbons, the
synthesized activated carbons offered high power and energy density and greater
specific capacitance. The maximum specific capacitance of 149.65 F/g was obtained
at a current density of 0.5 A/g. Furthermore, this resulting electrode also showed good
rate capability and the specific capacitance decreased less than 35% (65% capacity
retention) as the current density was raised from 0.5 to 4 A/g. This obtained material
is a promising and useful electrode for electrochemical supercapacitors. The
TiOo/activated carbon double-layered film photocatalyts were successfully fabricated
using an electrophoretic deposition technique without additives. The photocatalytic
efficiency of methylene blue degradation for TiO2/activated carbon films was
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investigated using methylene blue as a model pollutant. The synthesized
TiO2/activated carbon films showed higher photocatalytic efficiency than the
commercial TiOz/activated carbon film and their single-layered films due to more
available sites for binding MB molecules. In addition, a reusability study also
demonstrated that the double-layered film of the synthesized TiO»/activated carbon
with high photocatalytic efficiency and stability could be a promising candidate for its

practical applications.
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Chapter 4
Assembly Three Dimensional Bismuth Titanate (3D-BIT) by
Extrusion-Based Fuse Deposition Modeling Technique

4.1 Abstract

Bismuth titanate (BisTizO12, BiT) was synthesized via sol-gel technique
and combined with polyvinylpyrrolidone (PVP) to obtain a thick paste composite for
three dimensional shaping by extrusion-based fuse deposition modeling (FDM)
technique. The phase compositions were investigated by X-ray diffractometry (XRD).
Dilatometry measurement was performed to find out the suitable sintering
temperature. Single phase with orthorhombic structure of BiT was obtained after
calcination at 850°C for 1 h. The thick paste with different volume percentage of PVP
(1.0, 3.0, 7.5, 20 vol.%) before printing was evaluated by rheology to optimize the
extrusion condition. At 3.0 vol. % of PV/P, the printing speed of thick paste material
was enlarged over 50% of BiT gel.

4.2 Introduction

Three-dimensional printing, also well-known as the extrusion-based fuse
deposition modeling (FDM) is one of the most attractive fabrication techniques for
fabrication of three dimensional objects [1]. There are several advantages over
traditional ceramic fabrication process due to its ability to provide objects with
complex geometries in short time processing, relatively low operating cost, user-
friendly method and a wide variety of various types of printing materials [2]. Sun et
al. [3] prepared lithium ion micro-battery by FDM technique. The obtained micro-
battery exhibited high energy and power density, suggesting that it could be applied in
autonomously powered micro devices. Recently, Castles et al. [4] fabricated 3D
dielectric material using barium titanate (BaTiOs) powder as filler and ABS polymer
as matrix using FDM technique. The dielectric constant of composite with 20 vol. %
of BaTiOsz was 6.24, which matched those of bulk unprinted materials, indicating that
the FDM technique can be applied for manufacturing ferroelectric and dielectric

composites materials.
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Bismuth titanate (BisTi3O12, BiT) is one of bismuth based ferroelectric
compounds and belongs to the Aurivillius compounds family that can be represented
by the general formula: (Bi202)* (Am-1BmOsm+1)?*. Its crystalline structure consists of
(Bi,Ti3010)?* layers alternating with (Bi.02)* layers perpendicular to the c-axis [5]. It
has high Curie temperature (675°C), a good mechanical properties, environmental
friendly lead-free composition, low dielectric dissipation and a relatively high
dielectric constant & =~ 200 [6]. Recently, lead-free piezoelectric ceramics have
attracted considerable attention due to environmental concerns, and BIT is
considerable to be a good material for high temperature piezoelectric applications,

memory storages and optical display devices [7-10].

In this work, we fabricated 3D-shaped BiT by a two-step assembly
method, using hybrid-sol-gel chemistry and FDM technique, with the aim of
developing 3D-BiT object with complex shape.

4.3 Experimental

4.3.1 Materials and procedures

The starting precursors used in this work included titanium isopropoxide
(Sigma-Aldrich,  Ti(OCH(CH3)2)s), - N-methyl-diethanolamine  (Sigma-Aldrich,
CH3N(C2H40H)z2), ethanol (Sigma-Aldrich, C>HsOH), distillated water (H20),
bismuth (1l) oxide powders (Sigma-Aldrich, Bi>Oz) and polyvinylpyrrolidone
(Sigma-Aldrich, PVP, Mw = 1,300,000). All chemicals were analytical reagent grade

and used without further purification

4.3.2 Preparation of bismuth titanate (BisTi3O12) via sol-gel technique
For BiT synthesis (Figure 4.1), 7.66 mL of Ti(OCH(CHzs)2)s was stabilized by 5.93
mL of CH3N(C2HsOH)2 under argon flow. The mixture was stirred for 10 min, then
0.51 mL of C2Hs0H and 0.91 mL of distillated water were added drop-wise to the
solution under magnetic stirring, respectively. The prepared solution was stirred
vigorously for 10 min to achieve complete dissolution. Then, 8.86 g of Bi»O3z ( ~10
wt. % excess Bi>O3) was added to mixture solution and stirred continuously for 30

min at room temperature until a BiT yellow gel was obtained.
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The phase identification was performed at room temperature using a
monochromatic Cu-Ka radiation X-ray diffractometer (XRD: Bruker D8 Robot Tools
X-ray diffraction, Bruker, Germany). The XRD analysis was carried out ex-situ with a
scan speed of 0.6° 20/min at a 20 range of 20° to 60° of several calcined samples at
500, 600, 800, 850 °C for 1 h. The calcined powders (BisTizO12) at 500 °C were used
for pellet fabrication by uniaxial hydraulic press. A horizontal assembly dilatometer
(NETZSCH DIL 402C) was applied to determine the shrinkage behavior. The BiT
pellet was heated in chamber furnace in static air environment with temperature
program; ramp up heating rate of 1°C/min from 25°C to 850°C and holding at 850°C
for 2 h and ramp down with cooling rate of 5°C/min from 850°C to 25°C.

4.3.3 Fabrication of three-dimensional bismuth titanate (BisTi3O12) by
FDM technique

3D-bismuth titanate (3D-BiT) was fabricated by a FDM technique (Figure
4.1). First, 20 mL of BiT gel was mixed with various volume percentage of PVP from
1.0 to 20 vol. %. The mixture was then stirred at room temperature with constant
stirring for 30 min until homogeneous thick paste was obtained. The resulting thick
paste was subjected to ultrasonic agitation at a frequency of about 24 kHz for 30 min.
The whole mass was transferred to an extrusion syringe with a fixed nozzle diameter
of 1.4 mm and then was printed by 3D printer (Zmorph 2.0S, ZMorph Sp. z 0.0.,
Poland).

The rheology- characteristics of bismuth titanate (BisTi3O12) thick paste
with different volume percentage of PVP were evaluated before printing by a
rotational rheometer (MCR viscometer 302, Anton Paar, Austria) in order to find the

suitable printing condition.

The thick paste materials were characterized in rotational mode with
controlled temperature of 21 °C. All the experiments were performed using a cone-

parallel spindle of 25 mm in diameter and 4° angle (CP25-4).

For non-Newtonian fluids, the relation between wall shear rate (3,,) and

extrusion printing speed (v) can be obtained by the Rabinowitsch relation [11]:



75

- G (50 @)

w 4n mR3

where R is the capillary radius of nozzle (mm), Q is the volumetric flow rate through

the capillary nozzle (mm?®/s), and n is a constant equal to the power-law index.

The extrusion printing speed (v) could be obtained by substituting

Q = mR2v in equation (4.1):

tw=""5" (5) 42)

where v is the extrusion printing speed (mm/s) and D is diameter of capillary nozzle

(mm).

4.4 Results and discussion

4.4.1 Phase composition of BisTi3012 (BiT)

To understand the crystallization behavior of BisTizO12, the milled gel
powders were calcined in air at temperature ranging from 500-900°C for
1 h. Figure 4.2 shows the XRD patterns of the calcined powders at different
temperatures. The calcined powders at 500°C appear yellow in color and exhibit the
presence of Bi2Os phase in XRD pattern. The powders calcined at 600°C become
white in color, whereas XRD pattern shows the onset crystalline nature of BiT in
agreement with earlier literatures [12, 13]. It is known that BiT has a ferroelectric
Curie temperature of 675°C; below this temperature, the crystal belongs to a pseudo-
tetragonal phase, and above this temperature, it is transformed into a pseudo-
orthorhombic phase. This could be confirmed by the splitting profile peaks around 20
of 33° of the powders calcined at 800°C and 850°C, suggesting that at this calcination
temperature, these crystals have a pseudo-orthorhombic phase [12, 13]. The XRD
pattern of the calcined sample at 850°C shows well-defined BiT crystalline structure
and there is no signal of Bi>Os crystalline phase. The line width was decreased and
intensity of diffraction line was increased, indicating the particles were agglomerated,

fused together and some grain growth occurred. The structural parameters of the BiT
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calcined sample at 850 °C were a = 5.41 A, b=15.45 A, and ¢ = 32.84 A which these
parameters are comparable with the values given in JCPDS File no. 72-1019 [14].

Intensity (a.u.)

20 (°)

Figure 4.2 XRD patterns of Bi4Ti3012 powders prepared from the sol-gel method after

calcination at different temperatures.

Figure 4.3 presents the dilatometry plot of the calcination of BiT pellet at
500°C. The curve predicts that there is no shrinkage on heating up to a temperature of
600°C. However, between 25°C and 600°C, there is some small expansion of 0.1 % in
the BIT pellet, probably due to the reaction of some intermediate chemical and/or the
arrangement within the crystal lattice. The shrinkage started from 600°C while a great
shrinkage can be observed after heating between 700°C and 800°C. The overall
dimension change was around 14% reduction from the original length. These results
were in good agreement with previous work [15]. Based on dilatometry results, the

suitable sintering temperature of BiT was selected at 850°C.
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Figure 4.3 Linear shrinkage curve of calcined BiT from room temperature to 850°C.

4.4.2 Rheology of BiT compounds

The rheological properties of the BiT thick paste materials with different
content of PVP were then investigated to optimize the printing condition. As
presented in Figure 4.4(a), at higher vol % of PVP, the viscosity profiles are shifted to
higher values of viscosity. This is due to the presence of high molecular weight of
PVP (Mw = 1,300,000) which give resistance to the flowing behavior under applied
shear stress [16, 17].

Besides nozzle diameter and viscosity of material, shear thinning behavior
facilitates continuous flow through fine nozzles without clogging. Generally, this
behavior is quantitatively estimated by evaluating the flow indexes (n). Figure 4.4(b)
shows the double logarithmic plot for the BiT composites; the slope of the straight
line corresponds to the flow index (n) that can be used to identify the flowing
mechanism of a system [18-21]. As shown in Table 4.1, all samples exhibit shear-

thinning behavior (n < 1), lower n value indicating more-shear thinning activities. The



78

increase in flow index (n) was observed with increasing content of PVP from 1.0 vol
%. to 7.5 vol. % and the flow index (n) then decreased slightly as the PVP content
was exceeded 7.5 vol.%.
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Figure 4.4 (a) Viscosity plot and (b) the corresponding double logarithmic power law

plot for the complete series of BiT showing the flow index (slope).
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Table 4.1 The flow indexes for the BiT gel composites.

Samples Flow index (n)

BiT gel 0.15
BiT-1.0% vol. PVP 0.25
BiT-3.0% vol. PVP 0.59
BiT-7.5% vol. PVP 0.61
BiT-20% vol. PVP 0.55

Typically, the processing shear rate of extrusion process is in the range of
1-100 s [22]. The extrusion printing speed (v) is calculated from equation (4.2), at
3.0 vol. % of PVP, the extrusion printing speed could be expanded from 1 to 15 mm/s
(Figure 4.5(a)). Above 3.0 vol. % of PVP, there is no significant effect of further
adding PVP. Upon the addition of PVP, the processing speed is expanded by 53 %
PVP molecule acted as processing aid which could reduce the wall shear rate (y,)
corresponding to the ability of printing at higher extrusion speed. Based on rheology
results, the BIT with 3.0 vol. % of PVP was selected for fabricating 3D object by
FDM technique.

Figure 4.5(b) shows 3D-BiT object fabricated by extrusion-based FDM
technique. By this technique, we could produce the printed object as complex shape

with high precision in shape and dimension.
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Figure 4.5 (a) Processing window for BiT gel and its composite for 1.4 mm of
extrusion nozzle and (b) Extrusion based FDM technique for BiT
at 3.0 % vol of PVP (3D-BIT).

4.5 Conclusions

In conclusion, the 3D bismuth titanate (3D-BiT) was successfully
fabricated by two step assembly method, sol-gel followed by extrusion-based fuse
deposition modeling (FDM) technique. BIiT phase compositions, densification

behavior and rheology of printing materials were investigated. Upon the adding 3.0
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vol. % of PVP, the ability to enlarge the extrusion printing speed of the thick paste

materials was over 50 %, compared to pure gel BiT.
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Chapter 5
3D Printed Barium Titanate/poly(vinylidene fluoride) Nano-hybrid with
Anisotropic Dielectric Properties

5.1 Abstract

Electrospun BaTiO3z nanofibers (BTNFs) were synthesized and blended in
poly(vinylidene fluoride) (PVDF) matrix to obtain a flexible nano-hybrid composite
with high dielectric constant (flexible high-k). The blending was made with different
BTNFs contents (0.6, 4.5, 20 vol.%). The rheological properties of the starting
materials were optimized to shape the hybrid by precision-extrusion-based fuse
deposition modeling technique. The 3D printed BTNFs allowed complex shapes with
different degrees of fiber alignment as the result of printing shear stress and the
chemical composition of the starting material. The dielectric properties of the nano-
hybrid were controlled by anisotropy with an enhancement in nanofibers cross
direction (L), where dielectric constant k* at 1 kHz was increased to ca. 200 from 13
of the PVDF matrix.

5.2 Introduction

Ferroelectric ceramic-polymer nanohybrid materials play a crucial role in
flexible electronics ~and in energy technologies (e.g. capacitors, sensors and
transducers), due to their merits of enabling ‘the tailoring of specific dielectric,
thermal, and mechanical properties and an easy processing [1-4]. By integrating the
advantages of two phases, nanohybrid materials can offer enhanced performances
with respect to those of the individual components [5]. The performance of this kind
of material generally depends both on the individual properties of the two
components, and on the nature and extension of the hybrid interface [6, 7]. This latter
feature can easily be modulated by varying the mixing length scale and the nature of
the polymer-ceramic interactions. Indeed, the larger the interfacial phase, the greater
the influence of the ceramic component on the original characteristics of the PVDF

[7]. This confers tuneable properties that make hybrid materials highly appealing for a
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wide range of applications [7]. Yet, the unlimited possibilities deriving from this

approach paves the way to advanced new materials with unique properties [7].

Owing to high dielectric constant (k), high mechanical strength, excellent
chemical stability, non-toxicity, and easy processability, the electroactive
poly(vinylidene fluoride) (PVDF) is the most used as polymer in dielectric materials
field [8, 9]. Concerning the ceramic component, among others barium titanate
(BaTiOz: BT), a lead-free high-k ferroelectric ceramic material with a perovskite
structure, is used in many applications due to its attractive piezoelectric and dielectric
properties [10, 11].

Given their exceptional properties and non-toxicity, hybrid systems based
on PVDF-BT combination have been largely investigated as dielectric materials [12-
13]. Nanostructured functional fillers with high aspect ratio (e.g. one-dimensional,
1D) have been widely used with the aim of increasing the hybrid interface [14-20]. A
significant effect on the dielectric properties of PVDF has been obtained [13-16].
Among others, nanofibers, prepared via electrospinning, offer the further advantage of
an easy control over the morphology and the compositional features [18-20].

Several shaping methods have been traditionally used to process hybrid
systems into thin film [21-23]. Currently, there is significant development in three
dimensional (3D) assembling technology, namely 3D printing. One of the most
interesting 3D printing techniques is computer-controlled fabrication via solid
freeform, also known as fuse deposition modelling (FDM). This technique produces
objects with controlled complex shapes and reduced size with short processing times,
with relatively low cost equipment [24]. Recently, Castles et al. [25] has demonstrated
BaTiOs powder/ABS polymer dielectric composites by FDM. They obtained a
dielectric constant value for the material at 20 % vol. of BT of 6.24, which matched
those of bulk unprinted materials. Sun et al. prepared lithium ion micro-batteries by
FDM [26] that exhibited high energy and power density. Furthermore, when
anisotropic fillers are used, their orientation within the polymeric matrix is an
additional parameter that has been demonstrated to significantly enhance the
performances of the BTNFs/PVDF-based systems [27].

In the present work, we proposed a novel approach for preparing

anisotropic BTNFs/PVDF 3D-nanohybrid dielectric materials. The nanohybrids were
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designed and fabricated by FDM, where the nanofibers were embedded and aligned in
the PVDF matrix by tunable internal friction during the extrusion. We especially
analyzed phase compositions and properties in the hybrid as results of the rheological
properties by varying the BTNFs loading and the extrusion forces that lead to fibers
alignment during the 3D printing. The overall aim was thus to tune the dielectric
properties in the 3D range by creating a “3D-printed” anisotropy in the BTNFs/PVDF
hybrid material. This consists in combining short-range orientation of the nano-fibers,
at the microstructural level, with long-range directionality in the complex shape by

3D printing technique.

5.3 Experimental

5.3.1 Materials

The starting precursors-used in this work included barium acetate (Sigma-
Aldrich, Ba(CH3COQ),), acetic acid (Sigma-Aldrich, CH3zCOOH), titanium
isopropoxide (Sigma-Aldrich, - Ti(OCH(CHz)2)s), polyvinylpyrrolidone (Sigma-
Aldrich, PVP (My = 1,300,000)), ethanol (Sigma-Aldrich, CoHsOH), and N-Methyl-2-
pyrrolidone (Sigma-Aldrich, NMP, CsHgNO). All chemicals were analytical reagent

grade and used without further purification.

5.3.2 Electrospun of BaTiOs nanofibers (BTNFs)

For the BTNF synthesis [28], 1.275 g of Ba(CH3COO), was dissolved in
3 mL of CH3COOH for 2 h at room temperature, under argon flow. Then, 1.475 mL
of Ti(OCH(CHz3)2)s was added dropwise-into the solution under magnetic stirring. The
precursor mixture was stirred for 2 h to achieve complete dissolution and mixing. A
solution of 0.2 g of PVP dissolved in 3 mL of CoHsOH was added to the ceramic
precursor. The precursor mixture was loaded into a plastic syringe equipped with a
metallic needle tip. Then, 15 kV was applied to the precursor and the distance
between tip-end and collector was fixed at 9.0 cm. All electrospinning experiments
were carried out by electrospinning machine (RT Advanced, Linari engineering, Italy)
at room temperature. The as-synthesized fibers were dried in a fume-hood at room

temperature for 24 h to remove the humidity.
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In order to obtain crystallized BT nanofibers (BTNFs), the calcination
temperature for the electrospun fibers was evaluated with the aid of TG/DTA
(Netzsch STA 409C/CD, Germany) and an XRD (XRD: Bruker D8 Robot Tools X-
ray diffraction, Bruker, Germany). The TG/DTA analysis was performed in air flux

from room temperature to 850 °C at a heating rate of 1°C/min.

The XRD analysis was carried out ex-situ with a scan speed of 0.6°
20/min at a 20 range of 20° to 80° on samples calcined at 400, 500, 600, 700 and 800
°C for 1 h. The diameter and the morphology of the crystalline fibers were evaluated
with a field emission gun scanning electron microscope (ZEISS Merlin, Carl Zeiss
Microscopy GmbH, Germany) at an accelerating voltage of 10 kV with In-lens and

SE1 electron detector.

5.3.3 Preparation of anisotropic BTNFs/PVDF 3D-nanohybrid
dielectric materials

Anisotropic BTNFs/PVDF = 3D-nanohybrid dielectric materials were
fabricated by FDM. The concentration of PVDF in NMP solution was fixed at 30%
wt. to match with-the viscosity range of thick paste material (20,000-70,000 mPa-s)
for consumer grade 3D printer (Zmorph 2.0S, ZMorph Sp. z 0.0., Poland). First, 30 g
of PVDF was dissolved in 100 g of NMP. The solution was then stirred at a 50 °C
with constant stirring for 2 h-until homogeneous solution appeared. The loading of the
BTNFs was varied from 0 (pure PVDF) to 20% vol. to cover the range of
concentration allowed by printer used. Then, defined compositions of the BTNFs and
the PVDF solution were stirred with constant rate. The resulting mixture was
subjected to ultrasonic agitation at a frequency of about 24 kHz for 30 minutes. The
resulting solution was transferred to an extrusion syringe with different nozzles of
diameters 2.5 mm and 1.2 mm and then was printed by 3D printer. All samples were
printed at room temperature without using hot bed.

The rheology characteristics of pure PVDF and BTNFs/PVDF nanohybrid
materials before printing were evaluated by a rotational rheometer (MCR viscometer
302, Anton Paar, Austria). The solutions were characterized in rotational mode. A
constant temperature of 21°C was maintained during the experiments using a

temperature control unit. All the experiments were performed using a cone-parallel
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spindle of 25 mm in diameter and 4° angle (CP25-4). To remove any effects due to
the sampling and loadings, the measurements were performed using a pre-shear at 1 s°
! for 1 minute followed by 1 minute at rest (0 s shear rate), and again at 1 s™ for 1
minute. The experiments were conducted in the shear rate of 1-100 s™ in up and down

ramp.

The phase compositions were analyzed by XRD technique (XRD: Bruker
D8 Robot Tools X-ray diffraction, Bruker, Germany). The XRD analysis was carried
out with a scan speed of 0.6° 26/min at a 20 range of 10° to 50°.

The surface morphology and fibers alignment of the 3D-nanohybrid
materials were evaluated with a scanning electron microscope (TM3000 Tabletop
Scanning Electron Microscope, Hitachi, Japan) at an accelerating voltage of 15 kV

with a backscattered electron detector.

The degree of fiber orientation in three dimensions was evaluated by
focused ion beam (FIB) SEM serial sectioning technique by simultaneously collecting
In-Lens (on beam axis SE1) and SE2 (Everhart-Thornley) detector secondary electron
(SE) images (Zeiss 1540 XB Crossheam Scanning Electron Microscope, Carl Zeiss
Microscopy GmbH, Germany). The reconstructed volume had dimensions of
approximately 20 x 17 x 20 um, with the longest axis perpendicular to the extrusion
direction and parallel to the FIB slicing direction. The voxel dimensions were 39.5 nm
in the SEM imaging plane with a slice thickness of 60.6 nm. The dual imaging mode
raw data was global intensity gradient corrected, aligned and cropped [29, 30]. All
image processing was performed using in-house image analysis code written in
MATLAB. The BTNFs were segmented in 3D from the PVDF matrix using a
combination of image intensity and intensity gradient in both the In-lens and SE2
image modes combined with visual inspection to achieve the optimum segmentation
and minimize image artefacts due to the serial sectioning technique. The segmented
BTNF phase was skeletonized using a parallel medial axis thinning approach [31, 32]
to determine the centerlines of the individual fibres, which were then converted to a
network graph of links and nodes to characterize the length and orientation of fibre
fragments [33]. Principle component analysis (PCA) using inbuilt MATLAB

functions was then performed on the 3D coordinates of the centerlines of the each
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fibre fragment to determine the orientation of the longest axis of the coordinate voxel
point cloud in terms of azimuthal and elevation angles relative to the extrusion

direction.

5.3.4 Dielectric property measurement

Broadband dielectric measurements of both pure PVDF and
BTNFs/PVDF 3D- nanohybrid dielectric materials for different % vol. of BTNFs
were carried out by using Impedance/Gain-Phase Analyzer (Solartron 1260A,
Solartron Analytical, UK). All measurements were carried out in air at room
temperature, in the frequency range of 100 Hz to 1 MHz and applied biasing voltage
of 0.2 V. The frequency dependence of dielectric constant (k) at room temperature

can be calculated from the following relation [34].

Cp*t
Ax o

k =

(5.1)

where, Cp is the capacitance of materials (F), t is the thickness of nanohybrid
dielectric material (m), A is the area of electrode (m?) and g is vacuum permittivity
having value 8.854 * 1012 F/m.

Dielectric properties were measured both the extrusion direction (parallel, k') and

transverse direction (cross, k1).

5.3.5 Methods

The observed enhancement in the dielectric properties of the developed
hybrids was discussed according to the effective medium theory (EMT) and rule of
mixture (ROM) models.

EMT model, developed by Rao et al [35], enables the estimation of the
dielectric properties of composite systems by including the effect of the morphology
and size of the ceramic fillers. The model is described by the following equation:

f(ef—&m)

E= &y [1 + em (L) (er—em) (5.2)
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where n is the shape-dependent parameter, fis the volume fractions of the ceramic
fillers, €, ef and em represent the dielectric constant of the nanocomposites, ceramic

and polymer matrix, respectively.

The ROM model instead includes in the estimation the shape fillers. The

dielectric constant are estimated from the following relation [36].

(Si_sm)(8i+55m)] V.
i

3(gi+€m) (5:3)

€mix = €m T [

where, emix, €i, €m are the dielectric constants of a composite, ceramic filler material,

and matrix material, respectively. Vi is the volume fraction of ceramic fillers.

5.4 Results and discussion

For the formation of the BTNFs, crystallization and microstructures are
controlled by the sol-gel chemistry, the electrospinning and the calcination conditions.
For the chemistry and the electrospinning conditions, previous work by Junhan et al.
were used as a reference, while degree of crystallinity can be modulated by the
calcination thermal treatment [28]. To optimize the heat-treatment process, the
TG/DTA analysis was carried out on the as-synthesized fibers. The thermal
decomposition behaviour of as-synthesized fibers is shown in Figure 5.1. About 10 %
weight loss from 80-150 °C was related to the evaporation of residual solvent. The
weight loss between 150 °C and 330 °C and a sharp exothermic peak at 280 °C were
correlated to the decomposition of organic precursors [24, 37]. The weight loss (about
7%) and the corresponding broad exothermic peak observed between 380 °C and 550
°C, are consistent with the decomposition of organic groups from the organometallic
precursor and its intermediate phases, BaCOs [38]. The weight loss between 570 °C
and 700 °C is indicative of the onset in crystallization of BT nanofibers. The TG/DTA
results reveal about 50% weight loss that was observed with no further weight loss at
temperatures > 700 °C. Accordingly, the synthesized fibers were completely
crystallized and intermediate phases were removed at temperature over 700 °C [38,
39].
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Figure 5.1 TG/DTA profiles of the as synthesized fibers.

The XRD patterns of the as synthesized and calcined fibers at temperatures between
400 °C and 800 °C are presented in Figure 5.2. The as-synthesized fibers were
amorphous consisting in un-oriented structure [28, 39-41]. Two peaks were observed
at 20 around 27° and 43° of for samples treated at 500 °C and 600 °C, which are
consistent with BaTi204 and BaCOz3 [24]. The calcined sample at 600 °C exhibited the
onset of BT perovskite crystallization together with the non-perovskite peaks of an
intermediate phase, BaCOz [28, 40]. Well defined perovskite BaTiOs patterns were
instead observed for samples treated at 700 °C, the disappearance of the non-
perovskite peaks is indicative of the decomposition of BaCOs. At 800 °C, the
perovskite peaks pattern became marked, due to the complete reaction of the BT

formation.
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Figure 5.2 X-ray diffraction patterns of the as synthesized fibers and calcined BTNFs

for 1 h at different temperatures.

The morphologies of the as-synthesized and calcined fibers were then

investigated. Figure 5.3 shows the morphologies of the as synthesized fibers and

BTNFs after calcination at 800 °C. The as synthesized nanofibers (Figure 5.3(a) and

5.3(b)) exhibit smooth and uniform surfaces with a random fibers orientation, whereas

a polycrystalline surface is observed for the nanofibers calcined at 800 °C (Figure

5.3(c)). The crystalline nanofibers are fragile and break easily in agreement with

literature [41-44].
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Figure 5.3 FE-SEM In-lens SE1 images of (a), (b) as synthesized fibers and (c), (d)
BTNFs calcined at 800 °C for 1 h.

The nanofiber diameter ‘is observed to decrease from 800 nm to 200 nm after
calcination due to decomposition of the organic components and the crystallization of
the phase of interest [28, 45]. Upon the calcination process, the diameter is reduced by
75%.

There have been no previous reports on the preparing of PVDF
composites using consumer 3D printer with different nozzle diameter. X-ray
diffraction (XRD) pattern was then used to investigate the change in crystallinity of
3D printed from 2.5 mm and 1.2 mm. of nozzle diameter due to the addition of
BTNFs in the PVDF matrix. The XRD pattern of pure PVDF in Figure 5.4 shows
three main characteristic peaks, a sharp peak at 20.01 correspond to the B-phase (110)

crystal with a fully stretched all-trans planar zigzag conformation and indicating the
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semi-crystalline nature of PVDF [34, 46-49]. Furthermore, the peaks at 18.41 and
39.21 which are assigned to a-phase characteristic of PVDF were observed [47-49].
In XRD pattern of BTNFs/PVDF nano-hybrids crystalline peaks, corresponding to
reflection planes of at (100), (110), (111) and (200) of the perovskite BT, structure are
also identified. Interestingly, at increasing amount of BTNFs from 0.6% vol. to 4.5%
vol., the peak intensity of a and P crystalline increases with respect to the pure PVDF,
indicating that the addition of small amount of BTNFs can promote a more regular
arrangement for PVDF, the added BTNFs act as nuclei for PVDF crystallization.
When the loading of 20% vol. is reached, the intensity of o and B characteristic peaks
decreased, especially o characteristic peak at 39.21. At this content of BTNFs, the 3

phase is dominant.
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Figure 5.4 X-ray diffraction patterns of the BTNFs/PVDF 3D-nanohybrid materials
at different % vol. of BTNFs.
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The adding of a large amount of BTNFs might destruct the molecular
regularity of PVDF chain [47]. In addition, there is no significant difference in the
intensity of B-phase of obtained hybrids from 2.5 mm. and 1.2 mm. of nozzle diameter
(line (4d) and (4e)), respectively, indicating that the nozzle diameter has no effect on
B phase crystallinity of PVDF hybrids.

For the FDM technique, the maximum solid loading of the filler in the
polymer matrix that enables printing is ~50% wt [25, 26, 50]. Indeed, at high content
of filler, the shear stress at nozzle extruder is high, resulting in the unstable flow at
extrusion nozzle [50]. In this work, we used a consumer grade 3D printer (Zmorph
2.0S) to fabricate 3D printed dielectric materials as shown in Figure 5.5.

Printed head

Extrusion needle

Figure 5.5 Extrusion based FDM technique for BTNFs-PVDF dielectric materials

The loading of BTNFs is varied from 0.6% vol. to 20% vol., and nozzle
extruders of 2.5 mm and 1.2 mm were used to explore the effect of processing
conditions on the nanofibers alignment. With a 2.5 mm nozzle diameter, a random
distribution of the nanofibers is observed in SEM images for the sample at 0.6% vol.
of BTNFs (Figure 5.6(a)), whereas with increasing content the BT nanofibers show
clear alignment in the printing direction (Figure 5.6(c)). By contrast, in the hybrid at
20% vol. prepared using the nozzle 1.2 mm in diameter (Figure 5.6(d)) the BT
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nanofibers are randomly distributed into the polymer matrix. This can be ascribed to

an unstable

Partly aligned

2.5 mm. nozzle . L £ ey s 2.5 mm. nozzle
0.6% vol. BINFs St v M 4.5% vol. BINFs

Aligned Random oriented

2.5 mm. nozzle 1.2 mm. nozzle
20% vol. BTNFs 20% vol. BTNFs

Figure 5.6 (a) Fibers alignment of BTNFs/PVDF materials printed by 2.5 mm of
nozzle diameter 0.6% vol BTNFs; (b) 4.5% vol. BTNFs; (¢) 20% vol. BTNFs and
(d) 20% vol. BTNFs printed by 1.2 mm. of nozzle diameter.

flow generate from too high shear stress [50]. From the obtained results, we could
produce the 3D printed object as complex shape and controllable fibers alignment in

polymer matrix by this technique.

To further support the 2D observations in Figure 5.6, FIB-SEM 3D
reconstruction of the 20% vol. BTNFs/PVDF nanohybrid sample was evaluated to
verify and semi-quantitatively evaluate the degree of 3D fiber orientation. 3D FIB-
SEM investigations inherently sample a smaller amount of representative
microstructure. From the 2D images it can be seen that the microstructure contains
nm-um sized highly elongated features and is spatially heterogeneous requiring
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investigation of large volumes. For 3D reconstructions, these are conflicting
requirements in terms of data acquisition time. Figure 5.7(a)-(b) shows a

representative slice of the volume analysed.

SE2

Figure 5.7 (a) In-lens (b) SE2 detector raw image slices from the middle of the

vertical axis in the volume in figure 5.8 (a)

Here it can be seen in comparison to Figure 5.6(c) that the volume captures
a visually representative volume with sufficient spatial resolution. Figure 5.7(a)-(b)
contains both image modes, which are useful to distinguish internal porosity from
edge effects and minimize FIB milling artefacts during segmentation. Visual
inspection of the volume reveals internal porosity of both the BTNFs and the PVDF
that is not visible in the polished cross-sections in Figure 5.6. In some reconstructed
volume locations porosity induced artefacts were created in the segmentation and thus
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add uncertainty to quantitative analysis. However, of the available quantitative
parameters from 3D analysis, fibre orientation is one of the least sensitive to
segmentation errors compared to volume fraction or particle size distribution
determination. Thus, in the following analysis we discuss the results in a semi-

quantitative manner.

Figure 5.8(a) shows the discretised skeleton of the BTNFs. Inspection of
the BTNF phase after image segmentation revealed that although most of the BTNFs
appear as isolated fibres in 2D, in 3D the majority of fibres are in contact. Thus after
reconstruction from an image analysis point of view the majority of the BTNFs in the
20% vol. sample appear as an interconnected network. Thus breaking the skeleton of
into a network graph of links and nodes was necessary to assess the orientation
distribution of individual fibre fragments (links) visualised in arbitrary colours in
Figure 5.8(a). The orientation of each fibre fragment, shown on the unit sphere in
Figure 5.8(b) was determined by standard PCA where the direction of the largest
variance in voxel coordinates determines the primary axis of fibre orientation. The
points on the sphere represent a single fragment and are colour coded according to
binned fragment lengths. This qualitatively shows that the orientations of fibre
fragments shorter than approximately 1 pm (~20 voxels in length) are randomly
oriented. Longer fragments however tend to be oriented close to the applied shear
stress/ extrusion direction (ED), and although fewer in numbers increasing fibre

length correlates to stronger alignment.
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Figure 5.8 (a) A discretised skeleton of BTNFs segmented from the PVDF. Individual
fragments of the BTNFs have been assigned random colours for visualisation. (b)
Orientation of individual BTNF fragments plotted on a unit sphere, b and c are

approximately aligned.

Figure 5.9 shows the distribution of fibre fragment ED angular deviation
(+90° elevation angle in polar coordinates) for the same fragment length bins in
Figure 5.8(b) weighted according to the cumulative fibre fragment length. Again the
fragments shorter than ~1 um reveal a wide spread in elevation angle with a strong
bimodal peak parallel to ED and smaller peak centred at 45°. It is expected that the
shorter skeleton links are more likely to be associated with the aforementioned
segmentation uncertainties caused by large PVDF pores and fine scale internal BTNF
porosity than the longer fragments. The peaks at 0 and 45° are also expected to be
artificially increased due to the voxelisation of the skeleton links on a rectilinear grid.
In Figure 5.8(a) it is possible to see long individual fibres, however the histogram
statistically indicates that these fibres are broken into smaller fragments during
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skeletonisation due to intersecting fibres. As seen in Figure 5.8(b) increasing fibre
fragment length strongly correlates with a narrowing angular deviation and alignment
with ED.
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Figure 5.9 Stacked histograms of BTNF fragment angular (elevation) deviation from
the extrusion direction as a function of fragment length. The histogram counts of
elevation angle are weighted by fragment length. Note: the random distribution is on

an arbitrary count scale.

For reference, the same number of fibre fragments (non-length weighted) a
random distribution of angles was simulated using spherical point picking [51]. The
grey coloured bins in the histogram show that randomly oriented fibres do not show

no preferred correlation to ED contrary to the BTNFs.
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To better understand the effect of the processing conditions on the
nanofibers alignment, the rheological behaviour of the pure PVDF and BTNFs/PVDF
nanohybrids were investigated. Particularly, the range of interest (1-100 s) was
selected to include the shear conditions that characterize the printing with the nozzles
at 2.5 and 1.2 mm in diameter, as indicated in Figure 5.10(a). The two printing
conditions identify a range of shear rate that spans from around 5 to 30 s. The
viscosity curves (Figure 5.10(a)) indicate a shear-thinning behaviour for all the
samples. As expected, the profiles were progressively shifted to higher values of
viscosity as the BTNFs content increases, due to the flow hindering effect [52, 53].
Yet, the solution at the highest content of BTNFs (20% vol.) not only exhibited the
highest values of viscosity but also the most pronounced shear thinning profile. This
behaviour was quantitatively estimated by analysing the flow indexes (n) via the
logarithmic form of the power law. The flow index is a measure of the deviation from

the Newtonian behaviour (n=1).

Plotting the experimental data, a linear trend is obtained as indicated in
Figure 5.10(b), generally referred to as double logarithmic power law plot. The slope
of the straight line corresponds to the flow index (estimated via a linear regression)
that can be used to identify the flowing mechanism of a system [54-57]. Any variation
of the flow index within a defined range of shear rates can be associated to variation
in the flowing mechanism. Figure 5.10(b) shows the double logarithmic plot for the
developed solutions, while in Table 5.1 the corresponding flow indexes are reported.
As a consequence of the increasing BTNFs loading, the values of the flow index
gradually decrease, indicating an increasing shear thinning behaviour (n < 1) (see
Table 5.1). Yet, all the samples, included the pure PVDF (see Figure 5.10(c)), exhibit
a Multi Flow Index (MFI) profile with two flow indexes associated with two distinct
flowing mechanisms, both resulting shear thinning. Interestingly for all of them, the
second mechanism exhibits a more pronounced shear thinning behaviour, being
n2<ni. This result indicates for the flowing mechanism at higher shear rate a more
pronounced deviation from the Newtonian behaviour likely associated with a
transition in the polymer chains alignment. Interestingly, the transition is not altered
by the addition of the BTNFs, since for all the PVDF samples it occurs at the same
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Figure 5.10 (a) Viscosity plot and the corresponding of the pure PVDF and

BTNFs/PVDF nanohybrids, (b) double logarithmic power law plot for the complete
series of PVDF-based solutions showing the flow index (slope), and (c) double

logarithmic power law plot for the PVDF solutions.
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Table 5.1 The flow indexes for the PVDF-based solutions.

Samples Flow index
N1 (y <20s?) n2 (y >20s?)
Pure PVDF 0.81 0.69
PVDF-BTNFs-0.6%vol. 0.80 0.67
PVDF-BTNFs-4.5%vol. 0.78 0.65
PVDF-BTNFs-20%vol. 0.70 0.59

As a result, all the PVVDF samples printed using the nozzle with a diameter
of 2.5 mm are processed at a shear rate (around 5 s?) that characterizes the first
mechanism of flowing. By contrast, all the P\VDF samples printed using the nozzle
with a diameter of 1.2 mm are processed at a shear rate (around 30 s?) that
characterizes the second mechanism of flowing. The higher flow index in the first
flowing mechanism region (n1) indicates a lower level of interaction among PVDF
chains, likely aligned into the direction of the applied shear stress. This arrangement
can favour the interaction between the BT nanofibers and the polymer chains along
the direction of applied shear stress. Such an arrangement is achieved when the nozzle
with a diameter of 2.5 mm. By contrast, when the processing conditions exceed the
identified threshold (20 s, n2), the alignment might be disrupted, as indicated by a
higher level of the interactions among the polymer chains (n2 < ni). As consequence
of that, BT nanofibers result randomly distributed within the polymer matrix. This is

obtained when solutions are printed using the nozzle with a diameter of 1.2 mm.

Figure 5.11(a) and 5.11(b) show dielectric constant (k) at room
temperature (25 °C) of pure PVDF and BTNFs/PVDF nanohybrids plotted against
frequency for different % vol. of BTNFs in cross-direction (CD, k') and parallel
direction (PD, k'), respectively. The dielectric constant of all the samples decreases
with increasing frequency from 100 Hz to 1 MHz.
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Figure 5.11 Frequency dependence of dielectric constant of (a) BTNFs/PVDF 3D-

nanohybrid dielectric materials in cross direction (CD, k1),

(b) in parallel direction (PD, Kll),
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Higher values observed at low frequency (100 Hz ~ 1 kHz) are due to the
interfacial polarization. The motion of space charges in the interface zone under the
applied electric field induces significant polarization, thus producing high k-value. By
contrast, at higher frequencies the dielectric properties of materials and lower values
are then observed [34, 58]. In all cases, the dielectric constants of obtained
BTNFs/PVDF nanohybrids are higher than the value of the pure PVDF, but lower
than pure BT nanofibers (ca. 1000) [52] because of the synergy effect between the
two phases [59].

The values of k' are higher than k' ones at any content of BTNFs (Figure
5.12). Specifically, in hybrid materials with 20 % vol. of BTNFs at 1 kHz, k* and k'
values are 198 and 138, respectively. It can thus be concluded that the preferential
nano-fibre alignment correlates strongly with the directionality of the observed

dielectric constant [27].
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Figure 5.12 Dielectric constant of anisotropic BTNFs/PVDF 3D-nanohybrid dielectric

materials at 100 Hz, 1 kHz and 10 kHz at room temperature.
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At 1 kHz, the dielectric constant of hybrid samples both in cross direction
(CD) and parallel direction (PD) increase with increasing amount of the BTNFs from
0.6 % vol. to 20 % vol. (Figure 5.12). This trend is due to the adding of higher amount
of high-k component, resulting in higher-k values. The highest dielectric constant (k)
of 198 was achieved from sample with 20 % vol. of BTNFs in cross direction

evaluating.

Interestingly, compared with nanohybrids prepared with different methods and
containing BT nanoparticles as fillers, BTNFs/PVDF systems herein developed show
higher-k values at any content of BT nanofibers. In Figure 5.13 (a) comparison with
different BT nanoparticles/PVDF hybrids prepared via solvent casting [21], spin-

coating [22], and compression molding [23] is indicated.

This result can be ascribed to the incorporation of high aspect ratio nanofibers
fillers that determines a significant increment of the hybrid interface (Figure 5.13(a))
[7,17, 27]. In this work, we used effective medium theory (EMT) (eq.5.2) with fitting
factor, n = 0.2, &sier = 1000 and ematrix = 13, and rule of mixtures (ROM) model for
needle shape fillers (eq.5.3) to evaluate the k-values for the systems developed. The
deviation of experimental data from models was then estimated. The results show that
at any BTNFs volume fraction, the experimental data deviate from the calculated k-
values (obtained with EMT and ROM models) (Figure 5.13(b)). This is especially
verified at the highest content (20% vol. BTNFs), where deviations of around 80%
and 50 % in average are obtained for EMT model and ROM model, respectively. This
is likely ascribed to the attitude of nanostructured fillers to agglomerate that does not

allow a homogeneous distribution of the nanofillers within the PVDF matrix.
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from model equations
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5.5 Conclusions

Barium titanate nanofibers-poly(vinylidene fluoride) nanohybrid dielectric
materials (BTNFs/PVDF) are prepared by 3D-printing-FDM technique. Phase
compositions, fibers alignment and dielectric constant are achieved by embedding
high aspect ratio short-nanofibers in various concentrations. BTNFs induce high
anisotropic behaviour in the hybrids. Alignment of BTNFs is triggered by a delicate
interplay of viscoelastic effects at the printing throughout internal and external
frictions within the hybrid and at the wall of the extruders at different flow rates. High
enhancement of dielectric properties of more than 1 order of magnitude with respect
of the pure PVDF can be achieved. Specifically, the BTNFs/PVDF 3D-nanohybrid
dielectric material, with 20% vol. BTNFs, shows dielectric constant in cross-direction
around 200 at frequency of 1 kHz at room temperature, vs 13 of the pristine PVDF
materials. This enhancement can be associated with an extensive hybrid interface
developed by the use of high aspect ratio 1D nanofillers. The anisotropic flexible 3D
nano-hybrid composite with high-k constants. is attractive for complex-shaped
embedded capacitors and electric energy storage devices. We here demonstrate that
this concept enables novel functionalities in dielectric components which could be
applied for complex shaped embedded capacitor applications. We believe that the
FDM technique provides great potential for “developing high-k ferroelectric
ceramic/polymer composites with controllable anisotropic properties.
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Chapter 6

Summary

Coconut shell, a food solid waste, was successfully utilized as a low cost
alternative material for the electrode in supercapacitor device and the removal of
textile dye. Highly porous activated carbon was successfully prepared from
agricultural coconut shell waste as precursor with KOH activation at impregnation
ratio of 3:1 and carbonization 800 °C. The resulting electrode from coconut shell
based activated carbon showed excellent electrochemical behavior with a maximum
specific capacitance of 149.65 F/g at a current density of 0.5 A/g. Furthermore, this
resulting electrode also showed good rate capability and the specific capacitance
decreased less than 35% (65% capacity retention) as the current density was raised
from 0.5 to 4 A/g. Clearly, this obtained material is a promising and useful electrode
material for electrochemical supercapacitors. Moreover, the TiOz/activated carbon
double-layered film photocatalyts  were successfully fabricated using an
electrophoretic deposition technique without additives. The TiO2/activated carbon
catalyst showed high photocatalytic efficiency and stability. The color removal
efficiency of TiO/activated carbon hybrid film obtained using the synthesized TiO-
was found to be 97%. The hybrid film system has an advantage for wastewater
treatment in practical applications because it is easy to separate from the process,
cost-effective, eco-friendly, and reusable with relatively high photocatalytic
efficiency. Therefore, the resulting photocatalyst is suitable for practical applications
in heterogeneous photocatalysis technologies. Additionally, the titania-based
ceramics-polymer hybrid materials; bismuth titanate/polyvinylpyrrolidone (BiT/PVP)
and barium titanate/poly-(vinylidene fluoride) (BTNFs/PVDF) nanohybrids, were
prepared and their performances were examined. The nanohybrids were synthesized
and fabricated using the sol-gel chemistry followed by extrusion based 3D-printing
(FDM) technique. The BiT/PVP sample with 3.0 vol. % of PVP displayed a good
printing speed range which was enlarged over 50% of pure BiT gel. The obtained
results are useful for optimizing and setting the 3D printing parameters. Moreover, the

anisotropic 3D BTNFs/PVDF nanohybrids were successfully fabricated via FDM
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technique, BTNFs were synthesized via sol-gel followed by electrospinning method.
The BTNFs/PVDF 3D-nanohybrids with 20 vol. % BTNFs showed the highest
dielectric constant in cross-direction around 200 at frequency of 1 kHz at room
temperature, vs 13 of the pristine PVDF materials. In conclusion, FDM technique can
provide novel functionalities in dielectric components which is applied for complex-

shaped embedded capacitor applications.
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