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ABSTRACT

The main objective of this work focuses on the synthesis of functional
composite of TiO, nanoparticles in form of hybrid composite and p-n junction
composite and their applications. The composites were synthesized via ball-milling-
assisted process in combination with facile methods including mechanically stirring
method, homogenization and sol-gel process. Structural properties of as-prepared
composites were characterized by X-ray diffraction, field emission scanning electron
microscopy, transmission electron microscopy, X-ray absorption near edge structure
and X-ray photoelectron spectroscopy. Chemical properties of the nanocomposites
were investigated by Raman  spectroscopy and thermal differential ~analyses,
meanwhile their relevant optical properties were thoroughly investigated by UV-Vis
spectroscopy. Specific” surface area  of the nanocomposites “was determined by
Brunauer—-Emmett-Teller method. The hybrid nanocomposite was prepared by
mixing TiO, with copper phthalocyanine (CuPc) via ball milling process and
homogenization. Absorptivity in UV region-of the composite is heightened and
shifted to visible light due to strong absorbance in blue-green spectrum of CuPc. The
existence of CuPc in the hybrid composite may result to the decrease of
recombination of photo-injected electrons and reduction of charge transfer resistances
at the interface of TiO,. The p-n junction nanocomposites of TiO, were synthesized
by mixing TiO, with nickel oxide (NiO) via sol-gel ball milling process. The presence
of NiO on TiO, surface may retard the recombination of electron-hole pair and
enhance the number of electrons tunneling through the NiO layer at the interface.
These two composites were utilized as modified working electrode materials in dye-

sensitized solar cell "and photocatalyst for organi¢ pollutant degradation. The

[11
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!
corresponding results exhibited significant enhancement in their performance
comparing to bare TiO,.

|
Keywords: Nanocomposite, Titanium dioxide, Copper Phthalocyanine, Nickel oxide,

Ball milling process
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Among functional metal oxide semiconductors, Titanium dioxide (TiOs) is

currently

including

one of the most widely used materials due to its distinguished properties

wide optical band gap (~3.2 eV), strong ultraviolet absorptivity, and non-

toxicity. Owing to its excellent properties, TiO, is utilized in various applications

ranging from photocatalyst for organic pollutants degradation, the filler in polymer

matrix as

photo-carrier collector in optical devices, and electron transport layer in

optoelectronic device applications. However, the rather high recombination of

photogenerated electron-hole pairs and the weak absorption in visible region are its

major drawbacks. Therefore, various techniques have been proposed in order to

modify TiO, powder to overcome these inferiorities. A number of research works

have emp

oyed the advantage of comparably large surface area of TiO> nanostructures

such as th]in film structure, nanoparticle, nanorod, nanosheet and nanotube to improve

its perfor

appropria

mance [1-5]. Recently, it was also reported that TiO, incorporated with

e semiconductors in form of composite material is one of alternating

method f(Tr solving its disadvantages. The decreasing of the charge recombination and

the enhancement of the absorption in visible region of TiO, can be accomplished

when it is

M

incorporated with compatible materials in form of composites [6-8].

any group researches have dedicated on the preparation of TiO, composite

material by various potential processes such as dye coating process, sol-gel process,

mechanic

ally stirring process and ball-milling process ,etc. However, for practical

usage, the necessity of suitable method that can make the homogeneous dispersion

between

two materials is required. Among these processes, ball milling has been

chosen as a potential process for simple blending solid-state powder technique which

could produce homogenized powder. The idea in this research stresses on the

processes

that can effectively modify functionality of TiO, and improve its

performance in form of organic-inorganic hybrid composite and p-n junction

composite via ball-milling process assisted homogenization and sol-gel process. It is

believed

that TiO, in the composite form can retard the recombination of photo-



generated

electron - hole pair of TiO; and can increase the absorption capability in the

visible region of the composite. These functional composites were applied as

modifying working electrode materials in dye sensitized solar cell and the

photocata
1.2 Objec
Th

1.2.1

1.2.2

123

1.2.4

1.2.5

1.2.6

yst in dye photodegradation.

tive
is research is conducted in order to

Study the properties of precursor materials; titanium dioxide, copper
phthalocyanine and nickel oxide.

Study the meaning, classification, notable properties and applications of
composite, nanocomposite, hybrid nanocomposite and p-n junction
nanocomposite.

Study theories, principles and methods of synthesis; ball-milling process,
homogenization and sol-gel.

Study the principle of dye sensitized solar cell and the photocatalyst in dye
photocatalytic degradation.

Study the improvement of TiO, commercial powder properties and
mechanism of pure TiO; and TiO; in the nanocomposite form of hybrid and
p-n junction materials.

Study the appropriate preparation of TiO in form of nancomposite with

guest materials and the applications of TiO, nanocomposite.

1.3 Scope of Study

Th
1.3.1

1.3.2

1.3.3

1.3.4

1.3.5

e scope of this study is as follows,

Synthesis TiO; in form of hybrid and p-n nanocomposite with copper
phthalocyanine and nickel oxide.

Investigate the crucial preparation parameters of composite materials via
ball-milling process on functionality of TiO,.

Analyze the structural properties, morphology and optical properties of
synthesized materials in form of TiO, nanocompsite.

Prove the enhancement in performances of these utilizations in form of
TiO, nanocomposite comparing to pure TiO,.

Utilize TiO, nanocomposite for dye sensitized solar cell and photocatalytic

degradation application.




1.4 Expected Results

I.4.1 Properties and their applications of precursor materials will be
acknowledged.

.42 The meaning, classification, notable properties and applications of
composite, nanocomposite, hybrid nanocomposite and p-n junction
nanocomposite will be clearly understood.

1.4.3 Theories and principles of ball-milling process, homogenization and sol-gel
and the appropriate methods for synthesis in form of composite can be
clarified.

1.4.4 The relevant parameters such as ball-milled time, guest doping content,
post treatment temperature, affecting TiO, properties and functionality
will be notified.

1.4.5 The enhancement of efficiency in the applications with TiO,

nanocomposites will be proven.
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CHAPTER 2
THEORETICAL BACKGROUNDS

e main objective of this study is to understand relevant properties of starting
for composite synthesis, the meaning of composite, composite synthesis
and the application of hetero-semiconductor nanocomposite in DSSC and

degradation. In this chapter, the corresponding theories are also presented.

1ium Dioxide
.1 History of Titanium Dioxide
anium element was discovered in 1791 by William Gregor, in England. A

a black sandy substance in his neighborh(;od was studied, which led him to

his discovery and called it “menachanite”. Four years later, Martin H. Klaproth
encounter§d a new chemical element in this mineral and named it “Titanium or
Titans”. Tihis discovery was humongous monsters that ruled the world in Greek
mythology. The pure element of titanium was not able to use, hbwever, the suitable

structure and useful material is in the form of titanium oxide [9].

2.1.2 Structural and Properties of Titanium Dioxide
Titanium dioxide with chemical formula TiO,, is also known as titanium (IV)
oxide or titania. The physical feature of TiO, is fine white powder and its structure is

classified to 3 phases; anatase, rutile and brookite as shown in Figure 2.1(a) and (b),

respective
brookite p
lattice con
twelve ato

phase, bro

y. The crystalline structures of anatase and rutile phase are tetragonal but
hase is orthorhombic structure. A rutile unit cell contains six atoms, with
stants of ap = 4.593 A and ¢y = 2.958 A. An anatase unit cell contains
ms per unit cell with lattice parameters ag=3.785 A and ¢y = 9.511 A. Last

okite unit cell parameters are ap = 5.4558 A and ¢, = 5.1429 A with eight

atom per

unit cell. Anatase form is generally produced as white powder, whereas

rutile grade is often off-white depending on light reflectance in the physical form. The

appearanc

L

of brookite is usually in brown (sometimes yellowish or reddish brown or

even black) with a submetallic luster.

As a bulk material, TiO, in rutile phase is stable phase at high temperature

meanwhile anatase and brookite phase are obtained by solution-phase methods and



thermal process. Anatase phase nanoparticles with diameters ranging from 6-30 nm
are generally prepared from titanium (IV) isopropoxide and acetic acid. When
stronger acids are used, a fraction of the product usually consists of brookite
nanoparticles. Larger anatase particles are difficult to synthesize due to transformation
to rutile upon increasing treatment times and/or temperature. Brookite-phase
nanoparticles in range of 5-10 nm have been synthesized by thermolysis of TiCly in
aqueous HCI solution. High reaction product of brookite phase (up to 80%) was
strongly dependent on the concentration ratio of Ti:Cl. Rutile-phase-nanoparticles
have been prepared from TiCly or TiCly in HCI solution or from titanium (IV)

isopropoxide in nitric acid at pH = 0.5 [10].

(a)

Rutile Anatase Brookite

Figure 2.1 (a) TiO, powder and (b) crystalline structure of TiO, rutile, anatase and

brookite phase.



Table 2.1 Physical properties of TiO.

Physical properties of TiO,
Molecular weight 79.87 g/mol
Density 4.23 g/em’
Melting point 1870 °C
Boiling point 2972 °C
Porosity 0%
Dielectric constant (1MHz) 85
Thermal conduetivity (25°C) 11.7 WmK"
Electrical resistivity (25°C) 10" ohm.cm
Electrical resistivity (700°C) 2.5x10% ohm.cm
Young’s modulus 230 GPa

Source: Pollution Control Department [11].

The physical properties of TiO, are shown in Table 2.1. The typical properties
of TiO, include wide optical band gap (~3.2 eV), strong ultraviolet absorptivity, non-
toxicity, long-term chemical stability, excellent photocatalysis and high energy
conversion efficiency. Due to these distinguished properties, TiO, is utilized in
various applications ranging from photocatalyst for organic pollutants degradation in
water treatment process, the filler in polymer matrix for improving their optical
function as photo-carrier collector, and electron transport  layer in optoelectronic
device applications such as the working electrode material in dye-sensitized solar cell.

Commercial TiO; nanoparticle in this research is Degussa (Evonik) P25,
Aeroxide TiO; P-25. The physical-chemical properties of TiO, P-25 are shown in
Table 2.2. Because of its relatively high levels of activity, titanium dioxide
photocatalyst has been widely used in many photocatalytic reaction systems. TiO, P25
is typically composed of anatase and rutile crystallites with ratio 70:30 or 80:20.. The
co-presence of anatase and rutile crystallites can induce charge transfer of
photoexcited electrons and positive holes between interconnecting anatase and rutile
particles enhancing charge separation and improving the efficiency of utilization of

electron-hole pairs.



Table 2.2 Physical and chemical properties of TiO, P-25.

Properties Value
BET surface area 5015 m’/g
1'1\verage particle size 30 nm
Moisture <1.5%
gnition loss <1.5%
pH in 4% aqueous suspension 3-4
Structure ratio (Anatase:Rutile) 80:20
Density 3.98 g/em’
Titanium dioxide >99.5 %
Aluminum oxide <0.3%
Silica <0.01%
Fon oxide - <0.01%
HCl <0.3%

Source: Degussa [12]

2.2 Copper Phthalocyanine

2.2.1 Structural and Properties of Copper Phthalocyanine

Copper phthalocyanine (CuPc) with chemical formula C3;H;6CuNg is typically
bright blue with purple lustre powder and also known as monastral blue, phthalo
blue, helio blue, thalo blue etc. CuPc is a kind of phthalocyanine that is composed of

four macrocyclic compounds with a stable conjugated 7 system as shown in Figure

2.2. It is well-known for excellent resistance of chemical degradation, strong
absorptioT in blue-green region and good thermal stability [13]. The important
physical [Troperties of CuPc are shown in table 2.3.

The crystalline phases of CuPc are two different phases, the «- and f-

forms, that are both monoclinic crystalline structure. The « -phase structure has 4
molecules per 1 unit cell with a =259 A, b =3.8 A and ¢ = 23.9 A at a=92

meanwhile the S - forms has 2 molecules per 1 unit cell witha=19.4,b=4.8 A and
c=14.6 A at f=120". The f - form is more stable phase in chemical oxidization and

may be thermally derived over 200 °C from the « - phase [14]




(a) (b) ,

Figure 2.2 (a) CuPc powder and (b) molecular structure.

Table 2.3 Physical and chemical properties of CuPc [15].

Physical properties of CuPc¢
- —

Molecular weight

576.08 g/mol

Density

1.61-1.62 g/cm®

Melting point

g 20

Vapor Pressure 375x107" kPa at 384 °C

Water Solubility Not soluble

2.2.2 Optical Properties of Copper Phthalocyanine

The absorption of CuPc possesses two distinct broad bands. The first region
called Q-band covers the wavelength range of 600-900 nm. This absorption spectrum
in the visible region has generally been interpreted in terms of 7 -7  excitation
between bonding and antibonding molecular orbital of phthalocyanine molecules. The
second region in UV range (300-500 nm) is called B-band or Soret band that is
attributed to the transition of 7-d excitation in center atom of Pc occurs in this

absorption region [16]. This absorption is illlustrated in Figure 2.3.
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Figure 2.3 The optical absorbance of CuPc [16].

2.3 Nickel Oxide
2.3.1 Historical of Nickel

In the 17" century, a red colored ore was discovered by German miners and
believed that it was composed of copper element. From the characterization, copper
composition was though not detected. They thought that this element was useless and
labeled to “Kupfernickel™ or Old Nick's Copper. which meant false or bad copper.
Baron Axel Frederich Cronstedt, Swedish scientist, finally isolated nickel from an ore
closely resembling kupfernickel in 1751. Hence, he named this new element after the
traditional mineral. The oxidation state of Nickel is between -1 to +4 but the most
important oxidation state known primarily for its divalent compounds is +2. Blue and
green are the characteristic colours of nickel compounds illustrated in Figure 2.4(a)

[17].

2.3.2 Structural and Properties of Nickel Oxide

Nickel (I) oxide is the most well-known chemical compound of nickel with
the formula NiO as shown in Figure 2.4(b). It is classified as a basic metal oxide.
Several million kilograms are produced in varying quality annually, mainly as an

intermediate in the production of nickel alloys. NiO structure is face-centred cubic



10

(fcc) with Ni (II) and O site that is similar to NaCl which processes rock salt
structure. A rhombohedral unit cell of NiO with a; =2.9518 A, a = 6004.2’, 7 =1 and

space group R3mat 291 K. When the temperature is cooled at 77 K, the distortion
increases and parameters become a; = 2.9469 A and o = 60°12". At 523 K, NiO
transforms to fec structure with ap = 4.1684 A, Z = 4 and space group Fm3m and a
paramagnetic state simultaneously [18]. Similar to many other binary metal oxides,
NiO is often non-stoichiometric accompanied by a color change, meaning that the
Ni:O ratio deviates from 1:1. In nickel oxide, the stoichiometrically correct NiO is

being green and the non-stoichiometric NiO is being black [19].

(b)

Figure 2.4 NiO (a) powder and (b) chemical structure.

Table 2.4 Physical propertiesof NiO [19].

Physical properties of NiO
Molecular weight 74.69 g/mol
Density 6.67 g/em’
Melting point 1935 °C
Water Solubility Not soluble
Refractive index 2.1818

Lz = ¥ o o v = =2 R 1 Y o ¥ ¢y ¥
nansiiluenansianulidmsumsldanuienisdinwivintgu leygnlmhlulduselesimunism
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O is a natural p-type semiconductor material with a relatively wide bandgap

(3.64.0 ¢V) and excellent durability, large span optical density, chemical and

electrical stability. Therefore NiO is a very prosperous material and attracting features

extensivel

y used in catalysis, battery cathodes, gas sensors, electrochromic films,

super capacitor and magnetic materials [20-24].

2.4 Composite and Nanocomposite

2.4
Cao
are non-se
material fi
called “gu

structure

.1 Composite

mposite is the combination of two or more materials in microstructure that
bluble in each other. The main material is called “matrix” and the adding
or enhancing matrix properties that is the most of reinforcing material is
est phase”. The matrix material is generally a continuous and homogenous

meanwhile the guest phase material may be in form of fiber, flake and

particle. The materials in composite form are more effective in their performances

than tradit

ional form, for example, the enhancement of the strong property of concrete

by the reinforcement with steel and the increase of efficiency in epoxy by the

reinforcement with graphite fibers. Composite forms are classified in 3 types by the

reinforcement material; particle, flake or layered and fibrous materials [25]. The

structures

of these composites are shown in Figure 2.5.

.................

Febspr cnimfieniites

T‘igure 2.5 Types of composites based on reinforcement shape [25].
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articulate composites

ticulate composites are the guest particles that are randomly immersed in
ise such as alloys and ceramic. The advantages of particulate composites
roved strength, increased operating temperature and oxidation resistance.

bles of this composite type include aluminum particles in rubber, silicon

carbide particles in aluminum, and the component of concrete with gravel, sand and

cement.

e [Flake composites

0

e

Fl
of flake c
cost. How

in the mat

o]

ke composites are the flat reinforcements in matrix phase. The advantages
omposites are high out-of-plane flexural modulus, high strength, and low
ever, the efficiency of flake composites is limited by the difficult orientation

rix and a few materials for the guest materials.

‘ibrous composites

Fi

in matrix

rous composites are the reinforcement in form of short or long fiber mixed

hase. The examples of fibrous reinforcement are carbon and aramides. The

types of r‘natrices include polymer (epoxy), metal (aluminum), ceramic (calcium-

alumino silicate) and carbon.

2.4.2 Nanocomposites

Ne

nanomete

nocomposites consist of materials at least one of the phases in the range of

rs (10® m) that scale agreement in nanometer range is less than 100 nm.

Nanocomposite materials have emerged as suitable alternatives to overcome

limitation

related to

s of microcomposites and monolithics, while posing preparation challenges

the control of elemental composition and stoichiometry in the nanocluster

phase. These materials were reported on 21% century in the view of possessing design
uniqueness and property combinations that are not discovered in conventional
composit[as [26].

different

transmiss

The properties of materials in nanoscale show excellent per

formance that is

from bulk materials, for example, the improvement of elastic modulus,

ion rate for water vapor and the decrease of toughness and impact strength.
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»osites are categorized by their matrix materials, in three different

[26];

e Ceramic Matrix Nanocomposites

Thi
f

I

n

pioneerin
strengthe
suitable S

mechanisr

. Conseque

allowed

superior f

Me

alloy mat
materials
strength a

of materi

potential of ceramic matrix nanocomposites was revealed by the
work of Al,O3/SiC system. Most studies reported that the noticeable
ing of Al,O3 matrix was increased after adding low volume fraction of
C particle size in the mixture. Some studies have explained this toughening
n based on the crack-bridging role of the nanosized reinforcements.
ntly, the incorporation of high strength nanofibers into ceramic matrices has
he preparation of advanced nanocomposites with high toughness and

vilure characteristics compared to the sudden failures of ceramic materials.

Metal Matrix Nanocomposites

>tal matrix nanocomposites refer to materials consisting of a ductile metal or
rix in which some nanosized reinforcement material is implanted. These
combine metal and ceramic features, i.e., ductility and toughness with high
nd modulus. Thus, metal matrix nanocomposites are suitable for production

als with high strength in shear/compression processes and high service

temperature capabilities. They show an extraordinary potential for application in

many are

structural

Po

as, such as aerospace and automotive industries and development of

materials.

Polymer Matrix Nanocomposites

lymer materials are widely used in industry due to their ease of production,

lightweight and often ductile nature. However, some disadvantages were occurred

such as lo

approach

w modulus and strength comparing to metals and ceramics. One of effective

for improving mechanical properties is the addition of fibres, whiskers,

platelets qr particles as reinforcements to the polymer matrix.
|
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Milling Process
.1. Background and Perspective of Ball Milling Process

o
v

milling process has originated from ceramic and powder industrial
s for many years. The general objectives of milling process include particle
tion, amorphization, shape changing, agglomeration, solid-state blending,

broperties of a material and mixing or blending of two or more materials

e mechanical milling process in the first time was called ‘“Mechanical
MA)*’ that was used as the production of homogenous materials from
powder mixtures and the decrease of particle size. This process was
by John Benjamin and his group at the International Nickel Company
0.) in 1966 and published the first paper in 1970.  Nickel-chromium-
_titanium alloy was the primary alloy form synthesized via high energy

1] grinding by this research group. Later, the materials were produced in a

1 stirred ball mill that was the starting process for the synthesis of oxide

|

strengthened alloys in the industries. After that, this method was
y used as an effective synthesis technique for a large variety of materials
oys with Cu, Al, Mg, superconductors and ceramics [27].

e advantages of ball milling process have been proposed as follows [28];

formation cold welding and reduction of processing times.

oduction of a mixture with various elements.

rface-active agents which would produce fine pyrophoric powder as well as

ntaminate the powder are unnecessary.

lying on a constant interaction between welding and fracturing to powder

oduct with a refined internal structure, fine powders, reduced particle size

d stable phase.

5.2. Principles of Ball Milling Process

The ball-milling is generally used as a mechanical co-grinding of powders for

the reduc

tion of particle size, the synthesis of new materials and the increase of

homogeneous powder. The fundamental principle in mechanical milling devices is the

energy trr

nsfer between the milling media and powder during the impaction. The

mechanism of 'ball 'milling' is illustrated in ‘Figure 2:6. Cylindrical container called
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vials contdining balls with the rotation on roller is operated in this method. The
simulation| of the movement of balls and powder in vial is shown in Figure 2.6(a).
Trapping of particles is induced by ball collision that producing a space occupied

from a dense cloud, dispersion, or mass of powder particles.

(c) (d)

Figure 2.6 Ball milling operation (a) a randomly agitated movement of balls and
powder, (b) trapping and compaction of particles, (c) Agglomeration and

(d) release of agglomerated powder [27].
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Th(I: mechanism of the compaction in ball milling process typically has 3
stages to produce small particle and homogenous powder. The first stage, shown in
Figure 2.6(b), introduces the compaction of two balls and material for rearrangement
and restacking of particles. Deformation and fracture of particles and some fine
powder are initially raised at this stage by the energy transfer from the compaction. In
the second stage, the elastic and plastic deformation of particles and cold welding are
performed resulting to the agglomeration of particles as illustrated in Figure 2.6(c).
The involying particle fracture is released in further deformation and/or fragmentation

of the particles leading to a homogenous powder (Figure 2.6(d)).

2.5.3. Classification of Ball Milling System

The most common milling systems are planetary, vibrant, attritor and cannon-
ball types| The planetary and vibrant mills are mostly used in laboratories because of
their capacity in several grams. Whereas attritor or cannon-ball mills are chosen as the
industrial | application which the capacity can be synthesized in several tons of

powders [29].

2.5.3.1 Vibrant Mill

Vibrant mill or Shaker mill basically works with small vials containing sample and
grinding media at maximum volume of several 10 cm’. The operation is oscillated
linearly by one, two or three-axial translations with several thousand times per minute
as shown|in Figure 2.7. During the back and forth shaking motion in the vial, powder
and hard milling balls can cause the impact against each other and the end of the vial

resulting to both milling and mixing simultaneously.

b
1

Figure 2.7 Vibrant milling operation [29].




Siihvomyanan wizoaunmmanssils
17

2.5.3.2 Planetary Mill

Planétary mill is most commonly used for MA experiment in laboratory due to

the capacity of powder milling in a few hundred grams. The name of planetary ball

mill referT to the planet because of the rotation of vials around their own axes. The

vials are arranged on a rotating tray and moved in the opposite direction. The grinding

balls and

powder are flown in the vial by the centrifugal forces causing the friction

effect. After that, the balls lift off and move freely through the inside of vial and

collide ag
effect. Th

ainst the opposing inside wall by the gravity force resulting to the impact

e reaction in the planetary mill is illustrated in Figure 2.8.

Figure 2.8 Planetary milling operation [29].

2.5.3.3 Attrition Mill

An attritor is one of ball milling which consists of a vertical drum with a series

of impellers inside it as shown in Figure 2.9. Large quantities of powder (about 0.5 to

40 kg) can be milled in a stationary tank with the grinding media. When the impeller

rotates ir\

the chamber with high speed of 250 rpm, the reduction of particle size and

homogenous mixture are obtained by the impact between balls; balls and the container

wall and

the balls with the agitator shaft and the impellers. The laboratory attritor

works up to 10 times faster than conventional ball mills.

137187
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Water-cooled
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Figure 2.9 Attrition milling operation [27].

2.5.3.4 Cannon Ball Milling

The principle of cannon ball milling is operated by the horizontal rotation of
the vial around its revolution axis as illustrated in Figure 2.10. Some of powder and
balls are dragged by the inside wall and fall down by the gravity that inducing the
collision between material and balls. The friction and reduction of particle are induced
by these mechanisms which depend mainly on the rotation speed and diameter of the
vial [22]. In industrial application, this mill is widely chosen as milling instrument
due to high capacity at once of several tons of powders in the vial. However, the

milling period is longer than several hundred hours comparing to other methods.

Figuré 2.10 Cannon ball milling operation:[29].
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Energy in ball milling system may be classified as two types; one is high

energy ball milling and the other is low energy ball milling. For high energy ball

milling, t

he term “ball mills” is often replaced by the terms of “stirred ball mills” or

“attritions” because milling process is operated by high centripetal force with vertical

direction

time and

of its rotation. The advantages of attrition are able to take samples at any

making formulation adjustments during high energy ball milling. Attritors

stir the media in a stationary tank with a shaft attached arms or discs resulting in a

more efficient use of energy for the milling process. Further, attritor tanks are all

jacketed

hich allows for more precise temperature control during high energy ball

milling. Small particle size was obtained by this process comparing to conventional

ball milli

ng. Nevertheless, fracture is a problem of energetic, the propagation of the

initially-formed cracks, requires that the energy of elastic deformation should be at

least as high as the interfacial energy of the system [30]. Low energy ball milling is

consisted

balls as

of a cylindrical chamber rotating about a horizontal axis with either rods or

the milling media related to the conventional process. This process may

require increased milling times to produce homogenous and uniform products. Good

point of

this milling is relatively inexpensive and applies to in-house for an

economiqal price [31]. The potential for releasing in case of an emergency or power

failure is

2.6 Sol

reduced by low energy ball milling.

-Gel Process [32-33]

Sol-gel technique classified as one of bottom-up approach is described as the

formation of inorganic networks via condensation reactions of a molecular precursor

in a liqui

d. “Sol” is a stable dispersion of colloidal particles or polymers in a solvent.

“Gel” is a three dimensional continuous network of liquid phase to form a network

from sol

gelation. The reaction of sol-gel process is based on hydrolysis and

condensation of alkoxide-precursor materials that dispersed in water or dilute acid for

the sol-gel formation. Calcination is used for removal of liquid in the process resulting

to the production in oxide form. Sol-gel synthesis may be prepared materials in

various S

films as s

hapes, for example porous structures, thin fibers, dense powders and thin

hown in Figure 2.11.
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Figure 2.11 Schematic of sol-gel process.

The sol-gel method was developed in the 1960s and discovered for new
synthesis in the nuclear industry. The idea of sol-gel synthesis is to “dissolve” the
compound in a liquid in order to bring it back as a solid in a controlled manner.
Structure control, small particle size, homogencous material and reducing
agglomeration can be produced by this process. Multi component compounds are
obtained by preparing a controlled stoichiometry of mixing sols. Sol-gel technique is
not only reported to low cost method but also synthesizes the productions in

nanometer size. However, this method is needed the place without dust lower

sintering temperature.
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Sensitized Solar Cell

> sensitized solar cells (DSSC) are considered as one of the promising
ic solar cells that are effectively able to convert solar light into direct
C). DSSC is categorized into photoelectrochemical type because of redox
mechanism in its cell. DSSC has been extensively attracted to several
due to low production cost, simply fabrication and relatively high optical
efficiency. By varied colors from different dyes in devices and the
on flexible substrates, DSSC has been used as Building Integrated
ics (BIPV) such as flat roof, skylight. The conversion efficiency varies
-10 % depending on the module size and the technology is currently on the

scale.

.1 History of DSSC
SC was originated from the sensitized chlorophyll on a zinc oxide (ZnO)
n 1972. For the first time, photons were converted into an electric current

injection of excited dye molecules into a wide bandgap semiconductor. The

primary fu

the device

ndamental research was carried on ZnO-single crystals but the efficiency of

was somewhat poor. The main problem was small absorption of the

incident light on dye molecule layer. Therefore, nanoporous TiO; has been chosen as

working electrode material instead of ZnO because of roughness factor of ca. 1000.

The first d
Gritzel in

received

evelopment of DSSC efficiency up to 7 % was discovered by O’Regan and

1991. In following the years, the improvement of DSSC performance has

increasing attention and its drawbacks have been proposed how to

overwhelm this problem.

2.

.2 Structural and Material in DSSC

The schematic structure of DSSC is shown in Figure 2.12. DSSC is composed

of 3 main

functiona

parts; counter electrode, working electrode and electrolyte. Materials and

ities of each part are described in this section.
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Figure 2.12 Assembly of DSSC Structure.

2.7.2.1 Counter Electrode
The main function of counter electrode is the transition of electron from
outside circuit into electrolyte solution. The major functions. of counter electrode
should be good conductivity. high porosity and suitable excited catalyst. Platinum is
usually chosen as the counter electrode material because of its high electrocatalytic
activity. However, Pt cost is rather expensive comparing to other-materials therefore
carbon or conducting polymer are potential substitutions for counter electrode

material.

2.7.2.2 Working Electrode

1) Transparent Conducting Oxide-coated Glass Substrate

Transparent conducting oxide-coated glass is typically chosen as the substrate
for metal oxide photoelectrode. Low sheet resistance and high transparency in visible
light are required for high performance of DSSC. Indium-tin oxide (ITO) is one of the
most famous transparent substrate in solar cell application due to its low resistance at
room temperature. Nevertheless, non-stable property in ITO arises at high temperature
due to the increase of its resistance in air. Therefore fluorine-doped tin oxide (FTO)

can- be alternatively used as the transparent conducting glass substrate owing to
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comparably low sheet resistance, good conductivity and more stable at high
temperature. Moreover, an interesting alternative material for transparent conducting
substrate is flexible conducting plastic which has been introduced and studied

especially the commercialization of DSSC.

2) (
The
GaAs, InP

Dxide Semiconductor Layer
> photoelectrode materials in common solar cell device, for example Si,

and CdS, are mismatched for DSSC fabrication because of the corrosion of

the electrolyte in the device under irradiation. Therefore, oxide semiconductors are

the prefer
stability a
Furthermo,

DSSCs fo

ential materials in photoelectrochemistry because of their exceptional
igainst photo-corrosion on optical excitation in the band gap [30].
re, the large band gap (>3 eV) of the oxide semiconductors is needed in

- the transparency of the semiconductor electrode for the large part of the

solar spectrum [35]. Oxide semiconductors are used for a photoelectrode in DSSC
included ZnO, CdSe, CdS, WOs, Fe;03, SnO,, Nb,Os, Ta,Os and TiO,. For high
DSSC performance, TiQ; is chosen as the photoelectrode material due to good

T

e interesting properties of nanostructured TiO; electrodes have been studied

chemical

T

tability in solution, high porosity, nontoxic and cost-effectiveness.

for the development of DSSC efficiency. Controlling the morphology and interfacial

properties| of the nanostructured-TiO; electrode are related to high dye adsorption,

increased

the increa

3)

porous structure and convenient electron transfer on its surface, resulting to

se of DSSC performance.

Dye Sensitizer

Sensitized-dye molecules, deposited on metal oxide surface of working

electrode
properties
light and
delegated
are adsor

occurred

are function of light absorption and electron generation in the device. Good
of dye sensitizer are long-term chemical stability, high absorption in visible
non-toxic. Ruthenium (Ru) complexes developed by Grézel’s group are
for the most suitable dye photosensitizers. When anchoring Ru complexes
bed on TiO, surface by carboxyl groups, large effective electrons are

by the interaction between ligand and the conduction band of TiO, [35].

Nowadays, natural dyes extracted from plants such as chlorophyll, anthocyanin and

carotenoi

of “reduc

d have been extensively attracted as natural dye sensitizer for DSSC because

ing environment  pollutions and ‘low-cost” production 'comparing to'Ru




24

complex dye. Therefore the synthesis of natural dye is also one of methods for the

improvement in DSSC technology.

2.7.2.3 Redox Electrolyte

The ideal characteristics of the redox electrolyte in DSSC device have been

described

by Wolfbauer et al. (2001) as follows [34];

e Redox potential thermodynamically (energetically) favorable with respect to

the redox potential of the dye to maximize cell voltage;

e H

igh solubility to the solvent to ensure high concentration of charge carriers

injthe electrolyte;

e High diffusion coefficients in the used solvent to enable efficient mass

transport;

e Absence of significant spectral characteristics in the visible region to prevent

absorption of incident light in the electrolyte;

¢ Hijgh stability of both the reduced and oxidized forms of the couple to enable

]

)

ng operating life;

e Hijghly reversible couple to facilitate fast electron transfer kinetics;

e Chemically inert toward all other components in the DSSC.

The electrolyte used in the DSSCs commonly consists of iodine (I') and

triiodide

(1) as a redox couple ion that can compensate electrons between the

working electrode and the counter electrode. The compounds of iodides are in form of

salt such

in nonpr

as Lil, Nal, KI and tetraalkylammonium iodide (R4NI) that can be dissolved

dtonic solvent with other substances for improving the properties of the

electrolyte and the performance of the operation of DSSC.

2,
D

electrode

7.3 Operation Principle of DSSC
SSC is typically composed of dyed-metal oxide layer used as working

redox electrolyte and counter electrode. The mechanism of DSSC is

P

generally similar to plant photosynthesis, working on the mechanism of the excited

chloroph
of dye n;
layer tha

electroly

yll by sunlight. The beginning phenomenon of DSSC starts from excitation
rolecules with illumination. Dye consequently generates electrons to TiO
t are transferred to Pt counter electrode through an external load. The redox

te containing a reduction-oxidation couple of I'/Izion is used for oxidized dye
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compensation. This mechanism is illustrated in Figure 2.13. The voltage generated
under illumination corresponds to the difference between the Fermi level of the
electron in the solid and the redox potential of the electrolyte. Overall, the device
generates electric power from light without suffering any permanent chemical

transformation [36].

Conducting
glass

\. TiO, Dye Electrolyte Cathode

F 3
V54 Bl T,
Maximum
Voltage
0 4
0.5 1
10 4=

Figure 2.13 Principle of operation and energy level scheme of the dye-sensitized

solar cell.

2.8 Photocatalytic Reaction

Photocatalytic Reaction is one of advanced oxidation processes (AOPs)
defined as the acceleration of photoreaction in the presence of catalyst. Excited
energy in the reaction is reduced by the catalyst resulting to increasing reaction rate
but the product still equal the reaction without catalyst. The catalyst is responded to
light source and unchanged itself in the chemical reaction. The photocatalytic reaction
system is composed of photocatalyst, light source, water and oxygen or oxidant.
Semiconductors, such as TiO,, are chosen as the photocatalyst because of good
working functionality in near- UV and visible light source, high chemical resistance

and reusable material.
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When TiO; photocatalyst absorbs UV irradiation from sunlight or illuminated
light source (fluorescent lamps), excited electrons of the valence band (VB) are

promoted to the conduction band (CB) therefore the production of the negative-

electron (e, ) and positive-hole (4, ) pairs is obtained in equation 2.1;
TiO,+hv = egy + by . (2.1)

'O

Uy A< 2

2

2 0
CB

12

® VB

*‘OH

H,0

Figure 2.14 Mechanism of TiO; photocatalyst.

These electron-hole pairs can react in a redox reaction with other species on the
surface. The production of hydroxyl radical (OH") was easily occurred by the

reaction of 4, with water molecule (H,O) followed as equation 2.2. Whereas, the

reaction of e_, with oxygen (O,) leads to super oxide radical anions (O3 ) shown in

equation 2.3 [37].

H,0+h), - OH +H", (2.2)

0,+e;, — 07 . (2.3)

It has been suggested that the hydroxyl radicals and superoxide radical anions are the
primary oxidizing species in the photocatalytic processes as shown in Figure 2.14.
The reaction of super oxide radical with H,O may increase hydroxyl radical in the

system dLiC to decomposition of H,O, product as followed equation 2.4 and 2.5;
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0y +H,0 - H,0,, (2.4)

H,0, —» 20H". (2.5)

The hydroxyl is extremely powerful oxidation agent because of its potential. This

radical is
including

of dye or

very reactive and attack pollutant molecules to degrade into other species
carbon dioxide and water [38]. This mechanism is related to decolorization

complete mineralization as followed equation 2.6 and 2.7;

OH' +dye —> dye_, > (2.6)

dye. +O;or OH —— degradedomineralizaedproducts 2.7)

The majority of researchers assume that the photocatalytic degradation of most

organic compounds is described by pseudo first-order model [39];

wi

The integ

wi

relationsh

VG

obs i >

y. =

S (2.8)

iere 7, 1s the reaction rate,

t 1s the irradiation time,

C. is the molar concentration of substance and

k . is the observed pseudo first-order reaction constant.

[

ration of equation 2.8 results to the expression;

In—=—k, ¢ (2.9)

here C, is the initial concentration of substance. From equation 2.9, the

ip of In(C/Cy) and irradiation time is a straight line and £, is calculated

from a slope from this line.
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racterization

).1 X-ray Diffraction

X-ray Diffraction (XRD) is one of non-destructive analytical techniques which

are able t
physical
observing

incident a

Xk

crystalling

o reveal information about the crystal structure, chemical composition, and
properties of materials and thin films. These techniques are based on
the scattered intensity of an X-ray beam hitting a sample as a function of
nd scattered angle, polarization, and wavelength or energy [40].

XD is based on constructive interference of monochromatic X-rays and a

sample. X-ray beams are generated by a cathode ray tube, filtered to

produce rﬁvlonochromatic radiation, collimated to concentrate, and directed toward the

sample. When the incident beam passes through matter and interacts with the

electrons

the atoms

between }

n the atoms resulting to the scattering beam that illustrated in Figure 2.15. If

are organized in planes (i.e., the matter is crystalline) and the distances

he atoms are of the same magnitude as the wavelength of the X-rays,

constructive and destructive interference will occur. These results in diffraction where

X-rays ar
organized

with the

c emitted at characteristic angles based on the spaces between the atoms
in crystalline structures called planes. The interaction of the incident rays

sample produces constructive interference (and a diffracted ray) when

conditions satisfy Bragg's Law [41];

wi

nl=2dsin@, (2.10)

iere  # 1s an integer,
A 1s the wavelength of incident wave,
d 1s the spacing between the planes in the atomic lattice and

@ is the angle between the incident ray and the scattering planes.
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Figure 2.15 Diffraction of X-ray in material. .

The crystalline size of the solid material can be calculated from XRD peak in a

diffraction pattern from Scherrer’s equation as follows [42];

ey KA
fcosd’

(2.11)

where 7 is crystallite size,

2.
Sc

source ins

K is constant dependent on crystallite shape (0.9),
A is X-ray wavelength (1.5405 A),
B is full width at half maximum (FWHM) and,

0 is the angle of diffraction.

9.2 Scanning Electron Microscopy

anning Electron Microscope (SEM) is a microscope that uses electron

tead of light for inspecting topographies of specimens at high magnification.

The signals derived from electron-sample interactions reveal the information of the

sample including external morphology (texture), chemical composition, and

crystalline structure and orientation of materials. SEM has allowed researchers to

examine
materials

are more

a much bigger variety of specimens for example, electronic device or the

in the medical and physical science communities. The advantages of SEM

over than traditional microscopes. Large depth of field in SEM, a large

amount of a specimen can be in focus at one time and produces three-dimension

image of

specimen. Closely spaced specimens can be magnified at much higher levels
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ntrolled by electromagnets. All of these advantages, as well as the actual

strikingly clear images, make the scanning electron microscope one of the most useful

instrument

The

electron be
follows a
through el
sample. W
electrons a
secondary

a screen S

5 in today research.
starting SEM operation, incident accelerated electrons are produced in
sam at the top of the microscope by an electron gun. The electron beam

ertical path through the microscope in a vacuum system. The beam travels

ectromagnetic fields and lenses, which focus the beam down toward the

hen the bombarding electrons (primary electrons) collide with the sample,
nd X-rays are ejected from the sample. X-rays, backscattered electrons, and

electrons are collected by detectors and converted into a signal that sent to

imilar to a television screen for the production of final image [43]. These

phenome

W

The wvariety of signals

interaction

diffracted

a are illustrated in Figure 2.16.

are produced by primary electrons-sample
s including secondary electrons (SE), backscattered electrons (BSE),

backscattered electrons (EBSD), photons (characteristic X-rays), visible

light (cathodoluminescence; CL), and heat as shown in Figure 2.17. The production

of SEM images is occurred by SE and BES phenomena; morphology and topography

on sampl
valuable
analysis is

interaction

s performed by secondary electrons and backscattered electrons are most

for illustrating contrasts in composition in multiphase samples. SEM

considered to be "non-destructive"; that is, x-rays generated by electron

s do not lead to volume loss of the sample that let the repetition of SEM

measurement possible.




_/

g

%

SPECIMEN

SECONDARY ELECTRON
DETECTOR

31

}GUN

SPRAY APERTURE

FIRST CONDENSER LENS

SECOND CONDENSER LENS
DOUBLE DEFLECTION COIL

STIGMATOR
FINAL (OBJECTIVE)} LENS
BEAM LIMITING APERTURE

X-RAY DETECTOR
IWDS OR EDS)

PMT AMP
SCAN GENERATORS

TO DOUBLE —
DEFLECTION COIL

MAGNIFICATION CONTROL

Figure 2.16 Schematic of the operation in SEM.
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Figure 2.17 Interaction of the electron beam and sample in SEM.
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2.9!3 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is one of techniques using electron
beam for tLe sample imaging. Outstanding image resolution in bright and dark field
modes, the element mapping and the characterization of crystallographic phases and

their orientation can be obtained by TEM analysis [44].

The electron beam is generated at the top of the microscope by electron gun
and travels in the vacuum system in column. Electromagnetic lenses are employed for
controlling size of electron beam. The electron beam is focused on the sample.
Depending on the density of materials, some of transmitted electrons are detected at
the botton of microscope and hit to the fluorescent. The shadow image of the sample
is occurred in varied darkness according to their intensity. The image can be studied
directly by the operator or photographed with the camera. The components and

operation of TEM are illustrated in Figure 2.18.

Electron source

Electron beam

Specmen

Electro magnetic lense

Viewing screen

Figure 2.18 TEM instrument and schematic of the operation.
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2.9.4 X-ray Absorption Near Edge Structure

X-ray Absorption Near Edge Structure (XANES), also known as Near edge X-
ray Absorption Fine Structure (NEXAFS), is defined as the analysis of the spectra
obtained in X-ray absorption spectroscopy experiments. The partial density of the
empty states of a molecule is determined by specific element and local bonding-
sensitive spectroscopic analysis [45].

When a sample is attacked by X-rays, the oscillating electric field of the
electromagnetic radiation interacts with the electrons bound in an atom. Either the
radiation will be scattered by these electrons or absorbed and excite the electrons as

shown in Figure 2.19. A narrow parallel monochromatic x-ray beam of intensity (I)

passing through a sample of thickness (x) will get a reduced intensity (I) according to

the expression [46]:

(AL T s, (2.12)

where pu is the linear absorption coefficient, which depends on the types of atoms and
the density p of the material. When the photon energy is large enough, the photoeffect
in one of the core shells can occur. This result in the step-like shape of the absorption
spectrum: the increased photoabsorption cross-section due to the knocking-out of an
electron is called absorption edge (Figure 2.20). The energies of the absorbed
radiation at these edges correspond to the binding energies of electrons in the K, L., M,
etc, shells of the absorbing elements corresponding to the transition of an excited

electron [47].

Transmitted x-rays

e

/

Yisad ? PR (A %
Photoelectrons

Figure 2.19 X-ray mechanism in the material.
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Figure 2.20 Schmatic illustration of an X-ray absorption edge [46].

X-ray absorption spectrum is generally divided into 4 sections;
1) Pre-edge (E < E).
2) X-ray absorption near edge structure (XANES), where the energy

of the incident x-ray beam is E = E + 10 eV,

3) Near edge x-ray absorption fine structure (NEXAFS), in the region
between 10 eV up to 50 eV above the edge.

4) Extended x-ray absorption fine structure (EXAFS), which starts
approximately from 50 eV and continues-up to 1000 eV above the

edge.

In the XANES region, transitions of core cleetrons to non-bound levels with
close energy occur. Because of the high probability of such transition, a sudden raise
of absorption is observed. In NEXAFS, the ejected photoelectrons have low kinetic

energy (E-E is small) and experience strong multiple scattering by the first and even

higher coordinating shells.
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2.9.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is one of quantitative spectroscopic
technique and nondestructive method for studying elemental composition, empirical
formula, chemical state and electronic  state within a material. XPS spectra are
obtained by irradiating a material with soft X-rays beam and measuring the kinetic
energy and number of electrons that escape from depths greater than 10 nmin the

material [48]. A diagram of a typical XPS instrument is illustrated in figure 2.21.

ENERGY ANALYZER

AL X-RAY SOURCE

ELECTRON
QPTICS

Figure 2.21 Basic components of XPS system.

Photoelectron spectroscopy is based upon photoelectric-effect given by the

Einstein relation;

E=hv, (2.13)

where A is Planck’s constant (6.62x10‘34 I's)

v is frequency of the radiation (Hz).

In XPS, the photon is absorbed by an atom in a molecule or solid, leading to
ionization and the emission of a core (inner shell) electron. First, the energy of an
incident photon (hv) is transferred to a bound electron. If the energy is greater than the

binding energy of the electron and overcomes the work function (¢) of the solid, the

photoelectron will occur followed as Figure 2.22 and equation 2.14 [49];
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Figure 2.22 Schematic representation of the photoemission.

Avhv > A +e +¢ (2.14)

Due to the emission of the electron, the inner shell of the atom (A) is ionized. The

energy conservation requires as shown in equation 2.15:

E(A)+hv=EMA)+E(e)+¢. (2.15)

Since the electron's energy is presented as Kinetic energy (KE). Equation 2.15 can be
rearranged to give the following expression -(equation: 2.16) for the KE of the

photoelectron;
KE =hv—[E(A)—-E(A)]-¢. (2.16)

The final term in brackets, representing the difference in energy between the ionized
and neutral atoms, is generally called the binding energy (BE) of the electron leads to

the following commonly quoted equation 2.17;

KE=hv—BE—-¢ (2.17)



2.9
Ra

or Raman

the laser

phonons o
shifted up

Raman ef]

low frequ

solid, liqu

Th

determine

is induced

periodical
[50]. Am

monochro

37

.6 Raman Spectroscopy

man spectroscopy is a spectroscopic technique based on inelastic scattering
scattering of monochromatic light, usually from a laser source. Photons of
light are absorbed by molecules in sample resulting to emission of
r other excitations in the system. Frequency of the reemitted photons is
or down in comparison with original monochromatic frequency called
fect. This shift provides information about vibrational, rotational and other
ency transitions in molecules. Raman spectroscopy can be used to study

d and gaseous samples.

e Raman effect is based on molecular deformations in electric field (E)
d by molecular polarizability (c). The electric dipole moment (P); P=« E
by the interaction in sample resulting to deformed molecules. Because of
deformation, molecules start vibrating with characteristic frequency (v,,)
plitude of vibration is called a nuclear displacement. In other words,

matic laser light with frequency v, excites molecules and transforms them

into oscillating dipoles. Such oscillating dipoles emit light of three different

frequencie

1.

frequency

irradiation

elastic col

2.

the time o

transferred

of scattere

frequency

3.

s (Figure 2.23) as follow;
A molecule with no Raman-active modes absorbs a photon with the
vg. The excited molecule returns to the initial vibrational state and emits

with frequency v, as an excitation source. This type of interaction is an

ision and called “Rayleigh scattering”.

A photon with frequency vy is absorbed by Raman-active molecule which at
f interaction is in the basic vibrational state. Part of the photon’s energy is
to the Raman-active mode with fréquency vn and the resulting frequency

d light is reduced to v,—v,. This Raman frequency is called “Stokes

3

’ or “Stokes scattering”.

(\ photon with frequency v, is absorbed by Raman-active molecule, which,

at the time of interaction, is already in the excited vibrational state. Excessive energy

of excited

state and

frequency

Ramanactive mode is released, molecule returns to the basic vibrational

he resulting frequency of scattered light goes up to v, +v, . This Raman

is called “Anti-Stokes frequency” or “Anti-Stokes scattering”.
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Figure 2.23 Raman transitional schemes.

2.9.7 Thermogravimetric Analysis [51]

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a type of
testing materials that determines the change of weight as function of temperature or
time in a controlled atmosphere. TGA technique relies on a high degree
of precision in three measurements: weight, temperature, and temperature change due
to decomposition, oxidation, or dehydration of weight loss. TGA schematic operation
is illustrated in Figure 2.24. A sample pan supported by a precision balance is placed
in a furnace and heated or cooled during the experiment. The mass of the sample is
monitored during the experiment under inert or a reactive gas in order to prevent
oxidation or other undesired reactions.

TGA is a process that utilizes heat and stoichiometry ratios to determine the
percent by mass of a solute. Analysis is carried out by raising the temperature of the
sample gradually and plotting weight (percentage) against temperature. The
temperature in many testing methods routinely reaches 1000°C or greater. After the
data are obtained, curve smoothing and other operations may be done to find the exact

points of inflection.
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Figure 2.24 Basic components of TGA system.

2.8.8 Ultraviolet-Vis Spectroscopy [52]

Ul
Vis) refer,

traviolet—visible spectroscopy or ultraviolet-visible spectrophotometry (UV-

s to absorption spectroscopy or reflectance spectroscopy in the ultraviolet-

visible spectral region. A diagram of the components of a typical spectrometer is

shown in

into its

Figure 2.25. A beam of light from UV and visible light source is separated

component wavelengths by a prism or diffraction grating. Each

monochromatic beam in turn is split into two equal intensity beams by a half-mirrored

device. O

(cuvette)

solvent. T|
only the s
electronic

little or n

defined a

ne beam, the sample beam, passes through a small transparent container
containing a solution of the compound being studied in a transparent
he other beam, the reference, passes through an identical cuvette containing
olvent. The intensities of these light beams are measured and compared by
detectors. The intensity of the reference beam, which should have suffered

o light absorption, is defined as Ip. The intensity of the sample beam is

I. Over a short period of time, the spectrometer automatically scans all the

component wavelengths in the manner described.
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Figure 2.25 Basic components of UV-Vis spectrometer.

2.9.9 DSSC Measurement

DSSC is the type of photovoltaic device, which converts incident light to
electrical |energy. Generation of electrical power under illumination is achieved by the
capability of the photovoltaic device to produce voltage over an external load and
current through the load synchronously [53]. DSSC efficiency is typically
characterized by the current-voltage (/) curve of the cell at certain illumination and

temperature as illustrated in Figure 2.26.
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current

voltage

Figure 2.26 Current-voltage (I-F) curve of a photovoltaic cell.

Maximum current or short circuit current (/sc), is generated by the short
circuit condition under illumination. At an open-circuit condition, the absent current
provides the maximum voltage that called the open-circuit voltage (Voc). The point in
the IV-curve yielding maximum product of current and voltage, i.e. power, is called
the maximum power point (Py). The voltage and current at Py are signified as /'y and

I, respectively. Another important characteristic of the solar cell performance is the

fill factor (FF), which is defined as,

V,\/ 'IAI
V., el

.
oc

FF = , (2.18)

NE

and solar energy conversion efficiency (77) can be calculated by the relation

expressed in Eq. (2.19) [54];

77(%)=%“LXIOO=KM—X—1M><IOO=VU(.><1S(.><FF, (2.19)

m m
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e efficiency of the solar cell highly depends on the temperature of the cell,

and which is even more important, on the quality of the illumination, i.e. the total

light inte
used for

distributi

temperatu

I-

includes

nsity and the spectral distribution of the intensity. In the standard condition

testing of terrestrial solar cells the light intensity is 1000 W/m?, the spectral
an of the light source is that of AM1.5 global standard solar spectrum, and
re of the cell is 25°C.

k

t

7 characteristic is evaluated by solar cell I-V measurement system that

he light source, the measurement electronics, computer, and software. Its

solar simulator illuminates the test device while the electronic load sweeps the cell

voltage fr

The syste

printable
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are being

in form 01
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electrode
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and widel
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environm

pollutants
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of photog
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nanotech

increasin

om a reverse-bias condition, through the power quadrant, and beyond V..
m's computer gathers data, calculates solar cell parameters, generates

test reports, and saves test data in text files.

erature Reviews

miconductor materials with superior physicochemical and optical properties
employed in diverse applications. One of the most potential semiconductors
f metal oxides is TiO, because of its unique electronic band structure since
twentieth century. In 1972, the photocatalytic splitting of water on TiO;
under UV illumination for producing hydrogen and oxygen gas was

by Fujishima and Honda. This discovery of TiO, photocatalyst is sparked
y propagated for the researches of TiO, material as a possible approach.
mising applications of TiO, can be roughly divided into energy and
-ntal categories. TiO, is utilized in ranging from photocatalyst for organic
degradation in water treatment process [55-56], the filler in polymer matrix
dving their optical function as photo-carrier collector [57], and electron
layer in optoelectronic device applications such as the working electrode
in dye-sensitized solar cell [58-60]. However, the rather high recombination
snerated electron-hole pairs and the weak absorption in visible region are its
wbacks [61-62]. Therefore, various techniques have been proposed in order
/ TiO, to overcome these inferiorities. With the rapid development of
rology, appropriated TiO, nanostructures in various forms are designed for

g performance in several applications because of their specifically size-

related properties. The discrete energy band structure has been occurred in nanometer-
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». The photophysical, photochemical, and surface properties are quite

from the bulk ones due to the quantum size effect. Therefore, many works

have focused on the synthesis of nanocrystalline TiO, with a large specific surface

area [63].|Higher porosity and small grains of TiO, can be obtained by modifying in

thin film

structure that corresponds to high surface roughness and low contact angle.

This research was improved by L. Andronic and coworker [64]. Increasing surface

area of Ti0, photocatalyst for the development of hydrogen gas production with good

photocatalytic activity was received by TiO, nanocrystalline mesoporous that was

researched by I. Jitputti and group [65]. TiO; structures of nanorod, nanowire and

nanotube

were designed for the increase of surface area and electron-hole transfer that

‘applied to| light waveguide and the template materials in optical device [66].

Due to high cost of synthesized system for the production of TiO;

nanostructures, the incorporation with appropriate semiconductors in form of TiO,

composite material is one of the alternating methods for solving its disadvantages.

Metal, metal oxide and non-metal are chosen as the guest materials in TiO,-based

composites in order to enhance itsperformance for various applications. K.H. Ko et al.

reported that the increasing of open circuit voltage and short circuit current in DSSC

was attained by doping aluminum and tungsten into TiO, [67]. Yuning Huo and co-

workers teported that the efficiency of photocatalytic activity of TiO, could be

improved

by doping Lanthanum (La) into TiO,, which might hinder the

photoelectron-hole recombination and also facilitate the adsorption for reactant

molecules and photons [68]. L.R. Hou ef al gave the report on decreasing the

recombin

ation of electron-hole pairs in photoreactivity using SnO,/TiO; nanotube

composite [69]. Yue-hua Xu et al. synthesized Cu,O-TiO, photocatalyst with efficient

photocatalytic degradation due to the existence of CuO on the surface of TiO, that

can effectively trap electrons of TiO,, thereby avoiding electron-hole recombination

[70]. Y. Xiaodan ef al. successfully enhanced visible light absorption of TiO, using

ZnS/TiO,| nanocomposite [71]. J. Li et al. proved that the significant visible light

response

obtained

and strong increase of photocurrent under UV and visible range were

(
y N-doped TiO, [72]. Teruhisa Ohno and colleague reported that strong

absorption in visible light and high activities in photocatalytic degradation could be

obtained by doping sulphur in TiO; matrix [73]
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cently, it has been also reported that the idea for improving the performance
n form of organic—inorganic hybrid nanocomposite, which is one of the
techniques. M. Wang and workgroup reported that the photoelectric
h in solar cell could be increased by PPV/TiO, hybrid nanocomposite [74].

Yunfeng

photoresp
Xifeng Lt
visible reg
C3Ny/TiO

in the cor

hu et al. were able to synthesize P3HT on TiO, surface to ameliorate its
onse in visible range, leading to an effective photocatalytic reaction [75].
1 and co-workers reported that significant increase in optical absorptivity in
vion and improvement of TiO, photocatalytic activity were achieved by g-
» hybrid composite because of the existence of N-Ti-O and N-Ti-N bonding
posite [76]. A. Nakajima and colleague reported on high transparent and

the reduction of excitation in the visible wavelength range by using Keggin ions in

TiO; hyb
workers

photocata
matrix an
of MWCh
efficiency
carbonace
Lin and g
against gr.
Typically/
phthalocy
absorptior
functional
photovolt:
that MPc
workers 1

photocata

hybrid cor

id film composite ([PW,Mo,,, 0,,"/TiO,) [77]. Won-Chun Oh and co-

reported that improving quantum efficiency and charge transfer of
yst in organic degradation were obtained by synergistic effect between TiO,
d fullerene [78]. L. Tian and co-workers reported that the photoabsorbance
NT/TiO, hybrid nanocomposite materials in the visible light region and the
of visible-light degradation could be enhanced by the formation of the
ous Ti~C bonds on the interface between TiO; and MWCNTs [79]. W.C.
‘oup reported that the TiO,/Ag hybrid particles showed antibacterial activity
am-negative E. coli both in the presence and absence of UV irradiation [80].
the potential organic material for loading in the composite is metal
anine (MPc) because of excellent resistance of chemical degradation, strong
1 in blue-green region and good thermal stability. MPc has been utilized as
material in many applications such as diode, transistor, gas sensor and
iic device. Meanwhile the research of pollutant photodegradation disclosed
photocatalyst exhibited good performance in this process. P. Borker and co-
eported that MPc is typically good photocatalyst under solar light in
ytic activity for complete degradation of Naphtho! Blue Black [81]. The

mposite of MPc and TiO, nanostructure has been intensively investigated, in
(

particular) the improvement of UV and visible light absorption, the modification of

charge tr

H.Machad

range and

ansfer and the decrease of charge recombination in TiO,. Antonio E.
o ef al. reported that the enhancement of absorption spectra in UV-visible

a good photocatalytic reaction of wastewater were well accomplished by
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TiOy/ZnPc composite [82]. V. Iliev and co-workers gave the report on the
improvement of sulfide and thiosulfate ion photoxidation under visible light using
phthalocyanine modified TiO, or WOs-catalysts [83].

In semiconductor material, charge separation is occurred by the presence of
schottky barrier. However the ideal Schottky barrier is absent in nanocrystalline
semiconductor materials resulting to the deficiency of driving force for charge
separation. A potential gradient arising from varying degree of electron accumulation
with in the semiconductor particles acts as a driving force for transport of injected
electrons [84]. Meanwhile, the presence of p—n junction would be one of the methods
to introduce the potential gradient that is interesting for new functional form of
composite. J. Bandara and research group studied on the increase of sensitized
photocurrent, photovoltage and electron transfer by coating nanocrystalline SnO, thin
film with a thin layer of p-type NiO (85]. C. Shifu and coworker discovered that the
separation of photo-excited carriers and the photocatalytic activity were enhanced by
the formation of relative p-n junction of Fe-Ti0,/Ti0O, photocatalysts [86]. L. Xiong
and research group reported that the effective stability of oxidative energy in energy
storage was obtained by p-n junction TiO,/Ni(OH), composite. The electrical
neutrality will be retained by the intercalation of the anions or the deintercalation of
the cations providing ion consistency in the system [87]. X. Li et al. gave a report on
increasing the separation of photogenerated electrons and hole by the internal electric
field from p—n junction between p-type Bi,O3 and n-type Bi, WO interface [88].

A number of techniques of the synthesis of TiO, composite were recently
reported, including dry mixing, the sol—gel process, chemical deposition mechanical
magnetic stirring method and hydrolysis [89-93]. However, for practical usage, the
necessity of suitable method that can make the homogeneous dispersion between two
materials is required. Among these processes, ball milling has been chosen as a
potential process for simple blending solid-state powder technique which could
produce nanocrystalline powder [94]. High energy ball milling process can reduce
particle size because of their high smashing between the materials—materials and
material-internal wall of the vial. High temperature and the accumulation of defects
in powder were produced by this method therefore low-energy ball milling process is
a kind of method for composite synthesis. The advantages of low-energy ball milling
process are reported that it is simple and cost-effective process. Nanocrystalline

powder is not only produced in this process, but also theattrition in equipment is
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reduced because of its negligible heating by impact [95]. R. Angers and colleague
were able to synthesize uniform composite of b-SiC particles in the 2024 aluminum
matrix resulting to the enhancement of mechanical properties especially yield strength
and Young’s modulus [96]. K.Y. Zhao and co-worker successful produced bulk
nanocrystalline aluminum from aluminum elemental powders using low-energy ball
milling at{room temperature [97]. The electrical conductivity, density and compaction
of Cu-AlO; composite were improved by low-energy ball milling process. This
research was carried out by Z. Hussain and group [98].

In|this work, we report on the synthesis of TiO, nanocomposite based on ball

milling pwocess at low temperature. We believed that the assisted process with ball
milling could improve the dispersién of guest material in TiO, matrix and the

homogeneity in the composite form.
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CHAPTER 3
EXPERIMENTS

The synthesis TiO; nanocomposite with CuPc and NiO are described in this
chapter. The utilizations of these composites for DSSC and photocatalytic degradation

are also explained.

3.1 Materials and equipments
3.1.1 Materials and Equipments for TiO, Nanocomposite Synthesis

Precursor materials

1) TiO, nanoparticles P-25, Deguessa

2) CuPc (C3;H,6CuNg) with dye content of 97% ,Aldrich
3) Nickel (II)-acetate tetrahydrate ,Aldrich

4) Ethanol solution (Absolute and 95%)

5) Diethanolamine; DEA

Figure 3.1 Photograph of precursor materials for modified-TiO, nanocomposite

(a) TiO, P25, (b) CuPc and (¢) nickel (II)-acetate tetrahydrate.



48

Equipments

)]
2)

3)
4)
S)
6)
7)
8)

Zirconia balls with diameter 1.45 and 5.36 mm.

Cylindrical plastic vial of height 7.7 cm. and inner diameter
4.5 cm.

Rotation bar with speed adjustment

Magnetic stirrer with heater

Homogenizer with speed adjustment

Oven

Mortar

Crucible

Figure 3.2 The equipments in the experiment (a) zirconia balls, (b) cylindrical plastic,

(¢) magnetic stirrer, (d) rotation bar and (¢) homogenizer.
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Materials and Equipments of DSSC and Electrolyte for the
Utilizations of TiO, Nanocomposite

1) As-prepared TiO, nanocomposite

2) Deionized water (DI)

3) Fluorosilicic acid binder

4) Fluorine-doped tin oxide substrate (FTO, 15Q/0)

S) N719 .dye solution [cis-bis(isothiocyanato)bis(2,2'-bipyridyl-

4 4'-dicarboxylato)-ruthenium (II)bis-tetrabutylammonium]

6) lodine (I2)

7) Litium iodine (Lil)

8) Ethylene carbonate

9) Propylene carbonate

rimental

Synthesis of TiO; Nanocomposite

3.2.1.1 Preparation of TiO,/CuPc Hybrid Nanocomposite

The speed of ball-milling process for the synthesis of TiO,/CuPc
hybrid nanocomposite with a ball-to-powder weight ratio 30:1 is fixed
at 100 rpm because D-direction in the vial for the attack between balls
and substance is obtained by this speed.

CuPc was loaded in ethanol solution with a ball-to-powder weight ratio
of 10:1 via ball-milling process for 18 h at room temperature. After
that, CuPc solution was stirred at 120 °C until ethanol completely
evaporated and kept at 100 °C for 24 h. CuPc obtained by this process
was recognized as ball-milled CuPc.

CuPc and TiO, were loaded with ethanol solution via ball-milling
process for 5, 12, 18 and 24 h. This condition is determined to the
suitable time for homogenize powder between TiO, and CuPc.

The synthesis of TiO,/CuPc hybrid composites was carried out via
homogenization and ball-milling process by four different methods as

follows:
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Method 1 (CM1): CuPc was mixed with TiO; in 100 ml ethanol
solution using homogenizer at room temperature with speed of 7000
rpm for 30 min and stirred at 120 °C until ethanol completely
evaporated. As-prepared solid precipitate of TiO»/CuPc nanocomposite
was dried at 100 °C for 24 h. The composite in method 1 was

recognized as CM1.

Method 2 (CM2): Ball-milled CuPc was obtained and introduced into
TiO, dispersed in 100 ml ethanol solution. The suspension was
homogenized at 7000 rpm for 30 min and stirred at 120 °C until
ethanol completely evaporated. As-prepared solid precipitate of
TiO»/CuPc nanocomposite was dried at 100 °C for 24 h. The

composite in method 2 was recognized as CM2.

Method 3 (CM3): Ball-milled CuPc was then supplied to TiO;
dispersed in ethanol solution for ball milling process conducted at
room temperature. After that, the suspension was stirred at 120 °C until
ethanol completely evaporated. As-prepared solid precipitate of
Ti0,/CuPc was dried at 100 °C for 24 h. The composite in method 3

was recognized as CM3.

Method 4 (CM4): Ball-milled CuPc was mixed with TiO, dispersed in
100 ml ethanol solution by homogenizer at room temperature with
speed of 7000 rpm for 30 min. The suspension was stirred at 120 <C
until solid precipitate was obtained. After that, the solid precipitate was
milled at room temperature. After that the suspension was stirred at
120 <C until ethanol completely evaporated. Finally, as-prepared solid
precipitate of TiO»/CuPc was dried at 100 <C for 24 h. The composite

in method 4 was recognized as CM4.

The ratio of loading CuPc in 5 g of TiO, nanoparticle for all
methods was fixed at 0.05, 0.1, 1 and 2 wt.%. For comparison to four
methods, TiO, nanopowder was used as the reference powder in the

applications.
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3.2.1.2 Preparation of TiO,/NiO p-n Nanocomposite

1) The speed of ball-milling process for the synthesis of TiO,/NiO
nanocomposite with a ball-to-powder weight ratio 30:1 is fixed at 80
rpm because D-direction in the vial for the attack between balls and
substance is obtained by this speed.

2) The period for TiO»/NiO nanocomposite in ball-milling process were
varied as 5, 12, 18 and 24 h. This condition is determined to the
suitable time for homogenize powder between TiO; and NiO.

3) Nickel acetate tetrahydrate was dissolved in 10 ml absolute ethanol and
1 ml DEA and was stirred at 80 °C for 2 h. Afterwards, the gel solution
was supplied to TiO, dispersed in ethanol solution via ball milling for
18 h. The suspension was stirred at 100 °C until the ethanol was
completely evaporated. The as -prepared solid precipitate of TiO,/NiO
was dried at 100 °C for 24 h. The ratio of NiO loading onto 3 g TiO,
were fixed at 0.1, 1, and 2 wt%. Finally, the composites with varied
amounts of NiO in TiO; were heated in air at 350, 450, and 550 °C for
2 h, respectively.

2.2 Fabrication of DSSC with TiO,-Nanocomposite Based Working
Wlectrode
3.2.2.1 Fabrication of DSSC with TiQ,/CuPc Working Electrode
1) 1 g of each hybrid composite was blended with 2 ml deionized
water and fluorosilicic acid binder. After that the mixture was
ground in a white mortar for 5 min.
2) The blue TiO,/CuPc colloid was deposited on FTO substrate by
doctor blade technique. These working electrodes were dried at
150 «C for 1 h in ambient air, followed by immersing in
concentration 3x10* mol of N719 dye solution at room
temperature for 24 h in dark environment. Finally, TiO,/CuPc
working electrodes in each method were obtained.
3) DSSC was designed in the sandwich structure with TiO,/CuPc
working electrode and platinum film coated on FTO counter

electrode. Para polymer film was inserted between both
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electrodes to prevent short circuit of the device. The structure
of DSSC is shown in Figure 3.3.

4) Liquid electrolyte consisting of 0.1M [, 0.5M Lil, and 0.5M
ethylene carbonate in 10 ml propylene carbonate was finally

filled in the device.

Pton FTO Substrate for
counter electrode

~ Liquid Electrolyte

Para film

\ —— _ N719 dye solution

TNP/CuPc composite layer

- FTO Substrate for working
electrode:

|
|
|
|

Figure 3.3 The sandwich structure of DSSC with TiO,/CuPc¢ modified working

electrode.

3.2.2.2 Fabrication of DSSC with Ti0,/NiO working electrode

1) 0.2 g of each loading amount of NiO was blended in TiO, with
a few drop of acetic acid, 2 ml of deionized water and Triton-X
binder. After that the mixture was ground in a white mortar for
5 min.

2) TiOy/NiO colloid was deposited on the top part of the dense
layer on FTO substrate by doctor blade technique. These
working electrodes were dried at 100 °C for 1 h in ambient air,

followed by annealing at 450 °C for 1 h.
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3) The working electrodes were immersed in a concentration
3x10™ mol of N719 dye solution at room temperature for 24 h
in the dark. Finally, TiO2/NiO working electrodes in each
method were obtained.

4) DSSC was designed in the sandwich structure with TiO2/NiO
working electrode and platinum film coated on FTO counter
electrode. The para polymer film was inserted between both
electrodes to prevent short circuit of the device. The structure
of DSSC is shown in Figure 3.4.

5) The composite gel electrolyte consisting of 3 ml of 6 g
polyethylene glycol (PEG-6000) dispersed in 10 ml acetonitrile
with 0.05 M I,, 0.5 M KI, 0.2 M ¢-butyl pyridine, and 0.2 g
TiO, P-25 was finally made to fill into the device. The
efficiency of composite gel in DSSC was compared with liquid

electrolyte that used as in the part 3.2.2.1

|
|

Figure 3.4 The sandwich structure of DSSC with TiO,/NiO modified working

electrode.
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3.2.3 Photocatalytic degradation with TiO,-nanocomposite photocatalyst

Rhodamine B (RhB) is a chemical compound and a kind of dye. RhB structure
is shown in Figure 3.5. Rhodamine dyes are extensively utilized in biological
treatment and industry, for example, tracer within water, fluorescence microscopy,
staining fluorescent dye and dye laser. Due to high dye requirement, coloured
organics and dye pollutants are emanated as a waste from dyeing process. Therefore
RhB is used as model organic dye for studying its photodegradation under UV

illumination.

(CH;CHy) N

Figure 3.5 RhB chemical structure.

For dye degradation process, the experiment was proposed as following;

1) 50 mg of TiO,/CuPc nanocomposites and TiO, P25 were dispersed in 1x107°

mol/C of RhB solution as illustraed in Figure 3.6.

Figure 3.6 RhB'solution.
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4)

5)
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Stirred for 20 min in the dark to obtain absorption/desorption equilibrium
between RhB and the catalyst surfaces.

This solution was irradiated in UV exposed system at room temperature as
shown in Figure 3.7. The system is composed of 2 UVA lamps (10 W, 0.1
mW/cmz) and 1 UVB lamp (15 W, 0.2 mW/cmz). The distance between UV
lamp and sample is approximately 10 cm. The irradiation is continuously until
the decolorization is complete reaction.

In addition, RhB solution were carried out with the absence of photocatalyst
and ball milled TiO; at various time as controlling condition in this section for
comparing to the reaction under UV irradiation.

RhB degradations were investigated each 5 min until completely in 30 min.
Dye degradation was investigated by its absorbance at maximum wavelength

of RhB at 554 nm via UV-Vis spectrophotometer.

Figure 3.7 UV illumination system.
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3.3 Ch%racterizations

3.;3.1 Scanning Electron Microscope

The morphology of pure TiO,, as-prepared TiO, nanocomposites and modified
working électrode of TiO, nanocomposite were monitored by field emission-scanning
electron microscope (Hitachi S-4700) and scanning microscope (JEOL JSM-6340F).

Sample sf;rface was coated by gold particle for enhancing conductivity.

Figure 3.8 (a) Field emission-scanning electron microscope (Hitachi S-4700) and

(b) Scanning microscope (JEOL JSM-6340F).

3.3.2 Transmission Electron Mieroscope
The structural properties of pure TiO,, as-prepared TiQ nanocomposites were
monitored by transmission electron microscope (FEI TECNAI G2 20). Bright filed

images and selected area electron diffraction pattern were obtained.
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Figure 3.9 Transmission electron microscope (FEI TECNAI G2 20).

3.3.3 X-ray Diffractrometer

The structure of pure TiO; and as-prepared TiO; nanocomposites was
characterized by X-ray diffractrometer (BRUKER D8 Discover). Cu KPhase structure
and cryst%illine size in materials were obtained by this technique.

Figure 3.10 X-ray diffractrometer (BRUKER D8 Discover).
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3.3.4 Raman Spectroscopy
Chemical bonding and functional group were investigated by Raman
spectroscopy (Thermo SCIENTIFIC Nicolet 6700). Light scattering by stimulated

infrared source was interpreted in this characterization.

Figure 3.11 Raman Spectroscopy (Thermo SCIENTIFIC Nicolet 6700).

3.3.5 X-ray Absorption Near Edge Structure

X-ray absorption near- edge structure has been carried out employing
synchrotron radiation at the Siam Light Research Institute (SLRI), Thailand. Cu K
edge (8979 eV) measurement. was carried out using a Ge (220) crystal

monochromator with a table step of 1 eV.

Figure 3.12 X-ray absorption near edge structure at experiment station,

beamline 8.
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3.3.6 X-ray Photoelectron Spectroscopy
The composition on material surface and oxidation state of atom were

investigated by X-ray Photoelectron Spectroscopy (Kratos Analytical AXIS Ultra
DLD)

e .,

Figure 3.13 X-ray Photoelectron Spectroscopy (Kratos Analytical AXIS Ultra DLD).

3.3.7 Ultraviolet—visible spectroscopy
Absorbance of pure TiO; and as-prepared TiQ, nanocomposites was analyzed
by Ultraviolet-visible spectrophotometer (PG Instrument T90). Dye degradation by

TiO; nanocomposites was proved by this technique in range of 450-650 nm.

Figure 3.14 Ultrayiolet Visible Spectrophotometer,



CHAPTER 4
TiO,/CuPc INORGANIC/ORGANIC

HYBRID NANOCOMPOSITE

4.1 Characterizations of TiO,/CuPc¢ Hybrid Nanocomposite
4.1.1 Effect of Ball-milling on CuPc, TiO, Nanoparticle and TiO,/CuPc¢c

Nanocomposite
4.1.1.1 Ball-Milled CuPc¢ Powders
The physical structure of CuPc precursor is naturally acicular shape with
approximately 15 pm as shown in Figure 4.1(a). Therefore ball milling process is
essential to minimize its size before using in nanocomposite form. After ball milling,
the minimized structures and magnificent dispersion of CuP¢ in form of flake powder
can be obtained as illustrated in Figure 4.1(b). Therefore ball milled CuP¢ and TiO,

matrix is well corporate in nanocomposite form via ball milling assisted process.

Figure 4.1 CuPc powder (a) before and (b) after ball milling process.
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Figure 4.1 (cont.) CuPc powder (a) before and (b) after ball milling process at 18 h.

4.1.1.2 Effect of Ball Milling Time of TiO;, P25

The effect of ball-milling time of TiO, P25 was investigated via surface area
analysis with BET method. Nitrogen adsorption was chosen as the determination of
specific surface area value and pore size diameter of TiO, as illustrated in Figure 4.2.
Specific surface area measurements of TiO, at various milling time of 5, 12, 18 and
24 h are found to be 48, 52,50 and 53 -m’/g, respectively. Comparing to as-prepared
TiO,, its surface area was slightly increased by increasing milling time. The breaking
of crystals may be insignificantly occurred because of insufficient high energy in the
system. Meanwhile, pore size diameter of as-prepared TiO, was decreased via ball-
milling process. These results suggest that the influence of ball-milling process in this

experiment is more effective on pore geometry than its surface area.
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Figure 4.2 BET specific surface arca and pore diameters of ball milled TiO, with

varied milling time.

4.1.1.3 Effect of Ball Milling Time in TiO2/CuPe Hybrid
Nanocomposite

Low-energy ball milling in this experiment was operated by the conventional
horizontal ball milling process which can reduce the particle size to sub-micron or
nano range. The main factors for the particle size in this method depend on ball size,
the ratio of ball and powder, rotation speed, the medium of ball milling and milling
period. However, milling time was chosen as a-major parameter affecting its size
reduction. The other parameters were kept constantly because the optimized d-
rotation in ball-milling process was obtained by these conditions as mentioned in
chapter 3. The rotation speed is kept at 100 rpm with ball-to-powder weight ratio of
30:1 in ethanol solution which is an optimized condition for CuPc and TiO, blending.
The milling times of the nanocomposite were varied at 5, 12, 18 and 24 h as
illustrated in Figure 4.3. CuPc size was investigated to optimizing the suitable time
for ball milling process. After milling time for 5 h, the structure of CuPc was in rod
shape with size of approximately 12 pm and obviously secluded from TiO, matrix.

CuPc¢ size in'the compositée was decreased to 5 and' 1.5 1um by increasing milling time
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Figure 4.3 TiO,/CuPc nanocomposite prepared at variousball-milling times, (a) Sh,

(b) 12h, (¢) 18h and (d) 24h.
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Figure 4.3 (cont.) TiO,/CuPc nanocomposite prepared at various ball-milling times,

(a) Sh, (b) 12h, (c¢) 18h and (d) 24h.
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to 12 and 18 h, respectively. After being milled for 24 h, CuPc size was drastically
decreased to smaller size comparing to the others. However, the closed packing of
TiO, and the agglomeration was occured due to high energetic collision in the system.
These results indicated that the length of CuPc is in the same size as precursor for
short milling period. Meanwhile size reduction of CuPc is obtained by increasing time
in ball milling process. The agglomeration of particle, however, is occurred by long
period in ball milling time. The optimized time for the combination of TiO,/CuPc
nanocomposite via ball milling process is found to be 18 h. The excellent dispersion
of CuPc on TiO; surface at 18 h was confirmed by SEM image in back scattering
mode. Two-different phases showed in different color in the image reveals that TiO,
surface in bright region was covered by CuPc (grey region) as illustrated in Figure
4.4. This result indicates that decreasing CuPc¢ size and good spreading of CuPc on

TiO; matrix without the agglomeration can be obtained by suitable milling time.

Figure 4.4 SEM image of TiO,/CuPc nanocomposite at milling time 18 h.
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Figure 4.5 Temperature of TiO,/CuP¢ nanocomposite in ball-milling process at

certain milling time.

Temperature versus milling time in ball-milling process for the synthesis of

TiO,/CuP¢ nanocomposite was carried out every 2 hours as illustrated in Figure 4.5.

The temperature in the system was in range of 27-30 °C relating to room temperature

at that moment. This result suggests that ball milling process in this experiment is

classified as low-energy process. The effect of heat treatment with high energy can be

voided due to the insufficient energy for phase transformation and heat accumulation

in the system.

4.1.2 TiO,/CuPc Hybrid Nanocomposite Prepared by Various Methods
4.1.2.1 Morphology Characterization by SEM and TEM
The morphologies of TiO, nanoparticles, ball-milled CuPc and TiO,/CuPc

nanocomppsites monitored from SEM and TEM images are illustrated in this section.

It is obviously noticed from Figure 4.6(a) and (b) that TiO, nanoparticles is in well-

defined cr{stalline and good dispersion with average particle size of 20-30 nm as seen

in SEM and TEM images. The selected area electron diffraction (SAED) patterns in

Figure 4.6(c) indicate the polycrystalline nature of anatase and rutile phases of as-

received TiO, P25 powders.
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Figure 4.6 (a) SEM, (b) TEM images and (c) selected area pattern of commercial
TiO; nanoparticles (P-25).



68

Figure 4.6 (cont.) (a) SEM, (b) TEM images and (c) selected area pattern of

commercial TiO; nanoparticles (P-25).

SEM images of TiO,/CuPc nanocomposites prepared by four different
methods with 1 wt.% loading of CuPc are shown in Figure 4.7(a)-(d). This image

indicates that the homogeneous dispersion and the spreading deposition of CuPc guest

TiO, were covered with the expanding sheet of CuPc. These results imply that, during
ball milling process, CuPc powder and TiO; may obtain sufficient thermo-mechanical

energy for attaching them together to form a well-defined composite [99].



Figure 4.7 FE-SEM images of TiO,/CuPc hybrid nanocomposites prepared
(a) CMI1, (b) CM2, (c¢) CM3 and (d) CM4.

69
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Figure 4.7 (cont.) FE-SEM images of TiO,/CuPc hybrid nanocomposites prepared by
(a) CMI1, (b) CM2, (c) CM3 and (d) CM4.
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Figure 4.8 TEM images of TiO,/CuPc hybrid nanocomposites.

The selected area electron diffraction (SAED) pattern of  TiO/CuPc
nanocomposite is illustrated in Figure 4.8. TEM image clearly exhibits TiO, fringe

with d-spacing of 0.35 nm relating to anatase phase at (101) plane and CuP¢ fringe

with the interplanar spacing of 0.71 nm assigning to ( 202) plane of B-phase. This
result confirms that CuPe structure is existed and throughly dispersed in TiO, matrix

via an assistance of ball-milling process.

4.1.2.2 XRD Characterization

The XRD patterns of CuPc¢, TiO, nanoparticle and TiO,/CuPc hybrid
nanocomposites prepared by four different methods are illustrated in Figure 4.9. For
TiO, nanoparticle, the XRD peaks situated at 26 = 25.4°, 38.1°, 48.1°, 55.1° and
62.5° , correspond to (101), (004), (200), (211) and (204) planes of anatase phase
(ICDD 21-1272), consecutively. Whereas rutile phase in (110), (101), (111), (211)
and (220) plane is related to the peak at 26 = 27.5°, 36.2°, 41.2°, 54.3° and 56.6°,
respectively (ICDD 21-1276). This basic crystalline of anatase phase indicates
tetragonal point group 14,/amd with lattice parameter a = 4.71 A and ¢ = 9.41 A
meanwhile the structure of rutile phase identifies primitive tetragonal point group

|
P4,/mnm amd with lattice parameter a and ¢ = 4.97 A. The crystalline size of-TiO, is
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approximately 20.64 nm calculated by Scherrer equation from the major peak of
anatase phase (101). The XRD patterns of CuPc in the range of 7° to 30° are assigned
to beta phase of CuPc (B -CuPc) (ICDD 11-0893). Meanwhile, XRD characteristics

of all TiOY/CuPc hybrid nanocomposites are identical to TiO, XRD patterns without
noticeable| peaks of CuPc. However, the intensity of TiO, major peak exhibits a
significant| decrease when using different method, implying the decrease of TiO,
crystalline| by CuPc dispersion on TiO, surface. The inferior intensity of CuPc in
composite] XRD patterns oppressed by TiO, may be due to small loading of CuPc in
TiO, matrjx. These results also indicate that CuPc additive insignificantly affects the
basic crystal structure of TiQ,. This similar feature was supported by previous

published work reported by Chuen-Shii Chou and co-workers [100].
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Figure 4.9 XRD patterns of (a) CuPc, (b) TiO, nanoparticles, and TiO,/CuPc hybrid
nanocomposites prepared by (c) CM1, (d) CM2, (e) CM3 and (f) CM4.
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4.1.2.3 Raman Characterization

> Raman spectra of TiO, and TiO»/CuPc hybrid composites in range of 150-

are illustrated in Figure 4.10. For TiO; P25, Raman bands at 144, 197, 395,

83 cm’'are attributable to anatase phase which related to Raman-active
the symmetries of Ey, Eq, Aig, Big and Eg, respectively. Whereas rutile
aman band appeared at 235 cm’! attributes to two-phonon scattering mode.
CuPc nanocomposites, peak positions are identical to those of TiO; P25

ing CuPc peaks which are obviously observed in wavenumber range of

1000-1600 cm™ as signified in Figure 4.11. The wave numbers of Raman mode of

CuPc correspond to the symmetries of vibration. The symmetry of Al and B2, mode

are noted 3
to C—N,,—(
bending vi
composite
from anha

102].

Intensity (a.u.)

Figure 4.1

lb

s in-plane vibrations. The strongest peak of CuPc at 1530 cm ' corresponds
" bonds as well as pyrrole rings expanding coupled with C—H bond in-plane
rations [96]. Comparing to CuPc spectra, the Raman peak of TiO,/CuPc
5 s slightly moved to high frequency. This noticeable shift may be initiated

rmonic scattering effect from TiO, closely adhered to CuPc particle [101-
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Figure 4.11 Raman spectra in rage 1000-1600 cm™ of (a) TiO, P25 and TiQ,/CuPc
nanocompsite at loading CuPc (b) 0.5, (c) 1 and (d) 2 wt.%.

4.1.2.4 XANES Analysis
The Cu K edge X-ray absorption spectra of CuPc, TiO,/CuPc nanocomposites

are shown in Figure 4.12. A prominent absorption peak can be observed on the

absorptior) edge at 8979 eV. When CuPc was loaded into TiO,, XANES spectrum of
the compcisite was similar to that of CuPc. This result suggests that local structure of
CuPc loaded in TiO, matrix scarcely changes. This implication is in good accordance
with the |results revealed by XRD. Moreover, TiO,/CuPc nanocomposite may
compatibly form in physical sorption without new bonding between two materials.
However, |the ripple of extended absorption regime in TiO,/CuPc nanocomposite can
be observed, which may be attributed to the vibration between the molecules of Cu

and neighfaor atom by the disturbance of TiO».
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Figure 4.12 Experimental X-ray absorption Cu K edges for CuPc and TiO,/CuPc

4.1
Th

nanocomposite.

.2.5 Absorption Spectra

e absorption spectra of TiO, and TiO,/CuPc nanocomposite with different

loading amounts of CuPc are illustrated in Figure 4.13. The strong absorption of TiO,

in a range
[103]. Th
may be d
solution ¢
enhancem
observed i
the compq
with stron

decreases.

called B-

of 200-400 nm is originated from typical band gap energy of TiO; (3.2 eV)
e extended absorption of bare TiO; nanopowder in range of 400-700 nm
ue to scattering-induced absorption of longer wavelength in colloidal
r low density of state in the conduction band of TiO, [10]. The
>nt of optical absorption in UV region and visible light was clearly
TiOy/CuPc composite. Comparing to pure TiO,, the absorption spectra of
sites exhibits an obvious red-shift to higher wavelength in visible region

ger intensity as the CuPc loading content increases up to 1% thereafter

In fact, CuPc has two distinct absorption bands in the range of 200-400 nm

band and 600-800 nm called Q-band [104]. The optical absorption

enhancement of the composite in visible region are resulted from 7-m* excitation

between bonding and antibonding molecular orbital of the Q band of phthalocyanine

molecules|[105-106].
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Figure 4.13 UV-Vis spectra of pure Ti0, and various the amount of CuPc¢ in TiO,
treated, (a) TiO, P25, (b) 0.5, (¢) 1 and (d) 2 wt.% CuPc loading in the

composite.

4.2 Application of TiO>/CuPe¢ Hybrid Nanocomposite

4.2.1 Utilization of TiO,/CuPc¢ Hybrid Nanocomposite on Modified
Working Electrode in DSSC
4.2.1.1 Morpholegy of TiOs/CuP¢ Hybrid Nanocomposite
Modified Working Electrode
From SEM image in Figure 4.14(a) — (e) shows the surface morphology of
pure TiO, and TiO,/CuPc nanocomposites layers with four different methods on FTO
electrodes. Each SEM image indicates the uniform distribution and excellent coalition
of the composites on the electrodes owing to suitable binding agent and sufficient
nucleation energy from thermal treatment after annealing at 150 °C. Furthermore, the
presence of nanopores in the composite layer is observed at the surface of modified
working electrode. This feature advises that the absorption of dye molecules to metal
oxide layer can increase significantly due to the assistance of the porosity on modified

working ‘electrode. Tnereasing @amount'of absorbed 'dyes ‘can ‘consequently-eénhance 'the

{
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rapid injection of electrons to TiO,/CuPc working electrode [107-108]. The average
thickness of TiO,/CuPc nanocomposites layer deposited on FTO electrode was

evaluated to be approximately 10 um.

Figure 4.14 FE-SEM images of working electrode in devices (a) TiO, P25,
(b) DCMI, (c) DCM2, (d) DCM3, (¢) DCM4 and (f) the cross-section

image of working electrode.
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Figure 4.14 (cont.) FE-SEM images of working electrode in devices (a) TiO, P25,
(b) DCMI1, (c) DCM2, (d) DCM3, (¢) DCM4 and (f) the cross-

section image of working electrode.
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Figure 4.14 (cont.) FE-SEM images of working electrode in devices (a) TiO, P25,
(b) DCMI, (¢) DCM2, (d) DCM3, (¢) DCM4 and (f) the cross-

section image of working electrode.
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4.2.1.2 Solar Cell Efficiency Measurement

Figure 4.15 DSSC device with TiO,/CuPc nanocomposite on modified working

electrode using liquid electrolyte.
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Figure 4.16 Photocurrent-voltage curves of DSSC device (a) TiO; P25, (b) DCM1,
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assembly of DSSC device with TiO,/CuPc nanocomposite on modified
ectrode using liquid electrolyte is shown in Figure 4.15. Current density
tagel (J-V) curves of DSSCs whose working electrode was modified by

nanocomposites with 0.05 wt% CuPc content are illustrated in Figure
device labeled as DCM4 displayed superiority in current density to the
),/CuPc nanocomposites for DCM] was prepared by mechanically stirring
it is able to increase the current density comparing to pure TiO, meanwhile
ation and ball milling process employed to synthesize the nanocomposite

and DCM3 enhance the dispersion and adherence of CuPc all over TiO,

matrix. By utilizing these advantages of homogenization and ball milling for

preparing the corresponding composite, the most desirable composite is achieved via

CM4 meth

Two possi

of the dev
decrease o£

to the mor
can also e
electrons t
device.
Th
at the inte

the interf:

od resulting in the highest performance efficiency of the DCM4 device.
ble mechanisms are anticipated to téke a responéibility on this enhancement
ice performance. First, with the presence of CuPc in the composite, the
recombination of photoinjected electrons is expected to appear attributing
> effective charge separation on the interface of TiO; and CuPc [109]. CuPc
nhance the excited electron transfer and promote the rapid injection these

b TiO, layer resulting in the significant improvement of photocurrent of the

> second possible mechanism is the reduction of charge transfer resistances

-face of the device. These resistances are correlated to the barrier height at

ce [110]. Referring to vacuum level, the electronic structure of the

conduction band and valence bands of TiO, are 4.2 and 7.4 eV, respectively [111].

The lowes
orbital (H(
band diagy

in Figure ¢

t unoccupied molecular orbital (LUMO) and highest occupied molecular
DMO) levels of CuPc are at 3.5 and 5.2 eV, respectively [112]. The energy
am of the modified working electrode of the device is schematically drawn

1.17. With the existence of CuPc, the barrier height between TiO; and dye

layer can

the electrI

£

e reduced and electron can move rapidly step-by-step to TiO,. The faster

n transport over the interface, the lower the charge resistance and,

consequengtly a greater current density of the device can be attained.
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Figure 4.17 Schematic structure and energy band diagram for DSSC fabricated with
Ti0,/CuPc hybrid nanocomposite.

Table 4.1 Photovoltaic parameters of DSSC devices DCM1, DCM2, DCM3, DCM4
at loading CuPc 0.05 wt.% comparing to reference device (TiO,) using
liquid electrolyte.

DCM1 0.58 4.02 0.46 1.07
DCM2 0.56 4.19 0.45 1.06
DCM3 0.57 4.20 0.41 1.03
DCM4 0.57 4.84 0.45 1.24
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Figure 4.18 The photovoltaic parameters as a function of loading the amount of

CuPc in the composite prepared by CM4.

The photovoltaic parameters of devices were summarized in Table 4.1. The
maximum .Js. of 4.84 mA/cm?” and n of 1.24% were obtained from the DCM4 whereas
the current density of DCM1, DCM2 and DCM3 are 4.02, 4.19 and 4.20 mA/cmz,
respectively. The increase in current density of DCM4, comparing to pure TiO,, is
approximately 32%. In contrast, V. and FF values of all devices exhibit insignificant
improvement. The effect of loading amount of CuPc on the device performance was
also investigated. The results interpreted from the photovoltaic parameters as a
function of CuPc amount were exhibited in Figure 4.18. The optimized ratio of CuPc
in TiO, of 0.05% which give the maximum current density was obtained.
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